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i.

PREFACE

This report represents a supplement to Technical Report No, 25
entitled, "Concerning Some Aspects of Solid State Theory." Section I
of the present report supersedes section VIII B of the previous report,
which passed into obsolescence about the time of printing; whereas
section II contains new information not covered previously.

The material of this report also represents substantially the
content of five lectures delivered by the author during the week of
Avgust 7, 1950 at the Sumer Electronics Symposium on Semiconductor
Electronics sponsored by the University of Michigan,
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1.

INTRODUCTION

It is the purpose of the present series of lectures to discuss
two specific topics, namely thermionic emission from oxide cathodes and
photoconductivity in semiconductors., Both subjects have something in
common in the sense that although the original discoveries were made
many decades ago, even at the present time a complete understanding of
these phenomena are not yet at hand, For this reason our procedure will
be to present a somewhat chronological account of the more important

pictures that have been advanced up to the present time,

I. THERMIONIC EMISSION FROM OXIDE CATHODES

l. Facts

Oxide cathodes usually are comprised of alkaline earth oxides,
notably BaO, and preferably BaO=-SrO mixtures, The oxides are coated
(by spraying or by cataphoresis, etc.) on metal bases (usually Ni) in
the form of carbonates, which are subsequently decomposed to the oxides
by heating in vacuo at high temperatures, In order to produce good
electron emitters, a further process called "activation" is required,
Before activation the resistance and work function are both quite high
(megohms and a few e.v. respectively). Activation usually consists of
further heat treatment in vacuw, It is accelerated by incorporating
small amounts of electropositive metals in the base metal or by drawing

emission current, In the latter case oxygen is evolved at a rate which
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diminishes as activation proceeds, The activated cathode is semicon-
ducting and exhibits a low work function (A 1 e.v.). It is, however,
highly susceptible to poisoning by 02 or Hy0 vapor (but not by inert
gases).

2. Early Explanation
We shall skip hastily over the early pictures which were ad-

vanced to explain the behavior of oxide cathodes and sumarize the
situation as it existed in the mid-thirties (see de Boerl)). At that
time it was thought that Ba atoms were adsorbed on active spots of
surface of the cathode, The high electrostatic fields at these points
were supposed to lower the lonization potential by a Stark effect so
that the Baatoms could be thermally ionized at much lower temperatures
than are required for free Ba atoms, Since this picture was not sus-
ceptible to a quantitative development, we shall not deal with it

further here.

3. Simple Semigo r Mode

With the development of wave mechanics and its applicalion to
solids followed by the further application of Fermi statistics, the
situation became ripe for explaining the oxide cathode behavior in terms
of a semiconductor picture and all the ﬁore recent explanations have
been of this variety.* The qualitative idea is that activation removes

*For a review of the situation as of 1939 and 1948 see references 2) and
3), respectively.



a small juantity of ox"gen, leaving behind = stoichiometric excess of
bariuwm in the lattice, This is a:celerated by contact with electro=
positive metals owing to their affinity for oxygen. (In fact interface
oxide compounds have been found in meny cases, but this is probebly
only a complicating but relatively unimportant feature.) Electron
emission activates by electrolytic action, oxygen gas being evolved

al, the surface and free Ba being plated out at the metal base. A stoi-
chiometric excess of Ba in the lattice represents a source of extra
elect:rons which can be freed more readily than normally bound electrons.
The analogue I: an energy scheme is shown in the accompanying sketch,
The quantity y (called the elecf:ron

af'inity of the crystal) represents

the energy separation between the X L[/ /][ conduction band

bottom of the conduction band and IR B (allowed localizea
¢ energy states

a point : i e ” \ associated with

2 poin! outside the solid. y ~rises (Fermi level) the exoces Da)

from the attraction by the positive
ions of the crystal for the free
zlectrras and also from the presence

ol surface double layers., Since in

the activation process an insulator 777777 (alizzzgseﬁzigy
is converted to a semiconductor, Zizgiiizs?°und

this expléins why the resistance
and work function decrease so

markedly,
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The question then arises as to what success this picture has
vhen put on a quantitative basis? There are two quantities we wish to
calculate: I, the thermionic emission current density, and o, the
electrical conductivity, We also wish to know the dependence on tem=
perature and activation of these quantities,

