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ENGINEERING SUMMER CONFERENCES

Library Information

Engineering Libra
Room 312 (3rd floor) Undergraduate Library Building (located on South Uni-
versity adjacent to Clements Library, door facing away from the street).
Hours are: week days 8:00 a.m. to 12:00 midnight, Saturday 8:00 a.m. to
10:00 p.m., and Sunday 1:00 p.m. to 12:00 midnight.

General Library
Center of Campus between Haven Hall and Economics Building. Hours are:
week days 8:00 a.m. to 12:00 midnight, Saturday 8:00 a.m. to 6:00 p.m., and
Sunday 12:00 noon to 12:00 midnight.

Business Administration Library
Second floor of Business Administration Building located on the corner of
Tappan Avenue and Monroe Street. Hours are: Monday through Thursday 8:00 a.m.
to 11:00 p.m., Friday 8:00 a.m. to 6:00 p.m., Saturday 8:00 a.m. to 5:00 p.m.,
and Sunday 5:00 p.m. to 9:00 p.m.

Mathematics Library
Room 3027 Angell Hall (located on State Street across from the Administra-
tion Building). Hours are: Monday through Thursday 8:00 a.m. to 10:00 p.m.,
Friday 8:00 a.m. to 5:00 p.m., and Saturday 9:00 a.m. to 12:00 noon.
Closed Sundays.

Physics-Astronomy Library
290 Physics & Astronomy Building (located on East University adjacent to
East Engineering Building). Hours are: Monday through Thursday 8:00 a.m.
to 10:00 p.m., Friday 8:00 a.m. to 5:00 p.m., and Saturday 9:00 a.m. to
12:00 noon. Closed Sundays.

Phoenix Library
Room 2054 Phoenix Memorial Laboratory (located on North Campus Blvd. adjacent
to Cooley Memorial Laboratory). Hours are: week days 9:00 a.m. to 5:00 p.m.
Possibly some Saturday hours; closed Sundays.

Clements Library
South University Avenue. Exhibits of rare books and historic documents of
early America (1492 to 1830). Open 9:00 a.m. to 12:00 noon and 1:00 p.m. to
5:00 p.m. Monday through Friday. Closed weekends and holidays.
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Places of Interest on Campus

GENERAL

Current activities are listed in the University of Michigan Weekly Calendar posted
on classroom bulletin boards. For information on group tours, inquire at the desk
in the main lobby of the Administration Building.

Buses to North Campus leave every 7 or 8 minutes starting at 7:15 a.m. from the bus

stop at the intersection of North University and East University Streets. Copies
of the bus schedule can be obtained at the Engineering Summer Conferences Office.

Burton Memorial Tower
(Across from Michigan League) View of campus and city from bell chamber (10

stories high) which houses carillon of 55 tuned bells. Open by appointment.

For information call 764-7268.

Law Quadrangle
(South State Street and South University Avenue) Beautiful collegiate gothic

structures and grounds providing residence, dining hall, classroom building

and library for law students.

Michigan Stadium
(South Main Street and Stadium Blvd.) Largest college-owned stadium in the

country. Seats 101,001 spectators. Open daily; enter through South-east
Gate on Stadium Blvd. (Parking is available.)

Phoenix Memorial Laboratory

(North Campus Blvd.) The Ford Nuclear Reactor and laboratories are devoted

to peaceful uses of atomic energy. Guided tours available 1:30 to 4:00 p.m.

Monday through Friday.

Radio Telescope
(0280 North Territorial Road near Dexter, Michigan, about 15 miles from campus)

Metal dish 85 feet in diameter is main instrument of the Radio Astronomy Ob-

servatory. Open to visitors: Third Sunday of May, June, July, August, and
September from 2:00 to 4:30 p.m. For information phone: 426-8441.

MUSEUMS

Exhibit (Natural History) Museum
(North University and Washtenaw Avenue) Extension exhibits and colorful re-

productions of plants and animals and early man; Michigan birds and wildlife;
American Indian life and other cultures. Open 9:00 a.m. to 5:00 p.m. Monday

through Saturday. Sunday 1:30 p.m. to 5:30 p.m. Closed holidays. Plane-

tarium showings at 2:00, 3:00, and 4:00 p.m. Saturday and Sunday.

Museum of Art
(South State Street and South University Avenue) Exhibits of painting,

sculpture and other art forms. Open 9:00 a.m. to 5:00 p.m. Monday through
Saturday; 2:00 to 5:00 p.m. Sunday.

Kelsey Museum of Archeology
(South State Street next to the Administration Building) Exhibits from

ancient Egypt and Graeco-Roman antiquities. Open 1:00 to 4:00 p.m. Monday
through Friday; 3:00 to 5:00 p.m. Sunday. Closed Saturdays, holidays, and
University vacation periods.
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Stearns Collection of Musical Instruments
(Second floor of Hill Auditorium, enter building through East door) Exten-
sive exhibits of old and rare musical instruments. Open 3:00 to 4:00 p.m.
Tuesday and Friday. For information call: 764-7628.

Pathology Museum
(Off Main Lobby of Medical Science Building, University Medical Center)

Exhibits of human pathology. Displays periodically changed. Open 8:00 a.m.
to 5:00 p.m. Monday through Friday.

Other interesting and educational displays may be found in the corridors of the
Natural Science Building, including the Mineralogy Collection (Room 2071). The

Undergraduate Library and the General Library have interesting exhibits in their
lobbies. The Michigan Historical Collections (160 Rackham Building) have items
of historical interest on display. These buildings are open 8:00 a.m. to 5:00 p.m.
Monday through Saturday. Closed holidays.

BOTANICAL GARDENS

Nichols Arboretum
(Pedestrian entrance from Geddes Avenue or Washington Heights) A 125 acre
area, wooded and gently rolling, with a varied collection of shrubs and trees.
Open daily until sundown.

Botanical Gardens
(1800 Dixboro Road, take Plymouth Road east to Dixboro Road, turn right (south),

about 5 miles from campus) A beautiful 200 acre site with varied natural
growing conditions. Greenhouses open daily (except holidays) 8:00 a.m. to
5:00 p.m. Monday through Friday.

Fair Lane Estate
(On the U-M Dearborn Campus, Dearborn, Michigan, enter from Ford Road and
Evergreen). The home and gardens of the Henry Ford Estate now serve as a
conference center. There are more than 3,000 rose bushes in the gardens.
Open the first Sunday of each month; during summer months every Sunday from
1:00 to 4:00 p.m. Guided tours are conducted at a charge of $1.00 per person.
Proceeds are used for scholarships.

Recreation Facilities in Ann Arbor

PARKS HAVING PICNIC FACILITIES

West Park
Bounded by Miller, Chapin, W. Huron and N. Seventh St. Complete playground

equipment; horseshoes, ping-pong; wading pool; stove and picnic tables; tennis
courts; lighted skating pond; orchestra shell; toilet facilities; shelter.

Arboretum
Off Geddes Ave. at Nichols Drive; wooded area and drives; sledding and skiing
on some hills; picnicking, but no fires.

Island Park
Along Huron River east of Wall St.; playground equipment; picnic area with
stove; toilet facilities.

Riverside Park
Along North side of Huron River between Wall Street and Fuller Street bridge;
playground equipment; stoves and picnic tables.



Allmendinger
Pauline & Hutchins; playground equipment; stoves and picnic tables; lighted
skating pond; toilet facilities.

Fritz Park
North side of Pauline 1/2 mile from S. Main; two fireplaces under shelter;
two picnic stoves; tables and benches.

Burns Park
Wells & Baldwin; complete playground equipment; horseshoes; suffleboard;
wading pool; picnic tables; tennis courts; lighted skating pond; toilet
facilities; shelter.

Community Park
Platt and Edgewood; playground equipment; skating, baseball; picnic tables;
fireplaces; shelter.

For recreation facilities outside the Ann Arbor area see the Metropark Guide
available at the Engineering Summer Conference office, Room 126 West Engineering
Building.

GOLF COURSES AND DRIVING RANGES

University Golf Courses
500 E. Stadium Blvd., 663-5005; open weekdays 8:00 a.m. until dark and from
7:00 a.m. until dark Saturday and Sunday. Green fee with student receipt is
$2.00. Reservations are not needed, but can be made 7 days in advance.

Ann Arbor Municipal Golf Course

1519 Fuller Road, 668-9230; open weekdays; green fee $1.25 for 9 holes and
$2.00 for 18 holes. Reservations are needed on Saturday, Sunday & Holidays;
green fee $2.00 for 9 holes, $2.50 for 18 holes; club rental $1.00.

Huron Municipal Golf Course
3465 E. Huron River Drive, 668-9437; open weekdays, green fee $2.00 and.
$1.25 after 5:00 p.m. Reservations are needed on Saturday and Sunday; green

fee $2.50 and $2.00 after 4:00 p.m.; club rental $1.50.

Pat's Par 3 Golf Course and Driving Range
3113 Carpenter Road, 668-9514; Golf course green fee $1.25; club rental 304.

Tee and Ski Inc., Driving Range
2455 South State Street, 662-7307. Hours are 10:00 a.m. to 8:00 p.m.

BOWLING LANES

195 a5.Industrial Highway, 662-2655.

Huron -Lanes
320 E. Huron, 663-2510.

Washtenaw Lanes
3)400 Washtenaw Road, 662-2)422.

Ypsi-Arbor Lanes
295 Washtenaw Road, Ypsilanti, 482-0166.,
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YM-YWCA
350 S. Fifth Avenue, 663-0536, open to all adults, $1.00 fee for non-members plus
504 for equipment. Hours are 9:00 a.m. to 10:00 p.m. Monday through Saturday.

THEATERS & PLAYS (see local newspaper for current offerings)

Campus Theater
121 S. University, 668-6416.

Michigan Theater

603 E. Liberty, 668-8480.

State Theater
231 South State Street, 662-5296.

Scio Drive-In Theater

6588 Jackson Road, 668-7083.

Ypsi-Ann Drive-In Theater
4675 Washtenaw Road, 761-0100

University Drive-In Theater
4100 Carpenter Road, 483-4680.

Ann Arbor Civic Theater
803 W. Washington, 668-9739.

Trueblood Auditorium
2005 Frieze Building, 764-5387.

Lydia Mendelssohn Theater
227 S. Ingalls, 668-6300.

7th Forum Theater
210 South Fifth Avenue, 761-9700.
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RADIATION EFFECTS IN SEMICONDUCTORS
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CHAPTER~ I'.'.

DESCRIPTION OF THE INTERACTION OF TWO PARTICLES

For a better understanding of the first three chapters of these

notes it will be helpful to first read the appendix on "Relative

coordinates and the central force problem".

1.. The Problem

We wish to describe the interaction of two particles: 1 and 2 with

Mass Ml, initial velocity vl in the laboratory system and

Mass M2 , initial velocity v 2 in the laboratory system respectively.

v 2 is usually assumed to be zero, since we let particle 2 be the

target particle, which is usually assumed to be at rest before

the interaction. In particular we are interested in particles

of kind 2, which are bound in a solid (crystal lattice).

2. Differential Cross Section

Definition:

1j.umber of incident particles undergoing a particular interaction

d = per scattering center per unit time.
Incident intensity

Intensity = Number of incident particles per unit area per unit
time.

The differential cross section can be interpreted as an

infinitesimal target area associated with one scattering

center:
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From the total number of particles incident on a unit area

we select a number, which will undergo a particular inter-

action. Associated with this number is a certain fraction

of unit area, which is the "target area" subtended by our

scattering center for this particular interaction.

Most specific cross section for our problem:

de = number of incident particles of velocity v which produce

interactions leading to velocities in the interval ( TI +ci)
for particle 1and to velocities in the interval t _ 'yi

for particle 2

per scatteringcenter (per target particle)

per unit time

per unit incident intensity.

Let: N1 = density of incident particles

N2 = density of target particles

N,' y, = = incident intensity

Then, from the above definition of d6:

a) d 6 dt = number of incident particles of velocity v1

which produce interactions leading to velocities

in the intervals (1/,d'd ) and (x',Jfd) during

the time interval d1 per target particle.

b) ', d6 W2.N= number of interactions leading to velocities in

the intervals (Th(+~4dyu-) and ('u \L' td'y) during

time dt per incident particle.
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c) N\;u; de d N1 = number of incident particles of velocity

which produce interactions leading to velocities

in the intervals (')j' +'d') and ( j d )

per unit volume of target material.

The three expressions a), b) and c) may be considered as prob-

abilities as long as their magnitude is small compared to 1.

The knowledge of the function

for all ' '

and all kinds of incident particles as well as all kinds of target

material w6uld furnish us with a complete description of all

possible interaction processes. In reality we usually have to

be content with much less :information:.

3. Alternate Notation

In the treatment of radiation effects in solids, the parameters

of the incident particle (called 1 above) are often not marked

with indices, whereas the parameters of the target particle get

the subscript "p". This stands for "primary", indicating that this

particle may receive sufficient energy from the interaction to

act itself as a projectile and cause secondary, tertiary etc.

collisions.

Our cross section, defined in (,1.k).would read
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4. Less Specific Cross Sections

A differential cross section which can be determined with less

difficulty than the one defined in equation (1.1) is the cross

section that specifies only the energy received by the target

particle, Ep:

E6 = e) dE

The connection between K( ' 1 -', 1y?) and K( E which

are of course two completely different functions, is:

K(E,Ep) will be the differential cross section which we will

usually look for. This indicates that our interest is not so

much in the fate of the incident particle but in that of the

primary knock-on

Notation: The kinetic energy of a lattice atom is often

1.3)

n

designated by the letter T, which is applied

regardless of whether the lattice atom is a

primary knock-on, or receives its energy from

secondary or tertiary collisions. T will therefore

often be used instead of Ep.

5o Relation between Differential Cross Sections Depending

on Different Parameters.

Given, for example, the differential cross section as a function

of the scattering angle e in relative coordinates, K(G) d ,

we can obtain the cross section as a function of primary energy

Ep by the relation:
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K(Epl arpl (3)cOI(14)

or

One very useful relation is that which establishes connection

with the impact parameter b. Because of the isotropy around the

direction of incidence for a central potential we have:

= 21T6bclb =-Tr-d bz (1.5)

from which e.g.

d b%
K(pose) = - (1i.6)

dI(cose)

i.e. to obtain K( cos e ), we must know the relation between b

and cos . Such relations will be derived for two kinds of

interaction potentials in Chapter 2.

6. Total Cross Section

EP a

65= MEEr ) 09 (3.7)
0

Ep is the maximum possible energy which a primary can receive

in an interaction with a particular incident radiation. An

expression for E is derived in the Appendix, in section 60

7. Displacement Cross Section

A displacement is the removal of an atom from its regular lattice

position. The minimum energy necessary to produce a displacement

depends in general on the direction of _v of the incident particle

with respect to the lattice coordinates. In the simplified
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treatment of radiation effects, however, one assumes that the

introduction of one specific threshold energy for each material

is sufficient.

EA.= displacement threshold

G = displacement cross section

Ed

8. Energy Distribution of the Primaries.

It is customary and practical to split the differential cross

section, equation (1.2)into a product of a cross section, depending

only on the energy of the incident particle and a normalized

distribution function for the primary energies:

KtEEdEr = G(E)(E,E)dEP (1.9)

0

()E) dE = probability, that the energy of the lattice atom

after the collision is in the interval (E4E,+dE

Notation: Frequently the dependence of k and K on the incident

energy is not expressed explicitely, and k((:Ep)

or k(T) is written instead of k (E, E p) .
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We may now apply this to our expression c) on page 3 :

Let

N (E g) dE p = number of events per unit volume producing primary

recoils of energy in the interval (E-, dEn) during an

irradiation of length t in a time-independent,

monoenergetic flux 'E

Then by comparison with the expression on page 3 we have:

N(E,')d E, N,,t K(E,)EN2 dE,

or \I(Ep)cEP = lE O6(E)- (Ed EE p-ll)

evers gew- UnN: elstr buiion of the

Volume in 4
1iei t prn r recoils

Here we replaced in the second equation

N2 by the more commonly used NA

It is obvious, that N(Ep)dE is a useful distribution function for

the discussion of radiation effects. However, of the number of

particles having a certain energy E-p, we are really interested only

in those which will be able to leave their lattice site. This

number can be accounted for in a general way by the introduction

of a probability.
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Wd(T) = probability that a lattice atom with energy T will
leave its lattice position.

With this we obtain

N8()= N(1.11)

Kd (T) = K(T)VVd(T) ( 1.012)

6( E ) =,JK(EIT) dl (1.13)

0

For an infinitely steep threshold (step function), i.e.

VO T)r T4Ed

i for T T 
ET~E

equation (1.8) is identical with equation (1.13) above.

9. Mean Values

Mean energy transfer in a collision

T =fT (IT) dT (1.14)

0

Mean free path of the incident particle between collisions.

From equation (1.10) one can see that NA( () is the number of

collisions, which one incident particle makes while traversing 1 cm.

The mean free path is the reciprocal of this number

(1.15.a)
NA (E)

and in particular for displacement collisions

I (1.15.b)
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This expression is to be used with some care, because the incident

particle will lose energy with each collision. Since 6(E) depends

on this energy in general, the mean free path will not be constant.

One tries to use samples, which are small (in one dimension)

compared to A. Except for fission fragments, always

large compared to the range of the primary.

10. Incident Particles With Energy Distribution

If the incident flux is not monoenergetic at energy E, indicated

so far by If , but has an energy distribution f(E) (not

necessarily normalized), then the number N(E )dEp, equation (1.10)

becomes

N(E)d E $p)tN AC5(Elk(EE,) d CdE, """16

This can be expressed in a form like equation (110) by the

introduction of appropriate mean values:

( (E~kEE dE(1.17)

'P () () dE(1i8)

fP =f(E)cE (1.19)



CHAPTER II.

CLASSICAL COLLISION THEORY

1. The Equation of Motion and its General Solution

The equation of motion in relative coordinates is (see App. equ.(A.10)

IY"*3 -(2,1)

mS /

10. r0

FIG. 1.

REPRESENTATION OF A SCATTERING EVENT

If we have a central potential V('r), the motion will be confined

to a plane due to the conservation of angular momentum.

The motion can then be described by writing down energy and

angular momentum conservation in the x7 y - plane

L 7 + + d(2.2)

Because V depends on 2 only, it is useful to convert these

equations to polar coordinates:

-10-
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Tt(2.4)
-- - ~- X = T Cosyf' -t7SSIV

FIG. 2

V('r +(2.2a)

L = = (2.3.a)

The relation L = 1 b, where v is the speed of the particle at

infinite distance from the scattering center, becomes obvious upon

inspection of FIG..1, where it can be seen, that/vb is just the

magnitude of (tx)for this particular case.

We can eliminate from equations (2.2.a) and (2,3.a) by
60

substituting one into the other. The result can be solved for '.

T -= y - -.. --._(2.5)

The path of the particle is symmetric.

The negative sign holds before the symmetry axis S (see FIG. 1.) ,

the positive sign holds thereafter.

The condition Y' =0 defines the minimum distance as a

function of the impact parameter b.
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v b
From (2.3a) we have: ~r,2

With this and equation (2.5), we obtain

dip _ - + _ b/_

Cl1 T(2.6)

+ sign before symmetry axis.

- sign after symmetry axis.

Equation (2,6) serves to compute the angle of deflection 0 in the

relative coordinate system.

(t 
4)oo0)-T 

(se e d

O'r =WTr +c2.. e Tndr -bVdr,

o = -TZ.bCIlA. (2.7)

v/E.,. -

2, Special Solutions of the Classical Collision Theory.

Integrals of equation (2.7) can be found in elementary form only

for very specific potentials V.

We shall discuss:

a, Hard Sphere Potential

V/(') =0 or t > R
(2.8)

(I-) = 00 or r<R
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be Coulomb,,Potential

V~et) _
C

C = -z e (2.9)

a 0 ) Hard Sphere Potential

Application of equation (2.7) to this potential yields

0 1T

G = iT' -2 arcsiR

b _ ' 11 0Sin( 0os

b "RLo

With equation (1.6), we may now obtain

(2.10)

K(cosG) _
dbzTF d(cO;) 'I

bz= Zco' e-Rz( +cs2

K~cos= ILB (2 e11)

Making use of equ. (A.21) with E2 = Ep

E p prn2 p

coss(9)Sk (Cos e) z
dkE pEF"=

(2x12)

K(E)q) = (E5 (c ) EP) 1pmaz
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Result: Equ. (2.11) shows that

scattering is isotropic in the

relative coordinate system and from

equ. (2.12) we see that K(Ep) is

independent of the primary energy

(see FIG. 3).

'4

k (E)

I

L

FIG. 3

Finally the total cross section according to equation (1.7)

ECpp =lI

0

(2.13)

which is the result one would expect for classical hard-sphere

scattering.

b.) Coulotmb Potential

With the potential V(r) = and the substitution _ - FR
equation (2.7) becomes

o 2 1- Ra b

1J.Mis determined by applying the condition T = 0

to equ. (2.5) for V('r) = C/r. This yields

at ' = T

+- r
(2.14)

With this as the upper limit the integral yields
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R e (2.ls)

2-2t

In the same manner as demonstrated for the Hard Sphere potential,

we obtain now

KCcose) =(2016)
Z(Coso -)2

With the help of the trigonometric relation

- cos 2 k = 2 s in

equation (2.16) can be converted to the form in which the cross

section for Rutherford Scattering is usually presented

cos9 Id(cos)1 8k(s)iSm ledG|

dq _-j c4n(2.1)
6 sin

By using equation (1.6)~ on K( Cos 9 ) we obtain

(2.18)



CHAPTER III.

PRIMARY INTERACTION OF VARIOUS RADIATIONS

In this chapter we shall discuss the interactions of various

incident radiations that may produce lattice defects.

We shall be interested in the interaction cross section 5 (E) of

these radiations, in the energy distribution function of the

primaries, k(E E ) and in functions that can be derived from

these two basic parameters like the mean free path of the incident

particles, their range and the mean energy of the primary knock

onso

Our efforts will be confined to neutrons and heavy charged particles

with a brief reference to electron interactions.

1. Neutron Interactions in General1

The quantum-mechanical treatment of the scattering of neutrons

furnishes the result, that for slow neutrons for which the de-Broglie

wave length is large compared to the nuclear radius, the interaction

cross section is independent of the neutron energy and may be

expressed by

(=E3= L(3l)

where :RA represents the nuclear radius given by

/V -13R4=A 3 -x .5 o cm (3.2)

-16-



-17-

The scattering is isotropic in the relative coordinate system

and 6 may be compared with the total cross section for hard-

sphere scattering, equation (2.13) from which it differs only by

a factor of four.

For higher neutron energies for which the condition X:> A no

longer holds, deviations from the isotropy of scattering occur.

By taking into account terms linear in cos 0 in the series

expansion of the quantum mechanical scattering amplitude one can

make an estimate of the inaccuracy introduced by assuming isotropy

even at higher neutron energies. One obtains for the energy Es at

which 20% deviation from isotropy occur:

Es = A -2.Mev

A plot of this function (FIG. 4) shows, that ES is roughly

.1 Mev for A > 50.

'Es

Mer

0 100 200

FIG. 4

LIMITING ENERGY Es FOR ISOTROPIC SCATTERING AS A FUNCTION OF MASS
NUMBER A
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For larger neutron energies (in the order of key to Mev) we will

also have to take account of the energy dependence of 6 , which

may be a smoothly decreasing function or which may show resonance

peaks.

Mean free path.

This was already introduced in general in Chapter 1, Section 9.

We shall first show, that for isotropic scattering the difference

between

A. I CfI Ad
NAB6NA 5

is negligible.

Ea -A E (3.3)

M to E 4E

Assumming Ed=2.5 eV we see that 4Ej can be at most 60 E = 1500 ev
For neutron energies large compared to that number the second term

in bracketts may be neglected.

Example for Cu:

6= 5 bomt h= x I0~24cd for E-- ,3 v

A .001N(L,5x cr N
4E

c = cm = 2.1 cm
.05 x 5

This means, there is a large distance between collisions for

energetic neutrons.
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Tf the cross section and thereby the -mean free path do not change

much with energy, one may obtain the total range 8(E) of the

neutron by

E(E)=~=-- (E)(3.4)

For isotropic scattering:

2 2. A2

AAA )i(E)

For copper - 30

Neutron Spectra

Neutrons which are used for radiation effects experiments are most

often not monoenergetic. Since the nuclear reac:tor is a neutron

source with a particularly high yield, spectral distributions for

neutrons as they occur in the reactor are usually used for primary

interaction calculations. We shall look at two such distributions:

the fission spectrum and moderated neutrons. We shall obtain the

case of monoenergetic neutrons as a convenient though rough approx-

imation for the fission spectrum.

2. Fission Spectrum Neutrons

This spectrum may be described by the empirical formula

P (E__--_ e f .~ (35s)

E Tr E4
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With

E 1,4 Nev ancP(E)CIE=I

0

(Ref. Beckurts and Wirtz, Neutron Physics, Springer, 1965)

P(E) dc E is the fraction of neutrons with energies in the

interval (E) E+dE).

Average energy: = 3 E; /2. =~ 2tieiV

Most probable energy: E1/2 v .7 Mev

According to equation (1.17) we can now try to obtain

,C ;(E) k (ET) d E

P(E') (E) dE

and

SP(E ) , CdE

We shall use

k4jEi)T')= I _ I (306)

which holds for isotropic scattering, and

E(37)

which describes quite well the actual behavior of most scattering

cross sections. For copper the measured total cross section can

be seen in FIG. 5.
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The parameters needed to fit these data are

- I b Aev

E a i N e v

6T(5 E)

bcrir

L4

0

TOTAL SCATTERING

(Ann. of Physicso

.5 I 11 2 Z.s Mev

FIG. 5.

CROSS SECTION FOR NEUTRONS IN Cu.

12, 135, 1961)

The results of the integrations are:

.. .
w (308)

( + E/E,) 3/2

CT)e42 
E74 4L J (3o9)

Specializations:

oL) E( - o or (E ) covc&t

(3*,10)

oTE
(3.11)
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b.) Replace fission spectrum P(E)by monoenergetic neutrons of

energy Ep

-and <- ,(3.12 and 13)

)d EE

2 ) FiSSioi NEUT RONS

---- MONOENERGETIC NEUTRONS

T/4 E.

0 0.5

FIG. 6.

COMPARISON OF k FOR FISSION SPECTRUM NEUTRONS AND MONOENERGETIC
NEUTRONS

A comparison of equation (3.11) and equation (3.13) for the case

of E. = Ef is made in FIG. 6. Wether it is permissible to use

monoenergetic neutrons instead of the fission spectrum for rough

estimates of radiation effects produced by neutrons depends on the

effect one is looking for. If the radiation effect of interest

depends only on the total amount of energy deposited one can answer

the question by comparing the average primary energy produced per

interaction

7 ( 3 .14)
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a.) Fission spectrum, energy independent isotropic scattering

T P() Sk(J5TTT ( ~ l 3.15)

b.) Monoenergetic neutrons of energy , energy independent

isotropic scattering

- (3016)

2.
One may, therefore replace the fission spectrum by monoenergetic

neutrons of energy E = E=2 E. .

We will in the future refer to monoenergetic neutrons of an

appropriate energy E4 as "fission neutrons"

3. Reactor Neutrons

Here we are mainly interested in that part of the neutron spectrum

in a nuclear reactor which has an energy distribution proportional

to --.E

(3017)

The value of the proportionality constant is of no consequence since

it drops out in the averages which we have to perform.

Usually the neutron spectrum in a moderator in a reactor contains

also a fission spectrum :part. It can be shown, however, that this

is smal. for a graphite moderator. .We shall therefore accept f(E)

of equation (3.17) as representative for moderated neutrons.
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Applying again equation (1.17) :under the assumption of isotropic

energy independent scattering, we obtain

kTJT ) k()T _ 1

,f (EcI

The lower limit of the integral in the numerator must correspond

to the lowest energy E which can produce primaries of energy T,

i . e. E-wde= T/& as long as T - E4h. For T 4 Eh one must take

Eth as the lower limit.

The result of the integration is

or (Al /Ti-T (3.18)

Whereas for fission neutrons TmAx > Ed, so that the displacement

cross sections are approximately the same as the total cross sections,

this is no longer true for reactor neutrons. For isotropic

scattering and energy independent 6,we have

)dO - --- (3.19)odE

This means that 63 is a function of E. With that we obtain for 6 d
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_ ________ r(c(E/--I+E /(L

6  E (cEE4 /E)

Ed (o(

and with 1- ne

-- n(o(E4 /eLE) +E/o(%E
6 (3.20)E50 ''' EfA +'/~fn (cE4/E )

In a similar manner we obtain

I l
Ta_ .. _(3,.21)

(T) Zen(Tm ax/e Ea) - E / T,

Comparing this with KI for fission neutrons we notice, that there

the final energies T were approximately uniformly distributed,

whereas here the distribution behaves roughly like /Ti.e.

the low primary energies are dominating the distribution. This

becomes also apparent, when we compute the average primary energy

(T) T d T = (3.22)Ta dlo-n(Twux /E4)

For E ti1.5 Nev , Ed =25 v ad A 60(copper) we get

1f (Tay/Ea) e +1, cd 's Ti is approximately four times

smaller for reactor neutrons than for fission neutrons.

In the following sections we shall discuss various aspects of the

interaction of charged particles.



4. The Differential Cross Section for Free Charged Particles

From equation (2.17) we get

(2.17)

with

R = e o a T-x < E.

This expression may also be written

-M2. (3?23

The relativistic generalization of it is ( f or T 4T )

K (T) = i 2 e4(E + M, cl) (3.24)

Mzc'sE (E + 2,c) T2

For the scattering of energetic electrons from nuclei,

(=jIi (K <E) one must include some correction factors

in the above equation. If we let T,= T/Tax we obtain the

following expression for the differential cross section:

- ') - e(3.25)

E (E+2 M4 c-) J ~C c' 45c C
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5. Primary Distributions of Atomic Nuclei for Incident Heavy

Charged Particles

For transferred energies T which are greater than E , the inter-

action may be regarded as one between free particles. We may

therefore directly use equation (2.17) for the differential inter-

action cross section.

K(T 1 R T.
K (T) = R - no

4 T

From this the displacement cross section may be obtained by

=k(ET) cI -- I(3.26)

Eg

For Tmax>) Ed, this becomes

TZ Y (3.27)

4+ Ed

We assume here and in the following a monoenergetic incident

radiation and also samples which are thin enough, so that intensity

and energy of the incident radiation do not change appreciably

over the thickness of the sample.

Example for Cu

For 10 Mev deuterons as incident radiation one obtains

I _ -3
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The displacement cross section is much larger than that for neutrons,

whereas the mean free path is quite small but still about five

orders of magnitude larger than the lattice constants.

The average energy transfer is obtained from

jT ± KE T)TT(3.28s) 

This is much smaller than for neutrons. There Td was of the order

of Tmaxwhereas here it is of the order of Ed.

The energy distribution of the primaries is obtained by

_____T x(3.29)

(The approximation holds for Tmax >> Ed.)

6. comparison of the Primary Distributions for HeavyParticles

Most instructive for the graphical comparison of the primary

distributions for fission neutrons, reactor neutrons, and heavy

charged particles is a plot of

f(T) m fraction of primaries with energies less than T.

Obviously,

T

T) T(3.30)

This function is plotted for the three heavy particle radiations

discussed in Figure 7.

The computation of these curves was done for 1.5 Mev protons,

1.5 Mev fission neutrons, and reactor neutrons with Eg= L~ I'Nev.

The target material is copper and Ed was assumed to be 25 ev.
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(T) RLACTOF

NEUTRONs)S

0,2

Kiss0 N
NEUTRON.s

O0I FIG. 7 3 (T/Ed

COMPARISON OF THE FRACTION OF PRIMARIES WITH ENERGY LESS THAN T

FOR HEAVY PARTICLE RADIATIONS OF COMPARABLE ENERGY,

The interesting parameters of the different heavy particle radiations,

and f (T) have been compiled in Table 1.
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TABLE I
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7. Primary Distributions of Atomic Nuclei for Incident Electrons

Electrons as incident radiation are of particular interest

for the following reason. The energy distributions of the primaries

in radiation effects experiments are usually rather wide, so that

it is difficult to produce primaries with a well defined energy.

This is feasible only for transferred energies for which Tmax Ed-

To achieve Tmax of this magnitude (~v25ev) , the initial energies of

heavy particles would have to be in the order of 1000 ev. Neutrons

of this energy are quite difficult to separate in sufficient quantity;

heavy charged particles have total ranges which make them useless

for radiation effects experiments. Electrons, on the other hand,

have energies of a few Mev and ranges in the order of mm in dense

material. They are, therefore, quite useful for the determination

of threshold energies. Figure 8 shows Tmax as a function of electron

energy for a number of materials.

g0

eV co Si C G

Au.

0 .25 t5 FIGURE 8 1 Et (M ev)

Tmax AS A FUNCTION OF Eg FOR VARIOUS SOLIDS

The distribution of primaries for energetic electrons can

be taken directly from Equation (3.25) . For the displacement

cross section one obtains
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6 2,r j 'Z(E + MGt) Tjj T+

<Li &L?/FI +-
E(E + 2M c2 ) 3E1

Ed E (3.31)

For M et cZ << E < a c2 2c

4

this reduces to

' 2T (3.32)
1M2 c2 Eg

The behavior of Nd as a function of electron energy is shown for

C, Ge, and Cu in Figure 9. The curve for C shows particularly well

the flat portion corresponding to Equation (3.32).

60
barnr

30

2.0-

i0

.50FIGURE 9 2.0 E (Mev

d AS A FUNCTION OF EQ FOR VARIOUS SOLIDS

For Cu the energy independent Ed value leads to A.d ' 3 mm. The

results of some Ed determinations are shown in Table II.
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TABLE II

EXPERIMENTAL VALUES FOR Ed FOR VARIOUS SOLIDS

Displacement
Solid Energy (ev)

Graphite 25
Silicon (minority

carrier lifetime) 13
Germanium

(resistivity) 31
Germanium (minority

carrier lifetime) 13
Copper 25

8. Primary Distributions of Electrons for Incident Charged

Particles; Ionization

Incident charged particles as well as energetic primaries

may lose energy by ionization or excitation of electrons in the

solid through which they move. The accurate description of these

events is quite involved. We shall confine ourselves to the dis-

cussion of some rough estimates, which will not do more than point

to the orders of magnitude of the interesting parameters.

We will represent the process for an incident heavy charged

particle (or a partly ionized primary) by the collision of a

moving charge Z1 e (where Zl represents the effective charge) and a

bound electron with binding energy = ionization energy I. Let

Tmax be the maximum energy transferrable to the electron and let

Tmax I- Then we can treat the collision as one between free

particles, so that we may apply Equation (3.26) with Ed replaced by

I to obtain the cross section for ionization.
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5 = i-1 =) T1T(3.33)

Example for Cu

If we again consider 10 Mev deuterons incident on copper, we

obtain 6' = 10-1 7 cm 2 , i.e. a cross section which is 103 times

greater than the displacement cross section for the same case (see

page 27). We have assumed I = 2 ev for the calculation. The corre-

sponding mean free path would be = 10- 6 cm by assuming NI = NA

i.e. only one ionizable electron per atom.

We conclude that the energy loss and the range of charged

particles in a solid is determined by ionization and electron exci-

tation, as long as the particle energies are sufficiently large. To

obtain more accurate results on the cross section for ionization,

one has to consider that as the velocity of the moving particle

increases both the effective charge on the moving particle and the

number of ionizable electrons increases. The maximum ionization

energy would be of the order Imax = Z 2H where IH is the ionization

energy of hydrogen. For the lower limit of I, one has to consider

both ionization and excitation. For solid insulators, Imi is the

distance between the valence band and the conduction band. For

metals, the Fermi energy may be taken. For coarse approximations,

one uses

I .= 2ev.
min

One may now define a lower limit for ionization by saying: Only
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particles which can transfer more than 2 ev onto an electron will

lose energy by ionization. Below this limit, the energy loss will

be exclusively by elastic collisions.

Using Tmax =OC( E, we find

C = ]t MO1 00SoA Ih (34)

and with Imin = 2 ev

Emin = A kev (3.35)

where A is the mass number of the moving particle. For electrons

as incident particles, one obtains with the same cross section as

used in Equation (3.33) ( 5 10-21 cm2 and A. = 10-2 cm for
I i

Ej= 1 Mev and copper as the target material.



CHAPTER IV.

THE PRODUCTION OF FRENKEL PAIRS

The Frenkel pair, consisting of an interstitial atom and the

vacant site from which the interstitial was removed, is the most

elementary defect that is used in radiation effect theory. After

their creation, the interstitial and the vacancy may each move on

independently. In the first two sections we discuss the structure

of these two defects.

1. The Structure of a Vacancy

The structure of a vacancy is quite simple. The lattice atoms

around the vacancy relax somewhat, but only to the extent of a few

percent of the lattice constants.

2. The Structure of Interstitials

It is much more difficult to find the correct structure of an

interstitial. In the following, the problem will be discussed for

the face centered cubic (fcc) lattig e only.

F IGURE 10

THE ELEMENTARY CELL OF THE FCC LATTICE

-36-
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Figure 10 shows the elementary cell for the fcc lattice. Figure 11

shows three possible symmetric positions of an interstitial in that

cell and gives their coordinates in terms of the lattice constant a.

Center of Cube Face Diagonal Body Diagonal
(111) (101) (111)

FIGURE 11

POSSIBLE SYMMETRIC POSITIONS OF THE
INTE RST IT IAL IN AN F CC LA TT ICE

Naively, one would assume that the position in the center of the

cube (Figure ll.a) is the most likely one for an interstitial.

It is symmetric and, therefore, free of forces. However, whether

it is a stable or unstable position depends on whether the potential

energy is a minimum or a maximum. The other two positions are also

symmetric, but to a lesser degree.

In all these positions an interstitial has a fairly large space

to occupy. One may express the space available by the distance Dn

to the nearest neighbor in units of the lattice constant a.

a.) Dn .a

211'

b.) Dn = .815 a

c.) Dn = .708 a
2
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Space may also be made available by putting two lattice atoms into

one particular lattice position and letting them relax symmetrically.

This is shown in Figure 12 for the face centered position at the

interface of two basic lattice cells. The three configurations

described in Figure 12 are often referred to as dumbbell positions.

1I1ii /

CL) b)

F IGURE 12

INTERSTITIALS IN DUMBBELL POSITIONS IN A FCC LATTICE

The actual configuration of an interstitial will depend on

which one of the possibilities outlined above will have the lowest

potential energy. The most thorough theoretical studies have been

done on copper, for which the energies are given below:
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D100 = 2.8 ev

Sa Sb = 3.4 ev

D110 = 3.5 ev

Sc = 3.6 ev

Diii = 3:..8 ev

The symbols used here correspond to those used in Figures 11 and

12. The energy values represent the energy difference between an

atom at the surface of the crystal and in one of the interstitial

positions. According to this, only the D1 0 0 configuration is stable.

One way to differentiate between the S and D configurations may

be the way they move through the lattice. One would expect:

Symmetric position - the interstitial itself diffuses;

Dumbbell position - the interstitial character is handed
on from atom to atom, but these do
not move much from their original
position.

Conditions are different and more complicated for close Frenkel

pairs. We will not go into this in detail.

3. The Displacement Energy Ed

In general, the amount of energy necessary to remove an atom

from its regular lattice position and into an interstitial position

will depend on the direction e in which the momentum is transferred

onto the atom.

The threshold energy is dependent on direction:

Ed = Ed(e)
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and when we can assume isotropic energy transfer, we will have

T) d I L(4.1)

where the integral is taken over- all directions e for which

T A Ed(e). (In Section 8 of Chapter I, we have already defined

Wd(T) as the probability that a lattice atom with energy T will

leave its lattice position.)

In principle, one should be able to measure Ed(e) by using

electron irradiation of a single crystal. But since the primary

interaction is a Coulomb interaction, the differential cross section

for momentum transfer perpendicular to the incident direction

(9 = 900) is much greater than that for momentum transfer in the

beam direction (0 = 1800). Since the production of defects at

T = Ed will be quite small, we will have to make the incident

energy somewhat larger. But then we may already have a considerable

amount of energy transfer outside of the beam direction. The con-

ditions are further complicated by the fact that the incident

electrons will change their energy and direction through interaction

in the interior of the sample.

For an isotropic distribution of the primary directions, we

have according to Equation (1.11)
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The number of Frenkel pairs produced is then

PdT (4.2)

and in particular for a monoenergetic electron flux

N WT-) E)7 d TAt (4.3)

If we can determine NFp experimentally, then it is also possible to

find Wd(T) by solving Equation (4.3) for this variable. In reality,

this seems much too complicated and one proceeds by assuming a

particular function Wd(T) with free parameters which are then

adjusted to fit the experimental values. The two simplest and,

therefore, favorite functions are the following:

a. The Step Function

W(T)
0 for T (Ed

Wd(T){ E

T l1for T, E

Ed

FIGURE 13

Wd AS A STEP FUNCTION

b. The Linear Threshold Function

W 4 (r)for T dEd
Wd(T)= -TE

1 - ----- EdE for .Ed (TGEd (4.5)

T for E &T

FIGURE 14

Wd AS A LINEAR THRESHOLD
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Vineyard and coworkers have computed Ed values for various

directions in the copper lattice. These are shown in Figure 15.

This behavior could be described by a function according to Equation

(4.5) with

Ed = 25 ev

and

E d 85 ev.

[E01) [112]

FIGURE 15

VALUES FOR Ed COMPUTED BY VINEYARD ET AL.

Phys. Rev. 120, 1229 (1960)

4. Models for the Displacement Process

We shall introduce models for the description of the collision

process, in which a primary knock-on collides with another lattice

atom. These models will help us to compute the number of Frenkel

pairs produced by a primary of energy E. (NOTE: In the following,

the kinetic energy of the incident primary will be represented by

E, whereas the symbol T will be used for the energy transferred to

a secondary, tertiary, etc. knock-on.)
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Common to both models which are to be discussed is the assump-

tion that between collisions the primary moves in a constant average

lattice potential Vad. A lattice atom may be bound to its lattice

position by a spherically symmetric potential well of radius t and

depth Ead (see Figure 16.a). The fact that a close Frenkel pair may

be stable is taken care of by the introduction of an additive

potential Vd, which has the form of a vertical wall of thickness d".

The height of this wall may be different in different directions.

The two models are: the Kinchin and Pease model--this does not use

a well, but just the potential wall which, by the way, does not act

on the incident particle before collision; and the Seitz and Harrison

model--this makes use only of the potential well without the walls.

In the following discussion we assume complete symmetry and isotropy.

b)

0

_fl~1i
0P

c)

0

FIGURE 16

POTENTIALS FOR FRENKEL PAIR PRODUCTION
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a. The Kinchin and Pease Model (KPM)

Conditions as assumed by this model are indicated in Figure 17.

EE

FIGURE 17

POTENTIAL OF THE KPM

The energy of the incident particle (E) is divided into two parts:

that which remains with the incident particle after collision (E'),

and that which is transferred to the seconary particle T. Depending

on whether E' or T or both or none are greater than Ed, one can

distinguish four different cases, which can also be read off the

diagram in Figure 18 for a step function (Equation (4.4)) for Wd (T) .

E.

P(s)

PS

T

F IGURE 18

E ', T-DIAGRAM FOR THE KPM



-45-

E', T E-d

Both primary particle P and secondary particle S escape. A new

Frenkel pair is created.

E' Ed T

P escapes, S remains.

is reduced.

No new Frenkel pair is formed. Energy of P

TEd d E'

Replacement collision, usually connected with a net loss in kinetic

energy.

E', T 4 Ed

Both P and S remain in

drawn in the diagram.

E' and T must both lie

E 4 2 Ed no new Frenkel

the same position. The line E = E ' + T is

Conservation of kinetic energy requires that

on this line. It is obvious then that if

pairs may be created.

b. The Harrison-Seitz Model (HSM)

Figure 19 shows that in this model the incident particle makes

the energy E + Ed available for distribution among P and S.

-- 0--+ T - E t

E+ Ed E&

F IGURE 19

POTENTIAL OF THE HSM
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However, both P and S need at least energy Ed to escape from the

well. In contrast to the KPM, an incident particle with energy

less than 2 Ed (but E Ed) may create a new Frenkel pair. This

may be seen from the fact that the line E..+ Ed" foriE ' 1.4 Ed drawn

in Figure 20 runs. through the area labelled PS.

A

E.

P()

PSN

____________ + x

(Ps) (s) (P)S
T

Ea E+Ea

FIGURE 20

E ' , T-DIA GRAM FOR THE HSM

It will be shown below that the choice of the model for the dis-

placement process does not have too great an influence on the

results of computations of cascades of Frenkel pairs.

5. The Number of Frenkel Pairs in a Cascade

We introduce:

= number of Frenkel pairs in a cascade, which was

started by a primary of energy E and which includes
the primary.

WV(E) = probability that a cascade contains exactly v
Frenkel pairs.
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) is obviously a statistical number, and we shall have to try and

determine its average or expectation value. For E ) Ed we can

recognize the following limits for V)

Upper limit:

Lower limit:

N)max = E/Ed

The primary particle transfers just the amount

Ed in every collision. No energy is lost.

a)= 1Vmin
The primary particle (which counts as one
Frenkel pair) transfers energy in every
collision which is just below the threshold
energy. The lattice is heated but no. addi-
tional displacements are produced.

We may further expect that the larger , the narrower will be the

distribution.

The expectation value for \) is

NoZvw4%
v(EV

(4.6)

We shall not derive a general expression for V(E) , but we shall

concentrate on one particular case--the Kinchin and Pease model

with a step function for Wd(E) and hard sphere scattering as the

interaction process.

We start out with a primary of energy E. After its first

collision, its energy is divided as

E = E' + T

according to the KPM. For hard sphere scattering interaction, the

probability of the occurrence of particular energies E' or T is
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E for both. The average number of Frenkel pairs produced by the

primary P is

E

I- 1(4.7)

Ed

The corresponding average for the secondary knock-on is

E

Ed

Addition of these two equations results in an integral equation

for \)(E) (E' and T under the integral are just dummy variables

and may now both be called E", for instance)

E

NN)(E) E D 1)CIEl(4.9)

Solution:

Multiply with E and differentiate with respect to E:

(E)-E =2.(E'') cl E*
cdE

Ed

S.Ei +JnE + C (4.10)

'C1= Cc"E (.0
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We obtain a linear relation. C" must be determined by the expected

behavior at low values for E. For the KPM with a step function we

have:

Wv(E) =&0O for E Ed

W (E) =&evi for Ed4E':2Ed

since only one Frenkel pair can be produced for Ed 4 E 4 2Ed.

Therefore,

) = 0 for E 4 Ed (a)

(4.11)

)= 1 for Ed 4 E-2Ed (b)

to 1
Applying this equation (4.10), we oblain C"=Ed so that

E
for E 2Ed (c) (4.11)

6 . Influence of Various Models on the Number V .

We repeat, that the result for V (E) given in equation

(4.11. a,b and c) was obtained by a combination of three different

models:

a) The hard sphere approximation for the interaction

process

b) A step function for Wd (E)

c) The Kinchin and Pease model for the displacement

process

We shall now replace these models separately by different models

to observe the inf luence tha t such mod if ic ations ma y have . Be for e we
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do this, we will introduce the reduced value for V (E). This reduced

value is V)(E) . It has the property, that V(E) can be obtained from 9(E

by multiplication with Wd (E):

(E) = Wd (E) v(E) (4.12)

vU(E) then has the advantage of better allowing a comparison between

different models for Wd(E) and for the displacement process without

interference from the actual value of Wd(E) at low energies.

a) Deviation from the Hard Sphere Approximation

Fig. 21 shows the result of a machine calculation by Brown and

Goedecke J.Appl.Phys.31,932, (1960)].

They used a Yukawa-potential instead of the hard sphere potential

Zj.Z2e -T/C
V(r) = rZge V .(4.13)

a = c*H / 2  /3 + 2( ,4f Z (4.14)

aH = radius of the hydrogen atom

0/

Ea 10g 20E 30E
FIG 2 CMPRION F (E FR u FR WODIFEEN

OTNTAS IT d E A.SEFUCIO ADUSN

THE KPM
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b) Deviation from the Step Function

Fig. 22 shows the result on V(E) of replacing the step function

for Wd(E) by a linear function between Ed and Ed.

v(E)

10 -

S2

Fig. 22 V)(E) FOR A LINEAR INCREASE OF Wd (E) BETWEEN Ed AND

Ed FOR VARIOUS VALUES OF Ed/Ea.

It is obvious, that )(E) decreases as Ed increases. For higher

energies (E 2 Ea) one can express V(E) as

~ E
) (E) = ) (E) = C -- 1

2 Ed

where C decreases as Ed increases. One can look at Ed/C as an

effective threshold energy and compare the effect of a step

function at Ed/C with that of a linear increase between Ed

and Ed.- This has been done in Fig. 23, where a third possibil;-

ity, a double step function has also been included. Again,

the influence of the various Wd (E) is seen to be very small.
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I

-5

E
CL.)

C
I

I 2 3 4
FIG. 23 a) VARIOUS POSSIBILITIES FOR Wd(E)

b) THE CORRESPONDING VALUES OF THE CONSTANT C.

c.) Deviation from the Kinchin and Pease Model

Here we compare \) (E) according to the KPM with that obtained

by using the Harrison/Seitz Model:

KPM

HSM

1
\) (E) =

E/2 Ed-

\) (E) =4, g-

E42 Ed

2 Ed E

E Ed

Ed4E

(4.16)

(4.17)

The two different functions V are shown in Fig. 24
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8

6

Ed

I12 5 10

Fig. 24 \)(E) FOR THE KPM AND THE HSM.

Though the functions v (E) differ somewhat for the two models,

the results for \) (E) are identically the same. This comes from

the fact, that to obtain V(E) for the HSM, we must use

V (E-Ed), due to the fact, that a particle in that model loses

energy to the amount of Ed to get out of the potential well.

V(E) = Wd(E) VI(E-Ed) (4.18)

is therefore the same as V (E) for the KPM.

7. The Influence of Ionization

In Ch. III, equation (3.35), we introduced E 1iA keV as a very

rough limit of energies below which energy.. transfer from a moving

atom is mainly by elastic collision with other atoms, whereas..

above the limit the-energy. loss of the atom is due almost entirely

by ionization. If we adopt this limit as valid, we can take account

of ionization losses very simply by stating in place of (4.ll.c)
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for instance:

E

2.Ed

zEa

(4.19)

E1 4E

Under the assumption that the mass of the incident radiation is

1 amu and that it is small compared to the mass number A of the

target material, we can represent Tmax by 4E/'A where E is the energy

of the incident radiation. By plotting this along with E1  A (kev),

we can see at which mass numbers for the target material ionization

as energy loss becomes important. Figure 25 shows this for E = 1.5

Mev. We see that it is only for fairly low mass numbers that ioni-

zation occurs at these incident energies.

-I
2

OSev \4E..
A

A
s0 100 I5 200 250

FIGURE 25

EI = A kev AND Tmax FOR INCIDENT PARTICLES

OF MASS NUMBER 1 AND ENERGY E (=1.5 Mev)
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Since for incident charged particles the average primary energy is

far below Tmax, we do not have to worry too much about ionization

there, whereas for neutrons ionization becomes more important.

Topics which had to be left out because of the lack of time

were: 1) ) (E) for small energies, where the assumed linearity

of V is no longer true; 2) replacement collisions; and 3) dis-

placements in polyatomic solids.



CHAPTER V.

INTERACTION AND RANGE OF THE PRIMARIES

1. The Interaction Potential

The determination of the proper interaction potential to

describe the collision of two atoms is a difficult problem. At

the relative energies with which we are concerned here, one usually

assumes that the electrons all move with the nucleus, i.e. that

there is no ionization. This is referred to as the "adiabatic

approximation." The collision takes place, therefore, between two

nuclei, the charges of which are screened by the surrounding electrons.

N. Bohr proposed the use of the "Yukawa potential" for the

description of such interactions (see Equations (4.13) and (4.14)):

z PrCL ' = e(5.1)

with

CL Hifor the collision of a point
CL _= charge Zle with a neutral

atom of atomic number Z (5.2)

for the collision of two
CL = neutral atoms of atomic

+2 number Z and Z2 (5.3)

Obviously, the a-value of Equation (5.3) is appropriate for us and

since Zi= Z2we obtain a = . The range of validity of

-56-
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the Bohr potential (Equation (5.1)) seems to be confined to small

distances, rL a.

For larger distances, where the screening of the nuclear

charge by the electrons is even more complete, Born and Mayer

proposed a purely exponential potential:

V(') =A e (s4)

The a-value here is usually a different one than that used in the

Bohr potential. We give here values of the parameters for both

potentials, which have been adjusted to fit experimental data for

Cu.

Bohr: aB D D = 2.55 B 21 '=.5

Born-Mayer: aBM =1 ABM= 2.2 x 104 ev

The Born-Mayer potential is thought to be valid up to the equilibrium

distance between lattice atoms.

There is a large variety of approaches to the problem of deter-

mining the range of primary knock-ons and, thereby, of determining

the spatial extent of the damage produced by one primary. In this

chapter we shall confine ourselves to: 1).the description of an

experiment to determine the ranges of primaries in various materials,

and 2) the brief sketching of a theoretical calculation of these

ranges.
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2. An Experimental Determination of Primary Ranges
(R. A. Schmitt and R. A. Sharp, Phys . Rev. Letters, I, 445 (1958).)

In this experiment foils of various interesting materials were

sandwiched between aluminum catcher foils and then irradiated with

24 Mev Bremsstrahlung from a betatron. The high energy photons pro-

duce (',n) reactions. Upon emission of the neutron, the residual

nucleus receives recoil momentum (and energy). The kinetic energy

of the emitted neutrons was determined for Cu and Pb to be 1.5 Mev

with a distribution of 2 Mev full width at half maximum. It was

assumed that the neutrons emitted from the other substances would

have the same energy.

The recoiling residual nuclei are radioactive due to the -loss

of one neutron. They can, therefore, be detected at the end of

their range by measuring the radioactivity of the sample foil and the

catcher foils. The range of the recoils is determined from the ratio

of these activities. Figure 26 indicates how we shall describe the

problem for the following analysis.

Sz SI

PP

0T

( T

FIGURE 26

SCHEMA TIC OF THE EXPERIMENT FOR THE
DE TERMINA TION OF PRIMA RY RA NGE S



We introduce:

(1)
e

We () X

N(2)

W (x)

e(1)
Ne

(2)
Ne

probability that a particle originating at X will
escape through the surface Si.

correspondingly for surface S2

number of particles escaping through Sl if nrdX is
the number of (-,n) processes in the layer dxL of the
foil.

correspondingly for S2'

We then have:

0

Ne J'VJ'kxrydx. (5.5)

(1)
The second integral assumes that T is so large that We (-T) is

negligibly small.

Similarly,

0 00

J()=WeZ)kx) ~ f(~~b
-T -T

Define

N= total number of primaries created

T

N = nrcx =ryT
0

(5.96)

(5.7)

The ratio of activities in the catcher foils over the total activity

is then
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Idl0 00 0

TT 
(5.8)

Evidently we assumed that the production of radioactive nuclei is

uniform across the thickness T of the foil

The problem is now reduced to the determination of the We (X) .

We make here a very rough approximation: The primary particle

travels along a straight line path 9 before .coming: to rest. The

distances 9 are distributed according to g (3,E)d 9 where E is the

initial particle energy. The initial direction of the particle is

described by the unit vector e. The distribution of initial

directions and energies shall be f (e,E) dildE. With the help of the

distribution functions just introduced and with some reference to

Figure 27, we can now write down expressions for the We (x) .

S,

IW e

FIGURE 27



ex0O

n

W(xcdy f~dE~ dQ{ (E)-1X(9,E)&dg3
(5.9)

Evaluation of the integral over X results in

jd ( Eld =ex I9 g (g, E) dj ?

o % 4

We introduce here

RangeE

0

(5.10)

(5.11)

0J , (x) E (E)

ex0

e . 9(E)

(x) Cd s (E~g ,5E

Two further assumptions are now made concerning f(E,e):

a) a well defined initial energy E,

b) isotropy.
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Therefore,

, = CS(E'- E)

41Y"
(5.12)

0LWx T
Cos 0d(co&q)_

1 2
0

3 (E) (5.13)

With this result, we go into Equation (5.8) to obtain

Ne,- (E) C()
(5.14)

Nf = number of radioactive nuclei remaining in the irradiated foil.

N=Ne + Nf

I (E) =2 Ne T
Nf

(5.15)

Some results are listed in Table III.

TABLE III

RESULTS OF PRIMARY RANGE MEASUREMENT. BY SCHMITT AND SHARP

Recoiling
Atom

C 1

Fe 5 3

Cu 6 4

Ag 10 6

An 1 9 6

Most Probable
Recoil Energy

130 kev

30 key

25 ± 16 kev
14 kev

9 kev

Observed Range
.(E) in A

11,000

560

157
71
28
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3. Theory of Primary Ranges
(D. K. Holmes and G. Leibfried, J. Appl. Phys., 31, 1046 (1960) )

The authors of this theoretical calculation of ranges consider

the path of a primary in a solid as composed of undisturbed straight

line parts of length as shown in Figure 28.

ez E

0

FIGURE 28

SCHEMATIC DIAGRAM OF THE PATH OF A PRIMARY
ACCORDING TO THE HARD SPHERE APPROXIMATION

Such a behavior is in agreement with the hard sphere approximation

of interactions.

Distribution Functions

By introduction of a number of distribution functions one may

obtain the interesting parameters for the total path of the particle

as moments of these distribution functions. We introduce:

Wgde probability of finding the path length between collisions
£in the range (, 2+ d 6 ) , when the mean free path is ( .
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W de = e/~L Id (5.16)

f (E ,e 0 )dE d&. 0 probability that the initial energy
of the primary is in (E 0 ,E 0 +dE 0 ) and
that its initial direction is in dD-o
about eo.

distribution of energy Ei+ 1 and direction
*-i+1 after collision for a primary with

energy Ei and direction ei before colli-
sion.

E1+l 1 ei+l,

From this we obtain the total distribution function for any number

1) of collisions:

Eo) Eo e G(Eoi, e"El ') .---- - - -a-.., - t
MED)E

(5.17)

The corresponding distribution function for V-> 00 will be called W.

Mean Values

The parameters of interest to us are:

a) Total path length

b) Vectorial distance

0o

L = .Qv

v=o

r = k V ev

(5.18)

(5.19)

With the help of the total distribution function introduced in
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Equation (5.17), we can now write the following expressions:

0L Ze Iv WCL(5,®20)
where W is the total distribution function for \) -+ Co,

LI (5.21)

veW (5.22)

KI = e v 4(5.23)

The calculations leading to the final forms for the above

averages will not be demonstrated here. The main physical assumption

that goes into the solution is that of hard sphere interaction

between the atoms.

We obtain (for monoenergetic radiation of fixed direction (E,e)):

E

CE(5.24)

0
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K t>Oa
_z

E

0

(5.25)

E

[ ) +~I (dQ~
V

(5.26)

EE

) 2 7 (j Jc 
( 5 . 2 7 )

Interaction Potential

In all our averages above the parameter that depends on the

interaction potential is k (E), the mean free path between collisions.

To make a comparison with experimental results, we must replace A (E)

by an expression derived from a scattering potential. Homes and

Leibfried have chosen the Bohr potential (Equation (5.1)), which we

rewrite in the following manner:

V'r) r2ez

fl e OLH

(5.28)



where according to Bohr l/f2 should be taken for o( . The scattering

by such..a potential can be treated with sufficient accuracy as scat-

tering from a hard sphere if only the distance of closest approach

R(E) defined by

L = E e (5.29)

is larger than the screening radius aB- (For a central collision, the

total energy of a particle in relative coordinates is equal to V(R)

at closest distance. This must also be equal to Er, the initial

kinetic energy (at infinite distance) of the particle. For equal

masses of the two participating particles, Elab = 2 Er')

Since the total cross section is simply R2 (E) , we obtain for

A (E)

X(&) (5.30)

N -y RN(E)

This expression may now be substituted into our averages, Equations

(5.24) through (5.27),

KLZ)3+RRY o J(5.31)

---.. (5 32
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and similarly f or the (r2) average. For the latter, one must make

the assumption R>a to obtain an easily soluble integral, but this

agrees surprisingly well with the accurate solution. The asymptotic

expression is

<r +(5.33)
aW N T-r RT 2 as

Figure 29 shows the variation of some of the parameters above as a

function of E/EB.
10- --

.I

.02 -

.0I - - - -- - - - - - -

10Q-10- FIGURE 29 I- 1 E/E 6

DEPENDENCE OF CHARACTERISTIC AVERAGES ON
ENERGY FOR A BOHR POTENTIAL

(k is A for R =e

Range

How is the range of a particle connected with any of the

averages we quoted? There seems to be a certain ambiguity in the

selection of what one wants to call the range of a primary. Holmes

and Leibfried chose

= 9 (9E~d g(5.34)
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where S is the farthest distance that the primary gets away from

the origin. This is sketched in Figure 30.

0

FIGURE 30

RELATION BETWEEN THE ACTUAL PATH
OF A PRIMARY AND ITS RANGE S

None of the averages computed so far corresponds exactly to S.

Upper limit:

Lower limit:

L, this is always larger than 3

r, this will always be smaller than I

Essential differences between r and 3 come from scattering events

which involve large scattering angles. But if the scattering angle

is large, then the energy loss to the primary is also large, so that

the remainder of the path can be neglected. Therefore, r seems to

be quite a good approximation to _9. However, r is not among the

averages which we computed. We do have Kr 2> av which is always

greater than r2 since <r2> av - r2 is the variance of r which is

always positive. Since S is also always greater than F, it turns

out that
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8 ~jK~Tr>C~t (5.35)

is a good approximation.

Table IV shows a comparison of the data by Schmitt and Sharp

and theoretically computed ranges according to Equation (5.35), The

ranges have been computed for three different values of o( (see

Equation (5.28)) whereOL= - -- is the original Bohr proposal. For

copper Ok= 2 seems to fit the data best. For Fe, Zn, and Au

there is strong disagreement between the measured range and any of

the calculated ones. This may be due to the fact that the recoil

spectrum for these materials disagreed with that for copper, which

was the only one that was measured in detail

TABLE IV

COMPARISON OF EXPERIMENTAL RANGES WITH THEORY

E Ep ftheo sobs L CK
Element (10 key R/a 10-6 cm

10.4 0.85 10.4 10.6 1
Ti 5.28 7.38 0.70 7.4 3.1 7.3 \!

5.28 0.55 5.51 5.5 2
15.5 1.1 4.8 5.2 1

Fe 4.8 10.9 .91 3.3 5.6 3.4 \f2
7.74 .75 2.3 2.3 2

20.0 1.3 3.5 4.1 1
Cu 4.0 14.3 .1 2.3 1.6 2.6 2'

10.0 .95 1.6 1.65 2

21.1 1.35 4.5 5.2 1
Zn 4.0 15.4 1.15 2.9 1.37 3.35

10.8 1.0 2.1 2.1 2

60.5 2.45 2.5 331
Ag 2.24 43. 2.2 1.5 .71 1.9 (Z

30.7 1.95 .9 1.15 2

205.7 3.65 1.8 2.7 1
Au 1.44 144.0 3.4 1.0 .28 1.5 \2'

103.0 3.1 .58 .84 2
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In conclusion, we might say that considering the uncertainties

in both the experimental ranges as well as the theoretical ones the

agreement between the two is really quite good. A completely

different approach to the problem of range determinations for pri-

maries is that of machine calculations of the actual paths of

particles in a regular lattice. This has the advantage of being

somewhat closer to the real problem since in all the above calcu-

lations we have assumed a statistical distribution.of the lattice

atoms. On the other hand, the capacity of presently available

computers limits one to motions within one lattice plane and to

fairly small lattice fragments. The method is applicable only to

small primary energies.

These are some phenomena which occur when one discusses inter-

actions in real lattices and which we have no time to discuss here.

The two most important ones are the focussing collisions and the

reduced interaction (channeling) of particles moving in lattice

directions with low Miller indices.



APPENDIX

RELATIVE COORDINATES AND THE CENTRAL FORCE PROBLEM

1. Introduction of Relative Coordinates.

A central force between two bodies is a force which is directed

along the straight line connecting the two bodies.

For such a force the two body problem can be reduced to a one-

body problem by the introduction of relative coordinates. This

is done as follows (see also Fig. A.l) :

For an attractive force between the

M, bodies we have:

Force on mass M :

Force on mass M2

F, =or,-i) -- A-lob)

0_ Vi -rEI
FIG. Alo

VECTORS DESCRIBING THE LOCATION OF TWO MASSES M1 AND
M2 IN SPACE. R = VECTOR TO THE CENTER OF MASS.

Introduce _ = - Vt, -

Equations of motion for the two masses:

M1 't =-Yr)=~ a) Mr~ ('r 'r(A.2)

We obtain two different equations of motion by adding and sub-

tracting these two equations:

-72-
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ADDITION

S + = 0 (A.3)

The radius vector to the center

of mass, R, is defined as:

R - 's- H 2Na
_- ~ (A.4)

By differentiating this twice

we obtain

.J .3( A 5 )

With this, our above equation

can be read as:

R 0 (A.6)

In W :ord:.' ::

If the only force on a system

of two bodies is a central

force between these bodies,

then the motion of the

center mass does not change

with time.

SUBTRACTION

Before taking the difference

between the two equations

(A 0 2.a,b) we divide by the

appropriate mass:

-k-'. - + -(A.7)

where we used:

- + -

uis called the reduced

Finally

,$ F(k

(A 08)

(A,9)

mass

(A.10)

In wbrds:

For a central force, the motion

of two bodies may be described

as the motion of one body of

reduced mass with respect to

an origin located in the other

body.

Coordiniates' describing the position of one body :withe respect

to the other are called relative coordinates.
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2. Description of the Collision Problem

a) In the laboratory system

''; 'i_-. initial velocities of particles 1 and 2

'O final velocities of particles land 2

b impact parameter

) 9.z scattering angles

b

FIG. A.2

SCHEMATIC OF A COLLISION OF TWO PARTICLES IN THE
LABORATORY SYSTEM.

It is customary to consider particle 1 as the incident particle

and particle 2 as the target particle which may usually be consid-

ered as being at rest, i.e. v 2 = 0'

b) In relative coordinates

v initial relative velocity

v'° final relative velocity

0 scattering angle

8

FIG. A.3

SCHEMATIC OF A COLLISION IN RELATIVE COORDINATES
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We want to establish relations between the velocitics in the two

systems:

From a simple differentation of equation (A.4) we obtain

,'2 = ';+M l (A 0 l)

where V = R is the velocity of the center of mass. The relative

velocity is v = v1 - v 2 . Solving this for v2 and substituting in

equation (All) we obtain:

+MZI = GM - -or

M2'O V +- - (a)

Similarly (A0 12)

Since linear momentum is conserved during the collision, we have:

+ I 1 = M _'4 M(A.913)

and therefore

from which we get equations analogous to equations (A.12.a.b.)

The complete result is then:

Transformation equations

_' (a) 'u' /+ \-(c

(A.12)

_.= \ - H \ (b) 'l V .. \/ . ( d) .
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3. .Kinetic Energy Relations for Elastic Scattering

M ~Z / Zzi M

2. (A.13)
Kinetic energy Kinetic energy
of the CM-motion of the relative

motion

Conservation of kinetic energy in an elastic collision requires

that:

E, += ME 'vz + '

2. 2

Consequently

y?- = 3(A.14)

In words:

Kinetic energy is conserved in the relative coordinate system.

The interaction process will change the direction of the particle

but not its kinetic energy.

4. Scattering Angle

The scattering angle in relative coordinates, 0, is the angle

between the initial and the final direction of the scattered

particle, Its cosine is obtained from:

-, (A.15)
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Collision theory will most easily yield the angle 9 as a function

of the imput parameters to a particular problem. For the discussion

of radiation effects, on the other hand, we are mainly interested

in the energy of particle 2 in the laboratory system after the

collision, i.e. we want to know E' Therefore we will now derive
2

a relation between these two variables.

5. Relation between 6 and E

2

2 - - M-_ Use equation (A.l2.d),
2

We now make the usually justified assumption thatvi = 0, i.e.

that the target particle is at rest before the collision. With

that, we obtain from equation (A.12.b)

(A 0 16)

Substituting this above we obtain:

MM z _ *,. s .

Using relations (A.14) and (A.15) we further obtain

_ ~(2'i-- '2.A9l Co(O)

2 MZ - Cose (A017 )

This is the desired relation between E' and 0.
2
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6. Maximum Transferrable Energy

From equation (A.17) we can determine the maximum transferrable

energy in an elastic collision, E':.
2max.

E' has its largest value, when cos 9 = -1, i.e. when the scattering2

angle is 1800.

In that case:

We will now express this as a function of the incident energy of

the particle 1 in the laboratory system, E. l. The assumption of

.2 = 0 allows the following transformation of equation (A.12.a),

1 V= \ i+ - (A.12.a)

V (A.16)

from which

°° a
and therefore

,4 M, Mz
E2max= , )2E,=cE,

Relation A,17 may now be rewritten as

S= EI -cosz2 an 2

(A0 19)

(A.20)

(A 0 21)
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A BRIEF REVIEW OF

POINT DEFECTS IN SEMI-CONDUCTORS

By
John S. King

I. Point Defects in Crystal Lattices

Introduction

The bulk of the study of the solid state of materials is

concerned with polycrystals or single crystals, since true amor-

phous solids, such as the glasses, are relatively rare. Furthermore,

most physical properties of the crystalline state are controlled

more by the imperfections in the lattice than by the lattice itself.

Hence a study of lattice defects really encompasses most of the

solid state world. It is obvious that our review here must, there-

fore, be confined to a rather brief and elementary description of

those lattice defects that will be encountered in the irradiation

of semi-conductor crystals. Even so, it will become evident that the

effects on these crystals causes a very broad spectrum of physical

changes and provides, therefore, many experimental methods of

observation.

It will be our purposes here to (a) describe the possible

lattice defects that can be produced by irradiation, to briefly

examine the energetics of their formation and subsequent movement,

and (b) to review the experimental techniques that have been

developed for observing their effects on semi-conductors. The

notes are based on material presented in References , ,1 ,

and of the attached bibliography.

-1-
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Types of Defects

The ideal or perfect crystal is an infinite three-dimensional

array of point masses fixed in a lattice, every point of which can

be reached by successive translations along the primitive lattice

vectors. Real crystals deviate from this exact geometrical arrange-

ment because of thermal excitation (phonon generation, electron-hole

pairs), impurities (either substitutional or interstitial), and the

formation and diffusion of vacancy sites and/or interstitial atoms.

The vacancy and interstitial sites may be randomly distributed

or associated in clusters. If many vacancies or interstitials are

arranged in an extended array, they are called "dislocations,"

whereas if randomly distributed they are called "point defects."

Dislocations are "accidents" of crystal growth and include combi-

nations of edge and screw dislocations. The surfaces, grain

boundaries, twinning, stacking faults, and slip lines are evidences

of dislocation. These defects are frozen into the crystal or generated

by mechanical work; they are not in thermodynamic equilibrium. By

contrast, a finite number of point defects must exist in a crystal

in thermodynamic equilibrium at a fixed (non-zero) temperature.

Our discussion will not be concerned with dislocations. Their

principal role in radiation damage is in the pinning of dislocations

by radiation induced point defects, leading to embrittlement in

metals.

The possible types of point defects are:

1. Simple vacancies, called Schottky defects. This is the complete

removal of an atom from its lattice site to a point outside

the crystal volume, i.e. on the crystal surface. This is shown
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schematically in Figure 1 by a square around the vacated site.

(This figure represents an ionic crystal for purposes of

illustration only.) The introduction of Schottky defects

lowers the crystal density, since the same mass is distributed

over a larger crystal volume.

FIGURE 1

DEFECTS IN AN IONIC CRYSTAL

- + - + - + -

close + - - + - +

Frenkel - - + - + -
pair + - + - + E -1' F Schottky defects

2. Separated pairs of Schottky defects. This is particularly

appropriate to ionic crystals where a positive and negative

ion can be simultaneously removed without disturbing charge

neutrality.

3. Frenkel defects. This is the displacement of an atom from its

normal site to an interstitial site internal to the crystal. In

this case the density is not changed. If the interstitial

position is only one or two lattice points removed from the

vacancy site, the defects are called a "close Frenkel pair."

In this case some degree of correlation between the two exists,

and an enhanced probability of subsequent annihilation exists.

If the interstitial is displaced many lattice distances away, a

"separated Frenkel pair" is produced. Figure 1 shows a close
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Frenkel pair. Essentially all radiation induced displacements

to be encountered in semi-conductors are Frenkel pairs.

4. Clustered defects, the divacancy. There is ample evidence that

defects form stable clusters. It will be shown below that the

formation energy of a divacancy, for example, is lower than the

formation energy of two separated vacancies. Figure 2 shows a

divacancy and a single Frenkel pair.

FIGURE 2

SINGLE VACANCY AND DIVACANCY FORMATION

5. Impurity substitution. A substituted atom occupies a normal

site of the host crystal. If its valence is the same as that

of the host atom, its presence will create only a local per-

turbation in the electronic wave functions. If the valence is

different, it (a) may create an electron or hole in a semi-

conductor, or (b) may induce a nearby ion vacancy in an ionic

crystal in order to preserve charge neutrality.

Thermodynamic Equilibrium of Defects

It is instructive at this point to exhibit some simple thermo-

dynamic arguments to show the equilibrium number of vacancies and

interstitials that exist at temperature T. The arguments will be
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useful also in the discussion of diffusion and of equilibrium hole-

electron concentration in semi-conductors.

Positive work on the crystal is necessary to create a vacancy.

At the same time the disturbance to the surrounding lattice by

virtue of removing an atom changes both the thermal (lattice vi-

brational) and configurational entropy of the lattice. The change

in the free energy of the crystal is, therefore, determined by the

difference in formation energy and entropy increase. At thermo-

dynamic equilibrium, the change in free energy with defect concen-

tration must be zero, i.e. a balance exists between formation energy

and lattice entropy. From the second law of thermodynamics, the

Gibbs free energy, G, or Helmholtz free energy, F, can be defined.

Since the volume changes are relatively small, we may use the

simpler Helm holtz function. If n is the number of defects per unit

volume at temperature T, the total differential free energy is

77lV constant

where 0 is the formation energy and S is both configurational

entropy, Sc, and thermal entropy, Sth; at equilibrium dF=O.

Graphically, the function F(n,t) versus n can be depicted by

Figure 3.

FIGURE :3

HELMHOLTZ FUNCTION VERSUS n
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If F0 was the free energy of the undisturbed lattice, then after

the introduction of n defects

(YE) =0 =(2)-TT -7 ."E
r

at equilibrium.

The entropy is calculable from the Boltzmann formula for the

entropy of an ensemble

(3)

W is a probability function, although not the usual one, since

W}} 1. Wc is the sum of different ways in which n defects can be

arranged on N original lattice sites, and the greater this large

number, the greater is the new entropy. This can be easily written

down for a given type of defect. Wth is less available and requires

some model of the lattice vibrational states. It is common in the

literature to regard 4 Sth either as an unspecified parameter or

to consider it negligible relative to the change in configurational

entropy.

The free energy for simple vacancies introduced into the

lattice can be written down. It can be easily established that

the configurational probability Wc is
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w, _ f) 1

(4)

where N=total number of crystal atoms, (N+n)=number of sites, and

n=the number of vacancies. Then at equilibrium, and applying

Sterling's formula (A / 4%1,-), Equation (2) gives

1e2E

= - A/I ,i -44
~w~v~ 6/-it/V~fvA

,.* % P I
or

d.wJT x p TQSV le, r4 ZV = 0

since N>>)n. Solving for n

vow
(5)

If t Sth is assumed small, Equation (5) gives the fractional number

of vacancies at thermal equilibrium as a simple exponential. A

typical value of is about 1.0 ev. Hence, at, say, room temperature

This is a small but naturally occurring fraction. It can become much

greater at elevated temperatures and is, of course, very sensitive to

the actual value of 0
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For simple vacancies, 4 Sth may not be negligible. An estimate

of the magnitude can be had by invoking the crude model of the lattice

as a 3N set of Einstein oscillators, all vibrating with the same

frequency J/. This can be envisioned as the generation of phonon

quanta, with no restriction on the number of quanta belonging to any

one oscillator. In this case Wth in Equation (3) is the number of

ways 2$ phonons can be distributed among the 3N Einstein oscillators.

It can be shown that Wth is given by

(6)

if no a priori restriction is placed on the occupation numbers.

The total energy of vibration is

and hence

Again using Sterling's formula, and recalling that the total Sth

in Equation (2) was written njASth,

In many cases AkV>>A'T , corresponding to ar ey

For these cases, }E/ from Equation 7. Then, roughly,

4t/0 
3JN 

(-f l,
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Now, for every vacancy introduced, the frequency of the

oscillators corresponding to the nearest neighbor lattice atom

is lowered due to the missing atom. If there are n vacancies and m

nearest neighbors (coordination number is m), the perturbed Sth is

and subtracting the unperturbed entropy

Hence, Equation (5) becomes

(8)

Since m is of the order of 8, even a small shift in frequency

introduced a significant increase in entropy and hence in . The

determination of the frequency shift is, of course, difficult to

obtain. Incidentally, the ratio of entropy changes is from this

expression

and is presumably less than unity.

The free energy for Frenkel pairs proceeds in the same fashion.

In this case, the disorder probability is a product probability
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h4: h 4.-We

(.---V----N N(4

where N=number of atoms, n=number of Frenkel pairs, and Ni=number of

possible interstitial sites, where Ni is commensurate with N. The

equilibrium number of pairs existing in any lattice at T is

-(9)

where 4 is the total positive work to remove an atom from a normal

site and deposit it in a "stable" interstitial site. We must assume

The free energy of a simple cluster such as a divacancy can be

determined in the same manner. It must be that the total number of

possible adjacent pair positions is . Then the configurational

probability is

(4wNLK/

where n is the number of divacancies existing. The energy of for-

mation of a divacancy, , is
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where is the single vacancy formation and B is the binding energy

of the divacancy. We assume B is positive. The calculated equilibrium

number of divacancies is then

(10)

If one assumes 4s ', then use of Equation (10)

gives

(11)

and the ratio of divacancies to single vacancies is

S/V1-ti

and this can exceed unity even for binding energies small relative

to g1.

Energy of Formation of Defects

The theoretical calculation of the magnitude of the formation

energy is a complicated task, because of the difficulty in calculating

the rearrangement energy attributed to the lattice atoms adjacent

to the defect created. A first attempt at determining the vacancy

formation energy, , can be obtained from the sublimation energy.

The cohesive energy of the lattice is, per atom of lattice,
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where V(Ri) is the interaction potential of any atom with another

at distance Ri (factor of prevents counting pairwise interactions

twice). The cohesive energy is equal to the energy per atom re-

quired to remove atoms from the surface. The energy required to

completely remove an interior atom to infinity is

Hence, the difference must be the energy to form a vacancy

by moving an atom to the surface:

v (12)

On an energy scale with 0 atoO , the formation energy can be

pictured as in Figure 4.

FIGURE 4

ENERGY TO REMOVE LATTICE ATOM TO

E
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The problem can also be stated as the net number of inter-

atomic bonds that must be broken to put an interior atom on the

surface. For a fcc crystal, the average number of bonds at the

surface is 6, and in the interior is 12. The average surface bond

Es

strength is 6E=Es, hence E=~-6-, and the net bond breaking energy is

This simple energy diagram can also be applied to the formation

of an isolated Frenkel pair. The formation energy --

can be pictured as the net energy required to remove an atom to oQ

and then bring it back to an interstitial point.

FIGURE 5

ENERGY TO FORM FRENKEL PAIR

The interstitial formation energy is considerably greater than the

vacancy formation energy and depends on the model assumed for the

equilibrium interstitial arrangement. There is evidence, for example

in the fcc system, that the "split" configuration is most stable, i.e.

the interstitial "shares" a face lattice point with its normal occupant.



-14-

This picture is not a good approximation to the thermodynamically

reversible process of forming a defect pair, because the rearrangement

energy of the electronic, atomic configuration near a defect has been

ignored. In a "fully relaxed" lattice, this energy is considerable

and it reduces, for example, the formation energy in Cu by a large

factor

For copper, Es=3.52 ev, but the best calculation of 4(, is about

1.3 ev, indicating Wr=2.2 ev. The best calculation for the inter-

stitial formation- energy, g, is about 5.0 ev, giving a reversible

Frenkel pair energy of N 6.3 ev.

It must be assumed, therefore, that the irreversible energy

required to form a Frenkel pair is considerably larger than the

equilibrium O. The formation produced by irradiation displace-

ments must be irreversible in nature, and hence the energy required

larger than the reversible value. In addition to this fact, there

is a finite probability that a close Frenkel pair will be unstable

and recombine. Furthermore, the jump diffusion barrier, i.e. the

local barrier between interstitial points, must be overcome in a

displacement, and this can be a function of direction of the dis-

placement. Hence, it is not surprising to find that the minimum

irradiation displacement energy, Ed, is two to four times larger

than the calculated reversible ($. For Cu, for example, the best

Ed is between 25 and 30 ev, and not the calculated reversible

formation energy ($f=6.3 ev.
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To the author's knowledge, no similar calculations have been

performed for the semi-conductor elements such as Si and Ge, but

extensive experimental determinations of Ed have been reported.

These indicate that the threshold value of Ed may be as low as

6.2 ev for In Sb, and 13 ev in Si or Ge, but the most probable value

is nearer 25 to 30 ev for the latter. The probability for displace-

ment versus threshold energy for Ge, therefore, looks qualitatively

a s follows : in Figure 6.

FIGURE 6

DISPLACEMENT ENERGY PROBABILITY CURVE

Ge Displacement
probability

- ~ > Ed(ev)

Energy for Motion of Defects

Defects exist within a local potential well produced by the

lattice environment. In order to move through this crystal lattice,

the defect must surmount the local potential barrier. Depending on

the barrier height, the probability of overcoming the barrier de-

pends strongly on the ambient temperature. Hence, motion effects,

including diffusion of isolated defects and recombination of Frenkel

defects (annealing) should also be strongly temperature dependent.
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A qualitative picture of the relation between formation ener-

gies, and , and barrier heights, Ebv and Ebi, are shown below

for isolated defects relative to a crystal surface.

FIGURE 7

QUALITATIVE COMPARISON OF Ebv, Ebi, 0 v' 0i

Vacanc Interstitial

Distance inside crystal Distance inside crystal

The total energy is a superposition of the formation energy and a

barrier potential energy which has the periodicity of the lattice.

We note the general features that:

1. the barrier energies against internal motion are smaller than

the formation energies;

2. the asymptotic values of are reached within about three

lattice distances from the surface (as noted above, -")

3. the potential barrier height for interstitials is much less

than for vacancies. For Cu, for example, Ebi=.0 5 -. 10 ev while

Ebv=O. 6 -l. 3 ev.

If No. 3 is generally true, then we can expect the picture for a close

Frenkel pair to look as in Figure 8, and the barrier height against

recombination of the pair is crudely Ebi'
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FIGURE 8

QUALITATIVE BARRIER FOR CLOSE FRENKEL PAIR

i4 7

v Separation distance

The probability per unit time that a defect will surmount the

potential barrier can be estimated. Each defect is vibrating within

its well with some frequency J/, which is determined by all the

neighboring lattice motions and which may be different for different

jump directions. For the sake of illustration, let us take the Ein-

stein crystal model so that there is one oscillator frequency ff.

The probability that the oscillator energy Eb= Eb is the integral

of the Boltzmann factor,

/

Therefore, the probability per unit time that the barrier is sur-

mounted is

In actual crystals, the probability is modif ied to take account of

all directions and because there is an entropy change for the crystal
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when the defect passes to a point midway between potential wells.

This can be roughly represented by an effective average vibration

rate , entropy change ASM, and barrier height EbM and

C (13)

Clearly the jump probability is greater at low Eb and strongly

depends on T.

The process of diffusion of defects is dependent on this jump

probability, and indeed this is the ordinary diffusion of impurities

in a host lattice. In fact, it is possible to derive an ordinary

diffusion equation

where the diffusion coefficient D is proportional to the jump

probability

(14)

and a is the lattice constant and Y is a geometric constant giving

the number of equivalent directions for a given crystal. (As an

example, consider the diffusion of carbon impurities in 4% -iron. The

motion is interstitial in a bcc host. A good experimental value of

D=DeE/kt with D0 =O0.02 cm2 /sec and E=0.874 ev. Using Equation (13)

in Equation (14) with a= x unit cell dimension and r=6 for bcc,
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D0 = )/P 6. From the Debye temperatur e9=420°K, U is

-- ce413 SM/k
estimated as C/ :%10 3 /cm. From these numbers e is

inferred to be about 7.)

Of particular importance in radiation damage is the annealing

of the defects produced, and this is also dependent on the jump

probability. At least three annealing mechanisms should be noted.

First, simple vacancies may migrate to crystal surfaces or to

internal boundaries, such as dislocations, which act as infinite

sinks. In bulk material, the dislocation boundaries are perhaps

the most important sinks. This is the classical diffusion problem

noted above. The long time response is a simple exponential

(transient response has died), which is equivalent to a first order

rate process.

and K is related to the diffusion coefficient D through the spatial

diffusion equation,

]jz X, v = o

It can be shown (2) that the migration to dislocation lines can be

approximated in bulk media by solving the diffusion equation between

infinite concentric cylinders. This gives

a 3 (15)

where No is the dislocation density in lines per unit area.
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Second, pairs of close Frenkel defects can annihilate by recom-

bining. Since the pairs are coupled, they recombine independently of

other pairs, and hence the annealing rate is a simple first order rate

process in which the time dependence does not depend on the defect

concentration. The rate constant is just the jump probability

(Equation (13)). If n is the number of correlated pairs,

47 (J (i(O}&(16)

wherein the activation energy is the interstitial barrier Ebi'

If the Frenkel defects are randomly distributed and not corre-

lated, a second order rate process occurs. Since the activation

energy for interstitials is much less than for vacancies, then at

normal temperatures the interstitials are migrating relatively

freely through a system of fixed vacancies. If the only effect of

spatial diffusion is to redistribute the interstitials in a random

way in the close vicinity of a vacancy, then for all time the

probability, pi , that an interstitial lies within the volume v

associated with each lattice point is pi=vni, where ni is the

interstitial concentration. If the lattice volume element contains

z possible interstitial sites, then the vacancy concentration nv

changes according to
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If this is the only important loss mechanism, then at any time

and soI. -

For n() 41r)

_)((17)

K will be of the same order as K if only interstitials move.
10

The loss rate by this process is much smaller than for coupled

Frenkel pairs, for a given temperature, as can be verified for typical

lattices. This means that close Frenkel pairs will disappear first

when the temperature is raised. In either case, the temperature

dependence of the annealing rate is in the jump probability, and over

the available experimental irradiation temperatures this probability

has a large variation.

It must be added that the above description of annealing is

much oversimplified. Close and separated Frenkel defects are only

the limits of the degree of correlation. Other processes also occur,

including recombination at an impurity site, cluster migration, and

vacancy migration.
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II. Defect States in Semi-Conductors

Introduction

Before reviewing experimental methods, it is well to recall a

few fundamental and well-known facts about the physics of defect

states in semi-conductors. In the band picture, a lattice defect,

whether it be a chemical substitution or a radiation induced vacancy,

etc., produces a local perturbation in the electronic states and can

be represented by an allowed energy level (or levels) introduced

into the forbidden gap between the top of the valence band (let

this energy=0) and the bottom of the conduction band (at E=Eg).

The introduction of radiation induced states has two important

consequences: a) the free carrier concentration is changed (usually

but not always it is decreased) due to trapping at the local state,

and b) the increase in local states increases the total atomic

scattering cross section for carriers, thereby reducing the carrier

mobility. Both events obviously have a strong influence on the

electrical properties of the semi-conductor and these become the

dominant radiation effects. Structural changes belong to a much

higher concentration regime.

Carrier Concentration and Defect States

The free carrier concentrations are determined by the position

of the Fermi level in the forbidden gap, according to the well-known

integrals 
fl( ) 0)/

fo ffs>c~z4~T(8



-23-

for electrons and holes, where Ze(E) is the density of states for

conduction electrons at energy E,

(c ) (L~

and fe(E) is the Fermi occupation probability

me is the effective electron mass and

C~cJ =(Z/T 41 l 4 kT) Il

Similar definitions apply to the conduction holes with fh=1 -e-

For intrinsic crystals with no impurities, charge conservation

requires ne=nh, which requires from Equation (18)

This defines the Fermi energy for intrinsic crystals

(19)
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which is weakly temperature dependent and half-way up the forbidden

gap at absolute zero. The temperature dependence of the carrier

concentration is then explicitly given by

(20)

The introduction of chemical substitutions, as for example by

doping group IV crystals (Si, Ge) with groups III or V impurities,

introduces donor (group V giving n-type Si) or acceptor (group III

giving p-type Si) energy states near the conduction or valence

limits respectively.

FIGURE 9

ENERGY STATES FROM CHEMICAL SUBSTITUTIONS

ond ti n and

0 -0O- - O---- -LE

ji7 V lence/band

For illustration, we may look at a p-type Si, wherein donor im-

purities (P) have been added. The effect on carrier concentration

can be dramatic if the donor concentration Nd is large relative to

the intrinsic number ne in Equation (20) . The result is a shift of

the Fermi level toward the conduction band, as can be seen from the
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following arguments. If Nd is the donor density introduced, and

Ndo and Nd+ the neutral and ionized states respectively, then if

the unionized states lies at El, near Eg

(21)

is a statistical factor arising from the partition functions for

the neutral and ionized donor states; it has the value of if the

neutral donor has an unpaired s electron, and 2 if not. ( The

number of free electron carriers is now determined by the chemical

equilibrium, as revealed by the zero gradient of the free energy,

just as developed from Equation (4). This is, however, equivalent

to simultaneous statements of: a) the law of mass action applied

to allowed transitions, and b) conservation of all charge carriers.

The law of mass action can be written for both the impurity donor

states and the intrinsic hole states:

& / /K/ 0L (22)

where K1 and KO are equilibrium constants. The conservation of

carriers requires

e ~ l23)

41v I0(f4'0 (23)
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which becomes, using Equation (22),

/}{i - (... ---
//4 (24)

The system of Equations (18) , (21) , (23) , and (24) can be

solved for all unknowns; most particularly we are interested in

values for ne and Ef in terms of the known parameters Nd, T, and El.

For significant levels of doping, the second term in Equation (24)

can be ignored as very small. Then it is quickly found that

/= 2; CCT)e T-/r

/ (25)

For Ndyne

The new Fermi level is midway between Eg and E1 at absolute zero,

but drops toward as T. .. g or Nd.*O. The shift is indicated

crudely below for donor introduction:
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FIGURE 10

DEPENDENCE OF FERMI LEVEL ON T, Nd

A0
Not o

Let us now examine this same extrinsic semi-conductor when a

second defect state is introduced at some energy below the con-

duction band:

FIGURE 11

TWO DEFECT SYSTEM

Let us furthermore require that this second state is born with an

electron deficiency, i.e. as an acceptor, and that it lies deep in

the forbidden gap relative to El. Such requirements have been

ascribed in the literature t;o a possible state _of the vacancy defect

from a radiation induced separated Frenkel pair. ( If we assume

the hole carrier concentration is negligible, then the expressions
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of ionization state, mass action, and charge concentration require

No =NZ-oMWN

/t V1 g=-v/-Nr

(26)

e ... /
------- _= K
N L

In particular note that the charge conservation is an inventory

of the location of conduction electrons on the assumption that E2

is indeed a trap (if it had been a deep donor we would write

ne=N2 ++Nl+).. IfN 2 < N1 , Ef will lie high enough such that at all

reasonable temperatures Ef-E 2 /kT) >1. This means that the trapping

level is essentially filled and K 2 , N2 + 0 0 and N2
0  N2 . Under

these conditions, and using Equation (18),

or

Alvl.

This can be rewritten in the more familiar form

24C(r)e~2,
/Vj(27)M
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This is to be compared with the carrier concentration in Equation

(25); the concentration is lowered by the presence of N2 .

Precisely this situation was demonstrated by Charles Barnes,

of this department, after the thermal neutron irradiation of n-type

Cd Te. (5) N corresponded to a chemical impurity at approximately

0.01 ev below Eg, and N2 to a cadmium vacancy. The loss rate of

electron carriers at the early stages of the total irradiation dose

showed a removal rate of nearly one free electron per cadmium

vacancy created.

It is important to point out that while this simple model

apparently works well in this example no knowledge is given about

the charge state or the level energy--the model only requires an

acceptor state lying deep, but near the conduction band. The

situation can become much less clear when more than one level is

required to fit experimental data. The work of Cleland, Crawford,

and Pigg on Ge is an example of the fit to a multi-level model for

Ge by James and Lark--Horovitz.(6)
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Ionization Effects in Semiconductors

I. Introduction:

The two most important effects resulting from the interaction

of radiation with a semiconductor are permanent damage and ioniza-

tion effects. Permanent damage results from atomic displacement

produced primarily by the scattering of energetic neutrons or

charged particles. Ionization effects are created by the generation

of free carriers within the bulk material and by the "replacement

currents" generated by secondary electron emission. The most

sensitive manifestation of the ionization effects in a semiconductor

is the generation of excess electron hole pairs.

It is the object of this discussion to provide the reader

with a fundamental knowledge of the ionization effects which

result in a semiconductor materials. Toward this end we have

devided the discussion-into three basic areas, a) the electronic

band structure of solids b) ionization and the generation of free

carriers and c) the response of a semiconductor to ionization. The

text presented here follows three basic sources 1) A.J. Dekker,

Solid State Physics, Prentice Hall, Inc. Englewood Cliffs, N.J., 1957,

2) V.S. Vavilov, Effects of Radiation on Semiconductors, Consultants

Bureau, New York, New York, 1965 and 3) S.M. Ryvkin, Photoelectric

Effects in Semiconductors, Consultants Bureau, New York, New York, 1964.
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II. Electronic Band Structure in Solids

A. Crystal Structure:

Before we can adequately describe the effects of

energetic radiation on a semiconductor it is necessary to describe

the properties which control the electronic processes in the

material. Most of these properties are a direct result of

the atomic order and bonding of the atoms in the solid. In

general, the solids which occur in nature are in the crystalline

state, in either single or polycrystalline form. It is the

crystalline solid-state which we shall be concerned with in

this discussion. Solids which are not characterizied by the

crystalline state are called amorphous.

The crystalline state of solids in characterizied by the

regular periodic arrangement of the constituent atoms in the

solid.

The fact that the atoms in a solid are ordered is best

illustrated by comparing the atomic order in a liquid with the

order in a solid, as illustrated in figure 1.

Liquid Potassium Solid Potassium

- 70*C 20*C
.03 --- 395*C

N

0ta.. i2,

Figure 1. Number of atoms in potassium as a function of distance
from a given K atom for the Liquid and Solid state.



-3-

The atoms of the solid are stacked in a regular manner,

forming a three-diminsional pattern, which can be constructed

by a three-dimensional translation of a characteristic unit cell.

If the periodicaity of the pattern continues uniterrupted through-

out the solid then it is called a single crystal. When the

pattern is not continuously reproduced, but is interrupted at

grain boundrys then it is called polycrystalline.

Typical crystal structures which occur in nature are shown

in the following samples.

a) Cesium Chloride
Structure: Body Center Cubic

Cs=0
Cl=e

b) Germanium and Silicon
Structure: Diamond (Described
as a face centered cubic point
lattice in which each point
corresponds to two atoms, one
at (0,0,0) the other at (1/4,
1/4\/1/4).

Figure 2.
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B. Description of a Solid

2. Atomic Bonding and the Classification of Solids:

From the very existance of solids and their general

characteristics two conclusions can be made about the forces which

act between atoms in a solid, 1) large attractive forces act

between the atoms to hold them together, as illustrated by

the existance of the solid and there tensil strength, 2) there

must also be large repulsive forces acting between the atoms in

a solid since we know that extremely large forces are required

to produce compression of a solid and obviously a repulsive force

is needed to prevent complete collapse of the system due to the

attrictive forces. Neglecting for the moment the exact origin

of the forces which bond the atoms, the potential energy of atom A

in a compound AB can be represented by

E.(r) =. - /

where r is the distance between the two nuclei of the two

atoms, . a, , n and m are constants characteristic for

the AB molecule. The zero energy is choosen such that @ r = co, E = 0

The first term then corresponds to the energy associated with the

attractive forces while the second term is associated with the

repulsive forces. For this model the energy is schematically

represented as a function of the atomic seperation r by

Repulsion

- Total

0" " attraction

Figure 3.
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In real solids this is in general the manner with which interatomic

force acts to produce a stable lattice. The actual nature of the

bonding varies from one solid to another. There is a calssification

system which has resulted based upon the extreme types of bonding.

These are 1) Ionic Bonding, 2) Covalent Bonding, 3) Metalic Bonding

and 4) van der Waals Bonding.

The ionic crystal is characterizied by the ionization of one

of the constituent by the other, forming positive and negative ions.

The attraction force results from coloumb interaction of the ions

and the repulsive force results from the overlap of the charge

bonds and the Paulic exclusion principle. An example of this

type of solid is the alkali halides, (NaCl, KC1, etc).

The covalent crystal results from sharing of valence electrons

by neighboring atoms to complete their outer electron shell. The

sharing is done by pairing of electrons with opposite spin. Examples

of this are elements of group IX of the periodic table (C, Si, Ge,

Sn, Pb).

The metallic bond is different than either the ionic or

covalent bond. As we all know the properties of metals originate

from the high degree of mobility of the electrons. The metalic

bond also arises from the coulomb interaction of the electron

sea and the positive metallic ions. Example of this type of bonding

would be Li, Na, K etc.

van der Waals bonding results in materials with completed outer

electronic shells. The cohessive force results from dipole-dipole

interaction. Examples would be argon, krypton, etc.

3. Electronic Band Structure in Solids:

Many of the physical properties of solids are determined
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directly from the electronic energy levels of the crystal.

Although the discussion which follows is limited in its approach

to the real crystal, it will point out the salient features of

the electronic properties of solids. We shall consider the behavior

of electrons in a periodic one-dimensional potential. Essentially

each of the potential energy wells may be considered to represent

the potential an electron sees in the vicinity of an atom in a

linear chain. This is called the "Kronig-Penney" model or the

one electron model. We first make the assumption that

1. The potential energy of an electron in a one-dimensional

crystal has the form of a periodic array of square wells.

2. The energy E of electrons is less the potential v.
V(x)

region

regionm0

Figure 4.

The Schrodinger equation for an electron in each of these

two regions is

J2l 4OA~C

J, -, /1
M-r 

/ L c0
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Now define two real quantities a and 0 by

12400 oo-"
woonla

7

Ef

then we get after substitution
op

UT1L 

L d1 )L
1mmQ~pI

Using the Bloch theorem f or a periodic potential we know

(3 ) 4 0 .)-f u hi co'eK)

substituting into (1) and (2) we get
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The solutions are:

U p = A
, o-a

t8e
,

(6p)

c es ( F -A' 1) "Ov P-0 ( 4.o k) oo e

u <L40L ( >) 0 7)

with the Boundry Conditions:

0) UiA o) svi+ ,

ag.o
dU4 _b( 4)n_

emAd

It 'can be shown that this leads to the following condition:

z. «-a. --. a.:,A .~,,C 6cm s=
,toe= , 04c 4L ,.6) Csy!

To obtain a simpler relation we let the potential barriers become

delta function i.e.

--- 00

After rearranging (8) we get

now take the limit as 02 -+ c and b -+0

-4s6 Q go CA m& (E j4 a.2"'.
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The solution to the wave equation for an electron in periodic

delta function potential exist only if (10) is satisfied.

44A C Co- Co

c(

IT

'9

Figure 5.
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Now 1) R. H. S. = cos ka .'. we can only have solutions when L.H.S-. has

values between ~ 1

2
2) a is proportiona'l to energy

Therefore a) The energy spectrum consists only of a number of

allowed energy bands separated by forbidden regions.

b) The width of the energy bands increases with increasing

values of a' a .. increasing energy

c) The width of the allowed bands decrease with increasing P, i.e.,

increasing binding energy of the electrons.

Hence we can construct a diagram of the allowed energy bands

,zF -j a 7 "~ a 14& f 

'

s , h 4"',01

"? rna Z

o °0
1H

TO 2
Figure 6.
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Brillouin Zones:

We should recall that discontinuities in the E vis k curve

occur for

1' e 0(4~~=~ -~ = ,27T

0 /

ca~~ 4. -7r
-. 'A.*?

000-0

Ia I
it I 1 I 1_
,.. 

- F- T

21 ~.rr -r

Figure 7.
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Since Psin a a + cos on = cos ka - cos (k + 2 r n) a which
a' a

implies that the energy is a periodic function of k. In other

words k is not uniquely defined it is therefore convienient to

introduce a "Reduced Wave Vector" which is limited to the single

region

then we can plot E vis k

4.I r

- - I m - --- am

-11 0 IC-r
4

Figure 8.

The distinction between conductors, semiconductors can now be

illustrated. To show this consider a particular energy band and

assume it to be filled with electrons up to a certain wave number k1 .

From the stand point of conductivity one would like to know how

many "free" electrons exist in the energy band.
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I I

Figure 9.

It can be shown that the effective number of free electrons is given

by

Al _ '4

7r k

Thus we note that

1. The effective number of electrons in a completely filled band

is zero, since dE/dk = 0 at the top and bottom of the band.

2. The effective number of electrons reaches a maximum for a
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band filled to the inflection point of the E (k) curve

since dE/dk is a maximum.

From the above discussion of the properties of an electron in

a periodic linear potential we can construct a simple model which

posses many of the features of real solids. A more accurate picture

is obtained if we applied the above technique to a three dimensional

lattice having the symetry of the real crystal. However, from our

simply theory we can conclude that the electrons can exist only in

certain allowed energy bands.

Insulator: If the solid contains a certain number of energy

bands which are completely filled and all the other bands completely

empty, it is an insulator

E&

At T = o the valence band is completely filled and the conduction band

is emply so that the material will be a perfect insulator. At tempera-

tures not equal to zero some of the electrons will be thermally ex-

cited up into the conduction band. However if Eg is large compared

to kT it effectively remains an insulator.
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Conductor: From the above discussion it is indicative that

a conductor will have a partially filled energy band @ T 0

4,7

Intrinsic Semiconductor: A semiconductor can be represented

as a material which has a completely filled valence band and

an empty conduction band at T = 0. However, the band gap Eg is

small compared to the insulator say of the order of 1 ev. Then

as the temperature is raised to room temperature, electrons are

excited thermally into the conduction band.

Figure 11.

When the electrons are excited into the conduction band they leave

behind vacancies in the valece band called "holes". Both electrons

and holes are mobile so that both contribute to the conductivity

of the material.
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Electrons and Hole Distributions in a Semiconductor

Since the properties of a semiconductor are determined

partially by the number of effective electrons and holes in the

conduction and valence bands respectively, it is necessary to

determine quantitatively their number and temperature dependence.

Let us define n(E)dE to be the number of electrons per unit

volume occupying states in the energy range interval dE about

E as shown in Figure 12 below.

E

7-w

Figure 12

In addition we will define two functions Z(E) and F(E)dE.

The function Z(E)dE is defined to be the number of possible

states per unit volume at energy E. F(E) is defined to be the

probability that a state in dE about E be occupied by an electron.

Then the number of electrons with energies in dE about E, n(E),

is given by the product of the number of allowed states times the

probability of occupation as given by

The total number of electrons per unit volume in the conduction
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band is given by

For an intrinsic semiconductor Z(E)dE is given approximately by

43 C(6 --ec) gl/)

for the density of states in the conduction band and

for the density of states in the valence band. The distribution

function F(E) is the well known Fermi function given by

/-(E) (/ }k

where E is the Fermi energy. This energy corresponds to that
F

energy at which the probability of occupation is one half. The

energy dependence of these functions are shown schematically below

in Figure 13.

Figure 13.

Now the equilibrium density of electrons in the conduction band
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can be obtained from

46 NOfA*il

0c

*31 Ca- eF C4

-+ which we justify by the fact that at

(/7)

We will now let E
max

Ea, Z(E) - 0 since % = 0. Furthermore we will assume that

Ec- EF > 4kT, then we can write

00

&L
(/0)

since >P1~e I

The above expression can be rewritten as

-4/77*),-L
(.ltj

00
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we have for the electron density in the conduction band

where Nc is the effective density of states in the conduction band.

For the equilibrium density of holes in the valence band,

p we use the relationship

-2-CE /--=(0)3 cdam.2

where

2-{) _/2" ( Van(E,-2) c 7 (23)

and m represents the effective mass of the holes near the top

of the valence band. We will assume that EF > Ev + 4kT, then we

can use the approximation that

044.0 (0--wa="F 4CT
(.1)

We will also use as the lower limit Emin = 0 since(E1-F(E)3 goes to

zero as E < Ev. Consequently we can write p0 as

.4. ~ Z? (a
-E)kz c

Ce E /jT Las~)
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and upon integrating we find

where Pv = the effective density of states in the valence band

-2 2 kT ) 3/2

Extrinsic Semiconductors

So far we have been talking about not only a pure but an ideal

crystal. That is to say, we have assumed that the crystal has no

impurity atoms and that all the lattice sites are occupied. This

is a far cry from reality since the ideal crystal is an impossibility.

In the real crystalline state both impurities, and structural effects

occur. These defects contribute greatly to the conductivity of

semiconductors. Experiments, show that there are two types of

such defects, those that contribute electrons to the conduction

band and those that tend to capture electrons from the valence

band giving rise to free holes.

The impurities or defects which contribute electrons to the

conduction band are called donors and the defects which capture

electrons from the valence band giving rise to free holes are called

acceptors. Impurity centers of these types possess allowed states which lie

in the forbidden energy band as shown below
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Figure 14.
Silicon and Germanium crystallize into the diamond structure with

each atom forming four covalent bonds, one with each of its four nearest

neighbors, corresponding to their chemical valence of four. If an impurity

atom of valence five, such as phosphorous, arsenic or antimony, is substi-

tuted into the lattice in place of one of the Si or Ge atoms where will be

an excess of one valence electron remaining after the formation of the

four covalent bonds with the four nearest neighbors. The extra electron

cannot fit into four bonds and as a result is only loosely bound to positive

core of the impurity. The binding energy of the electron to these impurities

in silicon is on the order of 0.1 ev. Consequently at room temperature these

electrons are ionizied and free to move about the crystal. Near absolute

zero the electrons would be bound to the positive core of the purity. Im-

purities which act to purduce free electrons are called donors and if the

conduction band the material is called n-type.

Conversely, if the conductivity is determined by holes or positive

carriers the materials is called p-type. In this case the added impurity

is termed an acceptor. The simplist type of an impurity which will act

as an acceptor is one of the elements of group III in a substitutional site.

In this case the added impurity has a valence of three and therefore cannot
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complete the valence bond structure surrounding it thus effectively

creating a bound hole. This is depicted in Figure 26. The hole in

one of the bonds to the group III impurity can now be filled by an

electron from one of the adjacent bonds. The hole essentially becomes

mobile leaving a localized site. This process is described in an ana-

logous fashion to the ionization and motion of electrons produced by

donors. At low temperatures the negative purity atom attracts the

positively charged hole but as the temperature is raised the thermal

energy produces excitation of the hole releasing it so that it is free

to wander through the crystal contributing to the conductivity.

The density of states and the effective density of electrons

and holes in an extrinsic material are governed by the same physical

laws. However in contrast to the intrinsic material the Fermi level

does not in general lie in the middle of the forbidden band. The dis-

tributions and densities for an n-type and p-type semiconductors are

shown in Figure 15.
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Figure 15.
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Figure 16.

As in the previous section the effective number of electrons

in the conduction band is given by

.)
/? / e

o cM

and the effective hole density in the valence band by
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The number of bound electrons at the donor sties in n-type

material is given by the product of the number of sites,

times the probability of occupation F(4or simply

Se (Qin rr~k

if d / A "At . /0 c Coo A J Av"! ... 1
we can use the approximation that

/? =A .

by

The number of holes trapped at acceptor sites Na is given

/ - e i-i

but if E < E then
a r

C 4 ,) 74
Yj =

dF4 
Acr

consequently
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III. Ionization and the Generation of Free Carriers:

A. Quantum Yield:

As the result of the interaction of the radiation from a

nuclear source, an accelerator or a space environment, free carriers

are created through the ionization of atoms in the semiconductor.

It is this effect which plagues the designer of electronic circuitry.

Therefore the mechanisms by which the free carriers are produced

and the subsequent behavior will be the area of interest in this

present section. The primary manifestation of the transient

radiation is the creation energetic electrons in the host material.

Since the energy of the incident particles and quanta covers the

range from a few ev to 20 Mev, the energy of the primary electrons

produced will be several orders of magnitude greater than the

fundamental band gap energy of the material. These electrons in

turn create additional ionization through their interactions

with lattice creating secondary, tertiary, etc, ionization effects.

The net results is that for the abosrption or scattering of a single

quanta we can create thousands of free carriers. The simple

Figure 17.

case of the liberation of two free electrons and two free holes through

the adsorption of one photon is illustrated in Figure 17.
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We will define $ to be the number of electrons and holes produced

by a single absorbed photon or particle. It is reasonable to assume

that for the production of more than one ion pair per absorbed photon

the energy of the photon must exceed twice the energy gap of the

solid i.e., However it is found that it requires

more energy than 2 E before secondary ionization becomes important.

A plot of 0 versus energy of the incident photons of low energy

is shown in Figure 18 for germanium.

,00 /1® r

®/s~ I

a
s

1.J 1"aArl-
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Figure 18.

From the information on germanium we see that secondary

ionization does not become important until the energy of the incident

radiation is greater than 4 Eg. At higher gamma energies the

quantum yield increases with energy. Typical values for the energy

expended per ion pair created in germanium and silicon are 3.0 to

4.5 ev. Thus the total absorption of a 1 mev gamma would produce

from 2.2 x 105 to 3.3 x 105 ion pairs in Si or Ge. A plot of

$ is given for germanium and silicon for several types of incident

particles in Figure 19.

Figure 19.

I
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The remaining absorbed energy which does not appear in the form of

free carriers appears as lattice energy or phonon energy. This

results from the collisions of the electrons with the lattice

phonons and as a result appears as lattice heating.

It is apparent that as a result of the primary interaction

we can create thousands of free electrons having an energy distribution

varying from Ec up to the key region. The time dependence of this

electron energy distribution is also an important consideration.

An examination of this question shows that distribution of excess

Energy DistributionE
of Electron Created Ener DingbDon

by 7 Interaction A

Ok)

Figure 20 1

carriers produced by ionization will slow down in energy through

collisions with the lattice to the conduction band energy in times

-10 -9
of the order of 10 to 10 seconds in a semiconductor. Since

most semiconductors have carrier lifetimes which lie between lO- 3 sec

and 10~ sec it is as if the liberated carriers appear instantaneously

as free carriers in the condition and valence bands with the

corresponding energy distributions.

B. Interactions of Radiation with Matter:

1. Gammas and X-rays

The most significant contributor to the ionization

effects produced by a weapon or a reactor environment is gamma

radiation. This electromagnetic radiation interacts with matter
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by three mechanisms a) the photoelectric effect b) the Compton effect

and by c) pair production. The transmission of a columnated

monoenergetic photon beam through is governed by the exponential law

where 10 is the number of incident photons per cm2, I is the number

of photons which traverse a distance x without a scattering or an

absorbing event, The linear absorption coefficient a is given by

where at, a and a represent the linear attenuation coefficient
c k

for the photon electric effect, Compton effect and pair production

respectively.

a. Photoelectric Absorption:

In the photoelectric process all the energy, hu,

of the incident photon is transferred to a bound electron which is

ejected from the atom with kinetic energy T

where I - the ionization potential of the electron

0)

Qg.cpym

Iucle aS

Figure 21.
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Formulas for the probability that a photon of energy hu will undergo

photoelectric absorption have been devised by quantum mechanical

methods. In reality several different relations must be used to

cover the range from 0.1 - 10 mev. The main features are shown by

the simplest relationship

eewhere

therefore,

where /e,/

This applies to ejection from the k- shell which corresponds

to 80% of the photoelectric interactions. We note that 6p varies as

z5 thus for a given photun energy, the photoelectric absorption is

much more important in heavy materials such as lead than in light

materials such as aluminum or carbon.