A previous lecturer has already derived the general thermionic
emission formula (see also Philips Technical Report No. 25, p. 277)

I = A(l-r)Tze"ﬁ/ kT . 2( ekz) (l-r)'l'ze'¢/ld
% ’

which is applicable here if @ is taken to represent the energy sepa-
ration between the Fermi level, (, and a point outside the cathode
(ieee # = X =0.

With respect to oo, by definition e = n.eb , the mobility b
(drift velocity per unit fieldstrength in the field direction) is
difficult to calculate, but since it is ng (the number of free electrons
per wmit volume in the material) which changes markedly with temperature
and activation we shall focus attention on it, A previous lecturer has
shown already that

o, = 22man? cper
e B3

and we shall also reprove this in a moment,
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Thus, if we assume a semiconductor model (including a value
of X ), we can determine the Fermi level position and in twrm I and
ng (which is proportional to ¢ ). Consider the model

At T = 0°K, let N3 = number of electrons/cn’ in impurity levels. Then,
since the space charge = O,

u(E)L(E)AE = N4 (1)

where n(e)dE is the number of energy states/ew’ with energies between
E and E + GE and f(e) = probability of occupation =

E={/KT (2)

] + 1

for Fermi Dirac statistics (which apply to electroms), Divide the
integral into two regions, For E > O, assuning a free electron gas

3/2 l;1/2

n(e) = £5(2n,) (3)

(see Seita/*), pp. 140=143).
For E € O let n(E) at the impurity level be represented by a Diras
S-function

n(E) = Hao(E + Acy) (4)



Substituting (3) and (4) into (1),

_l,:l_r(Zme)B/zj £/235 +/N6E+A JEE = N, (5)

n? e(E - Q/KT 4 3 elE - kT + 1
The first term of eq. (5) cannot be directly integrated. However, if |
the Fermi level is several kT or more below the bottom of the conduction
band, it is possible to neglect the 1 in the denominator, which is
equivalent to the use of Boltzmann statistics. Taking out of the integral
the constant quantity eC/kT, defining a new variable x = E/kT (which
yields (kT)3/2 outside the integral), we obtain an integral of the form

o
/ Vx_dx which has the known value J/7/2. Thus, the integration
X
(-]

or eqe (5) yields

AF(ZIng)B/zeC/kT(kT)B/z /T Ny .
03 5 Vb omE,, T (&

or substituting

p = 2(2mekr)¥/?
w3

L T (g 1
e e (1 e(-acd/kT = Q)/kT + 1 )

<t (7)
/T 1 -
Pe = Nd (l_ e—A £§kT " em

| Ngemed/xT . *

= o ACJEE' - ew neg (8)

¥Note that from ge following equations
(a) ng = Pel/KkT

(b) ng = nee"x/ kT (Boltzmamn sq.), where n, = density of free electrons
1/2 outside solid
(¢) (l-r)nge = I(2mm/kT) / (from kinetic theory)

one can readily derive the general emission equation,
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If the same procedure had been carried out with additional unfilled
levels of density Na at a separation =Ag, and a full bamd st -AE, the
following expression (needed later) would have been obtaineds (see
reference 5) for complete details).

. Ngemecd/K NgeRT (<Lt - Ax/em)
Pel/AT - ..egjm Y /KT e-AijT y U/t QL\/_J
By

density of bound density of bound
holes in donors electrons in
acceptors

where Q = 2( 21rmhkT)3/ 2
%)

Eq. (8'is a quadratic equation for eC/kT, which is the quantity needed

in the emission equation and in the equation for ng (and hence o ),

The solution is

2

eC/kT = e=acq/kT [ -1+ (1 + _4? eAcd/kT) 1/2:] (9a)

There are now two interesting casess

() ANy aca/kT 5 5
P

(b) ANg A8/KT £ ¢ 3

P

In case (a)'we have

eUkTa %i e.AE‘d/ZkT

(10)

(9)
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Substituting into the emission eq.,

2(2meek?) ctpr (Y22 acy/mer
-———1-1-3-—— (1 - r)TZ e /kT ﬁ ( 4)37z e

V7 (emg Y okt (1 -y ng RS2 R

and also

Neg = l:'e(/k‘r = ﬁ«? oT4c/AT Ndl/z'fz_ (%%) 7 e"“d/m

1/2

In case (b) developing (1 + x) =1+ 1/2 x we have

Bz:/k‘r: l;g

Therefore

2 3
T gjzr_r;?gg_)_ (1 = )T/t 2(szdekTh Y372

= (2nme)'1/2e(l - r) (k’l‘)]'/2 Nde- #/er

ng ¥ Ng
(complete ionization)

The behavior of the Fermi level for this model may be seen in

Fig. 1 which shows { vs. T for Aeq3 = 0.2 e.v. below the conduction

(11)

(12)

(13)

(14)

band, and for Ng = 1017, 3x 1017, and 1018/cm3. In the lower temperature.
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region,case (a) is valid (Fermi level several kT's below conduction band
and several kT!s above donor level), At high temperatures where the
Fermi level is well below the donor level, case (b) ia valid. When the
Fermi level is just at the donor position, the donors are fifty per cemt
ionized, as is immediately obvious from the definition >f the Fermi level,
Fig. 2 shows a plot of log ng against 104/T corresponding to
the three Fermi level curves of Fig. 1, At low temperatures, in the
validity range of case (a), eqe (12) is valid and the slope of the straight
lines constitute a measure of A¢€g. At high temperatures where casé (v)
applies, complete ionization of the donors occurs, in accordance with
eq. (14).

5« Test of S

In order to decide which of these equations to use and in order
to epply them, it 1s necessary to kmow N3, Acyg, and X . These can
only be obtained from experiment, N3 is determined by direct chemical
analysis, Ba and H30 vapor —>H,, which is measured volumetrically,
In a well-activated cathode Ng is found to be 3 x 1017/cwd, which repre=
sents an excess of barium ot about ten parts per million, If eq. (12)
appliesg since b does not vary repidly with T compared to ng, then from
a plot of log & vs, 1/T, one measures Aeg. Ir early experiments log 6~
vs. 1/'1‘ plots gave single straight 1..nes with a slope yielding a value
for Aeg of about 1.4 e.7. Fur these values of A€y and Ny and over

the normal operating temperature r:-gwe of the cathode,

é.N.Q 3456./1:'1‘ 2 106
P
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and Khwamura6) and very detailed experiments by Hannay, MacNair and Whit88:
yield the results shown in Fig., 3 which implies that X is independent of
activation,

Thus, the simple semiconductor picture seems to have had marked
svecessy it could account for the then observed temperature dependence
of ocand I and gave a not too unreasonable calculated value for I, It
also implied X independent of activation, which is appealing because of
its simplicity. It failed, however, to account for the graduasl change
in Richardson work function and apparent Aeq with activation which has
been generally observed (Moti's explanation of interaction between im=
purities seems unreasqnable on the basis of the large interaction energy
required (ca 1 e.v.) in view of the small magnitude of Ng), and it could
not explain more recent data (that of Vink and Loosjes?)), and of Wrightll)
and Morgulis and Iagovdiklz) to be discussed below.
6. P dycti sis

The situation has been materially altered by the recent work
of Vink and Ioosjesg) who extensively investigated the conductivity over
a wider temperature range than that employed previously. Their technigue
was to measure the conductivity of the configuration shown in the sketch
by means of an A,C, Wheatstone Bridge, with a low applied-wbltage. Their
results, which are shown in Fig. 4 as a plot of log resistance vs. 1/T,
indicate three separate regions: I (between about 600 and 800°K) of low
slope, II (between about 800 and 1000°K) of steeper slope, and III a part
of gradually diminiéhing slope (above about 1000°K). The slope ir regions