Since a varies, as (hu)- 7/2 then for a given element, the effect is
p

much greater at small photon energies than at higher energies.
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b. Compton Scattering:

In Compton scattering the incident photon is

scattered by one of the atomic electrons and the latter is separated

from its atom. The photon moves off at an angle with respect

to its initial direction. This change in direction removes the

photon from the incident y beam 5'
y 

5G O^a

%

_.,.; t

R

Figure 23.

The probability of y scatter by the Compton process was calculated

by Klein and Nishima. The cross-section per electron is given by

#TC _ i{ Gom L -06"'
1

. 2)
(t3-< 1

(3z2)

where

4T= C
and

pEN-f= C. sy x/o
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To obtain ac we use the relationship ac (cm1) -°pN (Z) ,
A

Thus ac is a measure of the total energy removed from the beam

per centimeter of path length.

It is sometimes necessary to identify the energy carried

by the scattered Y's and that which is absorbed. To account for

this we let

omptonthe Compton cross-sec tion

cross- per electron for the
section energy of the scattered
per photon
electron
for the
energy
absorbed

where ea . The Compton cross section per electron for the energy
of the scattered photon

and e (a = Compton cross-section per electron for the energy absorbed.

The we can of course obtain the linear coefficient through

and

Hence, we find the Z dependence of ac is small since

and

(.) . os 4y
The cross--section does, however, vary inversely with photon energy

since

e

This behavior is depicted in Figure 24 below.
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Figure 24.
The kinetic energy of the Compton scattered electron as a

function of photon energy is given by

where hu0 is the energy of the incident photon, mec2 is the rest

mass of the electron and is the angle~between the direction of

the incident photon and the electron. The range in electron energy

for a given incident photon is from T = 0 corresponding to = o to
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T corresponding - 180, where T is given by
maI max

mom/

c. Pair Formation:

At high enough energies both the photoelectric

and Compton effect become important compared with pair production.

In pair production a y ray with sufficient energy is annihilated.

An electron and positron are created.

Figure 25.

The total energy of this pair is hu. Therefore, the kinetic

energy of the pair is given by the difference between

their rest mass and the energy of the photon. Consequently we must

have ?-

Thus the cross-section is zero for huo less than 1.02 mev
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Thus the cross section is zero for hvo less than 1.02 and is proportional

to hv0 and z2 , i.e.,

Q"rco .74a r

Air

The total cross section is shown in Figure 26 for lead.

-IcJ

Coll \'44%t % /

C\ \ /T r
\ /

0
o I.o 10 1 @0 Loo

Figure 26.
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2. Electrons:

When a material is irradiated with electrons, these

negatively charged particles interact with the orbital electrons

of atoms of the material. The interaction which occurs between

the primary electron and the orbital electrons of the target is

a coulomb interaction. The differential cross-section per

atomic electron for energy transfer in dE about E is given by

where Ze is the charge of the incident particle, in this case Z=l.

V is the velocity of the incident electron while m is its rest
0

mass. The energy transfer is most probable for low values since

the differential cross-section varies as 1 . Bethe has shown

the from this differential cross-section a relationship for

the specific energy loss from a relativistic electron is given by

4 I#to~

where E is the energy of the electron V is the electron velocity,

c is the velocity of light and N is the number of atoms per cm3 .

The quantity I is average ionization potential for the

material or the band gap energy for semiconductors.
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For small values of $, dE reduces to 'i ..
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Figure 27.

Shown in Figure 27. is the variation in the specific ionization

for silicon as a function of energy.

The above relationship for the specific energy loss does

tell us the energy loss per unit path but the path actually

followed by a electron through a material is very tortuous

and thus this relationship does not give the energy deposition as

a function of depth in a particular absorber. In most experimental

cases one deals with a beam of monoenergetic electrons incident

normally on the surface of a sample. On entering the sample,

the electrons are scattered and the average distribution of the

ionization losses along the axis of the material differs greatly

from the ionization produced by a single electron along its path.

Spencer has developed a moments method for solving the transport

equations and calculating the energy deposition as a function of

the electron range for various materials and electaons energies. A

plot of the relative energy deposition versus distance from the

front surface normalizied to the range is shown below for silicon.

o

6 4

0.11
Figure 28. 41 pc .a

o° ,g ".y .7 '£ 4 .0

/ I ( )

I l--

L



-38-

3. Neutron-Induced Ionization

In the transport of neutrons through a material they

undergo scattering and absorption collisions with the nuclei

of the host lattice. These interactions with the nuclei of the

irradiated material do not produce ionization directly. However,

as a result of these interactions free carriers can be generated

through the following mechanisms:

a) The Elastic scattering of a neutron by the host

material can produce an energetic recoil atom which

dissipates its energy by ionization and displacement

collisions along its path.

b) Inelastic scattering of a neutron will produce

an energetic recoil atom which can produce ionization

as in elastic scattering but in addition

a gamma is emitted. This emitted gamma is then an

additional source of ionization.

c) The capture of a neutron will in general produce a

nucleus in an excited state and in decaying to the

ground state will emit ionizing radiation as a photon

or charged particle.

Except for particular cases where the induced activity due

to say an (n, o') reaction may be extremely high, this type of

neutron induced ionization is neglected. As result neutron-induced

ionization is considered to be important in only through the

secondary gammas and recoil nuclei. The secondary gammas augment

those present in the radiation field and those produced by

neutron interactions in nearly all materials. Due to the difference
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in speed between the prompt gammas from a weapon or other source

and the fast neutrons, the secondary gammas may be separated in

time from the primary gammas.

The recoiling nuclei producing ionization along their path.

In general their energy is dissapipated in very small units of

volume in the vicinity of the primary neutron-nuclei interaction.

The ionization produced by neutrons in this manner is readily

calculated by

1041) 4 1 4iJ 6 Q R(39)

3
where N is the density of target atoms per cm , - (ER, E) is the

cross-section for producing a recoil particle of energy ER by

a neutron of energy E, (E) dE is neutron flux with energy in dE

about E and f (ER) is the fraction of the recoil energy ER that

goes into ionization. For recoil nuclei f (ER) is generally less

than unity. The function f(ER) is shown in Figure 29, for silicon.

The solid curve is the predicted value by Lindhard while the

measured value is shown by the solid data points are those of Sattler.
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A. Photoconductivity:

Upon exposure of a semiconductor to external excitation, free

electron and hole pairs will be created. The creation of these

excess carriers will produce a corresponding increase in the

conductivity, called photoconductivity. When the external

excitation ceases, the thermal equilibrium between the lattice

and electrons will in time be re-established. The process of

re-establishing equilibrium between the lattice and electrons

is generally considered to be that of recombination on nonequilibrium

electrons and holes, while the temperature of the lattice and the

whole crystal are considered to be unchanged. If we let n and p

be the instaneous density of nonequilibrium electrons and holes

respectively and assume that the application and removal of the

excitation does not affect the equilibrium carrier densities, no

and p0 , then we may write

n = n0 + A n

and p=p 0 + p(4I

where A n and A p are the instaneous changes in the electron

and hole densities due to external excitation of injection.

As a result of the introduction of the nonequilibrium carriers,

we produce a corresponding change in the conductivity of a

semiconductor. The general case can be written in the form

where e is the electronic charge and/n and/4 are respectively

the electron and hole mobility. Here, we have assumed that the

nonequilibrium or photoexcited carriers have the same mobility



as the equilibrium carriers. Rewriting the above relationship

for a in terms of an equilibrium conductivity 0o and an excess

conductivity A 0, we obtain

where

and

Let us now determine what factors affect the values of

A n and A p which govern the photoconductivity, A 0. In

general it is assumed that the number of electrons and holes

generated per unit time per unit volume is proportional to the

energy absorption in the unit of volume at that time. For

example consider the case of excitation by photons. If I is the

energy flux incident on an elemental slab dx in thickness, and 1

cm2 inch area then the energy absorbed per unit time per cm2 is

given by

-dI = kldx

where kis the energy absorption coefficient. The energy absorbed

per cm3 is given by

.dI . kI
dx

Under our assumption that the generation of excess electrons and

holes should be equal and proportional to the absorbed energy, we can

writea )

where S is the coefficient of proportionality and represents the



number of pairs formed by a single quantum. The energy of the

photons and electrons which we are considering in this discussion

is much greater than width of the forbidden-bands of semiconductors

consequently 6 > > 1. For example approximately 3.0 ev to 4.5 ev

are expended in the production of a electron hole pair in silicon

and germanium by energetic gammas and electrons. This is

approximately twice the minimum energy required to produce an

electron hole pair in these materials. The additional energy

appears for the most part, as kinetic energy in the lattice.

If we assume no other processes take place other than carrier

generation and that excitation began on time, t = 0, then the

density of excess carriers would increase linearly with time

according to the relation

ate=v 10= 6'(994 e
Figure 30 shows the time dependence of A n as predicted by equation

which increases with time without limit.

ti/

Figure 30.



tLowever, experimental facts show that after a certain time from

the initiation of steady-state excitation a constant steady-state

photoconductivity A ast is reached. This steady-state photo-

conductivity corresponds to steady-state excess carrier densities

p nst and A pst. Since the conductivity and carrier densities

do not increase without limit, it follows that there must exist

a process of carrier annihilation. Furthermore, the rate of

annihilation is equal to the rate of generation when the steady-

state is reached.

The annihilation process corresponds to the recombination

of excess electrons and holes. The rate of recombination is

directly proportional to the excess carrier densities. Thus

the magnitude of the steady-state non-equilibrium electrons and

holes will depend on the intensity of the excitation as shown in

Figure 31 for two different steady-state excitations.

Figure 31. Time Dependence of Excess Electron Density
During Steady State Excitation



The values of the steady-state carrier density are general

expressed in terms of parameters representing the processes of

generation and recombination. We now introduce the concept of

the average lifetime of the excess carriers. Each nonequilibrium

carrier excited by a photon or an ionizing particles can exist in

a free state for a certain time until it recombines. This is the

"free state" lifetime which is different for each type of carrier.

Therefore, we introduce the "average life" and denote it by T.

The value of the average lifetime is dependent upon the particular

material of interest and varries from 102 to 10- sec. The

electron and hole densities corresponding to steady-state excitation

can now be written as

and

where S k I represents the number of carriers liberated per unit

volume while Tn and T, are the average time of electron and hole

existence in the conduction band before annihilation. By sub-

stitution of the above relationship into our relationship for

excess conductivity, we have

The photoconductivity as given above for steady-state excitation

is governed by six parameters 0, k, pn* rn* 9p andT.



Two of these $ and k represent the interaction of radiation

with matter and the rate at which carriers are generated. The

remaining four parameters represent the interaction of carriers

with the semiconductor and govern their motion and recombination.

B. Carrier Lifetime and Capture Cross-Section

As a result of the energy of each excess carrier they are

free to move about in the crystal while remaining in the appropriate

energy band. As a result of this motion they have a certain

probability of encountering a carrier of the opposite charge and

recombining. For example and electron while remaining in the

conduction band under goes motion within the crystal lattice

consequently it has a definite probability of being captured or

recombining with a hole. In general the hole can be encountered

in several different states such as a free hole in the valence

band, a hole localizied at an impurity site or a hole localized

at a structural defect. The probability of an electron encourting

holes of a given type is proportional to their density in the

crystal and to the magnitude of the average relative velocity

between the holes and the electrons vn. Generally the "capture

cross-section" or "recombination cross-section" gn for the
)

capture of an electron by a hole of a particular type is introduced.

If p is the density of holes corresponding to the capture cross-

section, gn for electrons with relative velocity vn, then the

average time between encounters between these two carriers is given by



-17-

and since each encounter results in the capture of an electron by a

hole and hence annihilation, the time r is the average electron
n

lifetime before capture by a given type hole.

Since a given semiconductor may contain several different

means of electron hole recombination (i.e., electron hole

recombination at an impurity center, or neutron induced structural

defect) then for each type of recombination we can introduce a

corresponding lifetime Tnk. The lifetime Tnk is given by:

where pk is density of holes of the k th type, gnk is the electron

capture cross-section for holes of the k th type and vnk is the

magnitude of the relative velocity between the electrons and holes

of the k th type. In this case, the total number of possible

collisions per unit time is given by

Hence the effective electron lifetime is

Since



then the electron lifetime for several recombination centers is

given by

Obviously, the above concepts used to describe the electron

lifetime are equally applicable in determining the hole lifetime

Thus T, the lifetime of a hole in the valence band, can be written

as 2 1/Mc Y )

where ni is the density of electrons of the j th type, qp. is the

hole capture cross-section by electrons of the j th type and v .

is the magnitude of the relative velocity between holes and

electrons of the j th type. Consequently we can also write for

holes that

C. Recombination Rate:

We are now able to express the rate at which recombination

takes place within our semiconductor. Recall that product pkgnk vnk

is the number of capture collisions per unit time made by an

excess electron. Hence the recombination rate is given by

This can be written as



where

0

and

Thus the recombination rate for electrons due to capture by centers

of the k th type is given by

Similarly for hole recombination at a single center

It is convenient to define the velocity averaged product of

the carrier capture cross-section and relative velocity gnk nk

and g v as the capture coefficient ynk and Y9 respectively,

i.e.,

and

The values of the average lifetimes can now be written in the form

.--.- 7)
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and

We should note here that the lifetimes Tnk amd T are explicitly

dependent on the carrier densities p, and nk, thus they cannot

be constant for a given material. Instead they will vary with

all the properties affecting the carrier concentrations, such

as temperature, intensity of excitation, etc.

D. The Relaxation of Photoconductivity:

Here we wish to determine how the photoconductivity depends

on time during excitation and darkness. Recall that upon excitation

the photoconductivity A a rise and approaches asymptotically a

steady-state value which is proportional to the exposure. Similarly,

upon cut-off of the excitation the photoconductivity decays an,.

approaches asymptotically to zero as shown in Figure 32.

4 04 _ s

Figure 32.
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Since the photoconductivity A a is proportional to the excess

hole and electron densities, A n and A p respectively, we consider

their time dependence during excitation and relaxation as a means

of understanding the nonequilibrium conductivity. In the following

discussion we shall consider two important cases linear and

quadratic recombination. We shall assume in each case that the

recombination id either proportional to the first or second power

of the excess carrier density and neglect for the moment the re-

combination mechanism.

1. Linear Recombination:

The change in the number of carriers of one type, say

electrons, per unit time is given by a balance relation between

the number of excess carriers generated and the number of excess

carriers which are annihilated by recombination. In the case of

linear recombination we will assume that the rate of

recombination is proportional to the first power of the excess

carrier density. Under this assumption we can write the following

balance relation for the excess electron density as

1 -1

We shall now drop the notation for the average lifetime and

simply use Tr to represent this quantity.

Let us now assume that the sample is exposed to step

function of illumination beginning at time t = 0 and determine the

response of the excess electron concentration. Then equal to or
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greater than zero

-44Lr Cld)

where I is constant and A n is zero at t equal zero. Therefore

0 X(/. .0~) ~~

Hence the rise of the excess carrier concentration is given by

an exponential and is shown schematically in Figure 33a. Note that

as t -+ o

Now let us ask the corallary; suppose the sample had been under

steady-state illumination and its excess carrier concentration

was at the steady-state value A nst, and at time t = o we

instantainously cut-off the exposure, what is the time dependence

of the excess carrier concentration Apn(t)? If the sample is

not exposed I = 0 and we have for t >-O

Using our initial condition that Apn (o) = A nst n = k Io we

have

which is represented in Figure 33b.
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Figure 33. Excess Electron Concentration Produced by a
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From the above results we can infer the response to a

square exposure pulse. For exposure to a square pulse with a

pulse duration of time t 1 , where t .is much greater than 'rwe

would have the solution

and
GOWAMb ( -d- -,- 6- )

rAZ~Moe

Which is illustrated in Figure 34.

xl

.- 2. ~ I A. ~' ~ 0

-d(&l)

AA=

Figure 34. Response of the Excess Carrier Density to a
Square Exposure Pulse.
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From the above discussions of the linear recombination we

can note that both the rise and decay of the excess carrier

density- would be exponential and that the time constant would be

equal to the average lifetime. This simple case which assumed

that the recombination was proportional to the first power of

the excess carrier concentration A n or A p. This case does

have practical significance such as the recombination of excess

electrons with holes at a single recombination center and density

of holes in these centers is initially very high relative to the

change in concentration produced by excitation.

2. Quadratic Recombination:

As a second case, let us assume that the rate of

recombination is proportional to the square of the excess carrier

density. This might correspond to the situation where the

density of the equilibrium carriers is small compared to excess

carrier concentration produced by ionization. Then on excitation

electrons are transferred to the conduction band leaving free

holes in the valence band, then the excess hole and electron

densities are equal and the rate of recombination would be given by

Underthis assumpin tnc(79 )

Under this assumption the balance relation for electrons would be



-56-

Let us now determine the time dependence of the nonequilibrium

electron concentration for the examples used above (i.e., a step

increase exposure and decrease in exposure) using a quadratic

recombination rate. Again let us assume that the exposure begins

at time, t = 0 and that the intensity remains constant at I. Also

we will use the initial condition p n =-0 at t = 0. Then for t Z 0

the nonequilibrium electron density is described by

with the condition A n (t) = 0 at t = 0. The solution is given by

The rise of the excess electron density is not an exponential but

is instead a hyperbolic tangent. This behavior is illustrated in

figure 3ca. In this case as t -. ec with obtain a steady-state

density of

~ (o ))- ( rayZ d 1 7 )

For decay let us again consider that we have a step cut-off of

the exposure at time, t = 0, and that for all time t ,O the

exposure intensity was I . Then the nonequilibrium electron

density is described as

with the initial condition that a n - 0 at t = 0. The solution
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Figure 35. Nonequilibrium Electron Concentration for
Quadratic Recombination.
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is given by
A=swo) ()7 Z))1'

04.)
or

4r (1f)_ r1Z / I
Thus the decay is described by a hyperbola and is shown in

Figure 35b.

Again we can infer the response to a square exposure

pulse with a relatively long duration. The response to a

square pulse initiated at time t = 0, with a duration t 1 and

intensity 10 is given by

hr () A~5 ~444U(- e~)] 0'I

and

hre

where

4rs

(8/i)

(C'2)

X831

This behavior is illustrated in Figure 36.

In the solution for quadratic recombination we did not

find exponential rise or decay. Hence we no longer have a

constant value for the lifetime but this does not mean that we

can not use the concept of a lifetime. Recall that the average

lifetime for an electron was given by

wm/W=-
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Since 0 p is dependent upon excitation intensity and time, it is

clear that Tn is also a variable dependent on intensity and time.

Thus in general T = f(I,t). The general expression for the life-

time T is given by solving the equations (69) for T. That is

so

For the special .case of quadratic recombination and we can use

the equation to determine the lifetime as a function

of time. We find that during the rise

(69)

/
Hof MOM J:S

and during decay

2~ 1 Iil
no I ______ l *O

d-°; m -
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where we assumed po = no = 0. The value of the lifetime when

An = Ast is given by

4d( )

which we obtained from equation 84 and the fact that dt 0
dt

for the steady-state situation. The instantaneous values of the

lifetime are included in Figure 36 for quadratic recombination.
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Photoconductive Response of a Semiconductor with One Trap:

A. Introduction:

In the previous section we introduced many of the concepts

used to describe the photoconductive response of semiconductors

to the ionization produced by exposure to either a nuclear or

space environment. Let us now introduce a realistic model which

will illustrate more clearly the recombination mechanisms and

the properties of the material.

As we discussed in an earlier section, impurities and defects

such as neutron induced clusters play a dominant role in the

recombination processes. These crystalline defects introduce

levels which can act as recombination centers for electrons

and holes. In the simplest cases these impurities are centers

which may be in one of several charge states, i.e., neutral, singly

charged, doubly charged, etc. These are labeled according to

their charge state as donors, charged positive centers, and

acceptors, charged negative centers. In this section we shall

consider only the simplest impurities which have a single level

in the forbidden band which can only be singly charged.

B. Recombination Through a Single Trap:

Let us now consider the transitions which can take place in

a semiconductor having a single level in the forbidden gap.

Then from these we will construct balance relations which describe
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the kinetics of the holes and electrons in the material. The

transitions which an electron can make in this system are

illustrated in Figure 36.

Fo Aiure 3.EetoTrniininaSmcndco

3 ~

I
,2 1

Figure 36. Electron Transitions in a Semiconductor,

With One Center.

In this system we .shall consider six possible transitions as

indicated. We will divide these transitions into two classes:

a) absorption and excitation and b) trapping or capture leading

recombination.

A. Transitions 1, 2 and 3 involve energy abosrption and are

described in the following manner:

1. Transition 1 corresponds to absorption of energy by an

atom of the crystal itself, creating free electrons and

holes.

2. Transition 2 corresponds to energy absorption which raises

an electron from the valence band to an unoccupied imperfection

level, producing a free hole and a bound electron.

3. Transition 3 corresponds energy absorption at a crystal

imperfection, creating a free electron and a bound hole.



B. Transitions 4, 5 and 6 are the capture and recombination

processes and are accompanied by emission of thermal or optical

energy.

1. Transition 4 corresponds to the direct recombination of

free electrons and holes. The probability of this

transition is very small. The transition energy generally

appears as radiative energy.

2. Transition 5 corresponds to the capture or trapping of an

electron by a crystal imperfection which may lead to

recombination. The energy may appear either as radiative

or thermal energy.

3. Transition 6 represents the capture of a hole by an

imperfection leading to possible recombination. Again

the energy released could appear as either radiative or

thermal lattice energy

To describe the system we will let M be the total trap con-

centration and the number of electrons in these sites be m,

which represents the number of filled centers. The free electron

and hole concentrations will be given by n and p respectively.

The effective density of states in the conduction and valence

bands will be given by Nc and Pv. Furthermore, in this case

each center will be represented by two capture cross-sections,

g for electron capture, and g, for hole capture. Essentially

we are implying that gnand gg are not equal. In this model g

might apply to the donor level when the center is in the neutral
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state and its probability of capturing a hole. Then g1 would

represent the positively charged state due to hole capture.

We would now like to determine the generation, release and

capture rates for each of these six transistors.

a. Generation of Free Carriers due to Ionization

The generation rate of free electrons and holes due to

external excitation may be written as in the previous section as

Generation rate of free electrons

and holes due to exposure to ionizing = 0 kI

Lradiation

where $ = the number of ion pairs formed by the absorption of a

single quanta of energy.

where k = the energy abosrption coefficient.

where I = the energy flux incident on an elemental slab

b. Capture rate of free electrons and holes by Traps:

We will let yn and yP be the coefficients for the

capture of electrons by empty traps and Yp be the capture of

holes by occupied traps. Then the rate of capture of electrons

by traps will be given as

Rate of removal of free electrons due

to capture by vacant traps I= yn N(M-m)

This is the product of the number of available site (M-m), the

probability of capture, yn, and the total number of electr~ons, n.
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Similarly for holes we have

Rate of removal of free hole due to

capture by occupied traps. =y pm

c. Generation of Free Electrons and Holes by Thermal

Excitation of Trapping Sites:

We will now determine the rate of thermal transitions

from the trapping sites to each of the bands. However to do

this we will digress a little in order to calculate the relation-

ships between the recombination coefficients and the probability

of thermal transitions from the traps to each band. We will first

consider the kinetics which exist between the capture sites and

the conduction band under equilibrium conditions without

photoexcitation. For this case we can write a balance relation-

ship for the change in electron density due to the capture and

release of electrons by traps as

where a M - The thermal excitation rate of electrons into the
n o

conduction band from trapping sites

y N (M-m) = The rate of capture of electrons from the

conduction band by empty traps.

Hence a represents the probability of thermal transitions from
n

the trap to the conduction band and it is the unknown we wish to

determine,
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At equilibrium we can write

dn

hence m =M But we also know that a equilibrium
0 

a

+ 1
Y n
n o

the number of occupied sites m is given by the product of the

total number of sites M and the probability of occupation or the Fermi

function. So we can write

Comparing like terms in express ( ) and ( ) we find

Recall the no is given by

Thus we obtain after substitution:

(911') and

rate

we can write the thermal transition under equilibrium as

~9E)

Now we will argue that this is equally applicable to the

nonequilibrium conditions if we replace m0 by m, since the

nonequilibrium carriers in the conduction band have the same

energy. distribution as equilibrium carriers and hence are

indistinguishable. The thermal transition rate for electrons
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excited from traps is given by

Rate of thermal excitation of electrons
-t(EM - Ev)

from the trapping sites to the conduction = yn m Nc e kT

band.

In a similar fashion we can obtain the transition rate of

holes excited from the sites back to the valence band. It is

given by

Rate of thermal excitation of hole

from the trapping sites to the vale

band

= y (M-m)Pge
- (EM - Ev)

kT

We can now write detailed balance relations for free electrons,

trapped electrons and free holes. For free electrons in the

conduction band,

dn - kPI - Yn n (M-m) +

gener- Removal

ation rate due
rate due to elec-
to expo- tron cap-
sure of ture by
intensity traps
I

(Ec EM)

Yn m Nce kT

Generation rate due to
thermal excitation from
traps.

for free holes in the valence band,

d= kI - Y mp +
d t generation reoval

rate due to rate due
exposure at to. hole
intensity I capture by

traps

- n (E M - E s)4

Y (M-m) P e kT(E9P(genera ion due to thermal
excitation of holes from traps
to the valence band.
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and for the electron density in the centers we can write

- (Ec-EM)

dm = Y\/n(M-m) - ynmNce kT. -y mp + y Pc
dt pp v

Rate of capture Excitation rate Rate
of electrons by for electrons at e.
the trapping sites from the trapp- which e

ing sites to the electrons c
conduction band recombine fl

- (EM-Ev)

e kT (M-m)

ate at which
lectrons are

xcited into the
enter releasing
ree holes in the
alence bandwith the

holes at
the centers

vi

If we define

then we can write the above relationships in a more concise

manner as

(57)

('1,.)

In addition using charge neutrality we have a relationship for

the number of excess electrons and holes

A )1 "AP -d-L-ft1 (c9g

Hence we now have a system of equations which completely describe

the kinetics of electrons and holes in a system with a single

recombination center or trap. -Unfortunately even this simple

system cannot be solved in a general closed form. However we

can solve this system of equations for several situations of interest.
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C. R1Iinxati.on of Photoconductivity in a Semiconductor with a Low

Trap Concentration:

We shall now consider the nature of the relaxation of photo-

conductivity produced by a short pulse of radiation say the prompt

ganma output of a nuclear weapon. In particular we shall determine

the dependence of the nonequilibrium carrier density on time for a

semiconductor with a low trap concentration. We shall assume that

the number of traps M is so small that we can neglect the change in

the concentration of charge in the traps Q m relative to the

changes which take place in the bands. Thus our neutrality con-

dition may be rewritten as

Since A n E A p, it is seen that during the main part of the

relaxation process

Hence we can equate relationships (93) and (94), obtaining

from which we can solve for m, the concentration of electrons in

the traps. We find

Now substituting into our relationship for dn we have
dt
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Now substituting the relationships

Ion 47'4/?
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Rewriting the above expression becomes

Now let us consider the response of this material to a prompt

gamma pulse from a nuclear weapon. Furthermore let us assume

that we can approximate the intensity as a function of time with

a square pulse. For the purposes of simplicity, let us assume

that the pulse width is much longer than the carrier lifetime

Later we will show the effect of pulse width on the response.

The solution to this problem will be divided into two regions,

the excitation and the decay.

Consider the response to the excitation due to a square

gamma pulse of intensity, I, and width t where t >> T as

shown below

Figure 38.
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1. Excitation or Rise, t s t

The differential equation describing the change in carrier

concentration during this time is given by

al idyl

OC16- YehCan ro ' C'°3)
Rearranging the above relation we have

444,
-d '1

ne.

Orp 

V4 

4ye
. L
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- rr
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Now by defining

and +' vv~Y

we can rewrite the above relationship for d(An)
dt

(cef)

as

dC hJ

Se

-b .d2h o n - - (fPof
(/0OC

If we change variables by letting

and define the

and

T=nt/,&
constants

k
(4e+ .)

((o7)

.(fr)
/Oi-=

then we get the differential equation

c/f
Expanding we get
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To solve this equation we simplify by letting

+ (-kI. emm 10)
volol 0 c cam -em cwrd* (13)

where both a and b are positive, therefore,

and hence

Z- _° '4owe Wsm C x.a -4r-w

so
(Lb-4). i-k
('k-i) =+--

a\--

(114

and

9

Thus we can write

'/7

doft

Q.

and after rearranging we have

-ON JT. .now
(4-L

Now we can solve for T as a function of y by integrating from o

Qr1-1)

to T and from 0 to y and we get

(4mQ ( 4a
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thus either

or

We have now a general solution which gives a relationship between

time, t, and the excess carrier concentration D n, i.e.,

We note that at time, t=o , D n must be zero and as (t_) goes

to large values 0 n must to the limiting value a (no + pa) as the

first term on the RHS which controls the magnetude at large (tb.
T 0

which after substitution becomes

or

4oo k r o.m)+ 4k1&t+j)
-C/m
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A plot of an(t) is represented in Figure 39, the rise to square wave

excitation

-I
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Figure 39.

The instantaneous value of the lifetime is given by

'1,;qo I-o - Ce n J

c/la n)

dz

Upon substituting equation 106 for d n we have

/46
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2. Decay or Relaxation for t *a t

Now let us determine the response of the material upon

cutoff of the excitation at t = t. The system is now governed by

the differential equation

- +t

with the initial condition at time t = ti that

We can now rewrite the above relationship as

C2

c/(4fl) f a& n (A

da /?

o (/c~)



-78-

After separating we have

[ ?00 a ref ot , ) / 7?4)

I 4h4 .#APoTJJ'

Integrating over t from ti to t where t Z t 1 , and over on from

the initial value DAn 1 toA n (t) , we get

o 

a 

n

A ol ckls-)

tJ
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which gives
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The decay in p n (t) is shown below as a function of

as the solid trace.
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Since T > T > Too , these two special cases represent an
0

upper and lower bound to the decay of the excess carrier concentration

as shown in Figure 40.

For the case of exposure to a square wave with a pulse width

much greater than, the excess electron concentration as a function

of time is given by the system of equations which follows:

If the intensity of expoure is given by

then a) for (V O ) the excess electron density is given by:

_ 7 )Jfc~(4*Ro)7+4b 6164P ) f
bf / L4LL (A 4

1

where A n has the limiting value of

and b) for (t 1 < t < o) the excess electron density is given by:

where A n A n fort T.

This solution is represented in Figure 41
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The above solution was obtained for the hypothetical where tl

the pulse width was much greater than lifetime of the carriers.

But in general this will not be true, since the prompt gamma pulse may

be of the order of 10-8 seconds while the lifetime of the carriers

may be of the order of 10~7 to 102 sec. As a result the excess

carrier concentration at the time of cutoff will not be A nmax

some value much less than this maximum as depicted 'in Figure 42.
/.r

I -- z\

A I / e

Is

Figure 42.

Thus we see that the magnetude of the ionization, effects produced

by radiation is determined by the mean lifetime of the free carriers,

the pulse width of the exposure pulse, and the exposure rate. These

features are illustrated in Figure 4i3 for two materials having two

extreme values of mean lifetime exposed at two different exposure

rates Il and 12.
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SEMLICONDUCTOR DEVICES

G. H. Hanson



SEMICONDUCTOR DEVICES

INTRODUCTION

The material in the succeeding pages is intended to cover those aspects
of the theory and operation of p-n junction diodes and transistors that
are essential to an understanding of their response to nuclear radiation.
In order to present the information in a reasonable space, much detail

has been omitted. In addition, there has been no attempt to develop a

rigorous device theory. As a result, some simplifications have been
introduced that must be accounted for when applying the results to spec-

ific problems or devices. A bibliography is included which constitutes
a sound body of material for further study. Throughout these notes,

references to texts are made wherever a more advanced treatment or more
complete explanation would be helpful.

BACKGROUND

It is assumed that the reader is familiar with the concept of hole and
electron conduction in solids and with the fact that the allowed energy

states in a solid are grouped into .bands as shown simply in one dimen-
sion in Figure 1.

Conduction band

- - -Impurity sites
(donors)

Forbidden band

Impurity sites
._.._ ....-. (acceptors)

Valence band

Figure 1
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The essential features of the band theory that will be used later are:

a) The forbidden band in silicon is approximately 1.1 ev wide.

b) The population of electrons in the conduction band and of holes in

the valence band is an exponentially decreasing function of distance

from the band edge. exp (eV/kT)

c) The impurity sites are approximately 0.01 ev from the band edge

and result from doping the semiconductor with such material as phos-
phorus, boron, antimony, etc.

d) Electrons may be excited into the conduction band from the donor

sites or from the valence band provided enough energy is available
to the individual electron to make the transition. Because of (c),

almost all electrons on donor sites are thermally excited into the

conduction band at room temperature. Because of (a) very few el-

ectrons are thermally excited from the valence band into the con-

duction band at room temperature.

e) When an electron leaves the valence band a hole is left behind.

f) Recombination of electrons in the conduction band with holes in the

valence band occurs, usually with the help of some intermediate en-

ergy levels not shown in Figure 1.

g) At a fixed temperature there is an equilibrium concentration of el-

ectrons in the conduction band, and holes in the valence band re-

sulting from the competing excitation and recombination processes.

Extensive treatments of the band theory of semiconductors and the appli-

cations to device design and use are given in References

CURRENT FLOW IN SEMICONDUCTORS

We now wish to consider a semiconductor under general conditions of cur-

rent flow, i. e., into local sinks, (due to recombination processes),

out of sources, (due to generation processes or across p-n junctions),

and by diffusion and drift.

We first make use of the fact that there are a very large number of en-

ergy levels near the bottom of the conduction band and only a small num-

ber of electrons available to occupy them. Hence, all of these electrons

are free to acquire energy and to contribute to the conduction.

Consider a sample of semiconduction- in which there are n electrons per
cm3 and to which an electric field E is applied. The electrons will be
accelerated by the field, collide with the lattice, alternately gaining
and losing energy, but on the average they will drift against the field
(holes will drift with the field) with an average velocity vd that is

proportional to E. That is

v= -LiE (1)
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The factor p is called the mobility of the charge carrier and is measured

in cm2 /volt second. Since the thermal velocity is very high compared with

the drift velocity, there will be on the average many collisions of the

carrier, hole or electron, with the lattice for each drift forward of one

mean free path length. This means that the -electron will have its for-

ward component of velocity reduced to zero many times as a result of col-

lisions. Consequently, the concept of an average drift velocity per unit

field, i. e., a mobility, is a good one for small fields.

In a perfect lattice, i.e., one with no defects or impurities, and with

its surfaces far removed, the average motion of charge carriers would

be undisturbed by the uniformly periodic lattice potential so that the

electron would move solely under the influence of the drift field. How-

ever, perfect lattices do not exist. At the higher temperatures, even

for quite high levels of doping, the major contributor to the scattering

of electrons is the thermal vibrations of the parent atoms. At lower

temperatures, below 200*K for example, impurity effects begin to become

dominant and at quite low temperatures where the lattice is essentially

at rest, the imperfections due to the impurities and defects make the

only effective contribution to the resistivity.

The electron charge density is

p = -ne (2)

where (-e) is the electronic charge, and is exactly balanced locally ev-

erywhere by an equal positive charge density associated with the nucleii

of the parent atoms. The current density per cm2 in the material is

therefore

J = pvd = -piE (3)

Consequently

J = eniE = aE (4)

where a is the conductivity. Thus

a = ney. (5)

When an excess of majority carriers, that is, electrons in an n-type semi-

conductor, is injected into a semiconductor it will be redistributed very

quickly over the surface as a result of the field corresponding to the

mutual repulsion of the electrons. Only a small rearrangement of the el-

ectrons is necessary in order to achieve space charge neutrality inside.

This process takes a time T r, termed the dielectric relaxation time,

which is of the order of E/a. For 1 ohm-cm silicon, commonly used in

transistors, T=1.5x1-12 sec. This means that local processes which

are dependent only on the electromagnetic field for their completion take

place in exceedingly short times compared with other processes and also

with the normal time intervals involved in measurements. An injected

pulse of majority carriers would disappear in only a small fraction of a

cycle for any r-f signal so its presence would not be detected.
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Let us compare this result for electrons with what happens when an excess

concentration of holes is injected into n-type material. Two things will
happen. First the electrons will redistribute themselves in a time Tr
(10-12 secs.) so as to maintain space charge neutrality in each small

element of volume. Following this the holes will gradually spread out
by diffusion and disappear by recombination. The time Tp for the latter
processes to occur will be much longer than Tr, for the actual motion of

holes across a large part of the semiconductor is involved. In a typical

case, the concentration of electrons in silicon will be 1015 and that of
holes will be 106. This means that only a very slight perturbation of
the majority carrier system will take place. There will essentially be

space charge neutrality with scarcely any change in the majority carrier

distribution at all. As a result, the motion of the holes in the absence

of an applied field will be by diffusion only.

We will now consider the case where there is a continuous flow of holes

in an n-type semiconductor.

Figure 2

Suppose we have a cylinder of material of unit cross-section with ohmic

contacts at the ends as shown in Figure 2. Suppose that holes are in-

jected at the left contact and move toward the right. If JP(x) is the

hole current density at a point x, then the current density at (x + Ax)

is

JP (x + Ax) = JP(x) + Ax (6)
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The rate of increase of holes due to current flow in a volume element of
width Ax is therefore

ax e

At the same time, the excess holes are recombining at a rate determined
by the lifetime T,, and given by

(p - )

Tp Tp

where (p - pn) is the excess hole concentration and Pn is the equilibrium
hole concentration in n-type material.

We then have for the total rate of increase of the hole density

(p_ n 1 p
=- . - - + gp (7)at Tp e- ax P

where gp is the rate of generation, if a generation process occurs.

The hole current Jp may occur for two reasons:

1) The application of an electric field E causes the holes to drift in
the direction of the field and produce a current J = aE = +eppE.

2) The existence of a hole concentration gradient 3p/ax causes holes to
move from regions of high concentration to regions of low concentra-
tion by diffusion. The rate of flow of holes is proportional to 3p/ax
and may be written as -Dp (3p/ax). The constant of proportionality
Dp is called the diffusion constant for holes. The minus sign indi-
cates that the net motion.is from high to low concentration.

When both an electric field and a concentration gradient exist, we have
for the hole current density

J = ep pE - eD (8)
p p P 3x

which may be substituted into. (7) to give the rate of increase of hole
density.
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In the case where the field E is negligible we have then

2E =_-n+ D S E + g (9)
at 1, P 3x2 P

which is the continuity equation for holes in n-type material.

For many types of semiconductor devices equation (9), with appropriate
boundary conditions, is sufficient to completely determine the current
flow. In certain other devices where the field E is significant, equa-
tion (8) must be substituted in (7).

It is important to reemphasize here that we are dealing with minority

carrier currents. JP refers to the hole current density in n-type mater-
ial, as in the base region of a pnp transistor.

In order to obtain a result which will be needed in our discussion of the
junction diode we shall now solve the continuity equation for a particu-
larly simple case.

With reference to Figure 3, assume that holes are introduced continuously
from the left at x = 0 at such a rate that the hole concentration is p0

at x = 0 and that no generation occurs to the right of x = 0. Then, for
x > 0, equation (9) is

22 p - pn 2

S+ D 2 (10)
at T1 p 3x2

Since we have an equilibrium situation, 3J-P= 0. Therefore equation (10)
becomes 3 t

a--=.(11)

ax2 DP 1r

where P = p - pn

This equation has the solution

x x

- DP T+ + DpTp.

Si ce P 0 apx c22e (12)
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At x = 0, our point of origin, p = p0 , therefore C1 = po-pn-
The solution of (11) is then

x

p-DP
p p (13)P = (p - Pn) = (Po - Pn) e

The term Lp = is called the diffusion length and is a measure of
the distance holes will diffuse before recombining with an electron. In
fact it is that distance in which an excess Sp will have diminished to
1 of its original value. See Figure 3.
e
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p-n JUNCTIONS

We are now in a position to discuss the formation of a junction between

n and p type material and to derive the equations governing the current

flow across a semiconductor junction.

Let us imagine that two pieces of silicon, one n type and one p type are

brought together in intimate contact so that a regular lattice is formed

throughout the material. (This is, of course, impossible. It serves,

however, to illustrate clearly the idea of charge distribution at a

junction.) Figure 4 illustrates typical hole and electron concentrations

at the instant of contact.

p-type

Concentration

n-type

S --- - -.--- electrons

holes

electrons - -- x--- - -

i

z

ti

se. .. ,. ..............- -.. ._.............. _........ .. ... ......_

J

f

t

i

holes

Figure 1&
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It is obvious that such a state of affairs cannot exist with the large
differences in carrier concentrations across. the junction unless there
is a large force available to keep the charges separated. The holes and
electrons, in the absence of .such, a force would simply mix by diffusion.
For the condition drawn there is no such force. Consequently holes will
diffuse from the p type material across the junction and electrons from
the n type material will do the same. As they diffuse, a dipole layer
will develop, composed of the fixed charges on the nuclei of the impur-
ity atoms. Diffusion will continue until the electric field due to the
dipole layer is just strong enough to prevent any more charge redistrib-
ution. The process is a local one and the charge redistribution will
take place in a region of about 10-3 cms. The situation existing now
can be represented as shown in Figure 5.

conduction band

1 i n-type

0.

* p-type.

depletion
la.yer valence

_I band

Figure 5

The central region from which the mobile charges have been removed is
known as the depletion layer. This layer which stores charge on either
side of it has the characteristics of a voltage dependent capacitor.

Since our imaginary junction is unbiased, there will be no net current
flow. There will, however, be motion of individual holes and electrons
across the junction. It is important to examine this charge motion so as
to understand what happens when a bias is applied. In the n-region, a
few electrons will gain enough (thermal) energy to permit them to pass
across the potential barrier to the p-side, where they soon recombine
with holes. At the same time, on the p-side, some hole-electron pairs
are produced by thermal generation. If an electron so produced happens
to diffuse to the junction, it is immediately accelerated across the
junction by the field, where it becomes a majority carrier. In equili-
brium these two currents are equal and so exactly compensate one another.
The same situation exists for holes.
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We are now in a position to bias the junction and demonstrate rectifica-
tion action. For reverse bias the n region is made positive with respect

to the p region so that the potential difference between the two regions
is increased. (See Figure 6.) Now practically no holes or electrons can
climb the potential hill and the recombination current density jr drops

to a very small value. Remember this is a small flow of current consisting

of holes and electrons moving in opposite directions across the depletion

region. The hole and electron generation current density jg is not much

affected by the reverse bias. Hence, the net current across the junction
is essentially the generation current -jg. When a forward bias V is ap-
plied (Figure 7), jr increases according to the relation

. . eV/kT
Jr Jg e (14)

because of the exponential dependence of hole and electron population on

the energy distance eV from the band edges. Note that for zero bias

jr = jg, as required for equilibrium. The net current from the p region
to the n region is given by the difference

- g g eeV/kT - 1). (15)

This current is zero when V = 0, increases exponentially to large values

for positive eV, and decreases when eV is negative toward a negative sat-
uration value -jg.

Let us now consider numerical values for some of the quantities discussed

above. The mobility y and the diffusion constant D are properties of

the material. They are relatively slowly varying functions of temperature
and impurity concentration in the ranges of interest. The lifetime T of

minority carriers is largely under the control of the device designer,
for T can be reduced by several orders of magnitude by the introduction

of controlled amounts of gold into the silicon lattice. Because of the

somewhat different nature of electron and hole motion, the values of y ,
D and T are different for holes and electrons under otherwise similar

circumstances. Junction characteristics vary widely depending on the

impurity concentration and the method of junction formation, so only

typical values can be given.

The table below gives numerical values for the most commonly encountered

conditions of temperature, impurity concentration and device design.
Further details are given in the- references.
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Quantity Symbol Value Units

Electron mobility pn 1300 cm2 /volt-sec

Hole mobility up 500 cm2 /volt-sec

Diffusion constant (electrons) Dn 40 cm2 /sec
Diffusion constant (holes) DP 12 cm /sec
Electron lifetime Tn 10-6 - 10-10 sec

Hole lifetime T 10-6 - 10-10 sec
p

Diffusion length (electrons) Ln 6 x 103- 6 x 10-5 cm

Diffusion length (holes) Lp 3 x 10 - 3 x105 cm

Junction potential (zero bias) V 0% 0.7 volts

Junction width (zero bias) W .25 xlo cm

CHARACTERISTICS OF p-n JUNCTIONS

In the last section we discussed the formation of a p-n junction and
showed that a depletion layer exists in the neighbourhood of the junction.
The hole and electron currents flowing across the junction were explained
in terms of the carrier densities in the p and n regions and of other
properties of the material, namely the diffusion length L, the diffusion
constant D, and the lifetime T. We showed how the current changes as the
result of an applied D.C. potential, and thus explained the rectification
properties of a p-n junction.

We will now extend the results by considering solutions of the differential
equation which governs the potential distribution in the depletion layer.
We will show how these solutions enable us to calculate the capacitance,
width and. electric field associated with the depletion layer. These cal-
culations will be important for later discussion of radiation effects.

We will start with Poisson's equation which relates the potential P(x) in
a region to the charge density p(x). We will discuss the case of a step
junction, that is, one in which the acceptor density, Na, of the p-region
and the donor density, ND, of the n-region are constant in the neighbor-
hood of the junction. In many devices the impurity concentration is
graded in the region of the junction. However, in that case the analysis
is somewhat more complicated, so only the results will be given.
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The space-charge distribution and corresponding potential distribution
for a step junction are shown in Figure 8 below.

-eNa
i

l

t

I

I

1

T

I

i

t

(a)

Vd

l f/(x) (b)

xl xO x2-4
x

Figure 8
a) Space charge distribution in a p-n step junction.

b) Potential distribution in the same
voltage V.

junction with an applied

Poisson's equation for the potential ;, is

dx 2 (16)

which must be solved subject to appropriate boundary conditions. With
reference to Figure 8, we can state the following boundary conditions,
assuming a voltage V is applied to the junction

$(x) = 0 at x = xi

$k(x) = Vd + V at x = x2

dx =0atx=x 1
andx=x 2 .

(17)

Here we have ignored any small voltage drops due to current flow in the
body of the material.
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The hole and electron densities in the area of the junction are given by

p = p e-e/kT

-e (Vd+V-$) /kT
n = nn e I (18)

where Pp is the hole density in the region x <
density for x > x2 '

x1 and nn is the electron

The charge density p (x) = -e(Na - p + n) for x < xo. However, n is very
small for x < xo, and p is also very small for 1 > kT/e from (18), so it
is a good approximation to put P (x) = -eNa forx l < x < xo. Similarly
we may put P (x) = +eNd for xo < x < x2. This is simply saying that the
depletion layer has sharp boundaries and that the only charges in it are
attached to the impurities in the lattice.

We
xl

1

can now solve Poisson's equation separately for the two regions
< x <(xo and x0 < x < x2. If the solutions for these two regions are
and $ 2 , we must have

$1 (x) = $2CX)'
dip1  d$ 2
dx -d at x =x (19)

since both the potential 1V and the field -d$/dx are continuous.
region 1 we may write (16) as

d dil 1  eNa

dx dx

Integrating with respect to x we have

dip eNa
dx +C 1

For

(20)

(21)

Since, according to (17), di 1 /dx = 0 at x = x1 , we can determine that
C1 = -(eNa/ E) x 1 .
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Therefore (21) becomes

di 1  eNa
---- = - (x - xi)
dx E

Integrating once more with respect to xi we have

eNa 2
1 2,.y (x - x) + C2 .

Since $ 1 = 0 at x = x, from (17), we must have C2 = 0.

Thus, the solution for xi < x <.xo is

(22)

(23)

di 1  eNa
- £-(x - xi)

dx c } (24)

eNa

1 2E
(x -x1)

Similarly, the solution for x0 5 x < x 2 can be found to be

dip 2

dx

eNd
- (x2 - x)

E

(25)

= ( -V eNd
= (Vd-V) 2 - (x 2 -x) 2

2 d 2

Applying (19) we have

Na (xo - xl) = Nd (x 2 - xo) (26)

and

eNa

2e 0
2 eNd

_ x 1 )2 (x2 _ x2) (27)
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We may solve (26) and (27) simultaneously to determine (x 0 - x1 ) and
(x 2 - xo) and thus compute the width w of the transition region. We will
omit the elementary algebra and write the result -as

[2 E(Vd-V) (Nad+N) 1/2
w -~ ) =xL eN N (28)

a d

We have thus obtained the very important relation between the applied
voltage V and the width w of the depletion layer. For IVI>>Vd, w = const.
x Vi/ At low voltages the dependence is less strong. Remember that
for both germanium and silicon, Vd is less than one volt.

The transition region contains a positive charge + Q per unit area on the
n-side, and a negative charge - Q per unit area on the p-side. From

(26) and (27) this charge is

Q e2ec
Q= eNdX 2 Xo) 4

N Ni1/2
d N + Nd

a dJ

(29)

We may now calculate the capacitance of the transition region per unit area,

CT = =

N N 1/2
.e E a d

2 (Vd-V) Na + Nd

£
_ W_

(30)

Note that the capacitance is the same as that of a parallel planar capac-
itor with a plate separation w.

We may also calculate the field strength - /dx. It attains a maximum
value at x = x 0 , as might be expected, at which point it is

max \dx/
x = xo

eN
a

(31)

2(Vd-V)

w

These formulas, (28), (30) and (31) hold for a step junction, such as
occurs where the junction is made by the alloy technique. In most
junctions, instead of a sudden step from Na to Nd we usually have a
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more gradual transition. An analysis similar to the above, but somewhat
more complicated gives the following results for the case of a uniformly
graded junction.

[12e (Vd-V)I1/3
w = (32)

r 2[11/3
C= eaE (
T =12 (V +V) w

d

Here 'a' is a measure of the grading of the junction; that is Nd = Nd(O)
+ ai(x - xo) Na= a 2 (x - xo) where Nd(O) and Na(O) are the
donor and acceptor concentrations at x = xo, and a = a1 + a2 = slope of
the impurity concentration.

There is thus a significant difference in the two types of junctions. In
the step junction w and CT vary as V1 / 2 , whereas in a uniformly graded
junction they vary as V1/3. If the change in impurity density is very
slow ('a' small), the transition region will be much wider than for a
step junction, and the capacitance and maximum field strength will be
correspondingly smaller.

Most modern devices employ the technique of diffusion to introduce im-
purities into the lattice. Junctions formed by this means often have a
transition region with properties midway between those of step and graded
junctions. Thus in a diffused silicon transistor, the capacitance of the
collector junction is of the form

= const
T T(V+Vd , (34)

where k is about 0.4.

When making calculations based on capacitance measurements, it is impor-
tant to know the value of the diffusion potential Vd. It was indicated
earlier that for silicon V ^ 0.7 volts. Having chosen a value for Vd,
one may plot CT vs (Vd + V.If log-log paper is used, the resulting
straight-line graph has a slope equal to the exponent in equation (34).
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Current Flow in p-n-p Transistors

Now let us turn to the p-n-p transistor under normal bias. See Figure 9.

x

Injected -- +. Collected
holes holes

emitter . 4baje collector

Figure 9

For normal transistor operation the emitter junction is forward biased
and the collector junction is reverse biased. Holes are injected into
the base by the emitter, diffuse across the base into the reverse biased
collector junction and are then swept into the collector region where
they become majority carriers. The base region is narrower than the
diffusion length L so that very nearly all of the holes which get into
the base also get o the collector. The holes which leave the emitter
are balanced in the external circuit at the emitter contact by electrons
leaving the transistor. Likewise, holes arriving at the collector are
balanced by electrons entering the transistor at the collector contact.
The electrons in the base which are lost by injection (diffusion) into
the emitter and collector, and by recombination with holes are supplied
through the base lead.

The transfer of holes from emitter to collector constitutes transistor
action. Since the emitter junction is forward biased and hence has a
very low resistance (R = 26/current in milliamperes), and the collector
is reverse biased with a very high impedance, the passage of the same
quantity of holes from emitter to collector produces a considerable power
gain. Typical values are from one to several hundred.

Now let us examine the transistor under an applied d.c. potential. We
will solve the continuity equation for holes in the n region (the base).

The continuity equation has the equilibrium form

32 (n-_np) p-p
r n n
2 - 2=0(35)
3x L

p
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The origin of the coordinate system will be chosen at the center of the

base. The width of the base region is 2W with the emitter and collector
junctions at -W and +W, respectively. The necessary boundary conditions

are the hole concentrations at x = ±W. They are related to the equili-

brium hole concentration pn in the n region by

eV /KT

p = p(-W) = p e e (p for emitter)
eo n e

eV /KT

and peo = p(+W) = pne c c for collector)

(36)

It turns out to be simpler not to use the earlier exponential solution
of our second order equation but rather to use a hyperbolic form

(Recall ex = cosh x + sinh x)

p p = A sinh(WLX) + B sinh (WX)
n L L

(37)
p p

Substitution of the two boundary conditions into equation (37) leads to

the complete solution for the hole density in the base

(p - p ) sinh[(W - x)/L ] + (p - p ) sinh[(W + x)/L ]
eo n p co(nWp

sinh (2W/L )o n
(38)

Again making use of the earlier techniques, we find the d.c. hole current

density in the base to be

eD (p - p ) cosh[(W - x)/L ] - (p - p ) cosh[(W + x)/L ]
_ eo n p co n p

po L sinh (2W/L )
p p

(39)

The emitter and collector hole current densities are obtained by evalu-

ating J at the junctions, i.e., at. x = -W and = +W.

Thus

J = (eD /L )[(p - pn) coth(2W/L ) - (p - pn) csch(2W/L )]peo p p eo n p co n p

J = (eD /L )[ (p -p) cs ch (2W/L - (p - p) coth (2W/L )P co p p eo- n p c np

(40)

(41)
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Now let us plot the hole densities and currents in the transistor under
various conditions to see what the above equations mean, since at first
glance they don't appear to be very intelligible

hole
concentration Ihole

current

Poo

9ft vi irl
dft No-

emitter base JJppeocollector

-v

Figure 10

Case 1. Emitter and collector both forward biased, ve = vc

(biases given with respect to the base). See Figure 10.

In this case Peo = pco with both junctions injecting into the n region.
Note the very slight dip in the center due to recombination.

The current is given by

eD
J = - -

p L ax
p

(42)

so that it is determined at the junctions by the initial slope
(3p/x).±W there. The current for this bilaterally operating device
is quite low when W is small. It does, however, increase with W. At
the center of the base the hole current is zero.

If the collector is moved off to infinity, then the charge concentration
at both junctions in the base falls off more rapidly (3p/3x is greater)
and the junctions are independent of one another. In this case there is
no feedback from the collector to the emitter. Since 3p/ax is larger,
the current is also larger.
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Figure 11

Case 2. Emitter forward biased, collector zero biased. See Figure 11.

peo will remain the same as in the earlier case but p co= p nsince

pco = Pne eVc/KT The emitter hole current will be increased appreciably,
however, over that corresponding to any base width of the forward biased
collector case. The increase may be by as much as a factor of 20.
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Figure 12
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Case 3. Emitter forward biased, collector reverse biased.
This situation corresponds to normal operation. See Figure 12.

In this case the hole concentration at the collector drops below Pn
because of the reverse bias. This means that (3p/ax) is increased over

any of the other cases; hence, the hole current is the highest. When

this is coupled with the increased drop at the collector, the highest
power gain is obtained; consequently, we have the normal operating con-

dition for the transistor.

As is shown in all three sets of figures, the current across the base is

only slightly diminished from emitter to collector. The excess goes out

the base.