V ]
oxides —]
N/ w NV -7

=

thermocouplkes
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I and II decrease progressively with activation., (In region I the slope
can be as low as 0,1 e.v.). Previous workers covered small temperature
ranges and this data 1s generally in agreement with most previous pub-
lished data. They further measured i~V characteristics up to ca 500 V/cm.
In region I the i~V characteristics were found to be linear, in region
II they were curved toward the voltage axis, and in region III they were
linear again, It is clear that the simple semiconductor model outlinqd
above will not explain this data,

The explanation given by Vink and Loosjes of their data stems
from a consideration o. the effect of pores, The cathodes studied by
them are typical of commercial cathode ray gun cathodes made by spraying
and are very porous (50-60% porosity). It is orly to be expected that
at higher temperstures the pores will be filled with an electron gas
due to thermionic emission and that this gas can contribute to the con-
ductivity, Thus, one expects two parallel conduction mechanisms,
through the semiconducting grains and through the pores via the electron
gas. The latter may become important at high temperature because the
effective conduction area as well as the mean free path increase greatly
for this process, The slope of log R vs. 1/T curves are in accord with
the notion of two parallel conduction mechanisms,

On correcting the slope in region II for conduction mechanism
I, it is found that the corrected slopes agree with measured work functiops
for all stages of activation (see Fig. 4).

The contribution of the pores to the total conductivity can be

estimated in an elementary way: in any electron gas, in thermal equilibrium
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in the absence of a field, the electrons have a mean velocity ; in all
directions, When a field F is applied, the electrons (of charge e and
mass m) are subject to an acceleration a in the field direction during
the time t which the electrons take to cover their mean free patb.ﬂ o

a =S (15)

The mean increase in velocity AV in the field direction during the time
t is

Av = £+ (26)

If Av << ¥, vhich will be so for small fields across each pore (or
generally so in solids), then

ot “"%" (17)
and
g

At the end of the mean free path, this increase in velocity is destroyed
by collision., Therefore Z§; represents the mean drift of the electrons
in the field direction and therefore the current density,

RN RS (19)

where p = mean space charge density in pore. Thus, for low fields (for
which the above calculation iswalid), Ohm's law is obeyed and

o = p'z;%‘ (20)
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The space charge density p may immediately be related to the saturated

emission current density I by way of elementary kinetic theorys
(1-r)p = I(zmw/kr)/? (21)

{Actually Vink and lLoosjes performed a much more sophisticated calculation
for p taking into account the potential maximum existing inside each pore
due to space charge. The result is not appreciably different from eq,
(21) in region II).

Combining (20) and (21),

o = I(zm/kr)Y/? "%”fv (22}

Taking I = 10 amperes/em” at 10009 (pulsed value), L = 2 /2 (-~ pore

diameter), v = 2 x 10’ cm/sec (thermal velocity), we find o = 2 x 102 k=i,

Observed values of o= at 1000°K for well=-activated cathodes vary between
3x 10"3 and 7 x 10'3 (latter is Vink's highest value). Hence calculated
o is sufficient as to order of magnitude to explain experimental results.
Also note fhat o= ~ I for small fields so that this explains why the
corrected slope ~~ work function,

With respect to the curved i-V characteristics in region II,
this is to be expected on the basis of the pore picture as may be crudely
shown as follows, |

Returning to (16), Av = %E t

If v << AV (case of high fields in pore),
in 1limit

v o= A‘%‘; (23)
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:2%.5 (24)

av 'J . (25)

1=p|~%g (26)

This accounts for the curved i-V characteristics in reglon II.