Although the only current linking the collector to the emitter is the base

minority carrier current, in the case of the p-n-p hole current, there are

small majority carrier currents in the base. These currents are between

base and emitter and between the base and collector. They do not contrib-
ute to the transistor action and do, in fact, detract from the device
efficiency.

Frequency Response of Transistors

We will consider briefly the factors that determine the frequency response
of a transistor. This may be done in a rigorous way by solving the con-

tinuity equation in the base region subject to appropriate boundary con-
ditions at the junctions. However, this must be an a.c. solution; that
is, the hole concentrations are of the form po exp(j wt). The complete

solution is complicated even in the simplest case, and is contained in

several of the references so will'not be given here. The result is an
approximation to the well-known changes in amplitude and phase with fre-

quency. Another result is the important fact that the frequency cut-off

of a transistor is reciprocal to the square of the base width.

It is possible to understand the reason for the dependence of cut-off
frequency on base width by recalling that signal transfer from emitter

to collector is through the mechanism of diffusion. Since any signal

propagates through the base as a succession of changes in hole density,
there is a natural tendency for the signal to lose strength, because the

diffusion process is inherently one of average motion from regions of
high concentration to low. Evidently the farther the signal has to travel

across the base, the greater will be the loss due to smoothing -of varia-

tions in hole concentration. A mathematical treatment gives the result

quoted above.

At very high frequencies, transistor performance is determined in part
by the capacitance of the emitter and collector junctions. These capaci-
tances are area dependent. Consequently, for high-frequency transistors
there is a reciprocal relation between frequency response and the dimen-
sions in the plane of the junctions.
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Introduction

Nearly all of the properties that make semiconductors interesting

to study and valuable for applications in solid-state electronics are

strongly dependent upon the presence of imperfections in the crystalline

structure. Therefore, they are excellent materials in which to investi-

gate damage to the crystal lattice produced by high-energy radiation.

This modulation of electronic behavior, which we call "Radiation Effects,"

is a clue to the type of damage introduced and, if we are clever enough

to connect specific defect structures with the various qualitative and

quantitative changes in properties, we should be able to construct a

complete picture of the lattice damage introduced by various types of

energetic radiation. Studies of radiation effects in semiconductors

have an additional advantage: From them we learn much about radiation

sensitivity of properties vital to the operation of semiconductor de-

vices, as well as various factors which affect this sensitivity. Now

many potential applications of semiconductor devices may involve radia-

tion environment, space vehicle communication gear, for example. There-

fore, knowledge pertaining to radiation sensitivity will be invaluable

in developing devices with longer service lives in outer space or when

used near a nuclear power source .
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As a field of study, radiation effects in semiconductors is not

new. The first work in this field was done on germanium and silicon

nearly 20 years ago at Purdue University and Oak Ridge National Labora-

tory, and the late Karl Lark-Horovitz was an outstanding leader in

these investigations. But although the field is not new, its present

complexion is vastly different from what it was six or seven years ago.

Before that time the main emphasis was colored by what turned out to be

a vain attempt to test quantitatively in terms of defect yield the sim-

ple theory of radiation damage, and by a valiant but equally vain attempt

to account for the multitude of defect energy levels in terms of simple

interstitials and vacancies. Beginning in 1959, several developments

occurred2 which revealed without doubt that in the room-temperature

range both the yield and nature of radiation defects in silicon and ger-

manium are strongly influenced by the type and amount of impurity present.

Since this discovery much effort has been devoted to the determination of

the complex structures of defects, involving both impurities and simple

vacancies, which are responsible for changes in electronic behavior.

These studies have employed properties such as optical absorption of

polarized light and electron spin resonance to reveal the symmetry and

composition of the photon and microwave absorption centers. In addition,

annealing studies have given some insight into the defect-complex struc-

ture through the kinetics of the various relaxation processes, leading

to both their formation and decomposition.

In this brief summary, I would like to discuss the types of de-

fects that result from irradiation with-various types of energetic

particles and photons; to indicate briefly the way in which imperfections
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influence semiconducting behavior; to present evidence for the various

defect-impurity interaction products that are produced as a result of

the migration of simple defects; and, finally, to mention recent inter-

esting developments in the area of compound semiconductors.

The Nature of Radiation Defects

In elemental systems such as germanium and silicon, which will be

our primary concern, defects are not created in the perfect lattice by

ionization through radiochemical processes as they are in the alkali

halides. Instead, elastic collisions between the incoming particles

and lattice atom are required. Moreover, the recoil energy imparted

to the lattice atom must be greater than some minimum value Ed, called

the displacement energy, which is required to create a stable interstitial-

vacancy pair. In the early, naive damage theory, the displacement prob-

ability was assumed to be a step function: 0 if T < Ed, and unity or

greater if T > E . Using this simple concept Ed is usually measured by

exposing a crystal to a prescribed dose of Van de Graaff electrons and

increasing the energy until a change in a radiation sensitive property

is first detected. Ed is related to this threshold electron energy by

the relativistic expression for the maximum energy imparted in an elas-

tic collision, namely,

Ed = 2(E+2mc2 ) E/Mc2 (1

where E and m are the energy and rest mass of the electron, and M is the

mass of the target atom.
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The naive theory does not account for the ordered arrangement of

atoms. Obviously,if the lattice structure is considered, the ease of

displacement will depend upon the direction of the impulse: In open

directions E will be much smaller than in the direction of a neighbor-

ing ion. Also, in determining Ed care must be taken that the defects

created are stable enough for experimental detection. Such a complica-

tion is encountered in germanium. Low-temperature electron bombardment

experiments (1 to 4.5 MeV electrons at 4*K) of MacKay and Klontz have

shown that conduction electrons are required to stabilize close

interstitial-vacancy pairs. These defects, which act as acceptors and

hence remove conduction electrons, are therefore produced in higher

yield the higher the concentration of conduction electrons. In fact,

in p-type specimens where the current is carried by positive holes in-

stead of electrons the yield is almost below detection. From an experi-

mental point of view then, the electronic state of the semiconductor

(whether an electron or hole conductor) would appear to have a strong

influence upon the apparent value of Ed for low-temperature (<10°K)

irradiations with electrons since even at liquid helium temperature

these close-pair defects are unstable in the absence of conduction

electrons.

Another complication which may also be encountered in other

solids as well but for which there is direct evidence in silicon is the

creation of divacancies by electron bombardment. This occurs when the

impulse is along the appropriate crystallographic direction and the re-

coil energy high enough. Using electron spin resonance techniques,

Corbett and Watkins 5 have found that divacancies are formed in silicon
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during bombardment with 0.7 to 1.5 MeV electrons at 20*K, and that the

yield is highest for the bombarding beam parallel to the Si-Si bond di-

rection. These results indicate that the divacancy is formed by a

single collision event and that divacancies are a primary radiation

defect.

As the energy of the primary recoil increases to many times Ed,

the recoil acts as a bombarding particle and secondary, and even tertiary,

displacements are created as it collides with other lattice atoms. This

results in what is called a displacement cascade in which the defects are

closely spaced and have a high local concentration. Damage produced by

fast neutron bombardment in a nuclear reactor consists predominantly of

regions of high defect density (disordered regions) of this type. Typi-

cally, these regions are roughly spherical with a diameter of "100 A

and these have been resolved in germanium by electron micrography.

These disordered regions have a rather unusual effect on the electrical

behavior of n-type germanium. Since the dominant effect of radiation

defects in germanium is acceptor action, the disordered regions are p-type

islands in an n-type matrix and as such they must be isolated from the

matrix by a potential barrier and an electrical double layer, such as

shown in Fig. 1. The radial extent of the space-charge zone in the junc-

tion surrounding the disordered region is roughly given by the Debye-

Hlckel length.

(LNH =l-- (2)
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where q is the electronic charge, e is the dielectric constant, and ND

is the donor density. For reasonable purity n-type germanium (donor

concentration of 1014 to 1015), this distance is between one and two

orders of magnitude larger than the radius of the disordered region

itself. The potential gradient extending over this region denudes it

of mobile charge so that the entire space-charge zone acts as an insu-

lator blocking current flow. The situation is shown schematically in

Fig. 2. Because of this double-layer, disordered regions markedly re-

duce the conductivity and for non-overlapping space-charge zones the

conductivity is approximately

a ' (1- f)/(1 + f) (3)

where a is the true bulk conductivity and f is the fraction of the

volume occupied by non-overlapping insulating zones, which is given

approximately by

f=V .N0 a sdt, (4)

where Vsc is the average volume of the region affected by space-charge

zones, NU is the density of lattice sites, as is the scattering cross

section for high-energy electrons, and $dt is the integrated flux of

neutrons with energies (>0.7 MeV) sufficient to create a disordered

region large enough to support a space-charge zone. Solution of Poisson's

equation for the spherical case yields

Vsc = p E r1 /q N2
(5)
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where 'Ip is the difference in electrochemical potential between the dis-
p

ordered region and the unperturbed matrix, r 1 is the radius of the dis-

ordered region, and N2 is the net donor concentration in the matrix.

This model of disordered regions and associated space-charge zones has

been verified for neutron-bombarded n-type germanium by several inves-

tigators in terms of electrical properties alone7 ' 9 10 and the disordered

regions are found to have a radius of 50 to 100 A. The electrical results

have been confirmed by means of thermal conductivity measurements recently

made by Van Dong.11 He found the mean disordered region radius to be 70A.

More recently, Bertolotti and coworkers12 have identified both the dis-

ordered region and the space-charge on electron micrographs of replicas

of etched surfaces of germanium after bombardment with 14 MeV neutrons.

Figure 3a shows a micrograph on which the space-charge zone (1000 to

1500 A radius) is clearly visible. Figure 3b shows an enlargement of

one of the etch figures, and at the center is detectable a crater of

radius 150 to 200 A which is presumably the disordered region. Inter-

estingly enough, presumably because of its smaller atomic mass and dif-

ferent defect energy level structure, neutron-irradiated silicon shows

no definite evidence of disordered regions.1 3

Not all the energy of primary recoils is consumed in the displace-

ment cascade. It was mentioned earlier that ionization is not effective

in creating lattice defects in elemental solids. In fact, energy lost

through "inelastic" ionization and excitation processes is not available

for the displacement of lattice atoms. The higher the velocity and the

larger the charge of the primary recoil, the greater the amount of energy

lost in these inelastic processes. Another mechanism of fruitless
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dissipation of recoil energy is through "focusing" or focused colli-

sionsl- down a close-packed row in a crystal. The succession of energy

transfers in a focused chain interaction in effect drains energy away

from the region of primary impact or the cascade region. An additional

mode of energy loss for energetic recoils or incident ions is called

"channeling".1 5 This occurs when the high energy particles find them-

selves in an open channel or crystallographic direction. Small energy

losses occur through ionization or very small angle collisions with the

rows of atoms defining the channel. The most open direction and hence

the most probable channel in the diamond structure is along any of the

<110> directions. This is clearly shown in Fig. 4. In contrast, views

along the [100] direction in Fig. 5, and the [111] direction in Fig. 6

show very little open space. That this is indeed the channel direction

for the diamond lattice is shown by the dependence of the range of 40

keV xenon ions in silicon in Fig. 7. These measurements by Davies and

coworkers6 show quite dramatically that ions penetrate much more deeply

along this direction than any other low index direction. Also shown for

comparison is the range in single-crystal aluminum which has a face-

centered cubic structure with a [110] channel direction.

Another very effective demonstration of channeling is afforded by

the response of silicon p-n junction fission detectors. One problem that

arises in using junction detectors in fission-fragment spectroscopy is the

failure of the pulse-height absorbed energy calibration for high energy

massive particles, which is designated by the term pulse-height defect.

The smaller than expected pulse of current indicates that some other

process besides ionization is available for dissipating a portion of the
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energy. Recently, Moak and coworkers1 have investigated the influence

of crystal orientation upon pulse-height response of a detector to 127

ions with energies in the range of 10 to 100 MeV. When the detector was

aligned such that the incident beam was parallel to a <111> direction,

the pulse-height defect for the channel ions virtually disappeared.

Therefore, one is lead to the conclusion that the pulse-height defect is

caused by energy losses in elastic collisions which displace atoms. When

the ions are channeled the probability of displacement collisions is much

reduced and nearly all of the particle energy appears as ionization cur-

rent in the p-n junction.

Influence of Defects on Semiconducting Behavior

Defects, like impurity atoms, are capable of introducing local

energy states into the band structure of semiconductors. Depending upon

their nature and the electronic characteristics of the host lattice, de-

fect centers may act as (a) donors, yielding electrons on thermal excita-

tion in n-type material or capturing holes in p-type; (b) acceptors, in

which capacity they may thermally ionize to produce holes in p-type

conductors and capture electrons in n-type; or (c) as amphoteric centers

capable of capturing electrons in n-type and holes in p-type. Moreover,

it is common for radiation defects to possess two or more energy levels.

In consequence, introduction of defects by irradiation can produce pro-

found and often complicated changes in the electronic behavior. Not

only is the carrier concentration altered even to the extent of inducing

conversion from n- to p-type (or conversely), but carrier scattering is

affected by the introduction of charged centers and the influence upon
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non-equilibrium minority-carrier processes such as trapping and recom-

bination by the deep level defects which act both as efficient recombin-

ation centers and traps is very large. In short, all semiconducting

properties are influenced in some degree by exposure to energetic par-

ticles or photons capable of displacing lattice atoms.

In studies of radiation effects18 use is made of the influence of

defects on properties to gain quantitative information about the position

and relative numbers of energy levels produced by a given exposure to

various types and energies of incident particles. The most common in-

vestigation involves the temperature dependence of the carrier concen-

tration and the mobility which are obtained from measurements of Hall

coefficient and mobility. This approach yields the position of the

thermally accessible energy levels and information on their charge state.

Other electronic properties that have been useful in locating energy

levels of radiation defects not readily detected by the above approach

include excess carrier lifetime, trapping of minority carriers, and the

spectral dependence of photoconductivity. Both electron spin resonance

and optical absorption have been very valuable tools in gaining detailed

information about defect structure.

Additional information on defect stability and the tendency for

various defects to interact with other imperfections (point defects, im-

purities, and dislocations) is obtained from the thermal annealing of

radiation defects. By employing a radiation sensitive property as an

index of the defect content, the kinetics governing the restoration of

initial conditions through some annealing cycle (isochronal or isothermal)

may be examined to yield values of defect motion energies or the binding

energies for defects in certain complexes.,l8
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The Structure of Radiation Defects

As we have already indicated above, defects remaining in germanium

or silicon irradiated with electrons in the 0.5 to 5 MeV range, or even

more massive particles such as protons or neutrons in the room-temperature

range, are not simple interstitials and vacancies but rather are invari-

ably complexes formed by the interaction of simple point defects with

other imperfections, notably impurity atoms and vacancy pairs as well

as more complex clusters of defects.

The first clue to this state of affairs- came in 1959 when Bemski1 9

and Watkins and coworkers20 observed that irradiation of oxygen contain-

ing n-type silicon gave rise to an imperfection with both a spin-resonance

spectrum and an ionization energy that are quite different from that ob-

served in specimens containing little oxygen. It was concluded and sub-

sequently confirmed by optical absorption of polarized light21 that the

defect in the oxygen-containing material is a silicon vacancy associated

with an interstitial oxygen.atom. The model for this defect is shown in

Fig. 8, and it is distinguished by the fact that it acts as an acceptor

center with an energy level located 0.17 eV below the conduction band.

Conclusive identification21 of this center with an oxygen-vacancy com-

plex was accomplished via an optical absorption band at 12 t, which is

produced by electron irradiation under the same conditions that the de-

fect resonance is produced. This band is made birefringent by uniaxial

pressure in the same way that certain equivalent orientations of the

paramagnetic center become more heavily populated by the application of

pressure and, significantly, the thermal annealing of both the birefrin-

gence and the imbalance in the spin system follows the same path. The
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final point of evidence that the center responsible for the 12p band con-

tains oxygen is the observation that specimens doped with oxygen enriched

in 180 exhibit second band shifted to lower frequencies by the amount ex-

pected for the increase in isotopic mass to influence an antisymmetric

stretching vibration.

Since this early discovery, a number of defect complexes have been

identified in both n- and p-type silicon after irradiation with electrons.

Figure 9 shows the model22 of the vacancy-phosphorous complex which in

n-type silicon is responsible for at least one acceptor level located

0.43 eV below the conduction band. This center can be identified by ESR

alone since the hyperfine interaction of the unbalanced spin with the

movement of the phosphorous demonstrates conclusively that phosphorous

impurity is a part of the defect structure.

In Fig. 10 we see the model cf the divacancy.,5 the production of

which as a primary defect by electron bombardment along a <111> direction

we have already discussed. This rather complex-looking center is respon-

sible for three energy levels: An acceptor state ~0.4 eV below the con-

duction band; an acceptor state quite near the center of the forbidden

energy gap (~'0.5 eV above the valence band); and a donor level quite near

the top of the valence band.

More recent studies2 3 on p-type silicon have revealed the existence

of a vacancy-acceptor complex (specifically a vacancy attached to an alumi-

num atom), interstitial acceptor impurity (both gallium and aluminum), and

complexes one component of which is an interstitial acceptor atom. An

example of the latter is a Ga+ molecular complex, with one of the gallium

atoms in a substitutional site and the other occupying an interstitial
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position. The energy levels that have been attributed to these defects

are summarized in Fig. 11.

We must now ask by what mechanism are these complexes formed?

The divacancies5 have already been discussed and it was shown that they

are primary defects formed directly by a single collision. However, the

same cannot be said for the impurity-containing complexes because the im-

purity concentration is so small (<10 mole fraction) that the probability

that these can be created directly by the irradiation for the exposures

employed is vanishingly small. Therefore, it must be concluded that

these are formed by the interaction of mobile simple defects (intersti-

tials and vacancies) with these imperfections. A study of the ESR spec-

tra of silicon irradiated at low.temperature shows that this is indeed

the case. Watkinsh23,24has observed the ESR spectrum for the isolated

vacancy in p-type silicon after electron bombardment at both 40 and 20°K.

However, the vacancy resonance disappears as the crystal is warmed to the

vicinity of 170*K, presumably because the vacancy migrates to and forms

complexes with other imperfections or annihilates at vacancy sinks. Pulse

annealing studies reveal that the activation energy for motion is

0.33 ± 0.03 eV. In n-type silicon the vacancy is not detectable by an

ESR signal presumably because it contains only paired electrons when the

Fermi level is in the upper half of the forbidden energy gap. However,

the motion and trapping of vacancies can be detected through the forma-

tion of phosphorous-vacancy pairs which are formed during annealing of

n-type silicon after low-temperature irradiation. It is noteworthy that

the vacancies move with a much smaller activation energy in n-type material,

confirming the hypothesis put forth many years ago2 that the charge state
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of defects should influence their ease of motion. From consideration of

the energy level structure of the vacancy, it is concluded that the neu-

tral vacancy is the form that moves in p-type Si with the 0.33 eV motion

energy while both the V and V forms expected to exist in n-type Si

(Fig. 9) have appreciably smaller activation energies of migration.23

All attempts at detecting isolated interstitials by ESR methods

have failed. Although one might conclude from this that they may always

be present in a nonmagnetic form and therefore escape detection, careful

experiments with p-type silicon irradiated at 4K indicate quite another

cause for their absence. Watkins23 has identified a resonance associated

with interstitial aluminum ions (Al+) and measurements of the relative

intensities of microwave absorptLon show that their concentration is vir-

tually the same as the isolated vacancy concentration. These interstitial

impurities are tightly lodged in the lattice and begin to move only upon

heating to the vicinity of 200*C when they also interact with other im-

perfections to form complexes. In gallium-doped material post-irradiation

anneals near 200°C there appear gallium pairs, one member of which is in-

terstitial adjacent to the other member in a substitutional site.2 2

As a result of these observations, it is concluded that the inter-

stitial silicon moves rapidly through the lattice by some type of inter-

stitialcy mechanism (the interstitial propagates by interchange with

substitutional atoms) and at temperatures even as low as 4°K when impuri-

ties such as Al, Ga, or perhaps even donor atoms are encountered, these

are ejected into interstitial sites, thus breaking the interstitialcy

chain process . The interstitial impurities can now migrate only by a

normal interstitial diffusion and a much higher activation energy. (Note
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that the activation energy of interstitial motion for Li , the smallest

ion studied, is 0.66 eV in silicon.)26

It should be mentioned here that these defect structures account

for only a fraction of the resonances that have been isolated from the

complex spectra of electron-irradiated silicon. In addition, other

resonances including those for S = 1 states have been obtained on fast

neutron-irradiated silicon27 and an oxygen containing state in p-type

silicon28 has been reported.

As a result of this outstanding series of ESR investigations, we

are now in a position to understand the full complexity of the problem

of identifying the imperfections responsible for the various acceptor

and donor states not only in irradiated silicon but in germanium and

other semiconductors as well. Rather than attempting to force experi-

mental observations into a conceptual framework in which only the exist-

ence of simple defects is admitted, we have learned to accept the prin-

ciple that the products of irradiation will include nearly every conceiv-

able complex between vacancies and impurities that are present as well as

numerous interstitial-impurity complexes. This new point of view has led

to quite rapid progress in understanding striking differences in behavior

in specimens with slightly different impurity content. For example, we

show in Fig. 12 the effect of oxygen impurity on the radiation response

of the excess carrier lifetime T in n-type silicon.2 9 Although the two

specimens have nearly the same initial lifetime and conductivity, the

oxygen-free material is much more strongly affected than crystals which

cotin117 118 aosprc 3

coti 0 to 10 oxygen atm e m. The difference can be readily

explained: The deep acceptor state associated with the phosphorous-

vacancy complex, which is the dominant radiation defect in the oxygen-free



crystal, is a much more efficient recombination center than the shallow

state associated with the oxygen-vacancy complex. Interestingly, the

higher purity specimen is more sensitive to radiation with respect to

this particular property than the less pure one, and since excess car-

rier lifetime is so important to the operation of most devices, it would

appear that, other things being equal, a diode or transistor fabricated

from quartz-crucible grown silicon would have a better radiation resis-

tance than the less highly oxygen contaminated floating-zone grown

crystals.

Let us now see what the results obtained on silicon can tell us

about germanium. Unfortunately, defects in germanium are not so amenable

to study by ESR techniques and one is therefore forced for the most part

to infer the nature of the processes associated with electrical property

changes resulting from irradiation and subsequent annealing, in terms of

defect structures analogous to those found in silicon. The possibility

of defect-impurity complexes in irradiated germanium was first pointed

out by Brown and coworkers30 who found that radiation defects were ther-

mally more stable in n-type specimens doped with small donor atoms (As

and P) than those doped with antimony. The recovery is much more rapid

in the antimony-doped specimens than in the others. A naive interpreta-

tion of this observation would be that the smaller donor atoms, i.e.

arsenic or phosphorous, trap and stabilize a simple defect. Subsequent

31,3work31,32 has shown this view to be untenable since the rate of recovery

in this temperature range increases as the antimony concentration in-

creases, indicating that the impurity must either be directly involved

in the unstable defects or participate in the annealing stages. The
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influence of antimony concentration on the recovery of excess carrier

lifetime is shown in Fig. 13. Arsenic-doped material shows only a very

slight influence of concentration.

Until recently there was no direct evidence that point defects

might exhibit a similar behavior and form similar complexes with impuri-

ties in germanium as they do in silicon. However, Whan3 3 has presented

conclusive evidence that vacancies begin to move in germanium near 65°K

and form a series of oxygen complexes which can be detected through their

vibronic infrared absorption spectra. Armed with this vital piece of evi-

dence, analysis of annealing data in terms of vacancy-impurity complexes

and perhaps even interstitial-impurity complexes can be carried out with

reasonable confidence. Indeed such defects have been invoked in inter-

preting the isochronal recovery of electron concentration and reciprocal

mobility in n-type germanium which had been exposed to 60Co 7 rays at

78*K. Evidently, even at this temperature vacancies are able to migrate

and form donor-vacancy complexes, and the mutual annihilation of intersti-

tial donors and vacancies.

It should be pointed out that Whan's results as well as those of

Watkins' on the ease of vacancy motion confront us with a serious para-

dox concerning the mechanism underlying self-diffusion in these materials.

The self-diffusion energy for germanium as measured by Letaw and

coworkers3 is 3 eV while recent studies on silicon35,36 yield 5.1 eV.

If the diffusion is assumed to proceed through the motion of vacancies

this energy is the sum of the energy of formation and the energy of mo-

tion of the vacancies. Now these component energy values can be separately

determined by quenching and subsequent annealing experiments which have
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been carried out in the case of germanium.37 The temperature dependence

of the quenched-in vacancy concentration as reflected by changes in Hall

coefficient yields a formation energy of "~1.9 eV, and the annealing of

the excess vacancy concentration which should reflect the activation

energy of motion gives a value of "1.2 eV. The sum of these values is

in good agreement with the self-diffusion energy. However, the motion

energy determined thermally is at least a factor of five larger than that

observed in irradiated specimens, as inferred from the results of Whan.

An attractive solution to the paradox would be to say that the diffusion-

current at high temperature is carried by divacancies. If the motion

energy for the divacancy in germanium is comparable to its value in

22
silicon determined experimentally (1.3 eV), it would certainly be

consistent with the observed activation energy for the annealing of

quenched-in defects. In fact, Seeger38 pointed out a number of years

ago on the basis of the behavior of deformed germanium that the motion

energy of germanium divacancies should be in the neighborhood of 1.5 eV.

Another factor favoring this viewpoint is the dislocation jog structure

in the diamond lattice. Haasen and Seeger39 have pointed out that the

shortest jog produced by the displacement of an edge dislocation from

one glide plane to the next adjacent one is two atoms high. Now in

many solids vacancies are known to be created in the bulk thermally by

evaporation from dislocation jogs (evaporation of a vacancy causes the

jog to advance a unit spacing along the dislocation) and these jogs

which also act as sinks for the deposition of defects as the crystal

is cooled from high temperature. Consequently, if in the diamond lat-

tice the energy to move a jog by removing a pair o~f vacancies one at a

time is much larger than removing the pair as a unit, one would expect
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them to be produced bound together in pairs. If now the binding energy

holding this pair together is large enough to prevent thermal breakup,

the predominant thermal defects will be divacancies rather than single

vacancies. This is just another way of stating that the formation energy

of divacancies is smaller than that of single vacancies. In order for

divacancy motion to dominate self-diffusion, the following relation must

hold:

E"f + E"? < E' + E' (5)F M F M

where the double-primes refer to the divacancies and the single primes to

single vacancies. In view of the small value of E (~v0.1 eV) indicated

by the experiments of Watkins and Whan , the self-diffusion energies

would then require that E' > 3 eV for germanium and 5 eV for silicon. It
F

should be pointed out, however, that theoretical calculations of EF40-42

all yield values for germanium that are consistent with the accepted

single vacancy model for self-diffusion, i.e., ~2 eV. Consequently, un-

less it can be shown that the excellent agreement between these calcula-

tions and experiment is fortuitous, it appears doubtful that the paradox

can be resolved on the basis of divacancies being responsible for self-

diffusion.

Another possible way of accounting for the disparity between the

motion energies of radiation vacancies and thermal vacancies is the in-

fluence of charge state. However, inspection of the energy level struc-

ture of vacancies as shown in Fig. 11 indicates that this suggestion

would hardly be valid since at high temperature the vacancy would have

an appreciable probability of being negative (the Fermi level lies in



the center of the gap near the position of the acceptor level) and this

is the charge state of highest mobility. 2 3 Evidently, a careful re-

examination of our ideas concerning the mechanism of self-diffusion in

the diamond structure is required.

Compound Semiconductors

Because of the binary nature of III-V or II-IV semiconductors,

the complexity of defect structures that might be expected to result

from irradiation is considerably greater than that encountered in ele-

mental semiconductors. Because of mutual interaction between radiation

defects, interaction of two types of interstitials and vacancies with

chemical impurity and a new type of defect-the misplaced atom (a Group

III atom on a Group V lattice site and conversely)-the number of defect

structures in these materials is perhaps nearer N2 than 2N, where N rep-

resents the number of prominent defect structures in the elemental case.

In view of this seemingly overwhelming complexity, one might question

whether the experimental results could be interpreted in terms of any

realistic defect models or yield any physical insights into the nature

of radiation effects in these materials. For a review of the variety

of results on the III-V compounds, the reader is directed to Aukerman's

comprehensive review. 3 Although in many instances complexity is indeed

an obstacle, in some cases it works to our advantage and I would like to

present briefly two such cases.

The first of these concerns a peculiarity of the zinc-blende

structure in a material such as indium antimonide. Each In atom is

covalently bound to four Sb atoms, each being situated at the corners

of a regular tetrahedron and the inverse of course holds for each Sb atom.
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If these atoms could be transformed into identical atoms without any

change in position or binding, the lattice would assume the diamond

structure, which indeed is a highly symmetrical structure. But let

us now examine the environment of each In atom or each Sb atom situ-

ated on a given (ll plane. It is immediately evident that the lattice

is unsymmetrical with respect to this plane. For example, one covalent

bond extends from each In atom to the left and three to the right,

whereas this configuration is inverted from the Sb atoms. This sug-

gests that there are two possible 4111 surfaces, each containing a

single type of atom, and a polarization direction, namely, the <111>.

The existence of this unsymmetrical situation has important consequences

for many properties of III-V compounds: cleavage, piezoelectric effect,

chemical behavior both with respect to oxidation and etching, a variety

of electronic transport effects, and even crystal growth.

As might be expected this polarized structure is also reflected

in the ease of defect creation by fast electrons. Eisen45 has deter-

mined the threshold energy and the defect yields in indium with the

electron beam in the two senses of <111> direction. In the "minus"

direction, examining those atom pairs parallel to the beam, the elec-

tron sees first the In atom immediately behind which is the Sb atom

and immediately behind that there is an open interstitial site. The

"plus" direction is the inverse, i.e., the Sb atom, followed by the

In atom, followed by the interstitial site. The results indicate that

not only is the displacement energy E different for the two directions

but that the thermal stability of the defects is quite different. For

the beam direction into the (111) face (the plus direction), it is seen
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from Fig. 14 that there is an open interstitial site immediately behind

the In atom; hence, this should be the direction for easy In-atom dis-

placement. On the other hand, an Sb atom receiving an impulse in this

direction would have to collide with an indium atom before reaching the

interstitial site. The situation is, of course, inverted for the beam

into the (111) face, which corresponds to the direction for easy Sb-atom

displacement. An analysis of the effect of irradiation on the Hall co-

efficient reveals that the displacement energy Ed(In) for In in the

easy direction is 6.4 eV and the resulting defect is thermally more stable

than the structure created by displacement of Sb atoms for which

8.5 < Ed(Sb) < 9.9 eV. Although the precise structure of these defects

which decrease the electron concentration by capturing electrons cannot

be described, this investigation indicates that a displaced In atom plays

a dominant role in the one which is thermally stable up to 128°K, and

Sb-atom displacement is involved in the one that is stable only up to

83°K.

A second series of experiments by R. 0. Chester has employed

nuclear characteristics of the atoms comprising the compound semiconduc-

tor to throw light upon the defects responsible for acceptor and donor

action. She studied the response of cadmium sulfide and cadmium telluride

to gamma irradiation employing different 7-ray sources, namely, 60Co with

E = 1.17 and 1.33 MeV, and 13TCs with Ey = 0.66 MeV. Because of the

markedly different mass and atomic numbers of the Cd and S atoms, it

can be demonstrated from simple collision theory that the o.66 MeV

photon from 13Cs decay displaces S atoms and the 6Co photons predomi-

nantly displace Cd atoms. The situation is reversed in cadmium telluride
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for which the smaller energy photon preferentially displaces Cd atoms

but because of the greater similarity of atom mass the distinction is

not as great as in cadmium sulfide. Investigation of the behavior of

Hall coefficient of gamma-irradiated n-type cadmium sulfide and both

n- and p-type cadmium telluride shows that preferential Cd-displacement

leads to the introduction of acceptor states while displacement of the

electro-negative constituent leads to donor action. Because of the

propensity of simple defects for forming complexes with other imper-

fections, one cannot infer from these results the precise structure

of the defects responsible for the dominant electronic states. Never-

theless, this study indicates what are the dominant ingredients of the

radiation acceptors and donors in the II-VI compounds.
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Fig. 1. The structure of the electrical double layers (space-charge
zone) associated with a disordered region in germanium.
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II. ESTABLISHMENT OF GENERAL ADMITTANCE MATRIX

A. BASIC ONE DIMENSIONAL STRUCTURE
(Reference 2 and 3)

BASE REGION

ooo -
IE ~

W '

PC

X=O %v

I'

1. Discussion of General Applicability

1.1 Constant Field in Base

1.1.1 Graded Base

1.1.2 Homogeneous Base

1.2 Other Base Distributions such as
Error Function (Reference 1)
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1. 3 Two Dimensional Effects

1.4 Emitter Area Often Smaller than

Collector Area

2. Basic Differential Equations (Reference 4)

2. 1
-= g R R aJ

q6x

= g - R
1 i

qcj

2.2 Jpqt pE-.qD

J qjiLnE+qD a
nna

2.3 ?= p-n + ND_NA
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3. Discussion of Required Assumptions

3.1 rp, Tn Shockley Read functions of

resistivity. Assumed constant for
solving equations and the solution
subsequently multiplied by Shockley
Read function. (Reference 5)

3.2 p n, p, Dn Dp assumed constant.
They are actually related to impurity
density by the Conwell-Weisskoff or
Brooks-Herring functions (Reference 6).

1400~~~~1200.FT V
1000 II111 F>.I~V ~ I
800 Mobil- is. impurity Concentratio n
600 Electn;ns in n- type Si con
400 Using Brooks-Herring Equation

Constant Activation Energy
200 -E 0.039 (Antimony) T= 300°K t

10' 1014 10' 10' 10 10'8 1019

N-/cm3

400

300 Mobility vs. Impurity c . --

Hoesin p-type SI ;co;

200 Using Brooks- Herring Equction -
Constant Activation Energy

100 - E= 0.045 (boron)
T=3000 K

1013 1014 1015 10''N 10cm
N. /cm3

iv i1

Effect of transition from low level
to high level conditions modifies
diffusion constants by a factor of 2.
This is taken account of by the factor

Z
l + --

f' (Z)= 1+2 applied after the integration

(Reference 7)

3.3 Space Charge Neutrality assumed.

3. 4 nb = ND assumed.
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4. Discussion of Boundary Conditions
(Reference 8)

4.1 Lifetime TE' TB' TC

4.2 Finite Emitter Region

4.3

4.4

NB = NWB B
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e

0 E

PE n ekT' PC
W qVC
pn ekT

5. Low Frequency Admittance Matrix

5.1

I = a $E -a 12eJ1E 12 C

Ic = a2 1 *E + a2 2 C'

CVEC

EC =e kt _
E,C
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5.2
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B. LOW INJECTION LEVEL CASE (Silicon only)

1. Recombination in Base Emitter Field Region
(Reference 9)

qV/kT2W qni kT
~RG - O q( 0-V)

2. yE = 1/1+ a q) = 1/1l + A

E

zE/O

qVE
2kT

3. Homogeneous base

W kT n

YE = 1/l + S

q(D n P

W2

e
L

C. HIGH INJECTION LEVEL CASE

1 Built-in field slowly disappears as injection
increases

np Dn (6E coth 6EWE +
lnk.E

2 WE

K/2W))
2. yE = 1/ l + o

Pn D (a coth aW + In

3. Effect of emitter lifetime. WE >> LE

n Dn (CE coth aE WE + ln kE/2WE)
n 0 D

E
Ln

4. Homogeneous base conductivity modulation

YE = 1/ (l
ineo w (1+ )

+ n
q n Dp '

jE W
Z =

q D pND

5. Graded base conductivity modulation



5.1 Modification to Differential
Equation for Determining a1 1
(Reference 10)

dN + 2bd+p (ND-nDE -Tx/W

+ N De = 0

5.2
YE 1 + A(1 + bI)

6. Emitter Crowding

D. SURFACE RECOMBINATION EFFECTS

= q Spo
S IS

= 1/1 + a1

III DEPENDENCE OF LIFETIME AND OTHER PARAMETERS ON
FLUENCE

1. Lifetime (Reference 11, 12, and 13)

~T T K(pb,En

T tiK/ when K/ << T. Defines Lifetime Damage
i Constant !Radiation

Lifetime"
2. Carrier Density (Reference 14)

2.1 n = n

dnd

2.2 . is a function of

(Reference 15)
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2.3 Silicon approaches intrinsic;
germanium approaches low resistivity
p-type

3. Surface Recombination Velocity and Surface
potential (Reference 16)

3.1 S versus 0

(Reference 25)

11

101.

I I I I
E-E=-011 eV0

5x10°}-

E

-. 2x1d'{

10,Ef

0.10

0s (V)
0.18

Et-E=0.40eV
- t N1 8x1d'cnr 2

D
0

/ n-p-n Si
--. Theoretical

o o Experimental
I I I

2x10

12
10

5x1dl
510

11
2x10

E-E=C43 eV

f \y

p-fl-o Si
--Thecreticcl
o& Experimnental~

-0.42 -0.46 -0.50
QS (V)

2x LbI A4 A ~
1%IV

0s (V)
0.48
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3.2 0Sversus (Reference 17)
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IV

4. Carrier Mobility (Reference 18)

4.1 p =po - dp/d$

4.2 dp/dO is a function of I

DEPENDENCE OF CURRENT GAIN ON FLUENCE

A. CONTRIBUTIONS TO CURRENT GAIN AND MINORITY
CARRIER LOSS

1. Description of Recombination Processes

1.1 Finite Emitter Current due to majority
carriers

1.2 Recombination in emitter field region

1.3 Recombination on peripheral emitter
surface

1.4 Bulk Recombination

1.5 Collector multiplication

2. a= y a aT

y = 1 -

a8 = 1 -

aT =1-

a* = 1 +

£1
e2

e3

64

3. = a = 
4

S+A
1. =A F' (Z)

DpA(a coth aW + ln k/2W)
Surface Term

1

+ K (1 + n2/8 + W2/2L 2

1 2 2
+ n/2K (1 +n + W2)_

1L
+n/2K n

Bulk
Recombination
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ine 0
+ peo

IE2

(1 + bIE) Emitter Efficiency and
Bulk Conductivity
Modulation

Recombination in Base Emitter Field
Region

5. Homogeneous Base Transistor (Reference 12)

1 =SWAB b

p e e e

z 2. IRE( +'ZT+ 2 i~h(Z)+-
b E

6. Volume Recombination Dominant (Reference 8)

8 2L

6.2 Tw /
-1 -1

6.3 ( -D

2 O.2[i + (p.)

2 2

n

b . 4 2D

6.5

f

a il
K=

0O2F(n)>Z

f (p1 ' 1-
a 1

I I F -1.1I

1.o'

0.95

0.8

Fig. 1. F(n) as a function of k.

6.6 1l=1 +0O21
Ri + f aK
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6.7 fa = aoK ft* (Reference 19)

t
"UT

TB~

i

VIE

7. Surface Recombination Dominant

711 1 AS S( )
±3

1

7.D A
DpA

Dp A (a coth aW + in K/2W

Homogeneous Base

7. 3 (Reference 20)

101.

z

z
am

1o0" 10 4%

ELECTRON FLUE NCE,* (ELECTONS/CM?.)
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ENVIRONM4ENTS

A. NEUTRONS

1. Clusters (Reference 21)

I OOOOOOOOOOIV NORMAL ATOM
OOOOOOOO NTRTIIA'ATMOOOOQQOO PATH OF PRIMARY PARTICLE

1.1 Carrier Removal

1.2 Two Recombination Centers

1.3 Hard Sphere Scattering

2. Fast Annealing (Reference 22)

3,5 _.. _ 3-- _.

30

!.j5

I1.6

- ~AVE IC E c
0 2 

Sp .1e z2m
e 2Opufw I Ki2m

" 200pmspI e10. KIM t 2"
10. KIM IOM~n

AR1lffYff tTTTr" WWTTf fTTT EM Lm rr

u

TAME FOLLOWING NEUTRON BURT (sunis)
10

Curves of Annealing Factor Versus
for a 2N914 Transistor, at 300aK,
paring Different Injection Levels
the Sane Temperature

Time

for



3. Slow Annealing (Reference 23)

ANNEALING TEMPERATURE(*C)

Isochronal annealing curves for base-
current recovery (Ic - 1 ma) of 2N2102
n-p-n and 2N1132 p-n-p transistors dam-
aged with 125 keV electrons followed by
1 MeV electrons. Curves compared with
data from annealing of A and K-centers
in bulk silicon from refs. 25 and 26.

Isochronal annealing curves for base-
current recovery (Ic - 1 ma) of 2N2102
n-p-n and 2N1132 pin-p transistors
damaged with 125 keV electrons followed
by either 16.8 MeV protons or reactor
neutrons.

Isothermal annealing curves for base-
current recovery (Ic - 1 ma) of 2Nx1132
p-n-p transistors damaged with 125 keV
electrons followed by either 16.8 MeV
protons or reactor neutrons.

0
W

2

00.5

- Schematic diagram of the stages
of annealing in germanium.
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B. PROTONS

1. Clusters and Point Defects

2. Rutherford Scattering

C. ELECTRONS

1. Major Surface Effect in Space Environments

2. Rutherford Scattering and Point Defects

D. GAMMA ' S

1. Create High Energy Electron by Comp;on
Scattering

2. Rutherford Scattering and Uniform Point
Defects

E. MIXED ENVIRONMENT

F. BULK DAMAGE EQUIVALENCE (Reference 20)

!'

Particle -Type Displacem.nt Equivlences, O(hFE

Particle Type
and Alpha Particle Proton Neutron Electron Ganma Ray

Energy (5 Mev) (1 Mev) (Reactor Spectrum) (1 Mev) (Co60)

AlphaParticle 1 3.5 1.4x102  713 1.5 x 105
(5Mv)1.x17x0

Proton 9 x 10 1 4x10 *2x 103 4.3 x 104
(1 Mev)134

Neutron 71x103 2.5x10 2  1 *5x101 1.1x103(Reactor)

Electron -4 *104 5x 10 *2.0x 102 1 '2.2x 101(1 Mev)

Gamma Roy 6.7x10-6 42..3'x105 9.x*4.5x102
(CWTan)sistor0cons of00.917 m-

Transistor cans of 0. 17 gm an2
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VI DEPENDENCE OF DAMAGE CONSTANT ON RESISTIVITY,
INJECTION LEVEL AND TEMPERAITRE (Reference 24)

A. RETURN TO 1 =0 .2fK where K = K( p, , T)

B. RECOMBINATION THROUGH A CENTER IN THE FORBIDDEN BAND

1.K Tn(P 0 + P 1 +Afn) + Tp(n 0 + n 1 + An)
1p 0 +n +n

2. Let Tno=-CnR and T
_1

Cp R

CnR p0 + no +6
1

C R
p

n+ nl + 6

p0 + n0 +6

C . TWO LEVEL MODEL

1 1 11. TR ,- 7-
1 Z

- -- - - - - -ERL

---- E 1

+

1

1(fl0 + ) + \ 1 (p0 +p 1 + 6 )

" 1

1 n pn + c( 0 2 1~r
(Po +- P2 +sn

(n 0 + P0 +n
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3 1 CR1
Cni

ap

C 2R,.

np2

1 _

KLN

1a,

n11 +-
n0~

Cp2R2

1 + p 2
Cn2 no

Cn1R1

1 an1 n1
Cpl p0

C nR 2

P21 +-

6. Dependence on injection level

1 C 1 lR 1

1+Cn (4l+ n)

+6 +Cp 2 R2

po n Cn2 po 6 n

7. Temperature Dependence

7.1 n 1 = AT3/2 exp- (EC - E 1 ) /kT

P 2 = BT5/2 exp-(E 2 - Ev) /kT
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7.2

Cp 1R1

C P1
0 n

(n~o (J /2expE58e6(1 Tl-~
0 n n T..T1 TA

Cn2R2
'f

Un2

Cpl no +a
no~ (P2T (T / 2exp[538. 6(1 T) 2

T0 1 E1

8 . Low Temperature A ss ymp to te

1
K'~
n

CR
- p 1 R1  +

C P1  
__ __

-- ( n) + 1

n2 2

C p2no+Sn
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9 . Calculated Curves
9.1

106

(nvt-sec)

1052.0 2.5 3.0

1000/T 0 K
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9.2

O 0

0

z
0

U
W,

u

C N
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10. Silicon Constants

R1 Cp1 = 0.357 x 10-6 (sec n/cm 2 )- 1

R1 C n = O.40 x i0-5 (sec-n/cm 2 )- 1

R 2= o.68 x 10- (sec-n/cm2 )1
R 2= 0.76 x 0- 6 (sec-n/cm2)_1

n 1 =2.Oxl014cm -

P2 =1.35x1013cm

1 .h4+ 8.6910 p + 102"10 -3p2

1 + 3.8.1o 2

K 2.1 + 0.18 p + 9.0.10-5 p2

KLP -
1+1.4+"102p

11. Germanium Constants

RC = 4.4 x10

R 2= 92 x io8

RlC Nl = 35 x 108

R 2 C N2 = 0.9 x 10_8

E1= 0.28 e v

E2 = 0.32 e v
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VII DEPENDENCE OF DAMAGE PROCESS ON RADIATION
PARTICLE ENERGY (Reference 12 and 13)

A. NEUTRONS

1. Threshold Energy Ed 10 to 30 ev

4E1VJm 4E
2. Let Ed = Ep(x) = n(M+)2  A

EN 200 ev for silicon

3. Above 200 ev ND a En up to 1 Mev

then slowly saturates

4. As EN increases, point defects give way to

clusters. Ep = Ep( X)/2

NAd NEp~ E
5. First order theory Nd =Ed Ep < E

NAd N Ei
Nd= 2E Ep >E

d

Nd = NAod v

6. n(E) + ' (E) = E

6.1 n(E)/E versus En

6.2 R(E)/E versus En



ENERGY GOING INTO ATOMIC PROCESSES AND
NORMALIZED RECIPROCAL LIFETIME DAMAGE CONSTANT

AS A FUNCTION OF INCIDENT NEUTRON ENERGY
101111 , I I ilI1 1 1 101

100

101 10-1$$

100- 
30-2

H

N)

INCIDENT NEUTRON ENERGY (MeV)
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i7(E) vs NEUTRON ENERGY

E

101

1(MeV-mb) = 3.4x 1
rads (Si) per neutron/cm2

3

10,
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7. Assume NR a to ri(E)

8. Neutron Spectra

-'.01 Mev(E)N(E)dE
K~ = a -= 0 e

0.01 Mev N(E)dE

o= aEn(1 - eA/En).

a = 1.02/MeV and A = 3.6 MeV

B. ELECTRONS

1. Threshold for Bulk Damage 0.4 Mev

2. Necessity for relativistic correction

3. Rutherford Scattering

Ep=E lnEP(X)/E
p d pMA)d

4. Point Defects

5. Differential cross section inversely proportional
to electron energy (Reference 22)

IV 100 10s
ENERGY OF ELECTRONS (MV)

FIG. 4 Average value of the damage constant ICversus electron energy for the 2N2102 n-p-n
transistor. Results compared with energy de-
pendence of damage introduction rate for the
0.3 eV energy level from reference 21.
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7. Shielding

8. Gamma Radiation

C. PROTONS

1. Rutherford Scattering

2. Non-relativistic

3. Shielding

4. Energy dependence (Reference 20)

102

PROTON ENERGY (MEV)
Proton Energy Dependence of Displacement Damage (npn Transistors)
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D. IONIZATION

1. a -R+1 aJn

gat

n-n
2. R =o

I-n

p-Po
R 0

,P-type material

,N-type material

pn- p n0

Tp0 (n+nl) + Tr 0 (p+p1)

3. g = k

3. 1 Neutrons rk 4 x 1o13 eh p/cm3 rad( Si)]

3. 2 Charged particle [ k ~~14 eh p/cm 3 rad( Ge)

4-k 'drift = qgA'w5 c

'diff =qgALer'f(.t

t < tp

t < tp,

t ~tp'diff qgAL[ei(m

1/2
-erf ( T J1f2

Itotal -qgA (w c+L n+ LP).

5' =1 Ici Spp effective
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VII MICROCIRCUITS (Reference 13)

A. CLASSIFICATION SCHEME

1. Monolithic

1.1 p-n junction isolated

1.2 S 02 isolated

2. Multiple chip

3. Compatible

4. Hybrid

B. PERMANENT DAMAGE EFFECTS

1. General

2. Gates

3. Flip-Flops

4. Amplifiers

C. IONIZATION EFFECTS

1. General

1.1 p-n junction isolation

1.2 Dielectric isolation

1.3 Other

2. Gates

3. Flip-Flops

4. Amplifier



TABLE I DEVICES STUDIED

Monolithic Multiple Chip Compatible Monolithic Hybrid
Diffused Active and Several interconnected chips Diffused Active Devices Diffused Active and Diffused Active devices with
Passive Devices. containing diffused active with thin film passive passive Devices, thin film interconnects and

p-n junction isolation. and passive devices. devices. p-n junction Si02 isolation passive devices.
isolation.

1MC-201G - 8 (units tested) 1XC201-G -

G MC-201F - 3 8 (unitsteste
A 2

8 A11 - 8 (units testec) 9 RD1(un-t2 (uts10
T SE-115G - 2 5 A7WA - 8 (units tested) RDlll - 2 (units 8214e-
E 3RC-1031 - 6 

3RC401 - 8 " tested 8 (units tested)

S 
4 PF-801T - 2 

8 WX-1 - 1 (unit tested)

4PF-800T - 2

F
L

P MC209G - 2
2S2 1 0M8107 -

F 3 E124K - 2 
7 PC-8 - 8 

8 A16 - 8 Not available 8 (units tested)
L 3 SE124G - 6 -
0 5SN337A - 2
S

A
M IMC1525G - 9 "1"
P 2 1MC1527-G-
L SE500K - 271 8 (units tested)

5 N3514 -2 PC-12- 8NM3401 - 8 (units 10
F 6 tested) 8 (units tested)I NM1024 - 3 6 NM2021 - 8 (units
E 6NM200 2 - 2 tested)
R
S

Note: The superscript before the device description refers to the following manufacturer:
1Motorola, 2 Signetics, 3 Raytheon, 4 Signetics, 5 Texas Instruments, 6 Norden, 7General Instruments, 8CBS, 9Radiation Incorporated,
10

Varo.

H

H



MC2O1 MONOLITHIC DTL
GATE CIRCUIT VULNERABILITY
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MC1525 GAIN vs NEUTRON DOSE
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COMPARISON OF PHOTOCURRENTS AS A FUNCTION
OF DOSE RATE IN A MICROCIRCUIT TRANSISTOR

ELEMENT AND AN EQUIVALENT DISCRETE TRANSISTOR

RG -m

MICROCIRCUIT
TRANSISTOR
ELEMENT

APP\

-0

-EQUIVALENT
TRAN SI STOR

y



1-356

rz

z

U,

z

z
0

0
U)

U)

0

0 *

0*

0
0

0 *

o

o *

O~j
0~

0

0
U

C/)

U)

0)

0

0

H

E-4

z

H4

H

H

0

z
U

U

z
z
0

-4i

w-

U)
z
0

Ul)

0

-

0
*

*0
*

0

00

o *

0 0

0

0
0

UC)

U)

0

0
U)

0
H

0

0
.4

H
H
Ul)



REFERENCES

1. "Integrated Circuits" R. Warner and J. Fordemwalt
McGraw Hill, 1965 pp 88

2. Motorola Integrated Circuit Course (1964) Vol. II,
Chapter 19 and pp 19-6

3. "Fundamentals of Semiconductor Devices" Lindmayer and
Wrigley, D. Van Nostrand Co. 1966 p 143

4. "Electrons and Holes in Semiconductors" W. Shockley,
Van Nostrand Co. Aug. 1956, Chapter 12

5. "Statistics of the Recombination of Holes and Electrons"
W. Shockley and W. Read, Phys. Rev. Vol. 87, No. 5,
Sept 1952 pp 835 - 842

6. "Silicon Semiconductor Technology" W. Runyan,
McGraw Hill, 1965, pp 177

7. "Transistor Engineering" A. Phillips, McGraw Hill,
1962, Chapter 10

8. "Current Gain Degradation due to Displacement Damage
for Graded Base Transistors." G. C. Messenger,
Proc. IEEE, Mar 1967, p 413

9. "Carrier Generation and Recombination in P-N Junctions"
C. Sah and R: Noyce, Proc. IRE, Sept 1957, pp 1228-1243

10. "Fundamentals of Semiconductor Devices" Lindmayer and
Wrigley, D. Van Nostrand Co. 1966, p 241 and Chapter 7
Section 3

11. "The Effects of Neutron Irradiation on Germanium and
Silicon" G. Messenger and J. Spratt, Proc. IRE
June 1958, pp 1038-1044

12. "Displacement Damage in Silicon and Germanium Transistor"
G. C. Messenger, IEEE Trans. on Nuc. Sci. NS-12, No. 2,
April 1965

13. "Radiation Effects on Microcircuits" G. C. Messenger,
IEEE Trans on Nucl Sci, NS-13, No. 6, pp 141-159

14. TREE Handbook, Battelle Memorial Institute, July 1966
Section E

15. "Radiation Damage to Solids" Billington and Crawford,
Princeton Univ. Press, 1961, Chapter 7

1-37



1-38

16. "Surface Effects of Radiation on Semiconductor
Devices" J. Mitchell and K. Wilson, BSTJ, January 1967,
pp 1-80

17. "Displacement Damage in MOS Transistors" G. C. Messenger
and E. J. Steele, IEEE Trans. on Nucl Sci, NS-12, No. 5,
Oct 1965, pp 78-82

18. "Radiation Damage in Solids" Billington and Crawford
Princeton Univ. Press, 1961, Section 9.9 pp 344-348

19. "Fundamentals of Semiconductor Devices" Lindmayer and
Wrigley, D. Van Nostrand Co., 1966, pp 178.

20. "Energy Dependence...... Semiconductor Devices" R. Brown
Conf. on Radiation Effects on Semiconductor Devices,
Toulouse, France, Mar 7-10, 1967.

21. "Disordered Regions in Semiconductors.... Neutrons"
B. Gossick, JAP 30 p 1214 (1959)

22. "Correlation of Radiation Damage....." S. Brucker
Conf. on Radiation Effects on Semiconductor Devices,
Toulouse, France, Mar 7-10, 1967.

23. "Transient Annealing......" H. Sander and B. Gregory,
IEEE Trans. on Nuc. Sci., NS-13, No. 6, pp 53-62.

24. "A Two Level Model......." G. C. Messenger, Conf. on
Radiation Effects on Semiconductor Devices, Toulouse,
France, Mar 7-10, 1967.

25. "Semiconductor Surfaces" Many Goldstein and Grover,
John Wiley, 1965



CURRENT GAIN DEGRADATION DUE TO DISPLACEMENT

DAMAGE FOR GRADED BASE TRANSISTORS

George C. Messenger



Introduction

Current gain reduction for graded base transistors due to
displacement damage has been discussed using homogeneous base design
equations. 1 An effective basewidth

W' = W

1 + 1nNDE

NDC

was suggested as an appropriate first order correction factor to in-

clude the contribution of the built in field. A consequence of this
assumption was that lifetime damage constant could be determined for
both homogeneous and graded base transistors by measuring the change
of reciprocal current gain as a function of flux and using the rela-
tionship

K =0.2 0

An accurate expression for intrinsic current gain applicable to both
homogeneous and graded base transistors will now be obtained. The dif-
ference between the radiation response of graded base and homogeneous
base transistors will be discussed in this light. Using the same re-
lationship to determine lifetime damage constant for both graded and
homogeneous base transistor will be shown to permit a very good approx-
imation.

Theoretical Development

At low frequencies the intrinsic transistor is described by2

e= all *E ~al 2 V*C (1)

Ic = -a21l*E + a22*C '

where e

EC kT

IE,C are emitter and collector currents, VE,C are emitter and col-
lector voltages and the as are admittance matrix parameters. The
matrix parameters are shown in Table I.