At higher temperature the more exact calculation of Vink and
Loosjes including the effect of space charge gives rise to a potential
maximm inside the pore which increases rapidly with T (Fig. 5). This
makes the mean spaée charge density smaller than would be given by
simple kinetic theory and in region III o= lags behind the straight
line characteristic of region Il, Also, if the internal field gets
more important than the applied field, t becomes independent of F and
we return to (17) d (20), This may possibly explain the linearity in
the i=V characteristics in region III,

Thus, Vink and Loosjes make out quite a convincing case for
pore conduction in the cathodes studied by them (which were essentially
commercial cathode ray gun type cathodes, The concept of dominant pore
conduction at high temperatures has not yet been umniversally accepted,
the mah dissenters being Hannay, MacNair and White®), They have presented
a number of arguments designed to show that pore conduction. while present,
does not constitute the primary mechanism, Of these arguments, the follow~
ing two are probably the most cogents

l, Treatment with excess methane which deposits carbon over all
surfaces (even making the interior of the cathode gray) kills the emission
without materially affecting the conductivity at high temperatuwre,
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2. The calculated value of ¢~ using eq. (22) (taking
L=2,3 M because of 1 atm, of He introduced to set an upper limit
on £ ) and the observed value of I for their cathode (20 ma/cx® at
10009K) is 6 x 105 Q1 cm! whereas the observed value of o~ for
the same cathode was 5 x 1074 ol enl,

The reasons for the disparity in the data obtained by Vink and
Loosjes on the one hand and by Hannay, MacRair and White on the other
are not yet clear, It is to be noted, however, that the configuration
and activation method employed by the latter group are both quite dif-
ferent from conventional commercial ones and that their cathode was
thermionically far less active than well=activated commercial cathodes
(20 ma/cm? vs. 10 amperes/cm?),

Further theoretical interpretation, to be giver below, will be
based on the data of Vink and lLoosjes.

One of the main consequences of the Vink-Loosjes model (see
referencel0) is that it is the slope of log o= vs, 1/T in mgion I which
is related to an energy level diagram and not that in region II, Thus,
Aeg should be as low as 0,1 = 0.4 e.v. In this case strong ionization
above 800°K occurs (for example, withAeg = 0.2 e.v. and T = 1000°K,

-Itgb eAsd/kT = ,08) and if we stick to a simple semiconductor model,

we are now dealing with case (b) == i.e. 6qs. (13) and (14). Note that
now #, 1, = X = 1e.v. The calculated value of I;q500x =1 )sz.mp/cm2
compared to the experimental value of 10 amperes/cmz,’ whick represents

not unreasonable agreement.
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7. Eyidence for p-type Coniuctivity

It is now necessary for completeness to mention recent data
of uright!!) and Morgulis and Iagovaik!?). These data pertain to Hall
measm'ementsll)and thermal e.m.f, mea.sm‘ementslz) from which one can
obtain the sign of the carrier and with proper interpretation in simple
cases, the density of charge carriers as well, Both groups of workers
have reported p-type conductivity at lower temperatures reverting to
n-type conductivity at higher temperatures.

These data unfortunately greatly complicate the picture and,
moreover, these data have not yet been generally believed, Indeed
Wrightll) has very recently retracted some of his previous conclusions
by fating that the p-type conduction was "definitely foreign to the

Ba=Sr0 system,"

8. latest Theory
A theory has just been advanced by du Pre, Hutner and RittnerD)

which attempts to incorporate int» a single consistent picture a more
complicated semiconductor model and the Vink-loosjes picture so as to
permit an explanation of many of the important observations on oxide
cathodes, including the change in work function and conduction slope
with activation. The theory includes the semiconductor model shown in
Fig. 6 as well as the Vink-loosjes picture of the pore conduction mech-
anism at higher temperatures, The semiconductor model comprises a full
band, a conduction band (separation equal to 1.7 e.v.) donors 0.3 e.v.

oelow the conduction band, acceptors 1 e.v. below the conduction band
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and X =1 e.ve It is assumed for simplicity that there is & fixed
density of acceptors in the cathode (due perhaps to lattice dsfscic)

and the classical inﬁerpretation of activatior as a gradual ¥ncrease

in donor concentration is retained. As long as Ny < N,, the cathode is
poorly activateds when N3 > Ny, the cathode becomes well activated.