2-1
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TABLE I

Functions of the Conductance Matrix Elements Applicable
to Both Homogeneous Base and Graded Base Transistors

all
AD q p

a1 2

ADP q Ph

a2 1

ADp q pc

a22

AD gi pn

a coth oW + n-
2W

cx csch oW

Tk

iTk a csch aW

a coth W - -
2W

W2 2
1 + +.-n+ + -

2L 2  2 8
p

w

(1 +WiW k 6Lp 2

-k (1 +W
6L

2

2

~T)

2
)

2 2
W1 n n

l -.+ -2- -+ -
2L 2

p

w

In Table I, a =
2p

N

k=- , n =lnk,L = T,

NDC p p

W is transistor base width, NDE is donor density in the base near
the emitter, NDC is donor density in the base near the collector,
L is hole diffusion length in the base, D is hole diffusion con-

p p
stant in the base, and T is lifetime in the base. Current gain

a21 _

all 1 + p

Using the expressions in Table I, an expression for l/p can be ob-
tained.

1 1 2 W2  2nn2

- = k 8 . . . + 2 - k ( 21 + +
p l _kp2L2 Ek 2

2
W I -1

)] , 1
(2)
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This expression applies for homogeneous base transistors (k = 1,

n = 0) and graded base transistors (k,~ 10, n ---2.3).

Application to Displacement Damage

For a transistor whose base lifetime has been substantially
degraded by displacement damage, T = K/O where K is lifetime
damage constant and 0 is radiation fluence. Now,

( -~ - ~ ) _W2 1 n

(D 2DpK k 6k

Usually, W2 /2Dp is calculated using a measured value of current gain
cut-off frequency, f . An expression applicable to both homo-
geneous and graded base transistors is,

4
2 0.2 [1 +(-)3]

2D f
p- a

Therefore, for both homogeneous and graded base transistors, lifetime

damage constant is given by

0.2 (k + --- )[1 + ()~1]Q
K = (tj 6)i

fa -l -f0 (l -@i)

0.2 F(n) CD

_fa(p -l p~1)

The function F(n) is unity for homogeneous base transistors as
expected. The variation of F(n) with k is shown in Figure 1.
Notice that F(n) is approximately unity for values of k up to
ten and has only dropped to 0.72 for a k value of one hundred.
Thus ,

K = 0.2
f (p~ -l)

a 1i

is a valid approximation for graded base transistors.
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Conclusion

An admittance matrix and a current gain expression valid for

both homogeneous and graded base transistors in the radiation environ-

ment has been obtained. Examination of the determination of lifetime

damage constant K from the rates of change of current gain with flux

has shown that the relationship previously used for homogeneous base

transistor can be extended to graded base transistors without appreci-

able error.

1.0

0.9

0.8

0.7

0.6

2 3 4 5 10 20 30 4050 100

Figure 1. F(n) as a Function of k.



A TWO LEVEL MODEL FOR LIFETIME REDUCTION PROCESSES

IN NEUTRON IRRADIATED SILICON

George C. Messenger



Introduction

A two level model for recombination processes in neutron

irradiated bulk silicon and silicon devices is proposed. This model
explains the large body of published experimental data much better

than the previously used single level models.

Previous investigators have established that damage centers

produced by fast neutrons are complicated defect clusters which give
rise to a number of energy levels within the forbidden band1'2,

Recombination processes have usually been analyzed in terms

of a single recombination level. The two levels most frequently dis-

cussed are at approximate y 0.18 eV below the conduction band and 0.31
eV above the valence band '5; although other levels have been occasion-

ally mentioned.

Curtis has recently shown that lifetime degradation does

not depend on the type of dopant or the oxygen concentration; further,
damage constant vs resistivity curves do not obey the single one-
level Hall-Schockley Read theory.

The two level model will be developed.by assuming that the

net effect of all the levels in the upper half of the band can be
approximated by a single level and, similarly, all the levels in the

lower half of the band can be approximated by another discrete level.

In keeping with the experimental results, these levels are assumed to

be independent of dopant and oxygen concentration and therefore must

operate simultaneously in both p- and n-type material. They will

be assumed to act independently so that reciprocal lifetimes are ad-

ditive.

The statistical data recently reported by Curtis is used to
determine the constants of these two "average" recombination centers.
A level is found 0.265 eV below the conduction band and another level
0,31 eV above the valence band, Previously an 0.265 eV level has
been observed from photoconductivity measurements1 ; it has not been
determined from recombination measurements. It therefore, seems like-
ly that this is an "average" level which in effect integrates the
contribution of several levels in the upper half of the band. Several
experimenters have attributed recombination effects to a level 0.31
eV above the valence load, and this level has been found in photo-
conductivity measurements. It seems probable that this is a dominant
discrete level, even in the highly disordered cluster region.

3-1
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Calculated curves of lifetime damage constant as a function

of resistivity, temperature and injection levels for the two level

model are presented. The higher values of damage constant deduced by
device experiments as compared to those found by material experiments

are adequately explained by the variation of lifetime damage constant

with injection level.

Development of the Two Level Model

If the reciprocal lifetime after irradiation 1is used to

define a lifetime damage constant K , resulting from two recombina-

tion centers

1 _ l L +

TK T1  T2

A straightforward application of Shockley-Read statistics6 leads to a

general formulation for the damage constant:

11(1)
K 1 no + nl+5n 1 (Po + Pl + Sn)

C R n +p + n nlR1 (no + po + Sn )
p11 o n Cn+p+

+ 1

1 (0 2 n)+ 1 (Po+p 2 + n)

Cp2R2 no + po + Sn Cn2R2 (no + Ib + 5n)

Here no and p are the equilibrium electron and hole densities in
the silicon n1 , p 1 , n2  and p2  are electron and hole densities re-
sulting if the Fermi level coincides with the recombination centers.
Notice that the combined effects of injection level, resistivity and
temperature are implicity contained in this expression.

Experimental Determination of the Constants

The variation of damage constant with resistivity at low
injection levels has been measured by Curtis. Equation (1) simplifies
to

1- ____ p2  
(2a)

K 1+ n 1 +

0 Cn2 no
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1 CnlR C nR2

KLP C n1  p2(2b)
1 +---- 1+--

Cpl p0  p0

for the low injection level case in n- and p-type silicon respectively.
Figures 1 and 2 show Curtis' experimental data fitted to equations (2a)
and (2b).

Values of the experimental constants determined by a least
square analysis are shown in Table I.

Variation of Damage Constant with Resistivity and Injection Level

Using the experimentally determined constants, a plot of
damage constant as a function of resistivity and injection level is
made for both n- and p-type silicon in Figure 3.

Damage constant has an asymptotic value at very low resis-

tivities and then tends to increase as resistivity increases. The
maximum dependence on resistivity occurs at very low inject on levels;
at very high injection levels damage constant approaches 10 nvt-sec
independent of resistivity. The low resistivity low injection level

damage constant asymptote for n-type material is (CfR1 + C 2R2)~
whereas the asymptote for p-type material is (CnlR 1 + Cn2R2 ') 1. This
is the source of the basic difference indanage constant for n- and.
p-type silicon material; p-type material is basically more resistant

to neutron radiation damage.

Damage constant increases with increasing injection level
for resistivities less than about 100 ohm cm. This includes most
material of interest to device manufacturers. Experimenters have
usually deduced lifetime damage constant on material samples by de-
termining the degradation rate of low level lifetime with flux where-
as device experimenters have measured the rate of current gain de-
gradation with flux usually at injection ratios in the neighborhood
of one. The higher values of damage constant consistently reported
by device experimenters compared to material investigators are ex-
pected based on the increase in damage constant with injection level.

Variation of Damage Constant with Temperature

Temperature dependence is introduced explicitly in equation
(1) by expanding n1 and p2 . The resulting equations are normalized
to room temperature yielding,
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1 pl

Kp Cp1  Sn Po fl
+ ( )()T

Cnl po+Sn po+n Po 1

(3a)

T 3/2xT
(--) exp(38-6(1 - - ) ]

+

1
KN

Cn2 Sn PO p2 T 3/2T1
(_ )+ 1 +( (-)(--)T T1(/-) exp[38.6(1 - -)AE2]

Cp2 Po+6n po+n po 1 TiT

CpR
p1 1

(3b)Cpl

Cf 1l

n n

(n+6n )+l+(n+8n l) )/2exp[38.6(1 - Tl)AE

C R2
Cn2 Sn n2 2

C 2 + +( n ) (-)Tl .(-) [exp 38.6(1 - T)E1 2
Cp2 no6n ng+n no lT-Y

These equations are relatively complicated. Therefore, a
computer run was made at a number of different resistivities varying
both temperature and injection level. A typical set of curves is
shown in Figure 4 where KN , and K are plotted against for
various resistivities and injection levels.

Several important characteristics are evident in these
curves. As the injection level increases the value of K at low
temperature increases and the value of K at high temperature de-
creases, The apparent slope decreases as a function of increasing in-
jection level. Therefore, in experiments where the slope of this line
is used to deduce an activation energy, one must be sure to consider
the effect of injection level.

Substantially different values of energy levels result when
experimental curves are fitted to a two level model rather than a one
level model even after injection level effects are properly considered.

The variation of lifetime damage constant with temperature
increases substantially as resistivity increases. At very low re-
sistivities, lifetime damage constant becomes relatively independent
of temperature in the temperature range from 250*°K to 500*°K.
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Previously, data showing relatively constant values of life-
time below room temperature have been attributed to trapping effects0
Equations (5a) and (7b) show that both a finite injection level and a
second recombination center can cause this effect. It is instructive
to examine the low level asymptote for several approximations*,

1

n

C 1R1
pll

CR~pl Sn
--- 1 )+1

C no+ n0 +1
Cnl n

C 1 R1 + Cp2R2

C R

+ n2 2n

Cp2 no+8n

(no approximations (4a)

1
K **
n

( =0) (4b)

1

K **
n

C R
Cpl Rl

Cpl S
1 1 1

Cnl no+6n

(one level model)

(one level model
a n

and no =0)

(4c)

(4d)
1 _
nCp1Ri
n

Experimental Verification

The two level model has been used to compare experimental and
calculated results for low level lifetime vs. temperature on a number
of different samples0  The agreement is generally good and reflects the
same degree of scatter as is inherent in the basic data in Figure 1 and
2 which were used to derive the constants. An example of this is shown
in Figure 5.

The two level model has been used to compare experimental and

calculated results for transistor current gain as a function of injection
level and temperature for both p and n base units. Again, the degree
of scatter between calculated and experimental results. is consistent
with the accuracy of the basic determination reflected in Figures 1
and 2. In addition, however, there seems to be a systematic error
which results in the calculated damage exceeding the measured damage
by a factor of about 1.5. An example of this is shown in Figure 6.

*This will be done for n-type material; the extension to p-type
is obvious,
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Summary

A two level recombination model for neutron irradiated silicon
has been set forth which adequately explains the temperature, resistiv-
ity and injection level dependence of recombination processes both for
transistor and material samples. The level in the upper half of the
band appears to be an "average" level as opposed to a discrete level
and probably indicates that contributions from several levels are impor-
tant. The lower level has been previously identified as a dominant
recombination level; this analysis strengthens that conclusion. Pre-
dictions based on this model are probably good within a factor of two
which is all that is expected within the present state-of-the-art.
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TABLE I

Parameters for the Recombination Centers Determined
by a Least Square Fit to Curtis ' Low Level

Lifetime Damage Constant Data

R1 Cp = 0037 x 10-6 (sec-n/cm 2 ) 1

R1C = OO t0 x to-5 (sec n/cm2 )-1

R2 Cn2 = o.68 x l0-5 (sec-n/cm 2 )- 1

R nC = 0.76 x 10-6 (sec-n/cm 2 >1
-

n 1 =20OxlO 1cm_&

p2= 1.5 x 1013 cm-5

1.+ 8061o- 2 p+ l.2*o-p
K - p -2LN _-

1 + 3.8.10 p

K_ 2.1 + 0.1 8 p + 9.o0-0p2
KLB +. 02

1 + i4'io p
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P (0- cm)

Figure 3. Lifetime Damage Constant Kn, Kp vs Resistivity for

Various Injection Ratios, x = 6n, R. Equation (1)
no po

is plotted with constants from Table I.

on = 5.0 x 101 5 /no and pp = 2.5 x 101 6 /p 0 .
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Introduction

When a silicon transistor is exposed at room temperature to a pulse of fast neutrons, the common

emitter current gain is initially reduced to a value considerably lower than the stable gain to which the

transistor recovers within several seconds or minutes after irradiation. 1 These results are especially

significant to the circuit designer since it is evident that circuits required to function immediately after

a pulsed neutron exposure must not only be designed to function properly with the reduced gain value that

exists shortly after irradiation but also to function under transient gain conditions. These design re-

quirements place significant limitations on the radiation tolerance that can be achieved in certain classes

of electronic circuits and systems; consequently, it is very important that these effects be quantitatively

related to device operating conditions, e. g., temperature and injection level, and understood in terms of

fundamental annealing processes in bulk materials. An attractive aspect of this study is that it provides

an additional tool to probe the nature of neutron damage in silicon. The kinetics of the annealing processes

involved can convey much information about the initial and final damage present following neutron irradi-

ation.

In this work, experiments will be discussed which conclusively show the transient annealing (rapid

annealing) observed in neutron-irradiated devices to be due to bulk, rather than surface, processes. Addi-

tional experiments are discussed wherein transient annealing has been studied in silicon transistors, solar

cells, and other semiconductor devices as a function of both temperature and injection level. For the con-

venience of circuit and systems designers, the transistor data in this paper are presented in the form of an

Annealing Factor1 which may be defined as the ratio of the radiation-induced defect density at the time t to

the density of stable defects that do not anneal. This is equivalent to defining this parameter as @*(t)/b,
the ratio of the effective neutron fluence, @*(t), required to produce the damage observed at time t, to (,
the actual fluence. Consequently, transistor current gain at time t can be obtained from existing gain

degradation curves by utilizing the effective fluence, &*, which is the product of the actual fluence (D and the

annealing factor at time t.

The existing information about neutron damage in silicon is summarized and employed, along with

present results, to obtain a preliminary prediction of the processes important in annealing of neutron

damage. These processes are subsequently employed to derive a model for transient annealing in silicon.

Various kinetic processes are discussed in this derivation, including both diffusion-limited and generation-

limited processes. The results of this model are then compared with experimental data presented in this

paper. The successes and failures of this model are also discussed.

*
This work was supported by the United States Atomic Energy Commission.
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Experimental Annealing Investigations

Since transient annealing in devices is a relatively new field, experiments have been conducted to (1)

deduce the origin of the annealing phenomenon, i. e., differentiate between bulk and surface annealing, and

(2) provide detailed experimental data from which the fundamental nature of the annealing mechanisms can

be ascertained.

A. Bulk Annealing Versus Surface Effect Experiments

In the original disclosure of transient annealing, several experiments were described which supported

the conclusion that the observed damage recovery is the result of defect annealing in the bulk silicon and not

a surface effect. First, transient annealing results were compared for transistors with gas -filled encap-

sulations and transistors with evacuated encapsulations. These experiments indicated that the transient

annealing characteristics of both the evacuated and gas -filled devices were nearly identical and, therefore,

showed that surface effects produced by gas ion contamination at the surface were not significant. Second,

the possibility that a surface effect produced by ionization in the oxide layer is responsible for the observed

recovery was explored by varying the neutron-to-gamma ratio of radiation source. Although this ratio was

varied by a factor of 3, no difference in the annealing characteristic was observed.

To validate further, the results reported earlier, two additional experiments have been performed. If

the transient annealing effects observed in transistors were due to ionized particles trapped on the transis-

tor surface, thereby producing surface channels, the transient effects should also be observed following

exposure to a pulse of X rays. To check this possibility, both irradiated and unirradiated transistors were

exposed to 30-nanosecond X-ray pulses from a 2 MeV flash X-ray machine. These exposures produce the

same dose (-1200 rads (Si)) as that achieved at the Sandia Pulsed Reactor (SPR) during a typical transient

annealing experiment. No evidence of transient gain recovery was observed in these experiments.

The solar.cell, which may readily be employed to measure radiation changes in diffusion length, is

known to be much more independent of surface problems than transistors because of its large active-volume-

to-perimeter-area ratio. Consequently, measurements were made of the short circuit current output of

illuminated P on N and N on P silicon cells as a function of time following exposure to neutron bursts. The

result of a typical room temperature exposure, shown in Figure 1, illustrates that solar cells also exhibit

transient annealing and require nearly 104 seconds to reach a stable condition. This extremely long time

for completion of the transient recovery is similar to that obtained for transistors operated at similarly low

injection levels.

For penetrating illumination, the short circuit current of a solar cell is linearly related to the base

region minority carrier diffusion length, L. Assuming only small changes in carrier mobility upon irradia-

tion, diffusion length may be related to the effective recombination center density, Ne, by the expression

~N .(1)
L2 eff

*
The SPR is a bare, critical assembly providing an intense, 50-microsecond pulse of fission spectrum

neutrons.
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If the data shown in Figure 1 is reduced according to the inverse square function indicated in Equation 1, one

observes an approximate 40-percent reduction in effective defect density during transient annealing. This

value is consistent with the amount of annealing typically seen in transistors at this temperature and injec-

tion level.

Although a solar cell is relatively free from surface problems, there are ways in which surfaces can

influence these measurements. In this device, recombination at the peripheral surfaces may be neglected.

However, front surface recombination may not be negligible if measurements are made with light containing

nonpenetrating wavelengths. This light is strongly absorbed in the diffused surface region of the cell and

produces a surface component of current which can be modulated by changes in the front surface recombina-

tion velocity. Experimentally, no difference is found in the relative magnitudes of the transient and perma-

nent damage for penetrating or full spectrum tungsten.light. Hence, one can conclude that changes in

surface recombination are not responsible for the observed transient annealing and that it must be a bulk

effect.

B. Temperature and Injection Dependence of Transient Annealing

As stated in the introduction, it is necessary to understand both the temperature and injection

dependences of the transient annealing phenomena in order to predict the importance of this effect in any

particular device operating condition. Furthermore, the variation of the annealing curves with these two

parameters is an important key to understanding the physical processes involved.

In order to separate the temperature and injection dependences, experiments were performed where

the collector current was applied in constant amplitude pulses of 10 s duration. By varying the magnitude

and repetition rate, the average injection level could be varied over a wide range while maintaining essen-

tially equal junction and case temperatures. Base current measurements were obtained for three repetition

rates (100 Hz, 1 KHz, and 10 KHz) at four temperatures (213, 268, 300, and 348*K) with a peak collector

current of 2 ma. These measurements were also performed at room temperature with a peak collector cur-

rent of 10 ma.

Typical results for the Fairchild 2N914 NPN silicon transistor are shown in Figures 2 and 3.

Figure 2 shows annealing factors versus time following a 1. 8 x 1013 NVT (E > 0. 01 MeV) exposure at each

of the four temperatures. Figure 3 shows results for the same temperature and fluence but with a repe-

tition rate of 10 KHz instead of the 100 Hz rate used to obtain Figure 2. The rather strong temperature

dependence at the lower temperature is clearly shown in each of these figures. Figure 3, for example,

shows that at 3480
K, an Annealing Factor of approximately 2 exists at 10-4 seconds. However, at 213*K,

the Annealing Factor at 10-4 seconds is approximately 5. These data indicate that a system designed to -

operate at temperatures below room temperature must accommodate a much larger Annealing Factor than

had been reported previously. This result is especially significant when it is recognized that the tempera-

ture range reported here is nearly identical to the standard Military Specifications (-55 to +75'C).

To obtain an estimate of the annealing which occurs in the absence of injection, experiments were

performed where the collector current was terminated from +1 second to +101 seconds after the neutron

exposure. At all four temperatures, annealing was observed to continue, although at a much reduced rate,

in the absence of injection. A sample of these results is shown in Figure 4. For an average collector cur-

rent of 20 ya, approximately 65 percent of the transient annealing at 300*K appears to be due to injection

dependent processes.

4
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The results of pulsed measurements using both 2 ma and 10 ma peak collector currents are compared

in Figure 5. These data also indicate that the rate at which annealing takes place is strongly dependent upon

the average injection level. For an average current of 2 pa, one observes annealing rates which are

approximately 100 times smaller than for an injection level of 1 ma average current. It should be empha-

sized that devices which are in the nonconducting state will anneal quite slowly and, therefore, recovery in

some classes of electronic circuits can require relatively long annealing times.

C. Low-Temperature Studies

An experiment which illustrates the effects of injection at low temperatures was performed employing

a transistor capable of operation in liquid nitrogen. This device, having a pre-exposure current gain of

approximately 40 at 76*K, was exposed to a neutron burst, and its transient gain recovery was observed at

76*K. The collector current was then terminated for a time interval of several seconds. The gain recovery

ceases during the time the injection current is thus removed. When current is again applied, the gain

recovery (annealing) continues.

Similar results are obtained with silicon solar cells. Two P on N solar cells, one cell operating at

76*K and the other at 313*K, were exposed to the same neutron burst and their output currents observed.

Illumination (injection) was then terminated shortly after the neutron exposure. During the absence of

illumination, no recovery was observed in the cell at 76*K. However, the cell at 313*K annealed appreciably

during this same time period. These results, shown in Figure 6, are nearly identical to those observed for

N on P solar cells.

It can be seen in Figure 6 that the low-temperature curve is still changing rather rapidly at 103

seconds, much more so than the 313*K curve. Therefore, to compare the total amounts of observable

annealing at these two temperatures, the device held at 76*K was warmed to room temperature, and then

returned to 76*K for a final measurement. Although the total observed recovery is considerably greater in

the device irradiated at 76*K than in the device held at 313*K, it should be emphasized that annealing takes

place more rapidly at the higher temperature and a considerable amount of annealing could take place before

the earliest 313*K measurement.

At 76*K, results of gamma irradiation2 of silicon solar cells indicate that injection of minority

carriers following irradiation also produces recovery in the device diffusion length. Recent transient

experiments have been performed following gamma irradiation of such devices to compare (or contrast) the

form of the annealing in this case to the neutron results at the same temperature. These gamma irradiation

experiments were performed by irradiating the sample in the dark and then observing the transient anneal-

ing after the sample is exposed to an illumination source. In Figure 7 the transient annealing of both gamma

and neutron damage is shown for P/N devices. One observes a striking difference in the two curves. The

gamma damage annealing looks very much like a simple kinetic process, such as one might expect for the

annealing of point defects. The neutron annealing, however, is a much more slowly varying function which

obviously cannot be described by a single first or second order process.

An attempt was also made to observe transient annealing following exposure of solar cells to intense 30-

nanosecond pulses of 1.5 MeV electrons (-5 x 1013 electrons/cm2) at room temperature. No annealing was

observable following such irradiations of 315
0
K for times greater than 50 u1Fs. Noise problems associated with

the pulse generation and lifetime effects prevented observation of the device output at times less than 50 jss.
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D. Other Factors Influencing Transient Annealing

Annealing factors have been found to differ for various device codes, even for devices operating at es-

sentially the same current density. This difference appears largest when comparing high-power, low-

frequency devices to the lower power, high-frequency devices. As both doping level and impurity content

may differ in the high- and low-power devices, these parameters may be significant in influencing transient

annealing. Presently, however, insufficient data exist to justify any conclusions concerning a doping level

or impurity effect.

E. Transient Annealing in Other Semiconductor Devices

Transient annealing is also observed in silicon controlled rectifiers. A plot of both "on" and "off"

firing voltages versus time during the transient annealing period is shown in Figure 8 for an SCR, as

obtained by the circuit in the inset of the figure. The exposure was carried out at room temperature.

While no attempt has been made to reduce these data into the form of annealing factors, it is evident that

annealing factors prepared from these data would be comparatively high, due in part, no doubt, to the rela-

tively low current density employed in this experiment. Note that the time for recovery compares with that

for transistors and solar cells.

The Nature of Neutron Damage

The previous sections clearly illustrate that transient annealing does occur in neutron-irradiated

silicon at temperatures near room temperature. Furthermore, the experiments show this effect to be of

bulk origin and to be unique to neutron damage at room temperature. To understand the phenomenon fully,

it is most important to understand the difference between neutron damage and 2 MeV electron or gamma

ray damage since this difference must be responsible for much of the behavior characteristic of neutron-

damaged materials.

When a semiconductor crystal is exposed to a fluence of fast neutrons, it is known that a certain frac-

tion of the neutrons will collide with crystalline atoms while transiting the crystal and produce high-energy

recoil atoms. These energetic recoils then dissipate their energy by displacing and ionizing other crystal-

line atoms. The secondary and higher order displacements associated with a neutron encounter will be

distributed over a distance in the crystal approximating the "range" of the primary recoil atom. Therefore,

one observes that "regions" of disorder may be created in the crystal by neutron encounters. The physical

details of such a "cluster" of damage depend primarily on the range and energy of the primary recoil atom.

If said range is short, such as is appropriate for a high-Z semiconductor, the cluster region will be rea-

sonably small. In this case, the host material may actually melt in the region of the encounter and sub-

sequently regrow, leaving behind only a small amorphous region.

This is believed to be the case for germanium since electron diffraction patterns of germanium given

large doses of energetic heavy ions, approximating Ge recoils from neutron encounters, are characteristic

of amorphous material. Such clusters have been seen directly in n-type germanium by electron microscopy
04

and observed to be approximately 100 to 200 A in diameter.4

Although there is little direct evidence for the existence of damage clusters in silicon, a wealth of

electrical data supports the cluster theory. For example, it is known that the carrier removal produced by
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neutron irradiation at 76*K is independent of crystalline impurity content in both p- and n-type material.5

This result is in direct contrast to the case for 2 MeV electron-irradiated, n-type silicon, 6 where the

defects are known to be introduced predominantly as point defects. Furthermore, the carrier removal rate

remains essentially independent of impurity content even at temperatures up to 270*K. The one exception

to this impurity independence occurs in n-type silicon, where the carrier removal rate varies by approxi-

mately 50 percent with varying oxygen concentration, 4 the higher rate being applicable to material with low

oxygen concentration. However, even this difference is small compared with that found for electron irradi-

ation in the same materials. Other evidence supporting the impurity independence of neutron damage has

been obtained by Curtis and co-workers8 in room temperature lifetime degradation studies.

Also supporting the cluster theory is the very slow minority carrier trap observed in neutron-

irradiated silicon at temperatures below approximately 180*K. 9 This effect, which appears as a slow decay

of the excess conductivity following the termination of excess carrier generation, is not found in 2 MeV

electron or gamma-irradiated materials. Such behavior can be qualitatively explained by a cluster model

for silicon similar to that proposed by Gossick10 for germanium.

Considering the electrical evidence to be sufficient to justify the cluster model, several statements can

be made about cluster annealing. As indicated above, observations of carrier removal in neutron-irradiated,

n-type silicon at 270*K show a slight dependence on oxygen concentration. Presumably this dependence is an

indication of partial cluster decomposition even at this temperature. Other evidence that such decomposition

of clusters does occur below room temperature results from IR absorption studies. In these studies, Whanl
1

has neutron-irradiated silicon samples at -50*C and monitored the silicon A center (836 cm-1 band) as a

function of annealing temperature following irradiation. The observations show a steady growth in A center

density as the temperature is raised, indicating that vacancy generation occurs in the crystal, probably at

the cluster.

Consistent with these results, one observes that the above discussed minority carrier trapping effect

in neutron-irradiated silicon becomes less important upon isochronal annealing to room temperature. Stein

has observed that the trap begins to anneal at 130*K and continues to anneal until approximately 400*K,

where it is virtually gone. If this phenomenon is cluster associated, as presently believed, its annealing

is strong evidence that the cluster does break up over this temperature range.

Theoretical Models for Cluster Annealing

The above electrical measurements on neutron-irradiated silicon indicate that clusters probably do

exist in this material. From range calculations, it can be shown that the maximum dimension of such a
12

cluster in silicon is approximately 1000 A immediately after its creation. However, there are many

details about the cluster, such as its shape, defect density, and initial defect nature, which are virtually

unknown. It may be, for example, that the damage cluster is in the shape of a cigar with its long axis

approximating the primary recoil range. Such a structure was hypothesized by Truell13 to explain results

of ultrasonic attenuation measurements in neutron-irradiated silicon. An additional complication may

exist in the form of a melted and subsequently regrown region at the end of the primary recoil track. This

region could be amorphous, as is thought to be the situation in germanium, and could, for example, supply

defects to the surrounding material as it annealed.

13



If one first treats the case where the neutron cluster consists purely of displacement damage, the

type of defects which should be present initially in and around the cluster can be postulated. The simplest

defects would, of course, consist only of isolated silicon vacancies and interstitials. Close vacancy-

interstitial pairs will probably not exist for any significant time since these are known to be unstable even

at temperatures as low as 76*K. 13 Defect complexes, e. g., divacancies, di-interstitials, etc., may also be

created directly during irradiation because of the production of adjacent displacements inside the cluster.

The number of defects which are created as complexes relative to the number created as isolated defects

depends on the number and distribution of defects created by each encounter of a recoil atom with the crys-

tal. Since these details are unknown, both complexes and isolated defects should be initially allowed inside

the cluster.

In addition to the defects initially present inside the cluster, there will probably be a certain number

created simultaneously outside the cluster. For example, a fraction of the silicon interstitial atoms will

channel out of the immediate cluster region and create a cloud of interstitials around the cluster. Also, a

small number of vacancies may have been created in this region by long-range energetic recoil atoms. In

Figure 9, the primary defects are shown as they might exist immediately after creation of the cluster along

with possible reactions involving these defects.

Since the simple defects inside the cluster are known to be unstable at room temperature, these

defects will react with each other and with other complexes. The likely reactions are:

(1) V + V -+ VV (divacancy formation),

(2) V - I (recombination),

(3) VV + I -+V, II + V -+I, etc. (complex annihilation),

(4) V + 0 -'VO (A center formation), and

(5) higher order complex formation, including trivacancy, VOV centers,

di-interstitials, etc.

Although these processes are probably all allowed, they are not equally important in determining

cluster reordering. Process (2), for example, will depend on the fraction of the interstitial population

which does not channel, while process (4) depends both on the cluster size and oxygen concentration. The

process of complex annihilation, (3), depends upon the number of complexes formed initially. Process (5)

will be less probable than the others, but the defect complexes formed could represent a source which slowly

evolves defects to the bulk and account for the slowly varying portion of the transient annealing curves.

Examining the kinetic processes likely to be involved in the annealing of a displacement cluster, one

observes that the initial stages should be dominated by the internal reordering processes since the reacting

defect densities are highest inside the cluster. Of the processes listed above, the first three will undoubt-

edly be most significant. (Process 4 may be significant in a very dilute cluster.) All should exhibit second

order behavior since the reactions are all bimolecular. However, the reactant concentrations will not nec-

essarily change according to the simple form given by

1/C-l1/C = Kt ,(2)
o A.
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where Co is the initial concentration, C is the total concentration, KA is the rate constant and t is the time.

This form holds only for equal reactant concentrations. Although many of the details of these processes are

unknown, the first approximation would be to merely lump them together into a single process which is as -

sumed to follow simple second order kinetics. This assumption can be checked by comparing the experi-

mental results with Equation 2.

A. Discussion of Experimental Results

If the transient annealing data shown in Figure 3 is examined carefully, there appears to be a distinct

annealing stage occurring in the 213*K curve at times earlier than approximately 5 x 10-2 seconds. This

process appears to be responsible for the annealing which occurs between the initial annealing factor and an

annealing factor of approximately 2. 5. If the kinetic behavior in this region is characterized by a simple

second order process, then the annealing should be described by the expression

1 1
AF(t) - 2. 5 AF(o) - 2. 5 = Mt, (3)

where the slope M is the product of the stable defect density and the rate constant of the process. In Figure

10, the inverse defect density (1/(AF(t) - 2. 5)) is plotted as a function of time for the 2N914 at 212*K. Note

that the data falls reasonably close to a straight line as predicted by Equation 3. As an illustration of par-

ticular second order process, the solid curve shown in this figure represents a prediction based on vacancy-

to-divacancy conversion (assuming vacancies and divacancies to be equally effective as recombination

centers). In this case, the theoretical equation is
1 5

1 1 2 -EA

1Fo 1 = 8/3 rrrvX NNA exp KTt. (4)
AF(t) - 2 2

To obtain the illustrated curve, the following parameter values were assumed:

EA (activation energy) = 0. 33 eV (vacancy in p-type Si),

-8
r (defect interaction distance) = 4. 7 x 10 cm (two interatomic distances),

v (frequency factor) s 2. 1012 (from Watkins),

X (jump distance) = 2. 35 x 108 cm, and

19 -3
NNA (stable defect density) = 6. 3 x 10 cm-.

20 -3
For this value of NNA, the initial vacancy concentration would be approximately 2. 9 x 10 cm , predicting

a cluster diameter (if spherical) of approximately 169 A for a 600-defect cluster (the most probable number

for the SPR spectrum). For a cigar-shaped cluster, a larger maximum dimension would be necessary to

include the same number of defects.

This vacancy concentration inside the cluster is considerably greater than expected. However, there

is doubt as to the validity of using the 0. 33 eV vacancy activation energy since inside the highly disordered

cluster region the vacancy charge state is likely to be different than in bulk material. In fact, an activation

energy of approximately 0. 26 eV is obtained from an analysis of the first stage in the 213*K and 268*K
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curves shown in Figure 3. For this activation energy, a more reasonable initial vacancy density,

5 x 1018 cm-3, yields the calculated curve shown in Figure 10.

Outside the cluster, interstitials and vacancies undergo reactions similar to those discussed above;

however, the concentrations of these defects are undoubtedly lower in this region than inside the disordered

region itself. Consequently, the relative probabilities of the above reactions may be quite different than in-

side the cluster. If, for example, the concentration of radiation produced defects is comparable to or

smaller than the impurity density, the most significant reaction may be the pairing of defects with impuri-

ties, i. e., process 4. These reactions will become significant in the reordering when the higher order re-

actions inside the cluster have neared completion.

In this study, the dominant impurity present is undoubtedly oxygen since most silicon devices are fab-

ricated from pulled crystals. The solar cells employed in these measurements contained a measured
18 -3

oxygen concentration of approximately 10 cm3.

It is observed, then, that the initial phase of cluster reordering should involve processes inside the

cluster where the defect density is greatest, but that later phases of the reordering should be dominated by

processes external to the cluster. One such process is A center formation due to migration of isolated

vacancies to interstitial oxygen atoms. The kinetics of this process have been studied by Watkins
14 

through

EPR measurements of oxygen containing silicon. The vacancy activation energy (0. 33 eV - p-type silicon)
12 -1

and pre-exponential factor (2 x 10 sec ) obtained by Watkins predict halftimes which are within an order

of magnitude of those observed experimentally for the latter stage of the 2N914 annealing characteristic

shown in Figure 3. However, if the vacancy concentration is much smaller than the oxygen concentration,

as in Watkins' measurements, such annealing should be characterized by first order kinetics and an expo-

nential time dependence. This is not observed experimentally, as can be seen in Figure 3. The actual an-

nealing curve varies much more slowly with time than a simple exponential. Furthermore, if vacancy

motion is involved in this stage of the annealing, such motion should be charge state dependent. In n-type

silicon the vacancy moves much faster than in p-type14 silicon and, consequently, the annealing should pro-

ceed more rapidly in n-type material. Also, the effect of minority carrier injection on the annealing should

differ in p- and n-type materials. No such results have been observed. The halftimes for this annealing

stage are approximately equal in both material types. In addition, minority carrier injection has a similar

effect in both material types, i. e., it speeds up the process. It appears, then, that the annealing in this

stage is inconsistent with simple vacancy migration to oxygen. Although other, more elaborate, models in-

volving vacancy motion could possibly be formulated to eliminate the disagreement between experimental and

predicted curve shapes, these models will still be inconsistent with the observed injection dependences.

Consequently, these models will not be pursued further until this inconsistency is substantiated or resolved.

An alternative explanation for this annealing stage could be the migration of interstitial silicon atoms

back to their parent cluster. Upon reaching the cluster, the interstitial could recombine with a vacancy

complex formed during the initial stage of reordering, releasing vacancies to the bulk in agreement with the

previously discussed optical absorption experiments. The migration of interstitials back to the cluster

would be a diffusion-limited process. Hence, the number which would return in a given time interval would

depend both on the initial interstitial distribution and the interstitial diffusion constant, DI.

18



Evidence substantiating the feasibility of this model has been provided by the quenching experiments of

Bemski and Dias. 16 In these experiments, quenching of silicon samples introduced a defect which annealed

at room temperature with an activation energy of approximately 0. 3 eV. The dependence of the observed

annealing on sample dimensions, even in oxygen containing materials, led Bemski and Dias to believe that

the silicon interstitial was being observed. In the interstitial diffusion models the time-varying defect den-

sity inside the cluster can be obtained by solving the problem of defect diffusion into a spherical sink for a

particular initial defect distribution outside the sink. This involves solving the diffusion equation in spheri-

cal coordinates. Simple solutions to this problem, which is discussed extensively in Crank, 17 can be

obtained only for certain very simple initial distributions. For example, a solution can be obtained for the

case where the initial interstitial density, N(r), is given by the expressions

(rNIr)= IO(r) roar<d (5)

and

NI(r) = 0 ; r > d , (6)

where r 0 is the cluster (sink) radius, and d is the radius bounding the interstitial distribution. For this

distribution, the total number of defects in the cluster, Tc, is given by the expression

2 rT (d - ro)-I[-er1l 2(D t)1/2
T = oi T - o *-X( oxpIX 1 +V_ erfcX , X = (7)c co Id 2 

- r 2 ex X2 X XJ (d -r9)

and

I = total number of interstitials.

For a fixed number of interstitials distributed over the region r <r < d, the average interstitial-cluster

separation in the above distribution is larger than if the initial interstitial density varies more rapidly with

r. Consequently, this model predicts a slower annealing rate than would be predicted for a more rapidly

varying distribution over the same total distance d.

The temperature dependence of this process should, of course, be characteristic of interstitial motion.

If the interstitial is quite mobile at room temperature, as required in this model, the temperature depend-

ence is much less pronounced than for a first or second order process involving a higher activation energy

of motion and a much smaller number of jumps.

Consequently, the temperature dependence of the experimental transient annealing is significant in

distinguishing between the above model and one involving possible evolution of defects from large defect

complexes. This latter model could be characterized by a spectrum of first order processes with varying

activation energies. Such a model would be considerably more temperature-dependent than the diffusion-

limited model, since the process activation energies necessary to match a generation-limited model and
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experimental kinetic data would be much larger than the corresponding activation energy required when the

defect is allowed to travel large distances before recovery occurs.

If the initial process at 213*K is subtracted from the total, the remaining process encompasses ap-

proximately 50 percent of the annealing, but it requires much longer times to reach completion. Figure 11

shows a plot of this long time process, as observed in the 2N914 at 268*K. Here most of the initial process

is completed before 0. 1 ms. Also plotted in this figure is the prediction of the theoretical interstitial mi-

gration model discussed above. In this plot, the unannealed fraction (F) of the process is plotted versus

normalized time where the normalization factor for each curve is the process halftime. The experimental

curve is observed to vary more slowly with time than the calculated curve. This would be expected for a

distribution of interstitials around the cluster varying more rapidly with r than assumed above. Also shown

in this figure are data for the 2N914 at 300*K and solar cell data for a P/N device at 313*K. When normal-

ized in the manner shown in this plot, all the data show a similar time dependence.

In Figure .12, the temperature dependence of the 2N914 data has been plotted in terms of the second

stage halftime versus inverse temperature. Although considerable scatter exists in these data, the process

activation energy can be extracted from the slope of the most probable line drawn between the points. By

doing so, a value of approximately 0. 28±0. 05 eV is obtained for EA. The data in this plot were for the

100 Hz measurements, the lowest average injection level available. The higher injection level measure-

ments predicted similar values for EA; however, the experimental scatter. in the data was much more

severe.

To check the consistency of this value of EA with the time dependent annealing observations, the

value of DI necessary to equate the experimental and theoretical processes at their halftime points can be

calculated. If d is assumed to be much greater than r0 , Equation 5 reduces to

0.238d2  
(8)

I t1/2

at t = t1 / 2 , the process halftime. Substituting the halftime value obtained from the 268°K curve of Figure 2,

the relation

D 1=2d
2  

(9)

is obtained. If DI is approximated by the expression18

J 2 /EA
D = v Z exp- -- , (10)I 6 \KT/

the value of d necessary to make the experimental data consistent with the activation energy of 0. 28 eV,

obtained in Figure 12, can be calculated by using appropriate values of X ,- v and the coordination number Z.

Forv y=T, X = 3. 8 x 10- 8
cm and Z = 4 (appropriate for diamond lattice) a value of 8 x 10-

5
cm is

obtained for the distance parameter, d. This value is quite large compared to the likely cluster size

(<10-5 cm). Such a large value of d is questionable since it is greater than the average separation for the

neutron fluence employed. (For 1.8 x 1013 NVT, the cluster separation is approximately 0. 37 x 10 4 cm. )

However, the value of v used in the above calculation is valid only to within an order of magnitude. For

vacancy motion, for example, Watkins has observed a value of vZ = 2 x 1012 sec1 . If interstitial motion
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were also characterized by this smaller value of vZ, a value of approximately 2 x 10-5 cm would result

for the distance d. It can be concluded from these calculations that the value of d necessary to equate the

theoretical and experimental processes at their halftime points is not unreasonable. Unfortunately, it is not

possible to determine this parameter precisely due to lack of knowledge of constants in Equation 10. It is

satisfying, however, that this model with its many assumptions can be made to fit the experimental results

reasonably well. It is believed that the agreement will be increased when more realistic interstitial distri-

butions are employed in the diffusion analysis.

It is possible, however, that interstitial diffusion may be a more complex process than pictured above,

since recent infrared absorption studies1 1 indicate that the silicon interstitial may also be trapped by oxygen

in the crystal. Since the average distance between such oxygen complexes is likely to be much less than

the distance d, derived above, any interstitials at the proper distance from the cluster to satisfy this model

would be trapped before they could arrive at the cluster. However, these absorption studies also indicate

that the complex thus formed is thermally unstable near- room temperature. This is significant since it

means that the diffusion of interstitials back to their parent cluster may be characteristic of trap-limited

diffusion where the interstitial spends part of the time trapped on an oxygen atom and part of the time

diffusing.

B. Injection Dependence

At the present time the least understood aspect of transient annealing is the injection dependence. The

data shown earlier for the 2N914 shows that this dependence definitely does exist and that it is quite signifi-

cant, even at 300*K. By varying the pulse repetition rate in the measurements on this device, the average

injection level was varied without varying the measurement injection level. When the results of these

measurements are superimposed for various repetition rates, as in Figure 5 (300*K), the second annealing

stage, the dominant stage near room temperature, is seen to be quite injection dependent. In the 2N914

(NPN), the annealing rate in this stage depends strongly on the injection level in the base of the device

(p-type region). An increase in either the injection level (pulse height) or pulse repetition rate is observed

to increase the rate of annealing. Only a very small change in EA is required to produce the observed

dependence of process halftime on repetition rate. Unfortunately, values for EA within the experimental

error shown in Figure 12 would be sufficient. Such a change in defect activation energy with injection

level could be explained in terms of a charge state dependent activation energy, similar to that proposed

for the vacancy by Watkins
1 4 

and observed by Gregory2 
in gamma ray damage annealing studies. Recent

studies of injection dependent annealing in both P and N type materials in silicon solar cells (N on P and

P on N devices respectively) have yielded results consistent with such a model. These studies also indicate

that minority carrier injection increases the annealing rate in p-type silicon, greatly reducing the annealing

factor at any given time. Furthermore, as the model requires, in n-type material carrier injection has a

much smaller effect and the small dependence which does exist is in the opposite sense, i. e., an increase

in injection level produces a decrease in annealing rate, or larger annealing factors.

As this discussion indicates, the injection dependence of transient annealing is not yet understood.

However, it is recognized that these effects are significant in semiconductor devices and that they must be

included in any model which explains the transient annealing of neutron damage.
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RADIATION SOLID STATE PHYSICS

Chihiro Kikuchi
Department of Nuclear Engineering

University of Michigan

I. INTRODUCTION

The purpose of the following lectures will be to provide an

introduction to solid state physics to students of nuclear

science and engineering. Solid state physics as a discipline

has been known for many years, but it is only recently that

the general public has become aware of its importance. Thanks

to the press, popular scientific articles and others, terms

such as transistors, Esaki diode, parametric amplifiers, masers,

lasers, etc. Words such as molecular electronics, micro-

electronics and quantum electronics have been coined to describe

this facinating new field of applied solid state physics.

Many solid state devices have already found application

in nuclear instrumentation and no doubt many more will be

found. It is hoped that through the discussion to follow,

students will get an insight into effects produced by nuclear

radiations in solids, and through this understanding to

anticipate future developments in radiation solid state physics.

To limit the scope of the discussion, we shall center

our attention upon the effects of high energy radiation in
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solids, as presented schematically in the following diagram.

Neutrons Target

The target material can be a solid of some kind or another,

such as a solar battery, a NaI crystal, a piece of cadmium

sulfide, or NaF doped with uranium. For our discussions we

shall be concerned primarily with materials such as germanium,

silicon, silicon P-N junctions, cadmium sulfide, and NaI.

A variety of radiations can be used, such as neutrons, c(-

particles, ( -particles, and gamma rays. The bulk of our

discussions will be centered about neutron effects, so that

some of the neutron properties are listed below.

1. Mass : 1.008982

= 1.6747 x 10- 2 4 gm

2. Charge : 0

3. Half-life : 12.8 min.

4. Spin (angular
momentum) : /2

5. Magnetic moment : -1.913148

6. Wave Length

Because of the zero charge and heavy mass, the neutron can

penetrate deep into solids and impart appreciable linear

momentum and energy to nuclei upon collisions. Property (3) is
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probably unimpottant for most experiments in terrestrial

laboratories in which the neutron transit time is very short

in comparison to its half-life. Properties (4), (5), and

(6) are important in neutron diffraction.

We plan in particular to emphasize the effects produced by

thermal neutrons. The bulk of the radiation damage studies

to date have been done by using fast neutrons. However,

effects produced by thermal neutrons in solids, such as NaF

doped with uranium or compounds containing cadmium have not

been thoroughly investigated. It is hoped that a detailed

examination of the thermal neutron effects will open up new

areas of research.

And finally, a few comments about the fluorescence and

scintillation of NaI and possibly other alkali halides will

be made. One reason for this is to correct the erroneous im-

pression that the mechanisms for energy transport and energy

conversion in NaI are similar to those in such semiconductors

as silicon, zinc sulfide, and cadmium sulfide. The other

reason is that the discussion of the fluorescence and scin-

tillation of NaI will give us an opportunity to introduce

the concept of excitons, which are the solid-state analogues of

the electron-positron pair. The importance of excitons in

energy transfer and energy conversion mechanisms is Just

beginning to be appreciated, and in the future we will no

doubt be hearing more about it.



II. SEMICONDUCTOR FUNDAMENTALS

Since the interpretation of radiation effects will depend

upon such terms as conduction and valence bands, electrons and

holes, excitons, donors and accepters, substitutional and

interstitial sites, etc., we shall first present a brief review

of some of the concepts and properties of semiconductors.

2.1 Crystal Structure, Substitutional and Interstitial
Sites

The crystal of germanium or silicon has the so-called

diamond structure, which can be most easily visualized as

consisting of two inter-penetrating face-centered cubic lattices,

in which the two lattices are displaced by 1/4 of the distance

along the body diagonal of the cell. We notice that the atoms

belonging to one sub-lattice are bonded tetrahedrally to 4 atoms

belonging to the other sub-lattice.

Possibly some additional insight to the relation of

different crystal structures can be obtained by examining the

crystal structure of zinc blende, or cubic zinc sulfide. In

this crystal, the zinc atoms form a face-centered cubic, and so

do the sulfur atoms. Furthermore it is easy to see that the

Zn-sub-lattice is displaced from the S-sub-lattice by 1/4 of

the body diagonal. If in this structure, the two atoms are

made identical, then we will have the diamond structure. The

so-called NaCl-structure is somewhat closely related to the

zinc blende structure. As in zinc blende, in NaCl, there are
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the two face-centered cubic lattices of Na and Cl atoms, but

in this case, the two sub-lattices are displaced by 1/2 of

the body diagonal.

The crystal lattice sites that are occupied by atoms in an

ideal crystal are called substitutional sites, and those that

are not occupied are called interstitial sites. It is clear

that in a real crystal, some atoms might be missing from

substitutional sites, and atoms might be present in inter-

stitial sites. Chemical impurities might occupy substitutional

and/or interstitial sites. A germanium struck by neutron

can become displaced from its substitutional site'and subsequently

become trapped in an interstitial site. These crystal defects,

due to chemical impurities or other means have profound effects

upon semiconductor properties.

2.2 Energy Level in Atoms and in Solids. The Band Model

Experiments show that solids have a very wide range of

resistivities, varying from about 10 ohm-cm for metals to

about 1012 ohm-cm for crystalline insulators. This is hard

to understand from the classical standpoint because all solid

materials for a given volume have comparable numbers of electrons.

To account for these differences in electrical resistivity, it

is customary to appeal to the so-called band model.

Consider an atom with energy levels as represented by

the horizontal lines to the left.
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1 Atom 2 Atoms N Atoms

E - -- C.B.

Figure 2.1

Quantum mechanics shows that if two such atoms are placed close

together, the energy levels will be split as shown in the

second column. Extrapolating to N particles, we should expect

the atomic levels to fan out into a band of N levels spaced

close together. Consider now the energy bands arising from

the atomic levels G and E, which are the ground and first

excited states respectively. The band labelled V.B., for

Valence Band, comes from G, and C.B., for Conduction Band,

comes from E. At T = 0, the atomic state G is occupied,

so that for the solid, we should expect the valence band to be

full. Similarly, at T = 0, both E and C.B. are empty.

Let us now see how these bands can contribute to the

conductivity of the material. We need to consider only the

valence and the conduction band. The separation between the

bands is called the ban gag The following diagrams depict

the situation at T = 0 and T 0:



T =0 T# 0

Empty

Fdll.

Figure 2.2

At T - 0, the valence band is full and the conduction band is

empty, so that this material will be a perfect insulator. On the

other hand T = 0, some of the electrons will be excited thermally

into the conduction band, leaving behind vacancies called

holes. The electrons and holes can move around, so that they

can now contribute to the conductivity of the material. For

the ideal pure material under consideration, we see that

n.-p (2.1)

in which n and.p are the electron and hole concentrations. Also

because of the Boltzmann factor, we expect n and p to increase

with increasing temperature, or for a given- temperature, n and

p are larger for smaller band gap, Eg. In fact we shall show
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that

(2.2)

For the ideal, perfect, and pure crystal

n-p

so that

11020

(2.3)

in which the subscript 1 is added to denote that this carrier

concentration is a property of a pure sample. We need to note

that (2.2) applies not only to a pure sample, but also when

chemical impurities and imperfections are present. In fact,

it can be shown that

So far we have assumed that the electron and hole con-

centrations arise from thermal. agitation. It is however

important to keep in mind that free electrons and holes can

be created by photons, with sufficient energy to push an

electron into the conduction band; when this happens, photoconduc-

tivity takes place. Also the electrons can be put into the

conduction band by means of an ionizing particle, such as an

alpha-particle. When this happens, an electrical pulse can be

produced in the external circuit. Again, excess electrons
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and holes can be injected; then later action can take place.

2.3 Comparison of Water and Semiconductor (Germanium)

Superficially water and germanium look very different.

But let us consider some of the similarities.

Pure water contains H and' OH ions. Also it is

known that the acidity and alkalinity of water can be con=

trolled by adding acids and bases. Chemists have shown that

the ionization product, or the product of the hydrogen and

hydroxyl ion concentrations in moles/liter, for water is

[H+] [oH~] = 10" t(2.5)

In pure water

H+] [OH] = 10~7 moles/liter (2.6)

Physicists, on the other hand, prefer to work in concentrations

expressed in atoms or ions/cm3. Since

1 mole = 6.03 x 1023 ions

[OH" = 10'7 moles/liter = 10-10 moles/cm 3

= (6.03 x 1023)(10-10) = 6 x 1013 ions
cm3

As we shall see presently this concentration is very close to

the electron and hole concentration in germanium at room

temperature. If acid, such as HCI, is added, then
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H2 0 4- -H t  + OH-

+ (2.8)
HCl 4 H+ + Cl"(2.8)

so that the increase in the hydrogen ion concentration causes

a decrease in the hydroxyl ion concentration. Consider next the

enthalpy for the reaction. According to McDougall, Thermo-

dynamics and Chemistry, p. 322, at T = 300*K,

H = 13,300 cal/mole

In physics, electron-volt is often used as the unit of energy.

The conversion factor is

1 ev/molecule = 1.60 x 10-°1 2 erg/molecule

= (1.6 x 10l12)(6.03 x 1023) ergs/mole

(1.6, x10-12)(-6.03.x 1023) =233.05 k Cal (2.9)

4.185 x 1010 Mole

0.88 ev /ion

For germanium, this value is about 0.72 ev.

For pure germanium, the electron and hole concentrations

are

[h+) * - 2 x 10 3 /cm 3  (2.10)

The electron hole association and dissociation processes can

be represented by

(h+ e") h+ + e~ (2.11)
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So the addition of boron increases the hole concentration and

thus makes the material p-type.

The following table then perhaps can serve to illustrate

the relation of water and germanium.

TABLE 2.1

Water Germanium

H h+

OH e

(OHJ [H) * 10O1 (h+)re") = 10-13

Pure H2 0 Pure Ge

H+ = 10"7 h+ . 1/3 x 10-7 moles/liter

Acid: HCl p-type: Boron

Base: NAOH n-type: Phosphorus

H = 13.3 K cal/mole H = 16.6 K cal/mole

2.4 Donors and Acceptors

The semiconductor analogues of acids and bases in chemistry

are the acceptors and donors. Acceptors tend to increase the

hole concentration, just as acids added to water will increase

the hydrogen ion (positive) concentration. Donors, on the

other hand, increase the electron concentration and suppress the

hole concentration, Just as a base in water will increase the

negative hydroxyl ion concentration while suppressing the

hydrogen ion concentration. In the Group IV semiconductors,
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elements that give rise to donors are those in Group V, such

as F, As and Sb, and those that give rise to acceptors are the

Group III elements such as B, Al, Ga. The donor and acceptor

centers can be produced by irradiation.

If the electron concentration n is larger in comparison

with the hole concentration the material is said to be N-type.

2.5 Semiconductor Transport Properties

We shall then explore some of the transport properties

of carriers--the electrons and holes--as affected by the

applied electric and magnetic fields.

a. Electric Field

Figure 2.3

Suppose that a potential difference is applied across a.

semiconductor, as shown in the figure. The electrons will

then stream to the left and the holes to the right . Consider

for the moment, the motion of the holes. These are subject

to two types of forces, one due to the accelerating action of'

the electric field, and the other due to the retarding effects
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of collisions. We can write

701e et (2.13)

where, obviously

a (2.14)

For the retarding forces, we shall assume that it is proportional

to the velocity. Thus we shall set

$rV7 2 v(2.15)

where ? is proportionality constant, having the dimension

of the time, and is to be associated with the mean time

between collision of the streaming electrons. Then (2.13)

becomes

AV _ __ _'?_V

Experimentally it is observed that a constant current flows

through the material when the voltage is applied. This implies

that the velocity reaches a steady state value. In other words

Jv

So that

V0
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or

7V(2.16)

where

e7z
(2.17)

is referred to as the mobility. Now the current density is

given by

J (Charge density)(Velocity)

=a* VP (2.18)

where p is the hole density. Furthermore, Ohm's law states that

the current density is proportional to the electric field, i.e.

(2.19)

where c is the conductivity. Comparing (2.18) and (2.19)

we find that

OO- 4/VP (2.20)

Similarly for electrons

(2.21)

(2.22)
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and the total current density clearly is

- (2.23)

and

-ao' ip(2.24)

b. Magnetic Field

This is important because it becomes possible to distin-

guish the effects of the electrons from those of the holes.