The clxice of values was effected as followss the work fumction varies
between 2 and 1 e,v. on activation. The lower value was taken as X

and the higher one as the energy separation between the acceptor levels
and a point outside the cathode; the position of the donor level was
chosen to give the fequired lov slopes of Region I, The full band was
taken to be 0,7 e.v. below the acceptor level in order to obtain the
maximum slope observed by Vink in region I for poorly ;,ctivated cathodes,
This makes for a thermal band separation of only 1,7 e.v., compared to
an optical separation of 3,8 e.v. Originally this was not considered a
difficulty, Maximm Ny was taken from chemical data to be 3 x 101fcx’,
whereas minimum Ny ( 1017) and fixed Na (1.5 x 1017) were chosen by
trial to give the best fit of the data, Both values are entirely reason-
able as to order of magnitude,

The expression for the conductivity is

o~ = ngebg + npeby (27)

In the absence of data concerning the mobilities, we have taken

by = by
and have neglected the temperature dependence of these quantities, which
is probably small compared to that of ng and np,.
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Thus,
o ~ (ng *+n) ’
1
P~ v
n = Pec/k‘r
©
and m = Qe(--t;/k:‘l‘ -AE/kT)

L]

Thus knowledge of { permits an estimate of the specific resistance vs.
activation and temperature, Similarly, because of the general emission

equation

I = AT2(1 - rye( X 'C)/k'r .
knowledge of { permits a calculation of the emission current density vs,
activation and temperature,

The Fermi level was calculated numerically from eq. (9) for
several values of Ny and for varying temperatures between O and 1100°K,

and from this information o= and I were determined.

CONDUCTIVITY
Fig. 7 shows calculated values of log El.017,{ne + nh)] plotted
as a function of 104/'1' for different donor concentrations, and hence for
different stages of activation. The graph indicates that the model pre-
sented here predicts'decreasing slopes in region I with increasing activa-
tion, in agreement with Vink's experimental results. (See also Table I),.
In fact, low slopes occur for most stages of activation except the very

poor ones, which is also in accord with Vink!s data. (In concordance with
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the Vink-Ioosjes cuncept that the conductivity above about 800°K is
primarily determined by conduction through the electron gas in the
pores, the curves of Fig, 7 have not been extended above 800°K.,)
Furthermore, the type of conductivity in region I can be
either n= or p=type, as is indicated in Fig., 7 and in Table I; it is
evident that the model predicts p-type conductivity for the more poorly
activated cathodes, For these cathodes, however, the conductivity at
higher temperatures may become n=type since in region II the effective
cross section for the electron current increases enormously and in ad=-
dition the mean mobility of the electrons becomes much greater than that
of the holes, Thus, these cathodes may show a p=n transition at about
the same temperature where the transition from region I to region II
occurs, On the other bhand, well-adtivated cathodes should always show

n=type conductivity,

THERMIONIC EMISSION
The thermionic emission current was calculated, in the tem=
perature range from 800° to 1100°K, from the general emission equation
using the values of {(T) determined from eq., (9). These calculated
currents were then used to make Richardson plots (log I/T2 vs. 1/T),
and straight lines were obtained, Thus, the calculated values of the

current can also be represented by

Il = ARichTZ exp(-mcbﬂﬂ'). (28)

The quantities, ARichs PRichs and I]o0ogoKs &8 determined from these
calculations for different stages of activation, i.e. for different



values of Ny, are shown in Table I, The magnitude of fps.) varies from
2.1 to 0,93 e.v. with increasing activation, in good agreement with
experiment, Similarly, the corresponding values of AR:I. ch check reason=-
ably well with observations, as may be seen from the calculated values
of I at 1000°K. Moreover, a semilogarithmic plot of Apjch VSe Ppicn
for different stages of activation is essentially a straight line
(see Fig. 8) and in good agreement with Veenemans!' datau’) .