Consider the following simple-minded picture. In figure 2,3,

suppose that a magnetic field B is applied at right angles to

and into the plane of the paper. Then the holes streaming to the

right will tend to be deflected towards the top of the page,

but the well-known relation that the force on a charged

particle moving. in a magnetic field with velocity. v is

q v x B (2.25)

where q is the charge. Similarly, the electrons will be

deflected downwards. As a result there will be a transverse

potential developed across the semiconductor. Roughly speaking,

the lower edge will be positive if the charged carriers are

predominantly holes, and negative, if the electrical conduct-

ivity arises primarily from the motion off the electrons. This

is the so-called Hall effect. The Hall current is

pz ; X 13 .(2.26)

for holes and
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(2.27)

for the electrons.

c. Concentration Effects

If there are variations in carrier concentrations, the

charged carriers will tend to move in the direction of de-

creasing concentrations, giving rise to the diffusion current.

For the holes this is

-- DP (2.28)

and for the electrons

(2.29)

in which .P and 9 are the diffusion coefficients of holes

and electrons respectively. The diffusion coefficient and

the mobility are related by

(2.30)

in which q, k, and T are the elementary charge, Boltzmann

constant, and the absolute temperature respectively.

Diffusion plays an important part in photoconductivity,

photomagnets-electric effect, and in thermo-electric effects

in semiconductors.
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The total current is then given by

(2.31)

-x -V (2.32)

Semiconductor transport properties such as electrical

conductivity, magnetoconductivity, and photomagnetoelectric

effects can be derived from the above with equations, subject

to appropriate boundary conditions.

c.1 Magneto-resistivity and the Hall Effect

Let us consider the consequences of (2.26) and (2.27).

As an example, assume that a sample of semiconductor is placed

in a magnetic field, whose direction is the Z - axis, and a

D.C. voltage along the x-axis. As the electrons and holes

stream through the semiconductor sample, they will tend to be

deflected upward or downward, along the y-axis, resulting in

the change of the resistivity of the sample or the development

of the transverse emf.

To carry out a quantitative formulation of these ideas,

we shall turn to Eq. (2.31) and (2.32) and restrict our dis-

cussion to the case in which concentration gradient is negligible.

Then, these equations can be written
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Jn x _f non/IL 7/1,n J '5

V.-k. 'IBXx "NEON-
(2.34)

Let us first see how the resistivity is affected by

the magnetic field. The experimental conditions are such

0. Then eliminating the y-components or the electron

and hole currents and solving for the x-components we find

px'2(2.35)

_fl2Ag

/+/22 X (2.36)

giving

Jx = T + TX

5x h un Ex

- / 132 52-

*p +/00, x
(2.37)

Suppose that the material is such that only one type or

carrier contributes to the conductivity, say, N-type, i.e.

n >> p. Then

7; JrAx
non EX

/*A
(2.38)
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~- /74//,LZ8(2.3

where cdf; is the conductivity in zero magnetic field. The

resistivity, by definition, is the reciprocal of the conductivity.

Hence

2.(2.4

9)

0)

and therefore

--- o /U
(2.41)

Experimental results should then yield the following plot

S/op 
e 

11 2
x

2

Figure 2.4

In the Hall measurement, a transverse potential (along the

y-axis) is applied to balance out the transverse current, i.e.
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(2.42)

Furthermore, to reduce further the necessary algebra, assume

again that the sample is N-type. Then (2.36) gives

(2.143)

so that

(2.44)

Now the Hall coefficient is define as

(2.145)

Thus the Hall measurement provides a method for the measurement

of carrier concentration.. Now, the Hall voltage V is

-E W (2.146)

where w is the sample width, and

I
A ' (2.147)

where I is the current through the sample, and A is the Cross

sectional area of the sample.
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If two types of carriers are present, Eqs. (2.33) and

(2.34) lead to

F - (2.48)

provided ,x B and AP are small in comparison to 1.

d. Thermoelectric Effect

From the preceding discussion, it is clear that the Hall

effect can be used to determine the sign of the charged carriers,

i.e. whether the semiconductor is N- or P-type. Thus suppose

that the material is N-type, biased along the x-axis, and the

magnetic field along the z-axis, as shown in the following

figure:

13

Figure 2.5

Since the Lorentz force on a negative charge is given by

-- - _ (2.49)

we see that the electrons will tend to be deflected upwards, soo'
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that the upper edge will need to be negative to counteract this

tendency. Suppose next that the material is P-type. The

Lorentz force is

(2.50)

so that the deflection of the carrier is again upward, so that

in this case the upper edge will need to be made positive with

respect to the lower one.

There is however another method to determine the carrier

sign, namely the thermoelectric effect. The theory is a little

more complicated, but the essential physical results can be

seen very easily. Suppose first we have an N-type material, with

one end hot and the other end cold, as shown in the following

figure

H HOT COLD

Figure 2.6

Because the electrons at the hot end will have a greater

average kinetic energy than those at the cold end, the electrons

will drift from the hot to the cold end. This will result in a
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current through the galvanometer from left to right, as

shown. On the other hand, if the material is p-type, the

holes will still drift from the hot to the cold end, but this

will result in a current in the external circuit from right

to left.

2.6 Solid State Ionization Detector

As an example of the application of Eq. (2.18), let us

consider the solid-state ionization detector. The advantages

of such a detector are (a) compactness, and (b) possibly a

small value for the energy required for the production of an

electron hole pair. The compactness stems from the fact that

density in a solid is of the order of 1000 times greater than

in a gas, so that the linear dimension of a solid-state device

can be about one order of magnitude smaller than the gaseous

counterpart, provided other factors remain the same. In air,

for example, the energy required for the production of an ion

pair by an ionizing particle is 30 ev. and is about a factor

of two larger than the ionization energy. In solids, such as

germanium and silicon, the band gap is about 1 ev., and the

energy per electron hole pair is known to be about 3 ev. This

means then that an ionizing particle going through a solid

can produce about ten times as many electron-hole pair as in

gases. However, because this implies that the density of

charged pairs in a solid is about 1000 times larger, so that

the loss of signal through recombinations might be corres-

ponsingly more significant.
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Consider then a semiconductor, with contacts applied as

shown in Figure 2.7. For simplicity

A

Figure 2.7

let us determine the effect of an electron moving towards

the positive plate. The length and the cross-sectional area

of the semiconductor are and A respectively. In addition,

a galvanometer will be inserted in the circuit to make the

necessary observations. According to Eq. (2.21)

Since we have 1 electron in volume a A)?

(2.r51)

The current 27n is
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If the electron moves

through G is

A6Q . -,

A X in time ~' , the charge flowing

y /
(2.53)

(2.54)A X -~--'

which is the expression often referred to as Heckt's relation

in the literature. If G is the capacitance, then voltage

pulse is given by

_ Ac
_ FLx

- ci (2.55)

If the incoming ionizing particle produces N electrons, then the

voltage pulse is

AV CAK (2.56)

if the electron travels only the fraction AX between the

contacts. On the other hand, if they travel the entire distance,

then clearly,

V= N
c

(2.57)

Thus if '4

-/9

,v o
Ce..*01/1 *l 4
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C ==

-/2

C ~~ /0 x

-/9

d V\/ v /~ _ (/0 ^-- O . / la/

/0

Thus the signal can be appreciable.

From Eqa. (2.53), (2.511), and (2.55) we see that to

produce a large pulse, the produce ,/'Z2 must be large and

C must be small. For insulating crystals such as diamond, CdS,

etc., can be made large, but /h2' is small. For

semiconductor such as germanium and silicon, A ' is large,

but f is small. But McKay of the Bell .Telephone Lab-

oratories suggested a way to circumvent this problem by using

a P-N Junction.

2.7 Semiconductor Statistics

Concepts such as electron and hole concentrations n and p

have been discussed, and it was pointed out that the product

np is a constant it a given temperature. Consequently we shall

look into these a little more carefully, as an introduction to

semiconductor statistical thermodynamics.

Consider then the statistical distribution of electron in

the conduction band. This can perhaps be visualized as follows.
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Clearly we can expect the electron concentration to be larger

somewhere near the edge of the conduction band and to taper off

as the energy increases. Suppose then we condider the electron

in the range dE about E. The number or electrons in this range

as is well known depends on two ractors, the density or states

and probability or occupation or the states. Thus

dN = (Density or States)(Probability or Occupation) (2.58)

The density or states arises from the fact that electrons moving

in different directions can have the same energy. If the

electrons in the conduction band are assumed to be like a free

electron gas, then
/F2

27/1 (2.59)

so that all states in the shell about dp at p will be associated

with the same energy.

4 LJ aJ9V(2.60)

as heenegyinceaes.Supoe tenwe onide te eecro
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and since

D (1p) W o = (E)dE

(2.61)

we obtain

D (E)= |

p4L7/7 V

IL
E- ~~'f

2.n

(2.62)

But

'e ., ee"
(2.63)

so that

DCa) AE
-2(E-E)2

'27L

-. ~3-~V/z
E A j

h 7 J r T

(2.64)

where

7 72 k37

(2.65)

The electron spin is 1/2, giving a multiplicity of 2, so that

the expression in (2.64) needs to be multiplied by 2. Thus

(E) JE- v
fir

[;7 F
441 7

(2.641)
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The result of (2.60) can be obtained by another argument.

Consider a free electron gas in a box. Then inside the box, the

electrons satisfy

(2.66)

so that the solutions are given by

Since the electrons are confined in the box, to fit the

boundary conditions, j'must be periodic in L. Thus

L _ 2 ff7?

(2.67)

so that the number of states in nx and 27 + ykz is

)tX(2.68)

and similarly for dny, and dnz



so that

(2.69)

The probability of occupation of these states is given by

the Fermi-Dirac distribution function

(2.70)

where EF is the so-called Fermi energy, and

(2.71)

We can get a graphical construction of the electron dis-

tribution as follows
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N (

i

V43,

II

7.

Thus

A
VV

00

NV(E) GW
(2072)

If' we put

07
G

T
I .

.... ^-

!+ r

(2.73)

then

N _

2z

0

cw

(2.74)

To carry out this integration, let us examine J/T tro/kT. At room
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temperature kt ^'l/40 ev, so that even if the Fermi level is

only 0.2 ev below the edge of the conduction band ./kT -10,

and is a positive quantity.

(2.75)

Therefore we can approximate the integral by

(2.76)

(2.77)

Similarly it can be shown that

(2.78)

where

(2.79)

One consequence of (2.77) and (2.78) is

If the material is intrinsic, i.e. pure, then
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~ A/CA/v

(2.81)

Also

A' (2.82)

Thus, for n p, an mh = me, the Fermi level lies exactly

midway between the conduction and valence band edges. Another

consequence of (2.77) is the Fermi level approaches the

conduction band edge as the material becomes more N-type, as can

be seen from

F GC.4(2.83)

and the Fermi level approaches the valence band edge as the

material becomes more P-type, which follows from

pVA/v (2.84)

For the results discussed so far, we have assumed that

7- 1 , and the results that followed apply to the so-

called non-degenerate semiconductors. The other degenerate case

arises when y ' * For this case the exponential term is

small in comparison to 1las long as ( ( - . As soon as

7/ > #7~~ , the exponential term very soon outweights the

term 1, and greatly reduces the value of' the integrand. Hence
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as an approximation, we can put 1 for the denominator on the

range 0 < {{;y and in the range &- K ( *< , the

denominator can be approtimated by ad . Then

2
W W7

Ii

-0-0 -=wool

/VC

so that

- i-
(2.85)

This case becomes important in tunnel diodes and semiconductor

injection laser.



Chapter III

P-N Junction

Because of the importance of this concept to such devices

as transistors, tunnel-diodes, solid-state detectors, solar

and nuclear batteries, etc., we shall first present a detailed

discussion of the P-N Junction theory. As indicated earlier,

a semiconductor specimen may be N- or P- type depending on

whether electrons or holes make the dominant contribution to the

electrical conductivity. N-type samples are made by dissolving

small quantities of P, As, or Sb in germanium or silicon, and

for P-type samples, impurities such as B, Al, Ba, and In

are used.

Our problem is to see what effects are to be expected by

putting N- and P- samples together. We shall first consider

the P-N junction in thermal equilibrium. Furthermore, for sake

of definiteness we shall assume that both the P- and N-type

materials are non-degenerate, i.e. the Fermi level lies some-

where in the forbidden gap.

The P-N Junction system under consideration is one con-

sisting of two phases. And for such systems as is well known,

the thermodynamic potentials at our disposal are the Helmhaltz

free energy, given by

or sometimes called the thermodynamic potential at constant volume,

because of its importance in isothermal processes at constant

3-1
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volume, and the Gibbs free energy, given by

& = U -4TS +P v&~ (3.2)

or the thermodynamic potential at constant pressure, because

of its usefulness in isothermal processes at constant pressure.

Since volume changes for solids are small, the Holmholtz free

energy F is normally used in the discussion of solid-state

thermodynamics. If in the thermodynamical system charges are

present, thereby contributing to the internal energy U, then

the term "chemical potential" or "electrochemical potential"

is used. In solid-state theory, where the approach is micro-

scopic, it is preferable to speak about the energy of a single

carrier and of the thermodynamic potential per charged carrier.

The so-called Fermi energy is such a quantity and is just the

chemical potential per charged carrier. Being then a thermo-

dynamic potential, the Fermi energy EF is then a constant

throughout the semiconductor P-N junction system. This Fermi

level provides an energy reference level for all levels in the

P- and N-regions.

Consider then the effects that will take place upon

bringing a P- and N-type materials, such as shown in the

following figure, into intimate contact.

P N

+I- + + + +

0o e ooe
.+- + 4- + +

© D O

a o 0 o a

.
." 

+. 
a

Fig. 3.1
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The ionized acceptors and donors are represented by e and

(Q , and the charged carriers by + and -. If the two

materials are brought into intimate contact, because of the

higher concentration of holes in the P-region, there will be a

tendency for such carriers to diffuse across the boundary into

the N-region, and a similar diffusion of electrons from the

N-region into the P-region, so that in the P-side of the

junction, there will be a net negative charge, and a net

positive charge on the N-side, as shown in Fig. 3.2 a.

A E C F

+ T I

a=
e®O:Fig. 3.2GG
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Fig. 3.2 b gives the charge density resulting from such a

reshuffling of the carriers. Now, the electrostatic potential 110Y
and the charge density go are related by the Poisson's equation

(3.3)

A "mental" integration of this equation leads to a potential

function indicated in Fig. 3.2 c. For, in the region from A

to E, the charge density is zero, so that the potential is a

constant. In the region E to C, the charge density is negative,

so that the right-hand side of (3.3) is positive, so that the

cm value of the potential function must be upward. And at C,

the charge density is again zero, corresponding to the inflection

point of the potential function.

We are now ready to construct the energy level diagram.

This is accomplished as follows:

1. Draw a horizontal line representing the Fermi level EF
2. At points far away from the junction, locate the

positions of the conduction and valence band edges

using the relations

/VC (3.4I)

and

pVH "( 3,5 )

An alternative construction is as follows. We have

~zzAcC ~(3.6)
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(3.7)

Suppose that El is the Fermi level of an intrinsic sample.

Then

(3.8)

-NEv-E

so that

tEctEv K 'J
2./2.(3.10)

As commented earlier, if the sample is intrinsic, and the

effective masses of the electrons and holes equal, the Fermi

level will lie exactly midway between the conduction and

valence band edges. Also note that

(3.11)

Therefore it follows that

C t. 2- C(3.12)

and

(3. *13)

34; To plot the space variation near the Junction, note

that the electron energy F and the electrostatic
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potential 10 are related by

E . . .

(3.14)

Thus we get the following plot

cN

E

Fig. 3.7

The rise in potential, often called the diffusion voltage, can

be readily estimated. Since

(P)

IV4 (3.15)

(N)

EZ . + EP or 
moons-

............. T

(3.16)

so that

(C') (N)

W.P

Suppose for example the function is made of materials such that

-nl j . F
IG

/62
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Then, since

we find that
2/

Also, at room temperature, is about .025 ev, so that
/4

025~=0 .3( v (3.17)

Furthermore, as we shall see presently, this rise in potential

occurs in a distance of about 10~0 cm, so that there is a very

large built in electrostatic field at the junction.

Let us now scrutinize the depletion region near the

junction. As indicated in Fig. 3.2 b, the true charge distribution

is no doubt a smooth function of the distance. However, to

simplify the numerical analysis we shall make a few simplifying

assumptions, as shown below, in Fig. 3.4

Fig. 3.4

-X X

---I-V5
1

1
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First, we shall assume that the junction is abrupt, having

uniform acceptor concentration Na and donor concentration Nd

in the P- and N-type regions respectively. Furthermore we

shall assume that the holes are depleted to a depth of x
p

and the electrons to xN. Since the total charge must be zero,

for overall charge neutrality, we have

XpN..z XNANa (3.18)

Poisson's equation applied to the P-side ( X <O ) gives

d t p10 fN.
Ixz4(3.19)

Integrating,

(3.20)

For x -xy, the electric field E is to be zero.

-=4 P (3.21)

Integrating again

/0y11f ( K Q 2(3.22)

Letting -JO, for x -xe, we find

! (-x 2 )(3.23)

so that at x = 0,

26 (3.241)
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Similarly it can be shown that the rise in potential on the

N-type side is 2.

2. 26 (3.25)

so that

fL / 2-/2xQ(3.26)

Combining with (3.18), we find

2 /VB2

N AvJ (3.28)

We note that the depletion zones extend into the two

regions, in inverse relation to the impurity concentration of

those regions, and in proportion to the square root of the

barrier voltage. Often in abrupt Junction devices, the

impurity concentration of one region is very much larger

than that of the other. In such cases, the depletion region

extends almost entirely within the region of lower impurity

concentration. Suppose for example

Then the depletion width Xp _

X = -X, +N X[ Nd<3.29)
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But the conductivity 4~ is given by

d~ f~
4  -~t A j(3.30)

so that 4
_ D

We next need to examine the effect of these devices under

the so-called "forward bias" and "reverse bias". Under

forward bias, the conduction band on the N-side is raised with

respect to the P-side, and under "reverse bias" the N';ype

side is lowered. Clearly then, the forward bias is the

direction of easy conduction, whereas reverse bias is the

direction of hard conduction.

If the P-N junction is biased, forward or reverse, the

system is no longer in thermal equilibrium so that the usual

concepts of thermodynamics, strictly speaking, no longer

apply. However, it turns out that the time required for the

electrons and/or holes to approach equilibrium is most fre-

quently very short in comparison to the observation time. The

time required for the electrons in a semiconductor to reach

equilibrium through collisions with the lattice is estimated

to be about 10-12 sec., which is very short in comparison to

the characteristic time needed for most P-N Junction devices.

This means then, that the electrons come into thermal equili-

brium in a very short period of time, and so do the holes. It

should be remembered, however, that the electrons may not be in

thermal equilibrium with the holes, because the time required
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to approach true equilibrium may be quite long, say 10" sec.

This has some important implications to the semiconductor

injection laser.

Because of this very rapid approach to quasi-equilibrium,

the electrons and the holes can be described by the so-called

quasi-Fermi levels for the electrons and holes respectively.

For sake of definiteness consider the case of forward bias.

At points very far away from the junction, the electron and

holes distributions are effectively unaffected by the bias.

Consequently the difference in the quasi-Fermi levels on the

two sides will be just the forward bias, as shown in the

following figure.

A

A - - -- -

Fig. 3.5

Both the electrons and holes are very nearly in thermal.

equilibrium with each other so that effectively, the quasi-Fermi

levels for the electrons and holes are coincident. This is

indicated in the diagram by the points A and B. Near the

junction, however, there will be a copious number of holes
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injected into the N-type region, and electrons into the P-type

region. The time required for the excess carriers to combine

with the majority carriers in the two regions is quite long,

so that the original distribution of carriers may. persist for

an appreciable distance beyond the junction.

The assumption that has been made so far in calculating

the Fermi energies in Eqs. (3.15) and (3.18) is that the

impurity concentration is low, i.e. 7 4'< A/c and f<<A v

On the other hand if the impurity is so high that 7 >Ac and

e >, v , then it can be shown that

( z/ 
(3.31)

and similarly for the valence band

-- z ( &(3.32)

The important point to note is that the Fermi level in the

N-type sample lies above the conduction band edge, and for

the P-type material, below the valence band edge. The energy-

level diagram for the P-N junction of heavily doped materials

is as follows:
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P' N

Fig. 3.6

The hashed area below the Fermi level EF indicates that the

electron states are approximately full, and above E the

electron states are approximately empty. The physical signi-

ficance of this type of Junction was first recognized by

L. Esaki, and is referred to in the literature as the tunnel

or the Esaki diode.

Certain qualitative results can be deduced immediately

from this diagram. In this device the electrons "tunnel"

through the potential barrier. It should be recalled that in
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this tunneling process, there is no change in energy, so that in

this diagram, an electron moves horizontally to the other side

to a position not already occupied by an electron. We see

then, that the behavior of this device under forward and

reverse bias is very different from the ordinary P-N junction.

Consider first the reverse bias. Then the quasi-Fermi level

of the N-side is lowered with respect to the P-type side. Then

the electrons under the hashed area can move across to the energy

levels above the quasi-Fermi level. As the reverse bias is

increased more electrons in the valence band will face more

empty levels in the conduction band of the N-type side,

so that the reverse bias is the direction of easy conduction.

Under forward bias, however, the device shows some sticking

characteristics. As the forward bias is increased, the electrons

in the N-type side will face empty states in the P-type side.

This trend will continue until the EF of the N-side becomes

even with the valence band edge on the P-type side. Beyond

this value of the forward bias, increasing number of electrons

will face the forbidden gap of the P-region, so that the current

will decrease. This then results in the S-shaped I-V curve

discovered first by Esaki.



Chapter IV P-N Junction Devices

The theory of the P-N junction will be applied to a few

typical junction devices important in nuclear instrumentation.

These are the semiconductor detector, nuclear and solar

battery, and the tunnel diode, as examples of devices operated

under reverse, zero, and forward bias respectively. The

tunnel diode actually is operated under only a small forward

bias. Perhaps a better example of a forward bias junction

is the semiconductor injection laser.

4.l Semiconductor Nucleau Radiation Detector

From the earlier discussion it is clear that if a

reverse bias is applied to a P-N junction, it will develop a

very high resistance, and virtually all of the voltage drop

along the sample will be concentrated across the P-N barrier.

Thus, very crudely speaking,. the barrier can be compared to

a very thin insulator (10 cm) with the main portion of the

P- and N-regions acting like the condenser plates. If the

bombarding particle strikes the barrier itself so that the

resulting holes and electrons are produced in this high

resistance and high field region, the holes and electrons will

be swept across the barrier, thereby registering in the

external circuit.

In the experiments by K. G. McKay (Phys. Rev. 814, 829

(1951) Nov. 15) of the Bell Telephone Laboratories, a germanium

crystal about 2 cm long and having a square cross-sectional

area of 1 mm2 was used. The junction was bombarded with

4-1
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Po-2l4 5.298 Mev alpha particles. The barrier width was

estimated at 5 x 10- cm so that a few volts of reverse bias

will result in an electric field of the order of 10,000 v/cm.

in the barrier. The charged carrier mobilities are of the

order of 1000 cm2 /v/sec ( = 3600, = 1700). The

carrier drift velocities in the barrier is then about

107 cm/sec., so that the barrier traversal time is of the

order of 10~11 sec. Experiment showed that this time is

certainly not more than 2 x 10~" sec. McKay's experimental

value was limited by the slowness of the electronics.

Measurements show that the charge collected per incident

alpha-particle is

Q = 1.77 x 106 e

so that the energy per electron-hole pair is

5.298 x 106
= 3.0 ev

1.77 x 106

This is to be compared with the value of about 30 ev. required

for ion pair production in air.

Typical of the subsequent research developments are the

investigations carried out by S. S. Friedland, J. W. Mayer,

and J. S. Wiggens (Nucleonics 18, 54 (Feb. 1960) ). These

investigators explored the uses of silicon. Some of the

properties important in the design of the devices are listed

below.



Table 4 .1 Properties of Silicon

Group IV b

Z = 114

At. Wt. = 28.09

Crystal: Diamond

Co = 5.42 A

N = 4.96 x 10 2 2 /cm 3

D = 2.33 gm/cm 3

M.P. = 1420 0C

B.P. = 2600*C

K = 12 (Dielectric Const.)

n = 3.5 at 12/A

EG = 1.106 ev

= 230,000 -l-cm (3004K)

n = 1.5 x 10 1 0 /cm3 (300*K)

n = 1350 cm 2/V/sec. (300*K)

=i480

Another fact that needs to be kept, in mind is that the

range of ionizing particles, such as a 5 Mev. alpha particle,

is of the order of 100/A . This follows from the fact that

the specific ionization is directly proportional to the atomic

density of the medium so that the range of the ionizing particle

in a solid is about 1/1000 that in air. Typically, an alpha

particle of energy 7.68 Mev. has a range of about 7 cm in

air, so that its range in a solid can be expected to be about

70/1000 = 70/ . This means then that the depletion layer,
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which is effective in detecting the particle should possibly

be a few hundred microns. Furthermore to avoid excessive

energy dissipation, the depletion layer should be as close to

the detector surface as possible.

To achieve this, a high resistivity P-type silicon is

doped on the surface with phosphorus, to produce low resistivity

N-type layer. If the donor concentration ND is made large in

comparison with NA, then the total depletion width x is

given essentially by the depletion width in the high resistivity

material. Thus

2 (V + V) 1/2

x = xD {

q NA

= [2 6 /t (VB + Vr)11 1 / 2  ( 4')

= 3.2 x 10- ((r) 1 /2

where

= qp/A - ,NA/P (4.2)

The junction capacitance is given by

1/2
C - ------ =- A _E( _ (4.3)

2Vr

This is important because the signal voltage developed, as

the result of an ionizing particle is given by

C~(14.14)

Typically, with = 100 ohm cm, and for 100 v reverse bias,

the depletion width is about 300/ and the capacitance about

30 pf/cm 2 ,
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As the ionizing particle enters the depletion layer

(Fig. il) electrons and holes are liberated, which are swept

in the directions indicated by the arrows. The energy per

electron-hole pair for all types of radiations appear to be

very close to 3.5 ev. A 5.5 Mev alpha particle thus will

produce approximately 1.6 x 106 electron-hole pairs.

Hole

b C1v

. AG

A ~ ~Jedo i~o

0 - 'O

T 000/

,0025

006

Fig. 4.1

The charge Q given in (4.4) produced by the ionizing

particle is a statistical quantity, and is subject to fluctuation,

thereby contributing to the width of the ionization pulse.

Apparently there are a number of processes contributing to the



4-6

fluctuation, or the noise. An excellent discussion can be

found in the paper by D. C. Northrop and 0. Simpson,

"Semiconductor Counters I. Theory", Proc. Phys. Soc. 80,

262 (1962). We shall here, however present a brief dis-

cussion of three of the processes, namely the effects

of ionization fluctuations, thermal noise, and current noise.

The procedure in determining the effects of noise upon

the pulse width is to first calculate the standard deviation

for the particular process and then to identify it with the

Gaussian distribution, given by

(x - m) 2

dP = e 2Cr 2  (4.5)
dP = cr f2 1r

where dP is the probability that x will lie between x and

x + dx, m is the mean value of x and cm is the standard

deviation. It can be easily verified that

x - m) 2 dP = C~2 (4.6)

and that the F W H M (full width at half maximum) is

FWHM = 2 r 2 22 = 2.350 (14.7)

Hence, if several processes contribute to the pulse width, then

2 = 2 (14.8)

Consider, then first, the ionization fluctuation. If

Eg is the energy of the ionizing particle, and w the energy

required per electron-hole pair, then the average number N



of electron-hole pairs produced is

N Es /w (4.9)

The ionization produced can be thought of as a "Yes-No"

random walk problem, for which the standard deviation is

known to be simple 4wN. (See. R. B. Lindsay, Introduction

to Physical Statistics, John Wiley). The energy that would

produce a signal equal to the standard deviation is

4 w = w Ed'(4.10)

For a 1 Mev. alpha particle in silicon ( W 3.6 ev), the

standard deviation is

wE=1.9 Kev (14.11)

giving about 4.5 Kev FWHM. We note from (4.10) that the

standard deviation is proportional to the square root of the

energy of electron-hole pair production. For air, the energy

for ion pair production is about 10 times larger. Consequently,

the ultimate pulse width is about 3 times larger in a gaseous

ionization detector compared with a solid state detector.

Another contributing factor is the thermal noise (Johnson

or Nyquist, of Johnson-Nyquist) which stems from the fact

that a resistor can be thought of as a voltage or a current

generator. Consider

C



The shunt resistance R is equivalent to a voltage generator.

V2 (f) df = 4 kT R df

Now the current through the capacitance is given by

V
I =

R2  V

so that the capacitance voltage VC

(4.12)

(4.13)

V
C

I
= -

V
V + W2R

42 (4.14)
, , V (c

If this signal is fed into a broad-band amplifier, then the

total thermal noise signal is

V2 df

bAlLA w egdk

-df =
c

e

*0

4 kT R df

1 +&J 2 C2 B2

0

kT
= -

C
(4.15)

giving an effective charge fluctuation of

= C2V = k CT

Thus the energy giving this deviation is

(4.16)

th

w
= k CT -'

q

kT C
w --

9 q
(Cpx1

40 1.6 x 10 19

= 1.4 C 1/2 Kev.

at room temperature. This then gives a contribution

= 32 T 1/2 1/2
FWHM = 3.2 (-)l C

300 pf

(4.17)

(4.18)
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If the capacitance is about 16 pf, the above (4.18) becomes

T 1/2
FWHM 13 (--). Kev. (4.18')

300

At room temperature then the thermal noise contribution to the

pulse width is possibly an order of magnitude larger than the

ionization width.

Another source of noise is the current noise. If n

represents the aVerage number of electrons in the conduction

band, then for a random fluctuation, the standard deviation

is proportional to the square root of n. Hence the contribution

of the carrier fluctuation is given by

cr- .~ w n (4.19 )

At room temperature for intrinsic silicon

n "-' 10 1 0 /cm (14.20)

so that (4.19) gives about 350 Kev. Thus at room temperature

the pulse width is expected to be too broad to detect. At

liquid nitrogen temperature ni is expected to be about 10 6 /cm 3 ,

so that the contribution to the width from this source of

noise is about 3.5 Kev. The above analysis points to the

importance of cooling the semiconductor junction detectors to

liquid nitrogen temperature and of selecting materialsfor

which the electron-hole production energy is small.
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4.2 Esaki Tunnel Diode

A brief discussion of this device will be given here

because this device offers the possibility of obtaining

information about deep-lying impurity states due to chemical

impurities or radiation damage, in semiconductors, in

addition to the many potential electronic applications.

Furthermore, it is interesting to note that the discovery

of this device came about as the result of deliberately

heavily doping semiconducting materials, in contrast to the

general trend at that time, in 1957, of working with highly

purified materials.

This device was first reported by L. Esaki in 1957, who

prepared a narrow P-N junction of width of about 150 A,

made of P-type acceptor concentration of about 1.6 x 101 9 /cm 3

and N-type donor concentration of about 10 9 /cm 3 prepared by

mixing 0.025 to 0.26 gm of gallium in 100 gm of Ge, and

.145 to .5 gm of InP in 100 gm of Ge to prepare the P-

and NAtype materials respectively. Because of the high

impurity concentration, the P-N Junction consists of degenerate

P.- and N-type materials. The positions of the Fermi levels

and the band edges, as given by Esaki is shown below.
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The built-in field at the junction is estimated to be about

5 x 105 v/cm. The current-voltage curve is shown below.

V (,Le~~) ~=V (Joirw 44)

There are several interesting features to this curve. One

is that, in contrast to the usual P-N junction, the direction

of easy conduction is from N to P, i.e. under reverse bias.
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Another is the bump occurring under forward bias. The

current reaches a maximum at about 0.035 v, and upon further

increase of voltage, the current decreases. In other words,

the resistance is negative. For larger forward bias, the

current increases, and experiments indicate that this portion

of the current-voltage curve is given the usual diode equation

qV

I = I$ e XT- 1

The operation of the tunnel diode is based on quantum

mechanical tunnel effect--a well-known phenomenon invoked

sometime ago to explain alpha-decay, field emission from

solids, and breakdown in dielectrics. Consider the potential

barrier function q V (x) indicated in the following figure.

An electron of energy E and charge -q is confronted with

the above potential barrier. Classically, as the electron

moves towards the barrier, its motion will be slowed, stop

at the barrier, and then reflected. Quantum mechanics, however
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shows that there is a finite probability of penetrating a

barrier lighter than its own energy. This probability is

given by

Z = exp
x2 (2m)1/2

-2 (q V-E) 1 / 2 dx

where x 1 - x 2 is the interval in space over which the energy

of the barrier exceeds that of the electron.

The situation encountered in solid insulators or in

tunnel diodes is indicated in the following figure.

fieI 6
VA 10--rtce

B 0 N 44

Co A/4L'et.-/

In the depletion region

Under a high applied electric field or built-in electric field

the energy bands are sloping and a valence band electron at
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level faces a triangular potential barrier of hedght E
G

and thickness EGq For this barrier we obtain

4 (2m*)l/2
Z = exp --.

3 i q

3/2

One difference between an insulator and a tunnel diode

is that whereas in the former all valence electrons face

unoccupied electron states in the conduction band, in the

latter the electrons in valence and the conduction bands

do not always face empty electron states. This can perhaps

be made clearer from the following diagram

P t\I
r

r

r

1

C l3 r
r

r

1

1
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1
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On the left we have shown the conventional energy level diagram

of a P-N junction. On the right we indicate the density of

states, shown by the cotted curves, and the occupied states,



in the shaded area. The current from one region into the

other is proportional to (1) probability of barrier penetration,

(2) the density of electrons, and (3) the density of unoccupied

electron states. Thus

(Ey

IP-+N= A Z fV .(E) DV (E) [1 - fC(E)] DC(E) dE

Ec

and

(Ey

IN-P= A Z fC (E) DC (M) Ill- £(E)] D (E) dE

EC

The net current is the difference of the two, or

IN-P P-+N

fEv
= A [fC(E) - fv(E)] ZDC(E) Dv(E) dE

EC

Thus the current is proportional to the quantity

E C
g.= [fC(E) - fV(E)] E -EC EV - E dE

Under zero bias, the current clearly is equal to zero.

The effect of the forward bias can be most easily visualized

by shifting the electrons and density of states on the N-side

upwards with respect to the P-side. .As this takes place,

more and more of the electrons in the conduction band will

face empty states near the top of the valence resulting in

an increase in the diode current. The peak in this current



is to be expected when the quasi Fermi level of the N-side

is somewhere near the edge of the valence band of the P-side.

Beyond this bias, the current is expected to decrease because

increasing number of electrons will be facing the forbidden

gap on the P-type side, This, then, results in the decrease

of diode current, and the current should drop to zero when

the bias is such as to make the lower edge of the N-side

conduction band coincide with the upper edge of the P-side

valence band.

It was first note4, however, by Esaki, that the current

does not drop to zero but remains appreciable for all values

of forward bias. This current in the valley region is

referred to as the excess current, and investigations conducted

to date indicate that it is a property of the defect structure

of the tunnel diode. The first direct..evidence that this

excess current is due to deep impurity states was given by

Largo, who investigated the effects of deep drops in germanium

produced by electron bombardment upon I-V curve of tunnel

diodes. Subsequently excess current induced by electron

irradiation has been studied in silicon Junction by Logan

and Chnometh; in germanium, silicon and gallium arsenide by

Classen. The effects of impurity states in Ga As and InP has

been investigated by Holonyak, and in Si and Ge by Sah. and

Tremore.
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4.3 Junction Energy Convesters. The Photo- and Electron-

Voltoic Effect.

Here we present a review of the theory and application

of the photovoltaic effect with special emphasis on solar

energy conversion. A testimonial to the importance of this

field today, is the use of these-cells in artificial satellites.

As the need for power becomes greater and conventional energy

sources such as fossil fuel and fissionable materials are

used up, the direct conversion of solar energy striking the

waste lands of the world could become an important source

power.

A step towards the solution of this difficult problem has

been achieved by the photovoltaic cell. Cells have already been

made that can convert the sun's radiated energy directly into

electrical energy with an efficiency of up to 14%.

Becqueral in 1839 first discovered that a photo voltage was

developed when light was directed on to one of the electrodes

in an electrolytic solution. Adams and Day were the first

to observe the effect in a solid (silenium) about forty years

later. A number of other early solid-state workers including

Lange, Grondahl, and Schottky did pioneering work on silenium

and cuprous o)ide photovoltaic cells. The work eventually

resulted in the photoelectric exposure meter that has become

important in photography. It was not until about 1954 when

there was a revival of interest in the photovoltaic effect. In

that year, an RCA group demonstrated that practical efficiencies

could be achieved in converting radioactive radiation into
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electrical energy using a silicon.P-N junction photovoltaic

cell. Using a similar method, Chapin, Fuller, and Pearson

reported a solar conversion efficiency of.about 6%. Another

paper appeared in 1954, by Reynolds, Leies, Antes, and

Marburger, who reported about 6% solar-conversion efficiency

in cadmium sulfide P-N junctions.

The photovoltaic effect can be defined as-the generation

of a potential when radiation ionizes the region in or near

the built-in potential barrier of a semiconductor. It is

characterized by a self-generated emf and the ability to

deliver power to a load, the primary power coming from the

ionizing radiation. Photons with energy greater than the band

gap (1.1 ev for Si) will create electron-hole pairs. At a

given temperature the product np is a constant (np n-1021

for silicon at room temperature). For N-type highly con-

17 3
ducting silicon, n can be 10. 7 /cm and p therefore will be

about 10 /cm3. When sunlight strikes this semiconductor,

those photons having energy greater than the forbidden

gap energy produce both types of carriers in equal numbers.

The net effect is that an intense light source can increase

the minority-carrier density by many orders of magnitude while

the effect on the majority-carrier density is negligible.

These photo-induced carriers are in excess of the thermal

equilibrium number and they will diffuse randomly about the

semiconductor and recombine in times of the order of tenths off

microseconds.



If the N- and P-type semiconductors are brought

together a P-N junction having a potential barrier is formed

because thermodynamics requires that the average energy of

the carriers (the Fermi level) be the same in the two materials.

Now, excess carriers that are within a diffusion length

(the average distance that minority carriers diffuse before

they recombine) of the potential barrier will be trapped

by the barrier and caused to flow across it in an attempt

to reduce their energy. The excess electrons flow to

the right and the excess holes to the left.

A typical commercially available silicon solar cell is

shown below

P - X L e.dP~1p

N

Boron is diffused into an N-type wafer at about 11004C for

20 minutes, causing a P-type skin a few micron thick to

form on all exposed surfaces. All surfaces are etched or

lapped down to the N region except the top face. Ohmic contact
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is made to the top and bottom by first nickel plating the

surface and then soldering.

To achieve high conversion efficiency it is desirable

to produce electron-hole pairs within a diffusion length

of the junction. For short diffusion length material it

is therefore desirable to absorb most of the photons in the

region where the field exists.

The following "ball park" figures will serve to obtain

further insight into the solid state voltaic processes.

Consider a P-N Junction being irradiated with beta particles

or with photons. From

EC EF

n = NC e kT (4.27)

we find that

E =EF - ktA(4.28)
C FNC

and

EC(N) = EF - kt N

CCso that

EC - EC(N) =kT AL- (4.29)
nP

For a typical donor and acceptor concentrations of about

101 6 /cmi 3 , we find that

so that the rise in potential going from the P side to the
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N side is from (4.29)

(N) - E - kT

VE = EC C .T'p'-*4 volt

-qi

The thickness of the transition layer in which this rise

in potential takes place can be estimated from

2F6 V '1/2
x I

q NA (1 + )
NDL ND J

(4.30)

2xE NV'1/2

N qND(1+ I
NA

16
Upon putting NA = ND '10 and using appropriate numerical

values, we find that x = xp + xN "N 10" cm. Thus a charged

carrier finding itself in this barrier region is subject to

a built-in electric field of about

0.4

10" -'M 4000 volt/cm

We need next to estimate the excess electron-hole pairs

created by the incident radiation. As an example, the solar

radiation is typically 0.1 w/cm2 or about 106 ergs/cm 2 /sec.

Hence, from

I = C/

we find that



/1063 x 100 3 x 100 ergs/cm3

and the photon flux is given by

= 106 1 0  )
S hV O/h ( 3x10 1 0 ) (6x10- 2 7 )

(4.31)
/v 1018 photons/cm2/sec

If the cell is illuminated from the P-side as shown in

the following figure

the rate of excess electron generation is about 1015/cm 3 /sec.,

compared to the normal electron concentration of about l0 1 0 /cm3.

These excess electrons will then diffuse into the transition

region, if generated within a diffusion length from the junction,

and then pulled in by the electric field.

The device then is basically a current generator, giving

I = q g L (14. 3 2)

where g is the rate of generation of free carriers, and L

is the diffusion length given by
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L =4/Dn27 (14.33)

Now

2
Dn-v 35 cm /sec.

- - 100 x 10-6 sec.

so that

L ^. 35x10 4  6 x 10 2 cm

I N 1019(6 x 10- 2 )1018) 10-2 amp/cm2

From the above analysis, it is quite clear that the

excess carrier concentration must be produced on pne side of

the P-N junction. This means that the incident radiation must

be absorbed on one side, at distances not larger than 10- 2 cm

from the junction. Consequently the following procedure is

used for the fabrication of the device. An N-type sample

of silicon is heated in an atmosphere of boron trichloride, so

that boron diffuses in to form a skin of P-type material about

10"14 cm thick. Later a part of the P-type layer is ground

away, and one of the contact is made directly to the N-type

base as shown in the following figure.

10 _iL



For the electron-voltaic cell, or the so-called nuclear

battery a P-N junction is made into a well as shown in the

following figure.

The nuclear radiation striking the N-region are absorbed,

thereby creating excess electrons and holes. The mechanism for

this device is similar to that of the solar cell. P.

Rappaport (Phys. Rev. 93, 246 (1954) Jan. 1) of RCA bombarded

a germanium and silicon P-N junction of 1/4 cm 2 cross-sectional

area with beta particles from a 50 mill90-p5icurie Sr90 Y 90

source. For silicon, a maximum open-circuit voltage of 200 mv

and a short-circuit current of 10-5 amp were observed. From

a 50 millicurie source(about 200 micerowatt) elecntrical1 npowr

abup05pr 5et -n fteedvcswsue atsr a

teebytoretingdrivess transitons ado-osillThemehnr.o
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Such a power supply has potentially a long life because

the half-life of Sr-90 is known to be 28 years. However,

radiation damage dueeto the energetic 2.26 Mev beta particles

from Y-90 might reduce the useful life of the device. The

decay scheme for Sr-90-Y-90 is as follows:

9p

oqo
Zr

2.2t, Mer)

According to Loferski and Rappaport (Phys. Rev. 98 1861 L

(1955) June 15) the threshold for atomic displacement in

germanium produced by electrons is about 0.6 Mev.

As indicated by (4.32) a quantity of critical importance

in the operation of these devices is the diffusion length.

This as seen from (4.33) depends upon the minority, carrier

lifetime 17 , which as we shall see is very sensitive to the

effects of radiation.

The above discussion provides a brief qualitative

description of the voltaic effects. We shall return to a

more detailed discussion of the theory later, in conjunction
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with the measurement of the threshold energy for atomic

displacement.
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CHAPTER V.

RADIATION DAMAGE

We shall now consider the chain of events that will be

triggered by a neutron striking a lattice atom. We shall first

consider specifically the effects of fast neutrons and reserve

the discussion of the effects of thermal neutron to a later

chapter. Also to limit the scope of the discussion, we shall

limit ourselves primarily to radiation damage in germanium

and silicon.

Before plunging into the details, let us compare the

nuclear and internuclear distances to astronomical distances,

in order to obtain an appreciation for the rarity of nuclear

encounters. Nuclear radii are of the order of 1012 cm and

internuclear distances in solids are about 10 cm so that

Internuclear Distance 10,000

Nuclear Radii

Now the earth's diameter is about 8,000 miles, and the distance

to the sun is about 93,000,000 miles so that the ratio of the

distance to the sun to the earth's diameter is also about 10,000.

In other words, if a nucleus were magnified to the size of the

earth, then other nuclei. in solids will be at distances com-

parable to the distance to the sun.

Imagine then that the nuclei are magnified to the size-

of the earth. Then neighboring nuclei will be at distances

5-1
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comparable to the sun's distance. A reasonable value for the

target-source distance in nuclear experiments is of the order

of 1 cm, and this distance on the magnified scale (taking 1 A

equivalent to 100,000,000 miles) would correspond. to 108 x 108

16
= 10 miles, or about 17,000 light years (1 light year is

about 6 x 1012 miles). The nearest star Proxima Centauri is only

4.2 7 light years away. The diameter of the Milky Way is esti-

mated at 100,000 light years, and its center is supposed to

be about 30,000 light years from the solar system. This means

then that the problem of hitting a germanium nucleus with

neutrons is like trying to hit the solar system from the center

of the Milky Way, with projectiles about the size of the earth.

This comparison I think makes clear that nuclear encounters

are most rare events. The ionization tracks produced by

recoiling nuclear particles appearing on the nuclear horizon

are like the comets we see once or twice in a centuny.

Another point to note is that neutrons are actually quite

harmless until it collides with a nucleus. Because the neutron

is massive, the struck nucleus will receive an appreciable

amount of kinetic energy. As this struck atom, called the

primary knock-on, moves through the lattice, it will produce

ionization and then other atomic displacements.

5.1 Primary Knock-Ons

Consider then a neutron of energy E0 colliding with a

germanium atom. We wish to show that
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4 Mm
(a) T (recoil) = E (5.1)

max (M +m) 2  0

in which M and m are the masses of the target nucleus and

neutron replacements.

(b) The differential cross section for transfer of energy

between T and T + dT to the target nucleus is

cri (5.2)

and

CC.)"(5.3)

Consider first a neutron moving with velocity L, to the

right in the laboratory coordinate system ( L. -system). The

target nucleus M is then stationary. Let the neutron and the

target recoil as shown in the figure.

@

I IV' I

From the principles of conservation of energy and linear momentum

we obtain

-2lT + '1 (5.4)
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0 M A V O< (5.5)

Solving these equations, we find that the recoil energy T of

M is

2 4LAMr 2

(5.6)

This is maximum when = .0 corresponding to a head-on

collision.

To determine the distribution in energy of the primary

knock-ons, it is simplest to go to the center of mass system

(C-system). The velocity of the center of mass is

VC=- (5.7)

to the right. In the C-system, the velocity of the incoming

neutron then is

and that of the target nucleus is

V== - Ve(5.9)
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The minus sign indicates that the motion of the target nucleus

is to the left.

V -- - - - - - -I - - - -_oc

1 '

/

1

.

/

0

,

#I,

IT

loom

It can be easily shown that the C-system, the collim ing

particles merely undergo change in direction of motion (along

a straight line) after collision. Thus, if v 0 and V0 are the

velocities of the colliding particles before collision, and

v and V are the corresponding quantities after collision, then

and

Thus the kinetic energy of M in the C-system remains unchanged,

and is equal to

* I A2.4oA 1/ -t . (

5.10)

5.11)
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If and CQ are the recoil angles of the struck nucleus in

the L- and C-systems respectively, and T and TC the kinetic

energies in the L- and C-systems, the relations among these

quantities can be readily deduced from the following vector

diagram:

V/

The velocity of the recoil nucleus is just the resultant of

the velocities of the center of mass and of the recoil nucleus

in the C-system. The magnitudes of these two vectors are

equal, so that

z (5.12)

and 2.

~{~ A- V= -- Mxv V K -

so that the recoil energy T in the L-system is determined by

the recoil angle 6( in the C-system.

Now let us assume that the scattering in the C-system is
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isotropic. This means that if N is the total number of
0

recoil nuclei in all directions, the number scattered in any

direction depends only upon the solid angle subtended by that

area. Consider then the particles recoiling between and

((2 +- t1 . The number scattered into this zone is

27N - /VA4~_
--VaTI" 2(5.14)

But the recoil nuclei in this zone have energies between T

and T - dT, in which

~~r~ 4x (5,5)

~ ~-V N (5.16)

But by the definition of scattering cross section

0A/ fd7(5 * 27J

in which I is the incoming neutron flux and c1s the total

cross section, which is assumed to be very close to the

scattering cross. section. Therefore

Furthermore

____ _ (5.19)

.417
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Consider eq. (5.3). Calculations of irradiation effects

have usually been made under the assumption that all neutrons

possess a single effective energy, lyin g somewhere between 1

and 2 Mev. For sake of simplicity, we shall assume that

E = 2Mev.
0

Then (5.3) becomes

~ 2 (5.20)

in which A is the mass number of target nucleus, assumed to be

large in comparison to 1. Representative recoil energies are

Nucleus A T (Mev)

Si 28 .143

Cu 65 .061

Ge 72 .050

Next we shall consider the effects produced by the recoiling

primaries.

5.2 Limiting Energy of Ionization (Ei)

Next we need to determine the physical processes brought

about by the primary knock-ons. For this, we shall review the

effects produced by c( particles in air.

a. Alpha Particles in Air

The o(-particle cloud chamber tracks, shown in such

books as I. Kaplan, Nuclear Physics, (Addison Wesley) p. 256,
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are typically as follows:

That is, tracks show high ionization near the end of the track,

with little kinks at the end. Specific ionization of o(-particles

has been studied in considerable detail and the results are

typically as follows:

When the particle is Just starting it produces about 2,200 ion

pairs per mm.- The specific ionization increases very slowly

at first, as the o(-particle loses energy, and the ionization

reaches 2,700 ion pairs/mm at about 3.0 cm, from the end of

the range. It then increases more rapidly reaching a maximum

of about 7,000 ion pairs/mm when the particle is about 4 or 5 mm

from the end of its range. The specific ionization decreases

very rapidly in the last few maillimeters of its range. For

the Ra C' (P 0 21) 7.68 Mev o(-particle, the range is known to

be about 6.95 cm, producing a total of 2.2 x 105 ion pairs in

air at 15*C and 760 mm of Hg. It follows that the particle



5-10

loses about 35 ev on the average for each ion pair. The

kinks in the ionization tracks indicate nuclear collisions.

That electron collision rather than nuclear collision

is the dominant mechanism for ,<-particle energy dissipation

initially can be seen from the following argument. Consider

an o( -particle going from left to right as shown in the

following figure:

M

o0

Consider then two particles, one an electron and the other a

nucleus having the same impact parameter b . As the o(-

particle sweeps. by, a force F1 is exerted on the. particle,

arising from the Coulomb interaction. The net momentum

imparted to the particles m and M is

Therefore

and

so that the ratio of the energies is
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A 5 (e/ed ei) Al 3

This suggests then that very little of the P( -particle energy

is taken up by nuclei by Coulomb collisions..

The reason for the rapid rise in specific ionization near

the end of the particle can also be seen by similar arguments.

The imparted impulse is given by

Now according to Gauss' theorem

so that

ElAb

Consequently

Therefore the energy transferred is
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showing that greater specific ionization is to be expected

for lower energies, i.e., near the end of the track.

Near the end of the track another mechanism of electron

pick-up will become important, i.e.,

These processes should become important when the nuclear

velocity is such that the electrons can stay on the nucleus. This

means that

(orbital electron)

Now since

Electron energy/vHydrogen ionization energy-l ev

we see that 3

This means that the 0<-particle will pick up electrons when

its energy is reduced to about 10 Kev. -By this time the of -

particle is a neutral helium atom. These neutral helium atoms

can now make very close enounters with other neutral atoms,

so that nuclear collisions become important only at the very

end of the range.
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Theory shows that the rate of energy loss is given

gj x 'i~e.

where

ge V. . . charge and speed of the particle

/ . . electron mass

. . atomic number of substance

/V . . number of electrons/cm 3 of the substance

r . . . average excitation potential

Now the range R of the particle is given

R = R

so that it follows immediately that

That is, the range is inversely proportional to the material

density. Since solids are about 1000 times more dense than

gas, the o(-particle range in solids is expected to be about

1/1000 that in air.

Range of Ra C' (P 214) 7.68 Mev 9(-Particle

Air (15* C, 760 mm Hg) 6.953 cm

Mica .0036

Aluminum .001406

Copper .00183

Gold .001140
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b. Ionizing Particles in Solids

The recoil atoms moving through matter with energies of

the order of 100 Key is slowed down by numerous collisions,

some of which impart appreciable energy to target- atoms but

most of which impart energy to individual electrons of the

target. Such a moving atom would be expected to be heavily

ionized when it is moving at high speeds and to acquire

electrons as it slows down. Roughly speaking, those electrons

whose orbital velocities are greater than the velocity with

which the atom is moving will remain attached; those electrons

which have an orbital velocity lower than that of the atom

will be stripped away. This means that Mev protons or deuterons

will be completely ionized, while the knock-on atoms will. be

only rarely ionized, except for the lightest elements.

The collisions by the moving atoms can be elastic or

inelastic. In an elastic collision, the moving particles merely

transfer a part or whole of its kinetic energy to another lattice

atom, without producing electronic excitation. In an inelastic

collision, part of the kinetic energy is used in producing

electronic excitation.

In general, inelastic collisions are much more frequent

while the energy of the moving atom is high, and elastic col-

lisions become more probable as the moving atoms slows down.

To simplify the analysis, the following assumption will be

made: If the moving atom has a velocity much less than that
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of an electron in the target, 'that electron will be left

without excitation; if the velocity is greater, then the

electron will be excited. The energy at which elastic col-

lision will predominate over an inelastic collision is called

the limiting energy of ionization, Ea. Seitz suggests that for

insulators

ECL(5.21)

where M is the mass of moving atom, m is the electron mass,

and I is the optical excitation energy.

For many insulators I is about 5 ev, so that the above

expression becomes approximately

i.e. the limiting energy of ionization is equal to the atomic

weight in Kev. Using this rule, E for germanium should be

about 70 Kev.

5.3 Threshold Energy of Atomic Displacement

According to the picture presented so far, a neutron

collides with a lattice atom, and the recoil atom will dissipate

its energy by producing ionization until its energy is reduced

to E . For example, the average kinetic energy of recoiling

silicon is about 14I0 Key when struck by a 2 Mev neutron.

According to our estimate Ei for silicon is about 28 Key.
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Consequently, much of the energy of the primary knock-on is

used up in producing ionization. For germanium, on the other

hand, the estimated E is 70 Kev, in comparison to its recoil.

energy of 50 Kev. Therefore, according to our simplified

theory, the primary knock-on germanium atom *ill lose its

energy principally through elastic collisions. We need to

find out how much energy on the average is required to produce

an atomic displacement and.the number of atomic displacements

produced by one primary knock-on. The energy for atomic

displacement, called the threshold energy, has in the past been

more or less arbitrarily set at 25 ev. This value was given

first by F. Seitz by the following argument. The energy

required to remove a typical atom from a lattice and inter-

stitial path interior site in a solid in an adiabatic and

reversible manner is about 2 Ec, where Ec is the energy of

sublimation. If, however, the process is carried out dynam-

ically, as in the fast collision, the process is highly

irreversible and the energy required is expected to be of the

order of 41E . Since Ec in tightly bound solids is of the order

of 5-6 ev, a value of 25 ev for Ed is suggested.

The experimental value for the displacement threshold

energy can be determined by bombarding N-type germanium with

variable high-energy electrons. In these experiments the

electron energy is changed but the total number of incident

particles per bombardment is kept constant. The change in

conductivity is then plotted as a function of electron energy.

For low electron energy, conductivity electron energy curve

is horizontal (conductivity is not affect by the bombardment),
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followed by a sharp decrease in the conductivity. The energy

at which the conductivity. The energy at which the conductivity

begins to change is taken as the displacement energy.

(CzNdut)

The break in the curve, indicated by B, comes at about 0.63 4Mev.

Under electron bombardment, the maximum energy transferred t o
the struck nucleus of mass M is given by

. ,_ Tz-7~.(7~+2mo C )

Z::m ,Ac (5.23)

in which T is the kinetic energy of the incoming electrons.

The above result can be easily proved as follows.

E

2. ~* Iz 2. 2.
1'~

ict' 2.C

(5.214)

£2. 'zT(''mA/

But since the struck nucleus is massive compared to the
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electron, so that the momentum P of the heavy nucleus is

P = 2p

Furthermore

I
(5.25)

so that .... 14-

22T( 

5.26)

Now

T = 0.63 Mev

2)flCa= 1.022 Mev

MC2= 931 A Mev

For germanium A is about 73. Therefore

E - 2(O.63)(l.65)

931 (73) Mev
= 31 ev

More recently Loferski and Rappaport have made a careful

determination of the threshold displacement energy in silicon

and germanium using the electron-voltnic effect. The experi-

ment carried out by them revelas another important aspect of

radiation damage, namely, the reduction or carrier lifetime.

This is a critical quantity that determines the performance
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of such devices as the solar and the nuclear batteries. There-

fore tkeir experiments-.will be described in detail.

Consider then a P-N Junction being irradiated by ionizing

particles such as A -particles, or even photons. In the

experiment by Loferski and Rappaport, a Sr 90 source was

used. As these particles strike and penetrate into the

junction, a cloud of electron-hole pairs will be created. Since

the energy level for the P-N junction is as shown in the

following figure

ENG Rj -- E 0 Ano

with the electron and hole energies respectively increasing

in the direction indicated by the arrows, the electrons will

drift into the N-region and the holes in: the -P-region. If

then the device is shorted through an a meter A, then there

will be a flow of current through the external circuit from

left to right. In other words, the -irradiated P-N junction

is a current generator.



5-20

Unfortunately from the standpoint of device application,

but fortunately for threshold energy measurements, the damage

produced by the -particles is appreciable. The Sr-90 decay

scheme is shown below:

ate

(z g y45)

(21/ E Ms

/,73* Afev

From an earlier discussion, it was noted that the threshold

for electron bombardment damage is about 0.6 Mev. Consequently

the 2.26 MeY f -particles emitted in the 90- ZR,9 0 decay

will certainly contribute to the damage, and so possibly will

the .545 Mev e -particles emitted in the Sr9 0 - Y 0dacay.

Suppose now we focus our attention on the holes. During

the bombardment process, holes are generated, and at the same

time, recombination with electrons takes place, according to

the relation
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where g is the hole generation rate. Under steady-state

condition, we find

showing that the bombardment corresponds to hole injection of

Z . In the P-type region, away from the bombardment region,

the diffusion equation gives

and since

we find that

Solving this equation, and noting that x is negative on the

P-type side (x = 0 at junction) we. find

where the diffusion length ~pis defined by
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Since

sit X--O
ft- Ft~ =I

we obtain Xtp
fP, o gz e

Now

0p
.now- 

yp

. f 1)p dx

s0 that

=pP zLP- /rPDP
S L4

Consequently 7

where we have used J for the short-circuit current density.
s

Thus under constant f -particle irradiation a constant

current generation is to be expected if such bombardment does

not alter the carrier lifetime " .

1

I 1

To determine the dependence of the carrier lifetime upon

the bombardment time, consider the trapping out of carriers

due to bombardment produced defect. The rate of trapping out
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is given by

(No. of empty trapping centers)

where of is the electron capture cross section of the

trapping center. If Nr represents the density of trapping

centers produced by radiation, at level Er, then the concentration

of occupied traps is

AI
and the concentration of empty traps is

--. Nfc(E)E
e"r*41

so that we can write

Since

we have

Now, since Nr is the concentration of centers produced by

irradiation,



where is the integrated irradiation particle flux and Z1

is the cross section for the trap center formation.

The quantities on the right-hand side are constant so that

the plot of l/- should show an increase linear in bombardment

time if the trapping centers are produced. As shown earlier,

the carrier lifetime is proportional to the square of the

short-circuit current so that a suitable plot is the reciprocal

square of the short-circuit current against bombardment time.

The experimental plots obtained by Loferski and Rappaport

are as follows:

355
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The threshold bombardment energy. . . i.e., the electron

energy for which there is no change in the short-circuit

current. . . was found to be about 355 KV for Ge, and 140 KV

for silicon. This value leads to

2(.355)(.3 14.5 ev

D 72(931)

The displacement energy for Si is given as 13 ev.

More recent investigations by Arnold and Compton indicate

that the constituent atoms of- a diatomic material have

different displacement energy. According to their brief report

(Phys. Rev. Letters 4, 66 (1960) Jan. 15), a thin sample of

o (-Al 2 03 (curundum, sapphire) was bombarded with electrons

and the growth of the absorption band at 2040 A was studied.

This band is not produced by x-rays or gamma-rays, and is

presumed to arise from the trapping of charges at defects

which occur under atomic displacement. Arnold and Compton

indicate that the values best fitting their data are 50 ev for

aluminum and 90 ev for oxygen.

5.4 Theory of Displacement Production

The next problem is to estimate the average number of

atomic displacements produced by a primary knock-on. The total

number of displaced atoms per unit volume is Nd as given by

PV (5.28)

in which ng is the number of primary knock-ons produced, given

by



5-26

7?~C(t 7Lo7

(5.29)

where 4' is the neutron flux, no is the density of target

nuclei, and t is the irradiation time.

We wish to show now that

y (E) = | OC : E < 2E

V (r~) -=~ E 2Eg< < /E
(5.30)

The following assumptions will be made:

1) The knock-ons loses energy entirely by ionization

until its kinetic energy falls below the limiting energy of

ionization Ei.

2) All knock-ons with kinetic energies below Ei lose

energy only by elastic collisions with lattice atoms, and in

these collisions they behave as hard spheres.

3) An atom will invariably be displaced from its lattice

site if by collision it receives kinetic energy greater than

some threshold energy Ed and will never be displaced if it

receives less than Ed.

4) The striking atom will. remain behind at the collision

site if the struck atom receives energy greater than Ed and
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the incoming atom is left with energy less than Ed. Thus,

there will be a net increase in the number of displaced atoms

only if both atoms have kinetic energies greater than Ed

after the collision.

Let )/(E 1 ) be the mean number of d splaced atoms,

including the primary knock-on itself, produced by a primary

knock-on of energy El. Further assume that 2 Ed < E1 < Eg

In the next collision, the energy E1 is shared by two atoms, such

that

E = E ' + E2

Now the probability that a particle having initially energy

E will have energy between E1 ' and E1 ' + dE1 ' is

(5.31)

or

A(E,'l~ '=A E
(5.32)

If ))(E ') represents the average number of displacements

produced by atoms with energy between E1 ' and El' + dEj', then

Gives the contribution to the atomic displacements by those

atoms in this energy range after one collision. Consequently,

total number of displacements produced by atom 1 after the

first collision is
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(E,')N(E,)

E

.. t

l

(5.33)

Similarly, for the second atom

so that

V )- N(E,) 1 g 2 (5.34)

Therefore

V(E)

2.

E4
(5.35)

Multiplying both sides by E and differentiating we obtain

or

E 
Lii

V(E)

y (Ej
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But
)2(2E =2

so that

G
/ow

(5.36)

D

s 0 v(E) z £.
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Chapter VI Radiation Effects in Germanium and Silicon

We shall now apply the concepts developed so far to

investigate the effects of radiation in semiconductors such

as germanium and silicon. Perhaps a descriptive name for this

is "Fermi Level Engineering" because, as we shall see,

radiation provides us with an easy method to alter the

Fermi level in these materials. Before going into the subject,

we shall take up one topic on the statistical distributions,

going beyond what is found in the usual textbooks.

6.1 Distribution Functions

The general procedure is to calculate the thermodynamical

probability W, from which the entropy is calculated using

S = k .f4-W (6.1)

where k is the Boltzmann constant, by means of which the

Helmholtz-free energy

F ! U - TS (6.2)

can be constructed. If i and j denote parts of the system

in thermodynamical equilibrium, then

dFi + dF = 0 (6.3)

and furthermore

dFi = -dF~ U -- EFdnJ (6,14)

Consider then first the distribution of free electron,

6-1
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which as is well known is given by the Fermi-Dirac function

If Z represents the number of cells in the shell i, and

Nj the number of electrons in this shell, then the number

of ways that the Ni electrons can be distributed in the cells

is given by

W = N i !
N !(Z -i Ni)! (6.5)

The free energy for the electrons in this shell then is

F 1
= N El - kTA4 W

and for the total system

(6.6)

(6.7)F = F

At equilibrium, the. free energy has a stationary value, so

that the transfer of electrons among two shells, say the

i-th and j-th, does not change the total free energy, i.e.

dF = dF = dF + dF -0 (6.8)

Hence

dF i = EidN kTd /11, Wi d EFdNi (6.9)
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But, by Stirling's approximation

dJt1W = -d Ni I - d/)4 Zi - Ni) !

- NidNi + (Zi - Ni)dNi (6.10)

given

E = kT Z-N = EFNi

(6.11)

Ni 1

Zi 1 + exp F

\ kT/

which is the usual Fermi-Dirac function. In the above

derivation it was assumed that a cell can accept an electron

with positive and/or negative spin. This is, a single cell

can be empty, have an electron of positive or negative spin,

or even contain two electrons of opposite'spins.

Now in going to the case for donors, we need to be a

little more careful because a donor can accept only one

electron at most, i.e. the donor can take on an electron of

either spin but not both.

Let then

N .... donors
0

n .... electrons of + spins localized on donors

Then the number of ways that the electron of f spin can be

distributed among the "boxes"- representing donors is

ND I(6.12)

(ND - n+) I n+I
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and the negative spin electrons among the remaining "boxes" is

(ND - n+)!(6.13
(6.13)

(ND -n+- n.)! n_)

Thus the total number of ways that electrons of positive and

negative spins can be distributed among the free electron gas

cells and the donors is given by

w ND !
(ND -n)! n I

D + +

7T+ (zi
Ni I Zi -Nj+ ) I

(ND-n+)

ND - n+ - n.)1

zi

N i (Zi - Ni")I

(6.14)

Therefore

kd AW -k kn dn+ - kAn_ dn

Zi - Ni+
+ k lL Ni + dNi+ +

+ k 4 (ND - n+~n -) (dn++dn)_m

Zi - N -

k NidN
Ni-

(6.15)

F

n

EF

-n+ - n
ND +

D n+

n = n +

ND -n+ - n_

ED - kT

ED - EF)
= exp ( )

kT

n

= 2

(6.16)

But

so that

n+

ND ep ED -EF2 + exp (E )
kT (6.17)
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n N= ND

ED a EF
1 + 1/2 exp( )

kT

For the distribution function among the acceptors let

NA represent the concentration of acceptors, no the number of

occupied acceptors, and 7L. and 2. the number of unoccupied

acceptors with either * or - spin. The electron entering

an acceptor neutralizes the spin of the unoccupied acceptor.

Then the thermodynamical probability for the acceptor electron

alone is

A n0 ! n+!.(NA - n+ - n0 ) ! (6.18)

which gives

EF = F = E + kTA +
F n0  A nono n

Now

n+ = n

so that

n+ = l/ 2 (NA - no)

leading to

-- EF - E (6.19)
NA 1 + 2 ex F A

Clearly kT

S= N -n

A A 
6.20)

=1 +(Y2exp (FA)
kT
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The above arguments can be readily extended to the case

of localized centers with arbitrary spin. Thus if the statis-

tical weight stemming from the spin is , then

NDi
WD = (6.21)

n 1 !n 2 !. . . . . /

with

nl + n2 + . . . . . . + n = n (6.22)

From the free energy

FD = ED n - kT WD (6.23)

i = 1

upon varying ni, we obtain

EF .=ED-kTAn + kT 4 (ND-nD)
F (D D___ _ __ _ __ _ __ _

nD

1x ED- EF) =(6.241)
FD .1 exp()

kT

6.2 Defects by Thermal Quenching

The behavior of germanium under neutron bombardment is

in many ways analogous to that observed with appropriate heat

treatment. If N-type Ge is quenched from temperature near

the melting point (80000), P-type Ge is produced. .This con-

version of' type is presumably due to Frenkel type lattice

def'ects which act as acceptors. By annealing at 450*C and

cooling slowly the original N-type character is restored.
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We shall therefore present a brief discussion of Frenkel

and Schottky defects. (See N. F. Mott and R. W. Gurney,

"Electronic Processes in Ionic Crystals;' Clarendon Press)

Consider first Frenkel defects. These defects arise when

an atom.: in a normal lattice site goes into an interstitial

site, such as by having atom in site a going into the inter-

stitial site b, as shown in figure.

o 0 0 * o

o 0 o o 0 o

o 0 c 1 o 0 o

o o 0 o 0 0

o 0 0 0 o

Let N be the total number of atoms and let N' be the

total number of possible interstitial sites. If n atoms have

left their lattice sites, then the number of ways that such

atoms can be arranged int the interstitial sites is

W' = N' ! (6,25)
(NI - n)Vn

and the number of ways of arranging the lattice vacancies is

N!
w - _ _____ ____(6.26)

(N - n) I nI

If the energy to produce a Frenkel pair is E then

F = nE -kTAfrWW' (6.27)

At equilibrium
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F

0

so that

N' - n N-n
E = kT A- + kTk -(6.28)

n -

giving therefore

n2 -E/kT

= E/k(6.29)
TN - n)(N' - n)

In practice n << N, N', so that

n = N ' e-E/ 2 kT

The Schottky defects differ from the Frenkel defects in

that the atoms removed from the lattice sites move to another

lattice on the surface

a o O\o o o

o o e

o 0 0 0

S oo 0 0 0O

The number of ways that the n vacancies can be arranged is

N!= (6.31)
(N - n)1 ni

so that

F = n Eg - kT n!(N - n)I (6.32)
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giving

n = -E/kT
N -n (6.33)

Thermally induced acceptors have been studied by

C. A. Logan (Phys. Rev. 91, 757 (1953), S. Mayburg and L.

Rotondi (Phy. Rev. 91, 1015, Aug. 15, 1953), and by S. Mayburg

(Phys. Rev. 95, 38 (July 1, 1 9 54) ). These investigators

found 1.8 ev and 2.15 ev. for the defect activation energy.

6.3 Fast Neutron Effects in Germanium

Let us now apply the ideas presented so far to interpret the

changes in the electrical properties of germanium reproduced

by fast neutron bombardment. Much of this work was carried

out by Lark-Horovitz and his students at Purdue University,

and by Cleland and his associates at the Oak Ridge National

Laboratory (See for example J. W. Cleland et al, Phys. Rev.

83, 312 (July 15, 1951).

When P-type Ge is bombarded with fast neutrons, the

conductivity increases monotonically. The conductivity of

N-type Ge, on the other hand, first decreases, passes

through a minimum and increases with further bombardment.

Hall coefficient measurement proves that the bombarded N-type

material has been converted to P-type. These changes in

the electrical properties are too large to be explained by

impurities introduced by nuclear reaction. The number of

impurity atoms produced by transmutation is, in general, quite

small, although there are special cases, such as in InSb, in

which appreciable effects can be produced. On the other hand,
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appreciable lattice disordering and lattice displacements are

produced by collisions of the incoming neutrons with the lattice

atom, resulting in energetic primary knock-ons, followed by

a cascade of other atomic displacements. The production of

lattice vacancies and interstitials results in a large

number of electron traps and acceptors. These traps or

acceptors neutralize the donors in N-type Ge thus decreasing

the current carrier concentration, and in the case of P-type

Ge, if they are sufficiently deep-lying, they may augment

the concentration of positive carriers in the filled band.

All of the electrical effects of lattice disordering may

be removed by annealing the crystal at about 450*C. It is to be

noted that the behavior following neutron bombardments is

similar to effects produced by heat treatment. If N-type

Ge is'quenched from temperatures near the melting point

(about 800*C). P-type Ge is produced. This conversion is

presumably due to Frenkel defects which act as acceptors.

Be annealing at 450*C and cooling slowly, the original N-type

Ge is obtained.

The introduction of vacant states deep in the forbidden

gap of the N-type material will cause the Fermi level to be

lowered toward the filled -band. During this process increasing

number of electrons will be removed from the conduction band.

If the irradiation proceeds and the number of vacant slates.

increases, then these states will begin to behave like

acceptors, i.e. remove electrons from the valence band,

causing the material to become P-type. Consequently, a



constant rate of introduction of a distribution of low-lying

vacant states may be visualized as causing (1) a rapid lowering

of the Fermi level toward the center of the forbidded gap,

corresponding to the initial removal of electrons from the

conduction band, (2), a further lowering of the Fermi level

across the center of the gap, corresponding to the redistri-

bution of electrons to traps of lower energy and transition

to P-type, and (3) the asymptotic approach of the Fermi

level to a position near the top of the valence band.

Addition of acceptors to P-type Ge has the same effect

as phase (3) of N-type Ge. High-resistivity P-type Ge is

readily affected, since the Fermi level is well above the top

of the filled band. But in low resistivity P-type Ge the

Fermi level may already be below the limiting position mentioned

in (3). If such is the case, the only effect produced by

bombardment on' the conductivity will be through a decrease

in the mobility.

The neutron bombardment dependence of conductivity, as

shown in the following figure,

./o

!,oI ~
(vLrt)J4f
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can be explained in terms of the simple semiconductor model

discussed earlier. As shown earlier, the conductivity is

given by

= q(n/'n+ pp/iq,/((bn + p) (6.34)

in which

b =(6.35)

Furthermore

np ni 2  (6.36)

so that

dw ni2

niq2 (b--- ) = 0 (6.37)

Consequently the minimum in the conductivity occurs for

ni

= -

The minimum conductivity then is given by

= 2q /% n i (6.38)

The samples used by Cleland et. al. had electron concentrations

of the order of 1014 - 1015. Since

ni 1013

this means that the neutron bombardment should decrease the

conductivity by a factor or 10 to 100.

From the initial slope of the conductivity vs. neutron

bombardment it is possible to determine K, the average number



of electron traps produced per incident neutron. Thus

K = dn
d(nvt)fat

1 d f

d(nvt)fast
(6.39)

since

=q Un

upon neglecting the contribution from holes, which is

negligible for N-type Ge.

For example, consider the following result reported by

J. H. Crawford and K. Lark-Horovitz (Phys. Rev. 78, 815L

(1950) June 15). The initial resistivity was 0.77 ohm/cm.

A etY[ 5iN eYt'Aiz

with 2920 cm2 /v/sec. Consequently

d -' . 77 d 7L

d(nyt) 9.3 x 10 t(nyt)

1

(1.6 x 10l09)(2920)

(8.3 x 10-16)

(6.40)

= 1.78
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Average of the measurements such as indicated here (see, for

example, Cleland and Crawford, Phys. Rev. 92, 1742 (1955)

June 15), point to

k 2.5 traps/incident fast neutron

This value is in reasonable agreement with the theory

of atomic displacement outlined earlier. From Eq. (5.28)

Nd = n a-V (6.41)

Here we are identifying the number of traps with the number

of atomic displacements. The density of germanium is

5.36 gm/cm3, so that

no = 6 x 1023 5.6) = 4.4 x 1022 (6.42)
72.6

From (5.36) we find

-- .E 50,000
Jy- - -- = 1000 (6.43)

. 2Ed 50

Taking

C'= 10-25cm2

we find

Nd- 4.4 x 1022 (10-25)(1000) = 4 (6.44)
(nyt),

If Ed is taken to be 13 ev., the above value will be about

80. Thus the theoretically predicted value is about one

order of magnitude too large.
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6.4 James and Lark-Horovitz Model

One of the puzzling features of early studies of

radiation effects was the markedly different behavior of

germanium and silicon. N-type germanium was converted to

P-type and P-type specimen increased in conductivity with

exposures, whereas both N- and P-type silicon tended towards

intrinsic. The behavior of germanium could be explained

qualitatively on the basis of acceptor introduction alone,

which in silicon it was necessary to postulate the intro-

duction of both deepl'ying acceptors and donors to account

for the removal of carriers of both signs. In view of the

close chemical and electronic similarity of these materials,

this apparent difference in defect energy level structure was

not to be expected. James and Lehman, however, pointed out

that donors or hole traps in germanium might escape de-

tection if they lay near the top of the valence band. Further

investigation of low-resistivity P-type germanium indeed

demonstrated their presence. Moreover a closer examination of

conductivity v. bombardment curves of initially N-type

germanium revealed that the initial linear slope extrapolated

to zero conductivity at an exposure only about one-half

that required to cause conversion to P-type.

Earlier ideas concerning energy levels associatedwith

lattice defects were based on single ionization of lattice

vacancies and interstitial atoms. H-ence a vaniancy was expected

to behave as an acceptor or an electron trap, whereas an

interstitial atom was expected to behave as a donor or a hole
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trap. However, examination of the conductivity Q- vs.

bombardment time curves for N-type Ge revealed that extra-

polation of the initial linear slope to zero conductivity

gave a value of exposure only about one-half that required to

produce the conductivity minimum -or intrinsic behavior. This

behavior would seem to indicate the presence of two electron

trapping centers, of which one is rather shallow. It was on

the basis of this observation that James and Lark-Horovitz

considered the possibility of multiple ionization. They

find that in a lattice with as high a dielectric constant as

that of Ge, one might indeed expect states corresponding to

the first and second ionization energies of the interstitial

atom to lie in the forbidden energy band. Similarly the

energy required to put as many as two electrons into a vacant

site is expected to lie in the forbidden gap. When both the

interstitial and vacancy are present simultaneously, the

electrons arising from the interstitial atoms are redistributed

among all the localized states to positions of lowest energy.

Hence for Ge they find the following levels of localized states:

(l) A shallow vacant level corresponding to the first

ionization of the interstitial atom which is estimated to lie

-' 0.05 ev. below the conduction band;

(2) A deep vacant level below the middle of the con-

duction band which arises from either the second ionization

of the interstitial or the second ionization of the vacancy; and

(3) The two remaining levels, which are occupied and

which lie near the top of the valence band.
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For the analysis of bombarded N-type Ge, only the vacant

levels are considered. Namely one shallow level of electron

traps which is only partly effective in removing electrons and

a deep level which is completely effective. It is assumed

that all chemical impurities are completely ionized and that the

intrinsic process is negligible over the whole range of

consideration. The electron concentration is given by

n = n* - N - N (6.45)
5

where no is the initial electron concentration, AIg is the

concentration of occupied shallow traps, and N is the con-

centration of deep traps. Suppose then

The rate at which electrons are trapped by the shallow traps

is proportional to~t(N-Ns) , where n is the electron con-

centration in the conduction band, and N-N is the concentration

of unoccupied shallow traps. The rate at which electrons

leave the shallow traps to enter the conduction band is

proportional to N ~. Hence for the reaction.

electrons + shallow traps gZ Electrons in shallow traps

we obtain-

n(N - N3")Ks = Ns (6.46)
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giving

. n.N .KS
N S - n(6.147)

1 + nKs

Here KSis the mass-action proportionality constant, and can

be determined in the following way.

N
Ns E -(6.148)

1 + t e)
kT

N- N Et- Eexp tEF) (6.149)

kTNs

N 1 Et- Ec
K = = ....-- """""e xp (..- T )s n(N - Ns)tNk k(6.50)

Using the above model, the workers at Oak Ridge National

Laboratory established the existence of two vacant states,

one located below the middle of the forbidden energy gap

and the other located 0.2 ev. below the conduction band.

For 0.2 ev. level the conduction band, the arguments are

as follows. From (6.45) and (6.47), we find

2K8 n = (n* - 2N) Ks- 1 + (h*-2N)KSl + 4K(n*-')(6.51)
+4

The validity of the above model was established by

determining Ks and hence 6, , where

s E Ec - Et (6.52)

by three independent approaches. These are (1) the variation
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of the initial slope as a function of no of the n vs. bomb-

ardment curve, (2) the application of (6.51) to the bombardment

curve over the entire n-type range, and (3) the temperature

dependence of the electron concentration in bombarded Ge.

Differentiating (6.51) with respect to N we find for

the initial rate of change of n with Frenkel defect con-

centration

dn 1 + 2K n*
~ lKn 0  (6.53)

dNJ 1 + KS n*
N = 0

Thus 
dn

KS = -

n* [1 + 2(dn)]

and using (6.50) and

me= [Ws2M myMz l/2 = 0.51%m

2m k 3/2
= 2.142 x 10 1 5 /cm 3 /o3/2

= 34.42 +-/A (k T 3 /2

kT s '

Es = 8.65 x l05T [34.42 + $(KT3/2

The average of measurements gave

6= 0.197 ev.

Next they fitted the n vs. N curve given (6.51) over

the entire N-type range. A plot such as shown below is obtained.
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i N

A rather good fit to the curve was obtained using K 3.6 x 10-6 cm ,

which corresponds to s - .199 ev.

6.5 Hall Effect

We shall present here a brief discussion of the Hall effect

to show how such measurements can provide information about

semiconductors.

When semiconductors are subjected to nuclear radiations,

defects are produced. So that the semiconductor defect pro-

perties, rather than the intrinsic properties, i.e. the pro-

perties of the pure-material, become important. Consequently,

we shall investigate the effects of donors and acceptors, lying

close to the allowed energy bands. Consider then ,a semiconductor,

say germanium, containing ND donors at ED' below the edge of

the conduction band i.e.

ED'
w Ec - ED (6.54)
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According to (6.17), the concentration of occupied donors is

ND ND (6.55)

lf- 1/2 exp (ED - E) 1 4- 1/2 exp ED
kT k

where we have put

E'=E -E (6.56)
F c F

Consequently the number of electrons in the conduction must

be just equal to the unoccupied donors, i.e.

ND

nD (6.57)

1 1- 2 exp D kT

Suppose that the conditions are non-degenerate over the

entire temperature range. Then

EFe
n = N exp [- F ) (6.58)

- c kT

Combined with (6.57) gives

2 n

n 1+ -- exp 6' = N (6.59)

L Nc D D

where

= ED EF
F *

-kT kT

Solving for n we rind

n = 1- 2 ND (6.60)
1 '1+ N x

N0 D
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Suppose that ND = 10l 6 /cm 3 , and ED' = .01 ev. Then ( ''

and since Nc 10119, the second term under the radical is small

in comparison to unity. Therefore at room temperature

n = ND (6.61)

that is, the donors are essentially completely ionized. On

the other hand at low temperatures the second term under the

radical is large in comparison to unity, so that

2 ND
n =

1 + 2sJ Nc exp

Nc ND
-2

T [1+/ exp (-ED')]l/ 2

exp - _(6.62)

Thus the plot of n vs. l/T will be as follows:

yL

At low temperatures, 'tn will fall linearly with 1/T and

a high temperature such that E, = kT, the curve will flatten

out to the saturation value of ND. Experimentally, this means

that Hall measurement at "high temperature" will give the

donor concentration N and that the low temperature Hall
D
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measurement gives information about the position of the donor

level with respect to the conduction band.

To see what is meant by "high" and "low" temperatures,

we need to examine the temperature dependence of the Fermi

level. We need merely to recall that if the Fermi level is

several kT below ED, then- the donor levels are essentially

empty; and if the Fermi level is- several kT above ED the

donor levels are almost completely occupied. From (6.57) for

ED' = E
F

we have

N
n = D(6.63)

so that from (6.58)

AFNc 3N C
F 10 (6.64)

T n .ND

Thus the Fermi level should cross the donor energy level

around 30*K. Thus to determine the donor energy level it

would be necessary to make measurements at liquid hydrogen

temperature and lower. A little more detailed analysis

will reveal that in going from room temperature down to

100*K, the carrier concentration will change at most by 10%.

Consider next the effect of introducing Nt electron states

upon the conduction electron concentration. Then

ND = n + Nt(6.65)

kT
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Since the conduction electron concentration will be changing

most rapidly with temperature when the Fermi level is at the

trapping level, we shall attempt to estimate the value of

this Fermi level. Then (6.65) becomes simply

Nt 2
N = n + - = n + N (6.66)

D 1+ 1/2 . t

so that

E = -kTt ND -/3t = kT [ ND -4(1 - 2/3 0f)
F N D (6.67)

c

where we have put

Nt. = o(ND (6.68)

The order of magnitude of the quantity in the square brackets

is about 10, so that

E
kT . - .(6.69)

10

If Et is about 0.2 ev below the conduction band the above

analysis suggests a very rapid decrease in the conduction

electron concentration around 240*K.

The qualitative difference in the temperature dependence

of' the electron concentration, as measured by the Hall effect,

beffore and after the introduction off traps is -as shown in

the following figure.
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---- Before
Irradiat ion

---- After
Irradiation

6.6 Bombardment of P-type Germanium

It was shown by Cleland, Crawford, Lark-Horovitz, Pigg

and Young (Phys. Rev. 84- 861 (1957) ) that both the magnitude

and the sign of the initial rate of change of hole concen-

tration [dp/d(nvt)]t = 0 are. dependent on the initial hole

concentration P and the temperature of exposure Te. This

result is consistent with the proposed model of energy levels

associated with Frenkel defects, since both occupied and

vacant localized states above the top of the valence band

are predicted by this model. Consequently, the situation

is characterized by two competing processes; production of

hole vacant states (acceptors) and trapping of holes by the

occupied states (donors). Under conditions of thermal

equilibrium, the effect of .Frenkel defect introduction depends

on the position of the initial Fermi level EF* relative to the

limiting value E + which is determined solely by the positions
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of the defect. energy levels and the temperature. According

to the model, two occupied levels and one vacant level are

expected. If it is assumed that all of the chemical acceptors

are completely ionized, then the hole concentration is given by

P P' + N - N2 N3+ (67O)

where N is the concentration of ionized acceptors (hole

vacancies) and N-+ and N + are the concentration of holes in
2 3

the deep and shallow traps respectively. From the law of

mass action, then,

p N1  = K1 (N - N)

P(N - N 2 +) = K2 N2 + (6.71)

p(N - N3 +) = K3N3+

giving

NK1

N1  = pK

NpN2 p + X2

+ pNN =p + K32
N p+K 3

It is easy to show that the equilibrium constabts K are
i

given by

-. Ny . 6i/kT
K -- e (6.72)

i

For example, consider K,

NN (6.73)

N1" 1 + 7 xp~ li- EF1+ ep F
1 ( kT
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where we have put

E -E
1 v

6= EF -EF F v

(6.74)

Then 61 (F
N exp kT )

1 + exp (1 F
1 k

N - N1- =

so that

N 

N - Ni-

1 6F
= --- exp( - 1 - )

kT
(6.75)

Now

P = Nv e F/kT (6.76)

Therefore

K1

Nv 61
---- exp (- ..... )

kT

(6.77)

Consequently (6.70) gives

P = P + N 1

LP K p + K2

- p (6.78)

Where N represents the Frenkel defect concentration produced

by neutron bombardment. It follows immediately that the initial

rate of change of p is given by

dP
(---).0

N 0

K1 Po
= K1  -P 0 K

P0 + K p + K2

. Po

Po + K3

(6.79)
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To simplify the analysis we should neglect the effect of

the last term. This is justified by experimental results.

Then (6.79) becomes simply

(dP) N = 0 0 + K P0 +KPo + 1 o + 2

(6.79')

Thus the sign of initial slope is dependent upon the initial

hole concentration P . Furthermore, this becomes zero when

KI

Po + K

P0

0+ K

(6.80)

or

0
P K l2 (6.81)

From

P
0

= N exp ( - )
V kT

and (6.72) we find that the initial slope is expected to

be zero, if

El +6

F 2 .
+ kT r'' u1 2

(6.83)

since

1 2

-1 (6.84)

Thus the initial slope will be positive if the initial Fermi

level is above EF*; and negative, if below. From such measure-

ments, the hole concentration p for which the initial slope

is zero, was found to be 1.5 x 1015/cm 3 , and the corresponding
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Fermi level EF' to be 0.123 ev above -the valence band.

This value however, represents merely the midpoint between

the acceptors and hole traps. To determine and 1, (6.79)

is plotted, assuming a variety of values. The values giving

the best fit to the data are 6,'= 0.180 ev. and

Ez" 0.066 ev.
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CHAPTER VII DEFECTS BY NUCLEAR TRANSMUTATIONS

In the previous chapter, the defects produced by dis-

placements following nuclear collisions were discussed. For

this, we shall take germanium as an example, and also discuss

some of the results obtained at the University of Michigan.

7.1 Nuclear Transmutation in Germanium

This work, reported first by J. W. Cleland, K. Lark-

Horovitz, and J. C. Pigg, (Phys. Rev. 78, 814 (1950) ) is

interesting in that a study of the semiconducting properties

of germanium led to the discovery of an error in neutron

capture cross section measurements.

In addition to the atomic displacement defects, which can

be annealed out, there are other effects which cannot be

annealed out, when the samples have been irradiated with
I8

neutrons of or more. The reason for this is that

the thermal neutron capture by Ge leads to the formation of

Ga7 , an acc.eptor, and the neutron capture by Ge7  to the

formation of As7 5 , a donor. The net effect, clearly will

depend upon the thermal neutron capture cross-sections of

70 714
Ge and Ge . The following table summarizes the results

as were known at the time the investigations were carried out.

Isotope Abundance Cross Section End Product
Isotopic Atomic

Ge7 0  21.2 0.073 0.0155 Ga

.45 .095

Ge 4 37.1 0.38 0.114 As

7-1
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These results suggested that germanium would become N-type

upon prolonged neutron irradiation. For

(_Y~t)__r&e 7 ) 1( '70)

N(AM5 ) = (nirt)<(cre)N(Ge")

where N(Ga71) and N(As 7 5 ) are the concentrations of Ga and

As75 produced by nuclear transmutation and N(Ge70) and

N(Ge ) are the concentrations of GeIO and Ge in the

original germanium sample. If NA is the number of germanium

atoms. per unit volume, then the excess of Ga formed over As

is given by

N (&7)- /\(A 7 )
(..... ir t) Al [ / . 0"'r(& e . 37/ er (&e'~i

showing that the As formation exceeds Ga formation, so that

the final sample should be N-type. Experimentally, after

prolonged irradiation and careful annealing the sample

becomes P-type. This discrepancy led to the redetermination of

the neutron cross sections. The revised data are as follows:
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Cross Section
Isotopic AtomicIsotope

Ge7 0

Ge7 2

Ge7 3

Ge14

Ge76

Abundance

21.2

27.3

7.9

37.6

6.1

3.25

0.914

13.69

o.6o

0.35

0.69

0.26

1.08

0.22

0.02

End Product

Ga

Ge

Ge

As

.Se

These revised values of cross sections lead to

leading to results that are in good agreement with carrier

concentration measurements. For example, the initial, the

calculated, and the measured carrier concentrations of two

samples are shown below

no

-5.25 x 1014

-2.28 x-1016

nX (calc)

6.16 x 1015

3.21 x 1016

no (meas)

8.82 x 1015

2.92 x 10

7.2 Thermal Neutron Effects in Cadmium Compounds.

The idea that thermal neutron capture by Cd1 1 3 may lead

to observable effects occurred to this author while lecturing

to a class of beginning students in nuclear physics. The

basic idea is as follows. When Cd1 1 3 captures a neutron, the

compound nucleons [Cd 1 ]* is formed, which has about 9.044 Mev

114above the Cd ground state.



cd_____n __(CdI}j q,oYe tMev

113

CdC4

The transition to the ground state can occur with the emission

of a single gamma ray or more. The details of the capture gamma

ray spectra have been studied by many. If a single gamma ray

is emitted, then the Cd recoil momentum is given by

so that the recoil energy is

__1 Er S37 j

A

For the 9 4i Mev gamma ray, the regoil energy is 380 ev. Thus

the recoil energy will vary from this maximum value down to

zero. This 380 ev. recoil energy is more than adequate to

produce atomic displacement.

We discuss first the calculation of damage production by

thermal neutron ( 7l , ) reactions and this will compare with

damage production by fast neutrons.

If all the excitation energy of a captured neutron is

released as a single -2ray of energy E (Mev) then the



7-5

recoil atom has a unique energy T given From momentum con-

servation as

537 2~
A /(7.1)

where A is the atomic mass. E is generally about 6 Mev so

that T can be several hundred electron volts. Since the

threshold for atomic displacement is about 25 ev, such energetic

recoils can produce extensive damage.

If is the thermal neutron flux, erg the capture cross

section, and is the average number of atomic displace-

ments produced by each recoiling nucleus, then

~~~ (7.2)

where is the rate of defect production. Now

V :=(7.3)

so that

270 E2 4 t' xo~

/t- (7.4)

Unfortunately, the excitation energy is not usually released

as a single gamma-ray. Instead many gamma-rays are emitted.

If their emission time is short compared to the recoil atom

collision time, the final recoil energy is determined by

both the magnitude and angular correlation of the various

'-rays. On the other hand, if the emission times are longer

than the collision times, then the individual )'-rays in the

cascade can be treated separately. Since, however, the details



of the transitions are not known, the following scheme can

perhaps be adopted. In a cascade process, if the initial

'-ray has an energy between Emax and (1/EmaX, then it must

be followed by lower energy f-rays. These low energy

(-rays serve only to broaden the nuclear recoil energy

characteristic of the initial high energy f-ray. As

a simplification in calculating the damage, only those

captures in which such a high energy gamma ray is present is

counted.

Then

t~ .__.-2#.7 A T A

/ItY (7.5)

where /\/() E

energies between

The defects

given by

represents the number of (-rays having

R and ': -,-

produced by fast neutron knock-ons are

f

Now

TA
where

so that

f A Es

f>f ofi
A Ea

upon putting u= 1 Mev. Taking the ratio of (7.5)
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to (7.6) we find x

For most nuclei the ratio of thermal neutron defects to fast

neutron defects is about unity. The exceptions are Cd, Gd,

and Sm, as shown below.

Element

Cd

Gd

Sm

500

:5400

1400

R

20

81

26

A more detailed study of the thermal neutron damage in CdS

has been carried out recently at the University of Michigan.

Some of the nuclear properties of Cd isotopes are listed below.

Isotope

Cd106

Cd1 08

Cd1 1 0

Cd1 12

Cdll2

Cd1 1 3

Cdll3
Cdll 6

Cdll6

Abundance

1.22%

0.87.%

12.39%

12.75

24.07

12.26

28.86

7.58

. 1.0 ±

. ~"---

0.2 ±

0.030 -±

20,000 - 3C

0.14 -

1.1 ±

1.5 ±

Nuclear Reaction

1p 07 /
0.5 C d >1 ) J ire

0.1 CJ ()

0.15

0

.03

.3

0.3

14 113

cJ (n7 ) Cd
d YG1  Ce *3 J-YS

Cd (n~) Gd :-3 4ays
117 - 17?

z.A~s
/l7

453MiK 1.9 As
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114
From the -ray spectrum of Cd it is estimated that

the average recoil energy is about 140 ev. To study the

effects of such recoils CdS was selected because of the earlier

luminescence studies of the material and the changes of such

properties under particle bombardment. R. J. Collins

(J. App. Phys. 30, 1135 (1959) ) produced edge emission in

CdS with a 200-Kev beam of electrons, and on the basis of the

effect of heat treating in a sulfur atmosphere, concluded that

edge emission was a result of sulfur vacancies. B. A. Kulp

and R. H. Kelley (J. App. Phys. ) measured

the threshold for the production of edge emission by electron

bombardment as being 115 Kev and proposed that edge emission

was a result of sulfur interstitials. Kulp proposed that

sulfur vacancies are the center for the fluorescence band

at 7200 A at 77*K .

The "edge" emission mentioned above refers to the emission

in the green appearing just outside the fundamental absorption

edge, when excited by ultraviolet radiation. The highest

energy peak in the edge emission occurs at 5140 A and is

followed by regularly spaced peaks separated by an energy

difference equal to .the energy of the longitudinal optical

phonon. The emission is believed to arise through the re-

combination of a free carrier with a trapped carrier.

In addition, CdS shows the. blue luminescence centered

about 4850 A, when excited by ultraviolet radiation at liquid

nitrogen temperature. This blue emission is considered to be
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due to exciton recombination near the surface of the

crystal.

The particular radiation on which attention was focused

was the red luminescence at 7200*A. This is the. radiation

that becomes particularly prominent following thermal neutron

radiation.

Cadmium sulfide is a semiconductor having band gap of

2.5 ev. Pure cadmium sulfide is therefore expected to be

an insulator at room temperature and below. However, because

of deviation from stoichiometry and possibly impurities, the

"as-grown" exhibit a wide range of conductivities, varying

from the almost metallic crystals, having resistivity of

about 0.1 ohm-cm., to insulating samples having resistivities

as high as 109 ohm-cm. The "bulk" crystals from which

suitable samples were prepared by cleaning, were of the low-

resistivity type, and the dendritic of. the "platelet" crystals

had the high resistivity.

Under ultravidlet excitation at 78*K the bulk-type

crystals show the usual blue exciton emission at 4t88 0 A and

a very low intensity band around 7200 A. After about 36 mega-

watt-minute thermal neutron irradiation the exciton intensity

is reduced, accompanied by a dramatic increase in the 7200 A

red luminescence. Similar effects are observed for the

plat elet-type crystals..

The following analysis provides an estimate of the

numbers needed for the design of the experiment. Suppose that

a crystal of CdS is exposed to a neutron beam of flux cI,



7-10

then its attenuation inside the crystal is given by
-N'Ox

113

where 0 is the thermal neutron capture cross section of Cd -"A4A
i s Cd1 1 3 concentration in the crystal. The thermal neutron

capture cross section is about 20,000 barns. The Cd1 1 3

concentration N0 can be estimated from the density of CdS

(3.09 gm/cm3) and the isotopic abundance (12.26%). Thus

/ 603 K /o X/ 4 ' /24 2L8 ./ x/'

Hence the mean penetration into the crystal is

~~~ i J ~~/.gyxo2(2 xo~")

Thus a crystal of thickness 1 mm will abosrb thermal neutrons

12 2
completely. If the thermal neutron flux is about 10 cm /sec.,

and assuming one atomic displacement per neutron, we find that

the estimated density of atomic displacements will be pro-

duced. Hence the effects due to thermal neutrons can be

readily observed by conventional semiconductor techniques.

The thermal neutron irradiation has a marked effect upon

the temperature dependence of conductivity. To interpret the

result, suppose that the neutron capture leads to the formation

of a electron trapping centers Et below the edge of the con-

duction band.
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Then /Y'4-

where

Using

we obtain eC_ _

In the above expression f is the density of trapping centers

introduced by thermal neutron captures, 7t is the initial

electron concentration, and Ft is the depth of the trapping

level below the conduction band. If the sample has been

irradiated a sufficient length of time so that Alt

and suppose furthermore that '7Z C< A/l ??1 ~h Then

The conductivity is given

Theory shows that the temperature dependence of the mobility,

due to thermal scattering is proportional to T-3/2. This temp.-

erature dependence is just cancelled by the factor T+3/ 2 in the
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effective density of state A/. Thus we can write

Hence the slope of the semilog plot of the conductivity

gives the depth of the trapping level. Measurements seem

to show that Et is about 1.1 ev.



CHAPTER VIII MINORITY CARRIER LIFETIME

Although high energy radiations have pronounced effect

upon the semiconductivity of semiconductors such radiations

have an even more important effect in the operation of many

semiconductor devices. Consequently we shall here first

discuss the so-called Hall-Shockley-Read mechanism, and

show the effects of radiation upon the minority carrier

lifetime.

8.1 Hall-Shockley-Read Mechanism

Our principle task here is to derive the relation

where

(8.2)

(8.3)

N ( ~-E) - (8.14)

(8.5)

Cn ... capture rate per electron when the electron
trap is empty

Cp ... capture rate of holes where traps are fully
occupied

8-1
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The sequence of events presumed to occur in the HSR-

mechanism is as follows. First the trapping center captures

an electron, and subsequently, the electron in this trapping

center is annihilated by combining with a hole. Thus the

recombination center is ready to repeat the cycle for electron-

hole recombination.

Consider then the electron trapping part of the recom-

bination process

V.8,3

If the energy of the trapping center is Er, then the rate at

which electrons will fall into the traps will be given by

R C = ? - ( g 
(< . 6 )

where /-fA represents the fraction of trapping centers

that are not occupied. The rate at which electrons are

leaving the trapping centers to go into the conduction band is

e n (8.7)

and at equilibrium

Re=Re (8.8 )

so we obtain
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(8.9)

FurthermoreA exp

(8.10)

so that (8.9) becomes

_ C~.N c &V9( n(8.11)

where we have put
Ee - Et

Al _____ (812

From f8.6), (8.7) and (8.11), we obtain for the net rate of

electron capture the expression

RlRe - Re = c -1(8.13)

Similarly for the net rate of hole capture we have

(8.l4)
P

Under steady state conditions

so that

t P (8.16)

Inserting (8.16) into (8.13) and (8.14), we find
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C CP (xP-%

C n(n n, +C OP + ) ( 8.17 )

Now 7

- - *(8.18)

for small 7-)z

S( + lP P(8.19)

If we write

$PzA/,L C6

where Ci and Cp are the capture probabilities of electrons

and holes per vacant center and per occupied center, then

(8.19) can be written as

(n 4 m) + ( po
N~o +- P,(8.20)

Several consequences follow immediately. From (8.20), for

several trapping centers we have

L. = -jN *

(8.21)
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onor + += (P P

where the cenbers introduced by irradiation has been singled

out . Eq. (8.21) then shows that the plot of

and t should be linear, and hence linear with the A tv)

Such measurements have been reported by 0. L. Custis, J. W.

Cleland, J. H. Crawford, and J. C. Pigg (J. App. Phys. 28,

1161 (Oct. 1967) ). The log-log plot of the reciprocal

lifetime against the integrated neutron flux and integrated

gamma flux yield straight lines with slopes very nearly

equal to unity.

Let us next see what information can be obtained by

examining the temperature dependence of the lifetime, suppose

the specimen is N-type, such that )tc, PD , Y>>.

Then (8.21) gives

(8.22)

In this expresaion the only appreciable variation of with

temperature arises from n,.since over the range of measurement

(220*K to 3,0"K) n0 is expected to remain essentially constant.

For electron concentration such that ~" )

(8.22) predicts a linear/'i Evs. '~fcurve. The slppeoof

this curve yields E -Ei since

AI= y T(8.23)
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The slope of this curve indicates that

Ec - Et
= 0.23 ev
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IX. ELECTRON SPIN RESONANCE IN SEMICONDUCTOR RESEARCH

The purpose of this chapter will be to provide a brief

introduction to electron spin resonance in order to point out

the potential usefulness of this research tool for the study

of semiconductors and radiation effects -in semiconductors.

Some of the possible uses for the study of radiation effects

are given in a University of Michigan Phoenix Memorial Project

Report by C. Kikuchi, S. Yip, and I. Chen.

The usefulness of electron spin resonance stems from the

fact that the electrons and nuclei in a solid can be thought

of as microscopic electric and magnetic probes, and as such

can be used to explore the electric and magnetic fields in

microscopic regions of a solid. In semiconductors those

paramagnetic centers have most frequently electron spin S

of 1/2. Consequently we shall examine this -case in .great

detail.

Consider then, an electron of spin angular momentum of

1/2 and magnetic moment,! 4 located in a magnetic field. . The

energy of this bar magnet is given by

(9.1)

where G is the angle between the magnetic moment and the

magnetic field. Thus the energy is lowest when &= 0, i.e.

when the magnetic fields are parallel, but largest when

S= 180*, i.e. when the, magnetic moment and the magnetic field

9-1
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are anti-parallel. The difference in energy or the energy

needed to go from parallel to anti-parallel orientation then

is

A E = 2
(9.2)

If this is to be supplied by the electromagnetic field, then

where we have used for the electron magnetic moment. Since

= 6.625 x 10-27 erg sec

= 0.9273 x 10-20 erg/gauss

we find that

2.8 H Mc/sec

If in particular H = 3300 gauss, we find that resonance absorp-

tion is to be expected at )/= 9,250 Mc/sec.

The above simple classical analysis then suggests the

following experimental procedure.

Suppose the oscillator puts out a constant power at = 9,250

Mc/sec. The experimental arrangement is to be such that this

power is incident on the sample, and that the receiver is to
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measure the transmitted power. Furthermore, suppose that the

electromagnet is such that it is possible to sweep through

resonance magnetic field, H, given by (9.3). If the -magnetic
field is below this value there will be no appreciable absorption

of microwave, and this condition will continue as the magnetic

field is slowly increased. However, when the magnetic field

reaches Ho, there will be a sudden absorption of power, resulting

in the decrease of the transmitted microwave power. In these

experiments we need merely record the' transmitted power as

a function of the applied magnetic field.

1. Spin Quantum Mechanics

Although the above arguments provide an intuitive insight

into electron spin resonance, we need to have the result of

quantum mechanics to interpret the details of the experimental

results. Accordingly we shall .give here some of the funda-

mentals of quantum mechanics relevant to electron spin resonance.

The basic equation in quantum mechanics is

(9.

where the Hamiltonian H can be written in the form

consisting of time-independent part H and time-dependent part

H at respectively. The time-independent part consists of

several parts, such as the interaction with the external magnetic

field, called the Zeeman term, the electron-nuclear interaction
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term, etc. Furthermore, a point to note is that the Hamiltonian

is an invarient. Consequently, the invarients that can be

constructed from the magnetic field vector H, the spin angular

momentum vectors S and I, for the electron and nucleus res-

pectively, are such as to suggest the following phenomenological

Hamiltonian

- - - +IA-j(9.6)

where &, A and Enare tensors of rank two. In the usual

electron spin resonance experiments, the experimental con-

ditions are such that the nuclear spin undergoes no change.

Then the last term in (9.6) is a constant, we shall hereafter

omit this from any explicit discussion. In (9.6) there should

be another term giving the contribution of the crystalline

electric field stemming from the crystal lattice ions. But

this term gives no contribution, except indirectly, to the

electron energy.

The time dependent part of the Hamiltonian can be written

in the form

.s ...~qt. ' H'(CRYStV)f (9*

The second term giving the nuclear Zeeman term can again be

omitted from most of our discussions. The last term, giving

the time-dependent perturbation stemming from the crystal

lattice vibrations provides the mechanism for spin-lattice

relaxation. Again, to simplify our analysis this term will
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not be considered here. Consequently for our purposes we

shall consider the static part of the Hamiltonian to be

given by the first two terms in (9.6) and that the transitions

among the different states are induced by the first term in

(9.7).

2. Energy Levels

To solve the quantum mechanical problem for the Hamiltonian

(9.6), we need to recall a theorem in quantum mechanics which

states that for two commuting operators Q and R there exists a

complete set of simultaneous eigenstates for both Q and R. (See

for example Dicke and Wittke, Introduction to Quantum Mechanics,

p. 97). That is, if

(9.8)

where q is assumed to be non-degenerate, and if

Q .(9.9)

then

On the other hand, if q is degenerate, such that

(9.8')

with more than one eigenfuniction belonging to the eigenvalue

q, then the theorem asserts the possibility of finding a

linear combination ,4, such that
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J (9.11)

(9.8'')

and

f21/(9.10')

The Hamiltonian that we shall be concerned with are

functions of the electron and nuclear spin operators. For this

reason the Hamiltonian is often referred to as the spin-

Hamiltonian. We shall therefore, summarize the properties

of the spin operators and functions. The spin operators have

the following properties:

2 2 2.

(9.12)

(S 5S]-- 5,

(9.13)

It can be easily shown that S , Sy, and Sz commute with S2 , i.e.

5 f Sy5 =(2- S= 0

The spin functions have the following properties

,...1 $fM (9.15)

ta M ~~ e1 (9.16)
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2= A16($*'+)f- (1+1) (g
(9.17)

(9.18)

where

Similar results apply to the nuclear spin operators IX, I ,

and Iz, and

(9.19)

To demonstrate how the above results are to be used,

consider first the Zeeman effect of an electron whose magnetic

moment is parallel to its spin. Then

(9.20)

so that

7 W(9.21)

and the quantum equation is

(9.22)

If the magnetic field is taken along the z-axis, then (9.21)

becomes

'7-/9.21')
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Clearly (9 .23)

1 (9.23)

so that according to the stated theorem for non-degenerate

eigenvalue and the result of (9.16), we find that is also

the eigenfunction for (9.22).

(9.214)

Thus if an electron of spin S is placed in a magnetic field, the

ground state splits up into 2S + 1 equally spaced energy levels.

The spacing is given by

AE =@/ M*!+ 9 NM=- (
(9.25)

As another example consider an electron whose magnetic

moment is a linear function of the spin operator, i.e.

(9.26)

and the Hamiltonian and the quantum equation are

(9.27)

(9.28)

If the coordinate axes are taken along the principal axes of the

g-tensor, then (9.27) can be written

X + 9rs )(9.29)
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where we have written

fx) (9-30)

We note (9.29) no longer commutes with Sz, but does commute with

S2, as can be seen from (9.14). But there are 2S + 1

eigenfunctions (,M belonging to the operator S2, i.e.

Consequently to construct the simultaneous eigenfunctions for

the Hamiltonian of (9.29) and (9.15), we need to take a linear

combination of the 's. To simplify the analysis we shall

take S = 1/2, then tvl= -1/2 and 1/2, so that if we take

- k7(9.31)

we find that

Sz -3

(9.32)

and the results of the stated theorem asserts that

1 {-2 (q lx_ fls+ ZIx t + //(9*33)

From (9.17) and (9.18) we note that for S = 1/2,

S cP-- 2,

sMrM-o

Hence (9.33) gives
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N,(a4'C -b ce6 +( ){ *{|,1

(9.35)

Since the '3 are ortho-normal, we find that

2 (f, N +z Ny)^ As A 2b = eb/ , , (9.36)

Hence, for the existence of non-trivial values of a and b,

we find that

X 2Z (9.37)

As the third example, consider the Zeeman effect of an

electron and a nucleus coupled by an isotropic election nuclear

spin-spin interaction. Taking the z-axis along the magnetic

field, the appropriate Hamniltonian can be written in the form

with
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It is easy to verify that

1/2 = 2 = (9.141)

and

F y +I1 >.OD(9.42)

The results of (9.41) suggest that the eigenfunctions of

(9.39) are of the form

(9.43)

where I-X y = 1(iet1 I) A

--- (9.44)

Furthermore, according to (9.L42)

(9.45)

so that the eigenfunctions of (9.39) are to be constructed from

the set of giving the same eigenvalue /4+mn. To

simplify the analysis again take S = 1/2. Then, clearly

( +A+t (9.46)

Then

z ~(9.147)
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Carrying through the analysis as before we find that

( H +wt A a.+.fz-- i'=

-Afr(I+)->(>+i- f4l N+A(n*+1)] b (9.48)

.$ ()+t- . iA( ) n 1) 'k7= 0

(9.49)

3. Transition Probabilities and Selection Rules

Before considering the applications of the results just

derived, we shall consider transition probabilities and

selection rules because these are important in the design of

experiments. For this we shall again consider the Zeeman

effect of an electron, subject to an oscillating as well as a

steady magnetic field. The basic quantum mechanical equation is

(9.3.1)

where

where ') is the time-independent part of the Hamiltonian, given

by

(9.3.3)
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and - represents the interaction of the electron with the

applied oscillating.magnetic. field, i.e.

/ xr -v H(t

y'. S . wt

- (9.3.14)

Our task is to see what conditions /(t) must satisfy

induce transitions among the Zeeman levels.

To obtain the solution of (9.50), we write
4 EM't

to

"y = . an, tfi wI f (9.3.5)

where "5 ' satisfy the equation

210 r2M
From (9,514) we see that

M M

O BM

M4
Q

a, 41a)Elie. a C

(9.3.6)

~'£PL1

(9.3.7)

Ml' (9.3.8)

1 ElMt

a dt
f eAAA,

;-.;a
-000

C

Consequently, substituting into (9.50) we find that

/ Iwt.

_i44-

M M()e
I____ EA41

X.

-f- g ,
M. ,a,,

(9.3.9)

ICH
I

C

Mr

db

O Q6

i M t t

lo)11ht l ° (9.3.10)
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oraC el1,()
11 1~~CM 7 -EtIA) tW

(9.3.11)

From (9.3.14) we see that

''cnf

_ JAIeH t
5

(9.3.12)

Furthermore, if it is assumed that at t = 0

all (0 _
e 1 p() AID M)

then the integration of (9.3.11) leads to

I
e -

+

H EMa- W L) t

(EM - s ,qe t fa! tL,

lie

2I <MH.J1

(9.3.13)am f) fp I g "t 5 / m1p)
Z

F

' -Eho -w

i(EMEpl*- oAt

I
41-

cwat

We note that the term gave rise to the first term in

the square brackets, which is large if
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that is, if the final energy is less than the initial energy

by . Thus this term gives rise to an emission of photon
-ii,t

of energy . Similarly, the term e which leads to

the second term in the square brackets is associated with

photon absorption.

Let us now look at the matrix elements

(9.3.14)

M| 5,kH 6.+ H' 5 IM.

The first term involving Sz gives rise to transitions among

Zeeman levels with the same magnetic quantum number M. But

according to our previous analysis, the different Zeeman

levels have different magnetic quantum numbers. Consequently it

follows that the component of the oscillating magnetic field

parallel to the steady magnetic field gives no contribution

to photon absorption or emission. In other words, for the

Hamiltonian of (9.3.1), (9.:3.3), and (9.3.14), the oscillating

magnetic field must be perpendicular to the steady magnetic

field.

To see how the polarization is related to the emission

and absorption processes, consider the last two terms in

(9.3.14). To simplify it, take the x-axis along the direction
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of the oscillating magnetic field. Then, upon re-introducing the

time dependence we find that

+-z2 - x (9.3.15)

This can be resolved into "clockwise" and "anti-clockwise"

rotating magnetic field as follows:

(4)
I oa iJ A vU

s I,-
*mom J.... 14 , 1. LtJt

T

(9.3.16)

(4t)

e wt

(a)

""it]
(9.3.17)

(c). 1
wr1ImLt

(W7A F w-a

(9.3.18)

It is to be recalled that S+ gives rise to transitions in

which angular momentum is absorbed from the electromagnetic

field, i.e. the angular momentum of the electron increases.

Similarly S is responsible for the emission of angular

momentum. Then the several terms in (9.3.17) and (9.3.18)

have the following significance:

Operator

c wt

a e
H~a ct

s._ e

Energy Angular Momentum

Absorption

Emission

Absorption

Emission
(9.3.19)
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Operator Energy Angular Momentum

iwt

HC Se Emission Absorption

. ' Absorption Emission

Now for negative and positive magnetic moments, the energy

level arrangements for S = 1/2 are as follows:

Negative Positive

M =1/2 M- - l/2

M=-1/2 M = 1/2

For negative magnetic moment then angular momentum is absorbed

during the energy absorption process, whereas for positive

magnetic moment, angular momentum is emitted when a photon is

absorbed. Thus for negative magnetic moments, the anti-

clockwise induces the transitions, whereas for the positive

magnetic moment, the clockwise component is the operative one.

From the above analysis then it is clear that the selection

rules are given by

(9.3.20)

that is, the transitions will take place between adjacent

Zeeman levels. Since the Zeeman energy levels are given by

we see that the photon needed to induce the transitions must be

such that
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hy y =eH
(9.3.21)

in agreement with the semiclassical result given earlier.

So far we have neglected the effects of the nuclear spin.

If this is included (9.3.3) becomes

//5 -a Hz + A IS
-- 2 do [- ~~ (9.3.3')

and

WS 
ht'

= L"(; g I),cowt
(9.3.4')

so that the matrix element occurring in (9.3.13) becomes

K/M) 12r/-?in7' tJI 7n j4MO>

The transition probability is proportional to the square of

this matrix element. Then from (9.3.4') it is clear that the

leading term will be about in comparison to nand

for the remaining two terms. The nuclear magnetron (,f is

roughly 103 smaller than the Bohr magnetron. Thus the

electron spin operator S will determine principally the

transition probability, so that the selection rules when

nuclear spins are present are given by

a M = /

AmY ~=Oc
(9.3.20')

Furthermore the relative intensities of the allowed

transitions are proportional to the square of the matrix elements.
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Therefore, the relative intensities for ++ -'i'iI/ are given

by

The result of (9.3.13) shows how the amplitudes of the

state M = M9 + 1 change with the time. Suppose we consider

the emission process. The tie probability that the electron

is in state M, when initially in M is given by

a =- a

-- -3 , (9.3.22)

In many physically important situations, we are not concerned

with transitions to only a single sharp final state. Hence

we need to sum .over all possible final. states. Then the

transition probability is given by

_lo t 9A t. I+w)M

_ Z ) f 1X(9s3e2
_ LL~ (~~ </il i"$ //'G>
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A similar result holds for the reverse process.

4.e Radiative and Relaxation Processes

The expression for the transition probability Just derived,

however, does not yet provide a complete link with experiment.

The reason for this is that the transition probability applies

to a single electron, whereas the experimental results depend

upon a large number N of electrons distributed among different

energy states. We shall then see what additional concepts are

needed to relate theory to the observed results.

Again for sake of simplicity, consider an electron of

spin S = 1/2, which, as we have seen, split into two Zeeman

levels separated by //. Thus

Al I It1

9

M1-- j N.-

And of the N electrons, we shall assume that N+ and N are in

the upper and lower states respectively. Clearly

If w, derived in the previous section, denotes the transition

probability, then the rate equations for the populations are

~~1Nj

..... A

(A4t-\

(.9.4.1)

(9.4.2)
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If, furthermore

(9.14.3)

then subtracting the two equations in (9.4.2) we .find

-2 ?~L~r(91414)

which gives

2-) - (9.4.5)

Thus, under the assumption that the electrons are coupled to

the photon field only, the population 'difference with decreased

exponentially upon turning on the resonance magnetic field. The

experimentally observable quantity is the absorbed power given by

P= Av[N. -A4 )j= hv(&-N)w =hyw (9.14.6)

Thus absorbed power P will vanish exponentially with time.

However, we have neglected the fact that the electrons are

also coupled to the phonon field, or to the crystal lattice

vibrations. The crystal lattice vibrations provide a sink

for the energy fed into the electron spin system. The contri-

bution to the rate equation, from this mechanism alone can

be written in the form

.- dN N RA
____ - - -N+R- (9,4.7)

where R+and R. are the transition probabilities for the electrons

to upward and downward transitions, due to coupling with the
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phonon field. Also

( I.
- (sLR+- N+r-) (9.4.8)

so that
d -,rL . Z (N.

R +

do

(9.4.9)

At thermal equilibrium,

(9.4.9) gives

= 0 and so that

=R-- R+
(9.4.10)

Consequently, if we put

T

then (9.14.9) can be written in the form

~ 77

The solution is clearly

) /T

(9.4.11)

(9.14.12)

(9.4.13)

showing that the population difference approaches the thermal

equilibrium with a time constant 7 . Combining (9.4.4) and

(9.14.12) we find that the photon and Phonon coupling leads to

the rate equation

~dt 7; (9.4.14)
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Under steady-state condition, so that (9.4.14)

gives

no
7L- -- w (9.4.15)

The steady-state absorbed power P is then

= li v~rni=./*27Tw (9.14.16)

showing that power absorption exhibits the saturation effects.

The quantity'sJis proportional to the incident microwave power.

Thus, (9.4.16) shows that initially the power absorption is

proportional to the incident power. However, for very large

incident powers, the absorbed power will reach the saturation

value t, hv
PSA(94.7

(9.4.17)

5. Spin Statistical Thermodynamics

The macroscopic magnetic moment M due to the electrons is

given by

k4p/3y-/, /rr
N ~if z+ 9f C

e+e

A4~kA4T
- -. W 2.WWAT



rFor small H or high T, is small. Now for small x

't-A, X

so that

Al- 2

6. Microwave Circuit Design

A few comments on the microwave components needed for

electron spin resonance spectrometer will be made here. For

this the Maxwell equations are fundamental. The basic equations

are

aV3

" O

VxH= T+
(9. 6.1)

1 6 E

where

'-7

% = 9*7x/o heNi

As an example we shall consider the rectangular cavity.

First consider a wave propagating along the z--axis in. a wave
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guide. Assume that the medium is non-.conducting and neutral.

Then

0..1w J (9.6.2)

Furthermore, for the TE-mode,

dependence is given by

then -I

E = 0 and if the time

i wt

'ly

JAI
vxR

40op
40

or
Ey

a

%/a CS

(9.6.2)

(9.6.3)

dx (9. 6.x)

wi9p4

dX
:-ULW ~E~

(9.6.5)

a y-

WOfD
Q I'4 ~~

(9.6.6)

(9.6.7)

and

+ a = o

y
(9.6.8)
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a yx

X d dz (9.6.9)

The additional condition that the wave is propagating along the

z-axis means that all vectors are of the form

so that all derivatives with respect to z are to be replaced by

C E . From (9.6.2), (.6.3), (9.6.5), and (9.6.6) we find

that

X( 9.6.10)

91 "-

r

A//

£ A'- X
(9.6.11)

(9.6.12)

&/WAO

(9.6.13)

where

2. fn/ Z E

(9.6.14)

Inserting into (9.6.4) we obtain

As a further simplification, assume that 0. Then

/7x= a
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so that from (9.6.6)

cX

-/ { A)A

According to boundary conditions at a perfectly conducting

surface, the tangential electric field must be zero. This means

that

O0 q o

d

"MOO,- 6L
1

Therefore, according to (9.6.12), we see that

EX 4
2

Hence

a.A.

for the lowest mode. Now

-;,
o i .

Cavity resonance is obtained by adding waves along the

positive and negative z-direction. Thus
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N1.=0 +0t

Boundary conditions require Ex to be zero at z = L

2.
t /

7. Electron Nuclear Interaction

The so-called contact electron-nuclear interaction is

given by

A l'S- ( 7.1)

where (7.2.

(7.2)

we shall give a classical derivation off this expression.

For this, we consider the nucleus to be located at the

center tof a spherically symmetric distribution off electron

magnetic matter. Our task then is to calculate the magnetic

field due to such a distribution. Suppose then that the

electron distribution is such as to give a magnetic moment
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density tI(') , which is a function of the radial distance /7

only. Furthermore, we shall take the z-axis along the direction

of magnetization. Then

-- (7.3)

where is a unit vector. The equivalent amperian current

density J is given by

4

from

V(7IY>V7IK V +-74xV
(7.5)

Now, according to Ampere's law, or sometimes called

the Biot-Savart's law, the contribution to the magnetic

field due to a current element is given by

(7.6)

where /L is a vector pointing from the current element to

the point at which the magnetic field is to be evaluated.

Generalized to a volume distribution of current, the above

expression can be written in the form

/1 (7.7)

For our problem, the point of observation is the origin, so

that (7.7) can be written

-__~~ 61 (7 .8)
_.. I &l,
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where L is now the position vector to the current element.

Now

(7.9)

where -4/ is the angular velocity of the rotating charge. Then

H=
(. / t )1

f.L (33
(7.10)

IT

TT

3

w 2 2

(7.11)

But (7.14) and (7.9) we find that

3

(7.12)
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So: ---

(7.13)

If a nucleus of magnetic moment is located in this field,

then the energy is

MC{#
- (7.14)

Now

(7.15)

and

(7.16)

(7.17)

8. Donor Electron Spin Resonance

A. Single Donor Center

The ESR of donor electrons was first observed by Fletcher

et. al.( 1 in a sample containing 1016 atoms per cm3, at 14.2*K.

The spectrum consists of two lines, separated by '42 gauss, due

to the interaction with the 'nuclear spin I - 1/2 of p3 1

(100%). In samples containing As (I = 3/2), 14 lines separated

by 73 gauss were observed.

The most conatusive proof that the spectra are due to

donors is provided by ant imony-doped -silicon. -The nuclear
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parameters of antimony are tabulated below:

Isotope Abundance Spin Magnetic Moment gn

Sb1 2 1  57.2% 5/2 3.3418 1.3368

Sb1 2 3  42.75% 7/2 2.533 .724

Thus the spectrum consists of a set of 2(5/2) + 1 = 6 lines

and another set of 2(7/2) + 1 = 8 lines. Since the line

separations are proportional to gn, the ratio of the separations

in the two sets will be

gn( Sb121 ) = 1.84

gn(Sb 1 2 3 )

The observed separations, 69 and 38 gauss, respectively, give

the ratio as 69/38 = 1.82 in good agreement with the prediction.

A donor atom has one more electron in the outer shell than

the silicon atom. This extra electron is loosely bound to the

donor nucleus so that at normal temperatures, it is free to

move about the crystal giving rise to the n-type conductivity.

However, as the temperature lowered, the thermal energy of the

electron will decrease, so that at sufficiently low temperature,

say 4.2*K, the electron will be bound to the donor ion thus

forming a center that is reminiscent of a hydrogen atom. There

is, however, a difference. For free atoms, the electron charge

is confined within a radius of the order of A*. In materials such

as Si, for which the dielectric constant is about 13, the

electron wave function will be spread out over several atomic



9-33

distances. The charge distribution is perhaps as given in

the following figure. This figure suggests then that the

hyperfine structure of the donor in Si will be appreciably

smaller than that of free atom. Also we can expect to observe

the interaction of the electron with the nuclear spins of

neighboring silicon atoms.

The energy level of the extra electron is found to be in

the energy gap just below the conduction band. Since this

electron has spin S = 2, the level is doubly degenerate

(Ms = + 1/2) and will be split in the magnetic field. The

spin resonance signal arises from the transition between

these levels.

We shall calculate the splitting of the energy levels

and show that the line separations are given by the hyperfine

structure constant A.

The Hamiltonian for this spin system can be written as

With the magnetic field H in the z direction, the energy of

a particular level specified by M, m is given by

The selection rule ror the transitions is

At%1~j±/

hence
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h y E (~ an)-- 2(M/41"t

_/ +A mt

for a particular value of m. Or, with fixed microwave

frequency )/ , the transition will occur at the magnetic

field equal to

The adjacent lines will occur at H equal to

Thus the separation between the two lines is

B. Donor Pairs

A close examination of the donor resonance spectrum shows

that in addition to the main lines, there exists weaker lines

2
halfway between the main lines. According to the Slichter ,

these weak lines can be attributed to pairs, triples, of

donor atoms. His argument is as follows:

The spin Hamiltonian for the interacting pairs of donors

can be written in the form,

where the subscripts 1 and 2 refer to the two donors. If /

that is, if the electron spins are strongly coupled, as they

would be for close pairs, the electron spins form a resultant
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s given by

In the case S = S2=1/2 we have
1 2

S = 1 triplet

and

S = 0 singlet

The singlet state does not split in the magnetic field and

gives no resonance transition. The wave functions for the

component of the triplet state can be expressed in terms of the

spin functions p( and asfollows

O~> 2

Since 5 S

is a constant within the multiplet of the same S, the term

3 5 5 does not contribute to the energy differences

between the levels and can be dropped in the following

discussion. Then, the energies are
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f/4=

M=o ;

/v=-)

E(-/my =-7N- 77)o

or in general,

+ 2

The energy levels for the case

below.

Ii = I2
= 1/2 are shown

The level with 'mZ+ 7 M = 0 is drawn twice long showing that

the statistical weight of this level is twice those of the

other levels, stemming from the fact that ?1/, +>7 t = 0 is

obtained for rt, = +1/2, 'Wz1= -1/2, and -tt, =

The transitions a, b, c, occur respectively at the magnetic

fields
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The line 6 is twice as intense as line a and c. The

spacing between a and c is A (in gauss), thus these two

lines coincide with those of the single donor center.

a h c

k- A
In the same way, one can show that for a pair of donors

with I = 3/2, there will 4I + 1 = 7 lines with relative

intensities 1:2:3:4:3:2 = 1. The four lines with relative

intensities 1 and 3 coincide and are masked by the four lines

of the single donor.

These predictions are confirmed experimentally by

Feher, Flitcher and Gere3

REFERENCES (for 8)

1. H. C. Fletcher, et. al., Phys. Rev. 9), 1392; 95, 84)4 (19514).

2. C. P. Slichter, Phys. Rev. 99, 479 (1955).

3. G. Feher et. al., Phys. Rev. 100, 1784 (1955).
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9. Paramagnetic Resonance Centers in Irradiated Silicon

A. General Feature

Irradiation by nuclear radiation of silicon leads under

certain circumstances to the formation of paramagnetic centers.

The centers produced by electron irradiation were first reported

1 2
by Bemski and Watkins and Corbett , those produced by fast

neutron irradiation were discussed by Nisenoff and Farr,

In case of electron irradiation, 9.5 1 Mev electrons

from Van de Graff accelerator were used. The radiation dose

was 1015 1017 electrons/cm 2 .

The graphite reactor at Oak Ridge and the CP-5 reactor at

Argonne were used in the neutron irradiation. The fast neutron

flux was 1017 , 1019 nvt.

With the increase in the radiation dose, the donor

electron decreases and finally disappears. At- the same time,

new lines appear and increase in the intensities. The spectra

are different for different temperatures of the irradiation and

different ways by which the silicon crystals are grown

(pulled from melt in the presence of air or vacuum floating zone

method). Most of the centers can be annealed at high temper-

atures. (^-' 2004C). -

In the following, we shall discuss in detail, the so-called

A center* which is produced in N type pulled silicon by

electron irradiation.

B. A Center

A Summary of the experimental results:

sAlso called Si-B1 center in recent literature
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(1) Observed in. 0.1. 1 pulled N type silicon by

electron bombardment.

(2) Not observed in vacuum floating zone silicon. This

suggests that the center involves the oxygen impurity

atoms.

(3) Low temperature (90*K) irradiation gives signal one

order of magnitude weaker than room temperature

irradiation. This implies that the defect is not

a primary defect from the irradiation but is created

by the thermal motion of the primary defects.

(4) The signal grows linearly as the donor resonance:,

decreases, until the latter has disappeared. At.

this point it begins to decrease at approximately

1/20 the initial rate of rise. This implies that

the centers trap electrons which are originally.'

bound at the donor levels. The decrease of the

signal at high irradiation dose is believed to be due

to the production of deeper lying acceptor levels.

(5) The intensities of the hyperfine structure lines

indicate that the trapped electron interacts with

two silicon nucleus equivalently.

(6) The spectrum is angular dependent. Based upon the

above results, Watkins, et. al. suggested a model

for A center as a silicon vacancy trapped with an

oxygen atom. The two of the four broken bonds of'

the silicons next to the vacancy form bonds with the



oxygen by supplying one electron each. The other

two broken bonds pull together to form a weak bond.

An electron trapped in the antibonding orbital of

this bond is responsible for the paramagnetic

resonance. (See the Figure below).

To determine the angular dependence of the spectrum to be

expected from such a model, we calculate the g values of the

center with the magnetic field in different directions.

The spin Hamiltonian for the center can be written as

In general, and An are tensors of rank two. Usually the

first term is much larger than the second, so, let us consider

only the first term now.

In a coordinate-system in which the g tensor is diagonal,

we have

In a system with S = 1/2.



The splitting of the degenerate levels M = ± 1/2 by this

Hamiltonian can be calculated by the secular equation

KAf//-s>
=0

<-,O ze / ;V/ yolz > K~+/%-E~ -

which reads, in this case,

I A(//x71*i//-,!f'

(/x Vx47

.dnn

The solutions are

... _.

-ftw--W z

F 
7.

tx

where C-- (, -/- , and I are the direction cosines

of the magnetic field along the three prin dipal axes of the

g tensor. If we denote the shift in energy lAE by

Then ITZ 
D'- 

C



The coordinate system in which g tensor is diagonal can

be found by considering the symmetry of the center. As is

shown in the figure below, there is a two-fold rotation axis

along the intersection of the plane containing Si-O-Si triangle

and the other diagonal plane containing the rest of silicon

atoms. This axis is taken as the z axis. The x axis is taken

in the plane of Si-O-Si triangle and perpendicular to the z

axis. The y axis is then in the other diagonal plane. The

two diagonal planes are the planes of reflection symmetry.

Now we must note that there are six different orientations

for the plane Si-O-Si, If we denote a particular orientation

by the two numbers assigned to the silicon atoms which bond

to the oxygen, then the six orientations are 12, 13, 14,

23, 24, and 34.

The direction cosines of the principal axes of g tensor

with respect to the crystal axes, .e , _ and k. ,

(see the above figure) are:
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(12)"

( 13) 1

00/
~e 4r X

(23)

A

(214)_

4k

oo

0O/A

0/0

o 0 4
(14) ~

OF r

O -yo

1 00O

(25)

The components of the magnetic field are

where and 4 are the polar angles with respect to ( -4

k ). Thus with the magnetic field in a general direction,

we expect to see six resonance lines corresponding to the six

different g values of the six different orientations. But

with H in some, special directions, the number of the lines

is reduced. For example, if H is in the (110) plane, i.e.



= -45*,

the direction cosines -, and or the

orientation (12) are

Hence,

XI

Similarly, we have 
/2

22

-- ! - Gv - !, +m. 6"1

Thus, with H in a general direction in (110) plane,

(13) and (114) are equivalent, and so are (23) and (214). The

equivalent centers have the same g values and resonate at the

same magnetic field. Hence the number of lines reduces to

four, with relative intensities 1:2:2:1.

With H in [001] direction, i.e. 0= 0, we can show that-
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I 2 2

23 *y 2 - X )(Y

Hence we expect two lines with intensity ratio 1:2, the less

intense line gives the value of

With H in [110] direction, i.e. = 90*, we have

19'4

The number of lines is four with relative intensities 1:1:4.

The weaker lines give the value of and . The

measured values are:

= 2.0096 2.0098

= 2.0019 (Bemski) 2.0025 (Watkins, et al.)

- 2.0029 2.0031

Now, let us come back to the second term of the spin

Hamiltonian - the hyperfine structure term.

According to the model, the electron interacts with two

of the four Si nuclei equally and strongly. Let's call these

two nuclei 1 and 2, i.e.

A,=A 2 '>' A3 ^*
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Thus if we retain only the largest terms in the summation,

F A

where I and 12, the nuclear spins of Si-l and Si-2, are

0 for Si28, (95.3% abundance)

1/2 for Si29 , (4.7% abundance)

The energy shift by is

sw / > ,|f io = A P (-+~) -

where -?r +" can take the values + 1, ± 1/2 and 0, with

the relative probabilities:

r Probability

(.047)2= 5.52 x 10- -' .055

+ 1/2 2(.953)(.047)1/2 = 448 x 10 v4.5

0 (.953)2 + (.047) - 9093 x 10' 4 91

The errgy level diagram and the expected spectrum with

relative intensities are shown below

- - A-9-

e4 -
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This hyperfine structure with the relative intensities

agree with the experimental results, confirming the model

of Watkins and Corbett.

Many other paramagnetic centers in irradiated Si have

been reported. Among these, the most studied are:

(1) E-center, observed in electron irradiated N type

vacuum floating zone silicon( 14.

(2) J- and C-centers, are the positively and negatively

charged states, respectively, of a divacancy(5).

J-center is observed in P type silicon and C-center

is observed in high resistivity material.

REFERENCE (9)
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1001, (1961); J. Appl. Phys. 30, 1198 (1959).
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(1962).
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A1359 (19614).

5. J. W. Corbett and G. D. Watkins: Phys. Rev. Letters,
7D 314, (1961), Phys'. Rev. (to be published).
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10. Infrared Absorption and Oxygen Content

Investigations on the role of oxygen on the infrared

absorption of silicon have been carried out by W. Kaiser,

P. H. Keck, and C. F. Lange, Phys. Rev. 101, 1264 (February 15,

1956); H. J. Hrostowski and R. H. Kaiser, Phys. Rev. 107,

966 (August 15, 1957), and others. Some of the crucial

experiments are as follows:

(1) Silicon was crystallized by the floating zone

technique which requires no quartz crucible.

Absorption measurements showed that the g absorption

was greatly reduced.

(2) The absorption increased greatly when melted for.

20 minutes in oxygen at 1 mm of Hg pressure.

(3) Water enriched in 018 (12%) was introduced during

the process of preparing samples by the zone-floating

process. New absorption bands developed, which

could be assigned to the Si-O bond stretching

vibration. At 4.2 0K, absorption bands were

observed at 1135.5 cml and at 1084.6 cm-l. The

ratio of the two bands is 1.047. The vibration

frequency ratio obtained by assuming that the bands

are due to the V bond stretching vibrations of the

Si-016-Si and Si-0 1 8 -Si pseudomolecule was found

to be 1.04. From these, it was concluded that the

oxygen with two silicon atoms form a complex

resembling a water molecule.
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The purpose of the following discussion is to give the

theory for the molecular vibrations of the bent triatomic

molecule, such as H20 molecule and the Si 2 o complex.

X

Y

Consider then the molecule xy 2 , we shall assume the

constituent atoms of the molecule are vibrating about their

equilibrium positions with a small amplitude. The contributions

of these vibrations to the potential energy of the molecule can

be obtained by making a Taylor expansion of the potential function

about the equilibrium positions. Then the leading terms aside

from a constant, will that are quadratic functions of

the displacement. For our problem, since there are three atoms,

potential energy increase will depend upon 9 coordinates. Of

these 6 can be eliminated because 6 relations can be written

down for the non-rotating molecule not having any net transition.

Thus there will be only three vibrational modes. Our first

task is to determine the nature of these modes.

Suppose then the center of mass motion and the rotations

have been eliminated. The the Hamiltonian can be written

in the form
3 " a

2 ~ (10.

According to a well-known theorem (see,f or -example, Margenan

and Murphy, The Mathematics of Physics and Chemistry), by
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taking a linear combination of the 's , say

(10.2)

called the normal coordinates, by means of which (10.1) can

be put into the form

3(10.3)

Now the above is the Hamiltonian for a molecular system

in which the two atoms are indistinguishable. That is, any

operation which leaves the particles unchanged or switches the

two atoms should have no effect upon the Hamiltonian. In other

words the Hamiltonian must be invariant under the group of

such operations. This group, for the XY bent molecule,

is designated often by $2y . If the plane of the molecule

on equilibrium is taken to be the xz-plane, then the operations

of this group are E the identity;

C2(z),the 1800 rotation about the z-axis;

d(x,z), the reflection in the xz-plane; and

er (yz), the reflection in the yz-plane.

The character table for this group is as follows:

A1  1 1 1 1 T

A2  1Rz- -

B1 1 -l 1 -l T, R

B2 I1 -1 -l 1 TyRx
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This table then shows that if any of the symmetry operations

are carried out on theQrS , such normal coordinates for

the molecule will remain unchanged or at most change sign.

To determine the normal modes of vibration, .conSider then

thentransformation T that gives the normal coordinates, the

translations, and the rotations. Also to shorten the writing

we shall put

X,3 ) / ,Y =Xs . e I Z

and

yX , Xz+X3(lo.4)

W(Z+ ~~ ) K( 1
(10.14) 

XX 33

Then we can write the matrix equation

(10.5)

Consider next the symmetry operation S of the group 6 2r on

x and .

(10.7)

where and are the matrices generated when the
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symmetry operation S is applied to the column.;vectors X and

respectively. It is clear that the two matrices in

general will be different, but according to (10.5) the two

are related by

M "=1 !$

1S(10.8)

so that

7M = 7
(10.9)

Now the group character table gives the traces of the matrices

representing the symmetry operation. Consequently the normal

vibration modes, each being associated with an irreducible

representation of the group, can be readily obtained by

examining the traces of the matrices l . Clearly our problem

would have been an impossible one if we had to depend upon

the matrices which cannot be determined until the problem has

been solved. The matrices s, on the other hand, can be

easily constructed.

To obtain the normal modes, or what is the same thing

as the irreducible representation, we need to compute the

traces of the matrices representing E, 62 , r(xz), and

C~ (yz). The trace of the I ( E ) is 9. For the trace, or

the character we shall use the symbol . Thus

Consider next the operation 2. For this clearly
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z

y

z ... m* Z

1 -- +

2 ~ m..

3 -- *

1

3

2

where 2 and 3 designate the two y atoms. Then

Y1 "Y1

z1

x2 x3

z2 z3

x .- I x3 2

y3 - * y2

Z3Z

so that x (C2)=~/

For C(xz)

X

Y

z

X

_y

1

2

3

1

2

3

: X (x~ +3

and for cm y z)

X

y

z

-y

z

1 - -..

2 -

3 ~

1-

3

2

iX(oci)= *1+

Comparison of the set or numbers
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E C r(zx) Yr(z,)

9 -1 3 -1

with the group character table shows that this set can be

obtained by

=3A, + A,+ 3 ,+2B
(10.10)

But the translations x, y, and z transform as B1 , B 2 , and A1 ,

and the rotations Rx, RY, Rz as B2 , B 1 , and A2 . Consequently

the vibrations transform as

2A + 13, (10.11)

Having ascertained the symmetry of the modes, we next need

to introduce the coordinates. For this we shall introduce

the so-called "symmetry coordinates". The two coordinates

of symmetry A, and one coordinate of symmetry B, can be con-

structed as follows:

S I

S, S,
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S X

oao

/O

It is to be noted that these coordinates are constructed

by giving a displacement to one particle, and the displacements

of the remaining particles determined that there is no motion

of the center of mass and no rotation of the molecule as a

whole. The particles 1 and 2 have masses 7 l1y and particle 3 has

the mass '?/* By inspection it is clear that S1 and S2 have

the symmetry of A1 and 33 has the symmetry of B1 . Using these

coordinates the potential and the kinetic energies can be

written in the form
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2V=
s

C,, s;
- 2

#2C165 C 2 52 f c3 33
(10.12)

and

#-f-G(3 32
z22T12 = ..i '-S 2 3

These lead to the secular determinant

(10.13)

c21-X 42P,

C,2  2.,

C'za- 642k

0

0
zQm

(10.114)

0 0

so that
c 33 k ,2 ?3 -o

and

3

27b
C33

3 (10.15)

From the geometry of the symmetry coordinates, it is clear

t hat

S

z

s- 53 -C-ac

z -r 5
Y3 - - x 2

(10.16)

X43 ".t 3x
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Then - *Z

2 T =+2 #2k
2~ ~ X,2'21y g+ Y + X2 +Y. ++Y

(10.17)

+x+/

Comparing (10.13) and (10.17) we obtain

d3 (24v --- O( =/Iy ......... 2 y L9  (10 .18)

d12 / '3 = 23 = O

The symmetry coordinates can be expressed in terms of

the change in the bond lengths from the equilibrium values, i.e.

(10.19)

where

where Q1, Q2 , and Q3are the changes in the bond lengths

opposite particles, 1, 2, and 3. If we consider
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~A~-pa,*x3  Ao4+<z

X2-Y

t hen

(x2 x3 Y,3 (Y2Y>A

Q (,X-XI ) 0'c-c (i (Y YIA>l

Also from the symmetry coordinates, we find that

(10.20)

QI= -. a S -A6 5

(10.21)

From (10.12), (10.19.), and (10.21) we find that

633 =2L(
'2)

2 2 7L I

(10,22)

xV.A3 _1/
2.V

_ /1

- +-X t# o~c ~ )(10.23)
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Assuming that the angle for Si2016 and Si2018 are equal, we

find then for the ratio of the bond-stretching vibration

frequencies

Taking - / 6-

we find that

Q c< - //O

so that the calculated frequency is 1.04. This is to be compared

with the measured value of 1.07.



CHAPTER X

SIMPLIFIED TRANSPORT THEORY IN SOLIDS

I. Introduction

The purpose of this discussion is to provide physical

and the theoretical background for the Pem effect and to

point out its relation to several other closely related ef-

fects.

The objective is to make a systematic investigation of

the factors that contribute to the sensitivity of the PEM

detector to infrared radiation for the purpose of determin-

ing the ultimate capacilities of such detectors. Theory

shows that the PEM signal depends upon (a) surface recombi-

nation velocity, (b) carrier mobilities, and (c) bulk life-

time.

II. PEM Effect

This can be called the -photodiffusion current Hall ef-

fect and is one of the transverse galvanomagnetic effects. As

shown by the accompanying sketch, Fig. 1, the photons imping-

ing upon the crystal are absorbed at or near the surface. Each

10-1
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photon thus absorbed creates an electron-hole pair. The

excess concentration of electrons and holes near the illuminated

surface gives rise to a diffusion current of each carrier.

type toward the opposite, unilluminated surface.. If the

crystal is located in a magnetic field normal to the diffusion

current, the electrons and holes will be deflected in opposite

directions, as shown in the sketch. The path of the electron is

indicated as being longer because of its greater mobility.

If the current is measured with a low-resistance device, the

signal is called the short-circuit current; if by a high-

resistance device, the open circuit voltage.

By the following physical arguments we can obtain an

estimate of the PEM signal to be expected. If the magnetic

field were not present, the electrons and' holes would on the

average travel a distance equal to the diffusion length, LD'

away from the illuminated surface before recombining. However,

in a magnetic field the charge carriers will be deflected

laterally, the deflections-being given by the product of the

diffusion length and tangents of the respective Hall angles.

The charges induced at the electrodes will then be

where the symbols have the following meaning:

* electron charge

/= crystal length, distance between
electrodes



);p = electron and hole mobilities

= magnetic field

If the photon intensity is Q and A the illuminated area, and

further if the quantum efficiency is assumed to be unity with

no surface recombination before diffusion, we obtain

PEM signal = n Q A tAP)(1.2)

QAe -(1.3)

since

(1.4)

where '2' and 1,. are the bulk lifetime and the ambipolar

(effective) diffusion coefficient respectively. If the values

Q .- 10 photons/m2 sec.

n/ -"lm2 /volt sec.

LD -m 50 x 10-6 m

B - 1 weber/m2

width .- 10-3 m

are substituted into Eq. (1.2). we obtain for the estimated

signal

PEM signal 0.005 microamp.
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III. Transport Equations

A rigorous derivation of the basic relations can be

obtained from the basic algebraic and differential relations.

The carrier transport equations are given by

T e'Apr/PoJ (2.1)

for the holes and

(2.2)

for the electrons. The terms on the right hand side of the

equations are the diffusion, drift, and Hall current terms

respectively. For definiteness consider a magnetic field along

the z-axis, the optical radiation along the x-axis, and the

y-axis the direction along which a signal is developed (see.

Fig. 2). The above equations then become

(2.4)

I ax(2.5)

The symbols in the above equations have the following meaning:

p t9
/x- andy- components of current density
'X carried by holes, j'

) = x- and y- components of current density
X carried by electrons, 1 '
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72 = hole and electron densities

n = hole and electron mobilities

DP, )Z= hole and electron diffusion coefficients,

Ex E = components of electric field

5 = magnitude of magnetic field.

The mobility / and the diffusion coefficient 1 are related

to each other by

(2.7)

where 4 , k, and T are the elementary charge, Boltzmann's

constant, and the absolute temperature, respectively. The

effect of optical illumination is summarized by

(2.8)

The first term on the right represents the rate of creation

of holes by the absorbed photons. The letters o( and Q

represent the absorption coefficient and photon intensity res-

pectively. The second term gives hole annihilation, arising

from the recombination of electrons and holes. Furthermore,

since

we must have

(2.10)

X2sX

under steady state conditions. Also
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dX J'Y (2.11)

and

Se Ad o= -jP " Rx -o(2.12)

where s is the surface recombination velocity.

By a straightforward algebraic manipulation, we can

obtain from Eqs. (2.3), (2.4), (2.5), (2.6), and (2.10).

xP (2.13)

The primed quantities can be called the "magneto-mobilities"

and "magneto-diffusion .ccefficients", and are defined by

-e) ++/)Z+ .)P (2.16)

The quantity P defined as

(2.17)

can be called the "magneto-ambipolar diffusion coefficient",

and reduces to the usual expression for the ambipolar diffusion

coefficient when B = 0. The physical significance of can be
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seen immediately from Eq. (2.15): for

E 0  F 92/ne0 X

showing that a is the effective diffusion coefficient of

electrons and holes in a magnetic field.

IV. Transport Phenomena

We note that Eqs. (2.13), (2.14), and (2.15) contain

the independent physical variables , which results

from optical illumination: , which results from appli-

cation of bias voltage; and B, which results by application

of external magnetic field. By putting one of the three

variables equal to zero, we can obtain the relations for

four related transport phenomena: (a) Hall effect and

magnetoresistivity when = 0, which applies if there is

no optical illumination; (b) photoconductivity when the

magnetic field B is zero; and (c) PEM effect when the bias

electric field&= 0. The individual cases will not be

discussed.

A. Magnetoresistivity (no optical illumination).

Figure 3 indicates schematically how the effect of the

magnetic field is studied. The quantity that is measured is

R(&=V/1
(3.1)

where 4r'(L3) is the conductivity of the material in the

magnetic field. The theoretical expression for the magneto-

resistivity is obtained directly from Eq. (2.14). Putting
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= 0, we obtain

in agreement with Wilson's result l). If the sample is

intrinsic, i.e., n=f:

crep(13))r4)

er'(t3)
Then (o) ( (3.3)

(3.4)

where resistivity =g- , showing that the relative

resistivity increase should be linear with the Square of

the magnetic field.

B. Hall Effect

This differs from the magnetoresistivity only in that

a signal is measured transverse to the bias electric field.

(See Fig. 4).. The Hall coefficient R is defined by

(3.5)

where Ex is the transverse electric field, or the Hall field.

The ratio X E can be obtained from Eq. (2.13) after putting

r 0. Using also Eq. (3.2), we obtain

(1) A. H. Wilson, The Theory of Metals, Cambridge University
Press, 2nd Edition, 1953, p. 216.
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in agreement with Wilson's result quoted on p. 213. For

an intrinsic sample,

Rin rinsic (3.7)

Thus for an intt'insic sample, the Hall coefficient should be

independent of the magnetic field.

C. Photoconductivity

The schematic for the study of this effect is shown in

Figure 5. Putting B = 0 in Eq. (2.15), (2.14), and repeating

(2.8), we obtain

iX (3.8)

(3.9)

I 09
e JX y(3.10)

If no and p0 are the electron and hole concentrations when

the crystal is not illuminated, the photocurrent density is

given by

Spc salight ~ dark

=-e (nyh g)E e -fniCf)E
(3.11)

The photocurrent can then be obtained by integrating the above

expression over the sample cross-section. The excess hole

concentration Af is obtained from Eqs. (3.8) and (3.10),
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which give
2.

D A x A z + o( Q (- x)
(3.12)

so that

Alp =A ext (! X)Dy
S (- ° X)

(3.13)

where 2.

r
1i

-p " t

Because has the dimension of reciprocal length, we can

introduce the quantity diffusion length given by

The constant of integration A is determined by the boundary

condition stated in Eq. (2.12), giving

(3.14)

A D+

so that

2 (3 . 5)

Ip I

s+p D., I (3.16)
9 A

If W is the sample width and x the. thickness, the photocurrent

is gi' ven by
X,

( + AX==eW y (/I n+#)j4P

A

_S -_ +_ (2)

(3.17)

where we assume that X >> 0(1 If in addition'
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c > / o< S ; and if further of > >

(3.18)

(3.19)

/* TL
Thus we note that for small surface recombination velocity

the photocurrent is directly proportional to the bulk lifetime.

D. Short-Circuit PEM Current

The PEM effect can in principle be observed by an

arrangement such as shown in Fig. 6. For this case there is

no bias voltage, i.e., E = 0, so that Eqs. (2.14), (2.15),

and (2.8) give

PEx xy(3.20)

x x (3.21)

.p
Eliminating from Eqs. (3.21) and (3.22) and solving the

resulting differential equation we find

L ])°(3.23)

where =_

Consequently the short-circuit current is g~iven by
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SC

'PEM
dXx

0e

/ // r0

(3.2)4)

The bulk lifetime can be obtained by taking the ratio of

Eqs. (3.18) and (3.24). Thus

Ic S

Gy (TFEM)se-.
/ _ _ _~

(3.25)

az
so that

In TSC

PEM

a -- moo (3.26)

E. PEM Detector Equivalent Circuit and Open Circuit

Voltage.

From Eqs. (2.14), (3.2), and (3.20) we obtain

- es4

PEM

+ a' (8) Ey (3.27)

If the PEM detector is connected across Rload, as shown in

Fig. 7, voltage V is developed such that

V
(3.28)

where is the distance between the electrodes. Consequently
.C

EPEM
15) V + fy

(3.29)
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or after integration

se V

=PEM (3.20)

The first term on the right is the shunting current through

the crystal and the second term the current through the load.

The corresponding equivalent circuit is shown in Fig. 8.

It is to be noted that the shunting resistance is magnetic-

field dependent. From Eq. (3.30) we also obtain

sc V V
~~ +(a) R (3.31)

so that Rnx4Sc

(3.32)

If R >> L(B , we obtain
sc

c B PEM (3.33)
PEM

The above is a summary of the theoretical developments

that we have carried out. In addition, the effects of surface

recombination and of angular dependence of magnetoresistivity

have been investigated in greater detail. These, however,

will be reported in the appropriate memoranda.



1O0-15

N

cI 15tf

-WOO-00.1

S

FIG. 2



14-16

x

Fi
1

D*h f ~ e i t v t y

jf S6

/ae

4L : /A/f Fffect



1.1j7

Ph0t0coh~&dIctvf4Flo1, 5<o

', G SAORt- CRCU1t PEN



o,

-00
H

0
rH K~to

f--1 u

I

0



CHAPT'ER XX

PLASMA EFFECTS IN SOLIDS
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CEAPTzR XX

PLASMA EFFECTS .IN SOLIDS

So far in our discussion of ionisation effects produced by the

passage of charged particles, we have used the Rutherford-Niels Bohr

approach in which it is assumed that the individual electrons and

nuclei act indeptendently and randomly, the excitation of a particle

is completely independent of the others, and therefore the total ef-

feet is obtained by adding up the energy transferred to the particles

(electrons). This, of course, is usual approach and detailed dis-

cussions can be found in such texts as Evans.

Although this approach may be adequate in gases, in which atoes

are typically about 10 A apart, in solids and in liquids the atoms

are about 1 A apart so that several atoms can interact simultaneously

with the passing charged particle. Consequently, for condensed ma-

terials, we need somehow to take the mutual interaction of the parti-

Iles (electrons) in the medium into account.

Consequently, we shall approach the problem for the standpoint

of classical physics.

The importance of collective, or plasma, effects were noted as

early as 1938 by Swann, and the first attempt at a systematic treat-

ment was given by 3. Fermi (Phys. Rev. 57, 485 (1940)). This point

of view has been developed by such workers as A. Bohr, H. A. Kramers,

Pines aid others, Excellent summaries can be found in the papers by

D. Pines, Electron Interaction in Metals (Solid State Physics, vol0 1)

and J. D. Jackson, Classical Electrodynamics, Chapter XIII Collisions

Between Charged Particles, Energy Loss, and Scattering.



It seems that different groups working in seemingly unrelated

areas of solid state physics were led to the concept of solid state

plasma effects, Possibly the earliest one is the discovery of dis-

crete energy losses--about 20 ev.--of electrons in the Key range in

going thin foils of aluminum. The effect was reported by Ruthemann

in 1948, and the interpretation in terms of plasmons was given by

Pines in 1952. Fermies formulation apparently was stimulated by the

observation that the energy loss by relativistic particles is not as

large as predicted by Bohr~s theory and the discovery the coherent

electromagnetic radiation by Cerenkov in 1937. And possibly one of

the latest develop ents is the discovery of pinch effects in InSb

by Glicksman and Steels (Phys. Rev0 Letters 2, 461 (l959)), followed

by the dla atic thermal pinches in InSb by Ancker-Johnson and Drum.

mond (Phys. Rev. 131, 1961 (1 September 1963)).

20.1 A Review

To get a better appreciation for the order of magnitude of ioni-

zation effects, we shall very briefly review energy transfer by the

momentum method and also the associated ionisation effects.

a. Energy Transfer. Consider

MV
Q ..--. y .I ... w... .. w......" .L ..... .... ... ... ... .. .... ...... .....a ....

A charged particle going by an electron of charge -q According to*

the momentum method, the momentum gained is



-3

so that the energy transferred is

_\ OAZLL
407 't

-M i nm 1

memos, 2

Now

- -. /3,-5~ ev (4/e/. fSA' e e%7)

53 A A

so that - 2 2

~~ E (Me.) C(M~f

For an alpha particle, Z1 - 2 A - 4.

Then if E - 1 Mev, we find that

so that for b ^4v oo- 0.8A, the transferred energy is about 30 ev,

Consequently, a reasonable physical picture is

--- - ---- *.----.---- -A i nJ 1

h- 1-Wo-A

where R is the range of the

For a fission fragment

alpha particle.

A - 100, Z1 - 20, E - 100 Rev, so that

IOO -



so that for Q - 30 ev. This means that a fission frag-

ment will sweep out an excitation cylinder of the order of 5A in

diameter.

() re
1I )

.

b. Specific Ionization

The number of electrons in cylinder of unit length and radius

b and thickness db is given by

dit -o 22.

*b

so thatd 

O

-Om V2

We need to discuss the values of the impact parameters. We shall

do this later on. For the moment we need to note that

/F _____n___v2,I1V

We shall apply this to alpha particles and to fission fragments,

First consider alpha particles in air, Then

§1- MX Izooo AL



For air Y "1OO ev (Evans 9 pc 583, 3 86 ev) o Also A -4~ and or

S m 1 Key, we find that

I 2060o()/aOo

From the coefficient in front, we have

ZVTW Nn.aE

=3'7 X/O ~ /Y

For P0 a apha °s U E -7,68 11ev, Range -6~95 cm and at the peak

specific 'ionization about 7 x 104 ion pairs t/cm are formed0a At about

3 cep from the end of the rangev this quantity is about 2,.7 x 104 ion

pairs/cm 0

Consider next a fission fragment.

'~1I goo o (Mo) ,O

Also

(4 ) _al/2 (M Eem(mis

(4E)



20.2 Maximun Impact Parameter

The expression for specific ionization involves the , ,or

the maximum impact parameter. We shall first make a qualitative

estimate, then attempt a more quantitative analysis.

Consider then an electron bound to an atom at distance b from

the direction of motion of charged particle.

e

PV0

As the charged particle goes by, a rotating E-field is generated

at the position of the electron, The E-.field will be rotating with

different angular velocities, being greatest at point 0o Further-

more, we can expect the Fourier components making the largest con-

tribution to the energy transfer to be those near wo, because then

the E-field will be moving with the electron. Consequently, for energy

transfer to occur

Therefore, we can take for the maximum impact imparameter

V

Consider then a 2 Rev alpha particle

aE..

93/A



...t 7 ...

--- t/

. . . /O -7

This value is considerably larger than the radius of the excitat icn

cylinder, computed earlier, The energy transfer associated with this

impact parameter is

E'0(M') b?

We analyze the problem more carefully, First we want to show

that the energy transferred to a harmonically bound electron is

2.

To prove this, we shall make use of the Fourier transforms

W)=/L w)

ard similarly for the E-field. For the energy transferred to a moving

charge, we have

This can be shown easily as follows 0 We have

It

then - - pp- E V
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is the rate of doing work on the charges in a unit volume, so that

dwr (d)ED
and for

we have for the work done on the electron

E (n)* r(>r)$i' / by

=. - p E A) - v' ir(n)

Therefore o

s= - (A (^)A

The electron velocity is obtained from the equation of motion

is 4.a A + w.n = - -E )
Upon making a Fourier analysis, we find that the Fourier components

at frequency w are related by

so that

o
Then 2- -e / f td)/a

No /E6)can be shown to be a slowly changing funct ion, in com-

parison to
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Consequently, using the mean value theorem for the integral of pro-

duct of function, we obtain 0

9 r.

=.............

dw

.

The integral can be evaluated by contour

at SO=
integration,

- /'

The poles are

Integrating
0

over the upperbalf of the complex w plane, we have

_ z77/ Rr iWse~s)

For the circle at infinity, the integrand becomes

so that 7r

.

= p
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20.3 Evaluation of Fourier Component

We next need to evaluate

For this note that the E-field at the electron is given by

and

a) = 43

and

so that the Fourier component is given by

I -CADv

$wt'

IrI-

v/

putting __ ki I

we find that the energy transferred is given by

Q= 2 zK (f)!+ 121f)

where the coefficient in front of the square bracket is the quantity

obtained before. The quantity in the square bracket is appreciably

in the range f<1l , but thereafter it rapidly falls to zero. From

the expansions



0,V.A) :wL

K,(x) = z
We find that

11In

+ tO#57ZjL x

US"i 2 (f)
S 2(f)] /'

-.4

S
f > , 0> /

20.4 3 csonizat ion

This obtained fromi

d

ss

*o 27T 77.
cb,

4Zr? jz f i r? /c,

wwwwom 4rnp 11 L i ,' (

0 2. . I L
(f)la

4'r-fl, ,za?If'
-

[I k, .(9 ik 1ui
Y
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Since the quantity in the square bracket decreases exponentially for

large values of f ( s ' . / ), the upper limit can be extended to

infinity. Upon carrying out the integration, we find that

In general f<so that the above becomes

-E 4

ds -m v ac2

where

wasmolm
domm.rr

06C

1//23 V

20.5 Minimum Impact Parameter

The only remaining undefined quantity is N,,s.We shi

that care is needed in evaluating this quantity.

Classically, the minimum impact parameter is defined by

The maximum energy transfer occurs for head.-on collidon. Fo

case, it can be easily shown that

q7*)e40=00((Al. M) L

=2 V 4

teo v $/N /?om V

all see

r this

Consider for exampl

to an early estimat

e, an alpha particle of energy 1 Nev.

e, the velocity is about 109 cm/sec.

5x/o-4
/L-7 (/i)/44/F

According

Then

/0
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On the other hand, quantum theory demands that

xp .
so that-27_f

/0X(/a'")/0.

Consequently, there is indication that even for energies of about

1 Nev, the minimum impact parameter is smaller than the limit set

by quantum mechanics. IN any case, the larger of the two values

need to be chosen.

20.6 Some Relativistic Kinematics

To apply the ideas that have been developed to electrons, an

important correction has to be made because in the bulk of the cases

the electron energies are large in comparison to the rest energy.

For example, for the fission product

the 4 a have energies of about 2.7, 4.2, 5.6, 7.0 Mev. In the

decy , the beta-energies are about 68, 5.8, and 2.2 Mev. These

values are appreciably larger than the rest energy ic 2 - 0.51 Nev.

It is clear then that relativistic effects have to be taken into

account. We shall consider first a simple case -experimentally im-

portant -and then go on to the complex case of electron-electron

collision.

a. Consider first an electron hitting a heavy particle. The

energy-momentum relation is

E = c2 '/P L#2 frI C
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so that the correct energy balance equation is

where p and p1 are the initial and final linear momentum of the

electron, and P is the momentum imparted to the heavy particle. The

momentum balance gives.

Intuitively, we expect

so that

P = 2-pib

Then

Consider a 1 Mev electron hitting a proton. Then

9 3/ / '0W
To verify the intuitive solution, return to the energy equation

which gives

Bquaring and cancelling,.w obtain
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Lj' comma 40

-_

00,M 2 1 00%,P
CAWAIMM

20.7 Modification of Previous Calculations

If the calculations on energy transfer are to be applied to

energetic electrons, the previous analysis has to be modified by

taking relativistic effects into account, For example, instead of

E Mg=a 
h(m"a' A

3- -r fj f[b 4+,V 2t 7]*-

given earlier, we should use

_ ecbL- r=' i 1

where
I

Proof of this is given

in 7 II

-v

in Jackson, P. 381 This modification results

_ Ix, ( f.(4cNAM

the maximum

where

As before,

W. 6

impact

For energetic electrons, the

parameter is then given by

(vi

relativistic factorY becomes very
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large, giving correspondingly larger value for the impact parameter.

These relativistic effects then add to the already over-estimated

contribution of distant atoms to the energy transfer processes.

20.8 Feruies Plasma Theory

The word plasma is underlined because Fermi did not use this term 0

To take the collective effects - the mutual interaction of the elec--

trons - into account, be used classical electrodynamics, in which the

dielectric constant takes the effects of the medium into account,

The Maxwell equations, in Gaussian units, are

and

From the above equations, putting /- ,Ma 1, we obtain

~A +0 -

if

for

The* quantities and A aw-e the scaljr and vector potential re-

spectively, or in the language of relativity 9a the components of a

4-vector.
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The source of the electromagnetic field is a charged particle

moving with velocity V. Hence, we shall put

We need to note that the above is a 3-dimensional deta function, i.e.,

4 ( 5(-~)(yvg - y)

Related to this is the current density which is given by

To carry through the analysis, a 4-dimensional Fourier analysis

is made0o Thus, let j Z-. u f

F (1)>)=
so that

3 A~&
!04k

Thus, for the Fourier component of the charge density we obtain

c7

fra.S41) t

-7r
and

Therefore, we obtain

4)

*J = ,f (wA. v)



6

won le-

CANO

Similarly

so that

A (,M w)vsIm

Man AO v

)
Therefore

To calculate

the E f ield o

the energy transfer 9 we need the Fourier transform of
That ilag 00.

ETow)m
i V ( d 7 "

itsA-jJt

1
--

To simplify the analyslL;1 assume the particle to be moving along
the Z-axis and cons ider the field at point C6 &,D0, 0 ) , The above
expression then becomes 

(AI

so that the Z..omuponnt of :he TE-field is

E (w) aam _____

6aw(21r)' 4 W
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we obtain soa 2 0Zj

V

(l V)

62 7r-1
A,,4.i z

where
.. r

.w

w

v7-
Integrate next with respect to k The poles for the function

are at
4t 4kj + V/l

Consequently, integrating over a path in the upper ha li o2 the cxn.m

plea w planea we find

IA u. sovr' 7Tr
-swoomn

The integration with respect to k1 gives a Bessel function, The final

result then is

Similarly, it can be shown that

/ V.z

vk/
oi (Ab)

2 

J3,. (w) = m 6 Eso*
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209 Energy Transfer and Specific Ionization

The transferred energy is given by, as given earlier,

L. 2 -iffW/Z()e /'.(WA) w

We wish to relate the displacement amplitude to the dielectric con-

stant. The relation is

and 24f4 /

so that _/16 )

Therefore 2

z 7r

The energy loss to atoms outside of the cylinder of radius a is

r? 9  b db
Upon carrying out the indicated integrations, we obtain

-i

a. Plasmon Excitation

In the extreme relativistic limit

so that the above expression becnmes

S 7rI LL 2,r m )d
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where
1;47r77, za. 2

The corresponding relativistic expression without the .density effect

is /,F/23

We see that the density effect produces a simplification in that the

asymptutic energy loss no longer depends on the details of atomic

structure through w,.

b. Cherenkov Radiation

Next consider whether any energy escapes to infinity 0 Let

then oa become very large. Then/

It has a real part, the exponential factor causes the energy loss

to go rapidly to sero at large distances. Since

we note that N will always have a real part if the medium is ab-

sorbent because 6 has a positive imaginary part, But if E is

real X can be pure imaginary if

s 7 /

I

or
V )

G

i oe
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Thus

where 1 is the phase velocity of electromagnetic radiation in the

medium, This is the condition under which C.11 erenkov radiation is

mitted

2009 Further Coiments

We present here an alternative derivation of

This can be done by noting that the electromagnetic energy radiated

through a cylinder of radius 'a" is just the energy lost per unit time

by the incident particle,

From the Poynting vector

which gives the rate of energy flow per unit area, we find that the

rate of energy flow is given by

Also

kLSde dt

so that *
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The last result is obtained by using the Fourier transforms of ad,,ld n oigta
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In the extreme relativisitic limit
4~

"gumasub A)14 / 4k Am I ±o~oow7

For small values of the argument for the modified Bessel func-

tions, we have

K (x)
oe/,/ z3

X

so that .>

PL

/. /23

a

We shall return to the task of evaluating the integral later

For now, we need to note that the

(4h)

where Vp is the electron plasma f3

above integral reduces to
p -E,/z3

requency

W *. .AS tw r(
The without the

f, /Z3 Ed
density effect is

so that the overesatimated energy loss isA(5i -r___A7
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20p.10 Ealatonof lateala

We wish now to evaluate

0A
tib/23t
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For the dielectric constant we shall at
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Consider first cc
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The expression for the dielectric constant, strictly speaking,

applies to gaes. Landan and Lifschitz show, however, that the

result is true in genera

Cherenkov Radiation

Consider 6L -+* to see whether any energy escapes to infinity a

Using the asymptotic formn --

fief
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result i true4ingeneral
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2.

E

or
p

where I, Is the phase velocity of light in the mfedium0, Then
td)

(/-fr&dt

This Is the Cherenkov radiation,