We wish to emphasize that since Apj,p and fps., are constants

independent of temperature,

¢Bich f X = C (T) ’
and therefore (29)
ARich f A

as may also be seen in Table I, Thus, the temperature independent work
functions, @ps.,, obtained from Richardson plots do not measure directly
the energy difference between the Ferml level and a point just outside

the eathode, On the other hand, there is a different technique for de=
termining work functions, namely contact p.d. measurements, The @ c.é.d.'a
80 determined are temperature dependent and actually measure the position
of the Fermi level, for aécording to theory,

¢c.p.d. = X - L (T) $

and therefore

¢c.p.d. # ¢Bich
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A plot of the variation of the Fermi level with temperature is presented
in Fig. 9. A comparison of the values of ¢c.p.d. as read from this
figure for N3y = 3 x lo:l".,/czzm3 with the two values of ¢c.p. 4, measwred by
Huberl®) is shown at the bottom of Table I, The absolute magnitude of
the calculated ¢c.p. g, and its temperature variation agree remarkably
well with Huber?!s values, although the excellence of the agreement is,
no doubt, fortuitous,

In Fig. 9 note that in the temperature range from 800°K to
1100°K, { (T) is closely approximated by a straight line and can be rep-

resented by the formula
C = & = ak? (30)
Inserting this in the general emission formula, we get

I=A12 exp(=( X = § + akI)/AT) = Ke-%12 exp(-X- &)/  (31)

Thus
-
Apich = Ae
and
ion = X "G 62

This last equation clearly shows that ¢Rich may also be obtained by ex-
trapolating linearly to O°K the high temperature part of each { curve,
Numerical confirmation of this statement is shown by a comparison of the
extrapolated @p;.), values in Fig. 9 with the results in colum 5 of

Table I. It may also be seen from Fig, @ that whereas in a welleactivated
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cathode ¢c opede

activated as to be p-type in region I, that f, , g, < fRiche

> ¢B.:|.ch’ the model predicts for a cathode, 80 poorly

At the same American Physical Society meeting at which this
theory was first expressed publicly, Apker presented some results of
his electron emission technique for BaO, showing that the Fermi level
is about 3.7 e.ve above the full band at room temperature. Thus, unless
one assumes the operation of a most unusual selection rule owr 1.7 e.v.
gap would seem to be much too small, Since there is reason for pre=-
feri-ing Apker's results to those of Wright or of Morgulis and Isgovdik
the dilemna can be resolved by lowering the full band to a position
3¢8 e.v, below the conduction band while keeping all other features of
the model unchanged., Since the full band contribution was negligible
anyway :ln all cases in the preceding calculation save in those cases
dealing with p-type conduction, all of the previous results still stand
except those dealing with p-type conduction, Thus, the combination of
the ammended semiconductor model with the Vink-loosjes concept of con-
duction by an electron gas in the pores appears to explain in a natural
way many -of the accepted experimental facts pertaining to conduction
and thermionic emission of commercial (Ba=Sr)O cathodes.



9. References

1)

2)
3)

4)
5)
6)
7)

8)
9)
10)
11)
12)

13)
14)
15)

de Boer, "Electron Emission and Adsorption Phenomena,"
Cambridge University Press (1935).

Blewett, J. App. Physics 10, 668, 831 (1939).

Eisenstein, "Advances in Electronics, I. Oxide Coated Cathodes!
Academic Press, Inc., New York (1948).

Seitz, "Modern Theory of Solids," McGraw Hill Co., New York (1940).
Hutner, Rittner, du Pré, Philips Research Reports 5, 188 (1950).
Nishibori and Kawamura, Phys, Math. Soc. Japan Proc. 22, 378 (1940).

Bien, Technical Report No. 73, Research Lab. of Electronics,
Mass, Inst. of Techn., June 1949,

Hannay, MecNair, end White, J. App. Phys. 20, 669 (1949).

Vink and loosjes, Philips Research Reports 4, 449 (1949).

Rittner, du Pré and Hutner, Phys. Rev. 76, 996 (1949).

Wright, Nature 164, 714 (1949); British, J. App. Physics 1,150 (1950).

Morgulis and kgovdik, Report of the USSR Academy of Science LIX,
247 (1948).

du Pref Hutner, Rittner, Phys. Rev, 78, 567 (1950).
Veenemans, Ned., Tijdschr. Natuurk. 10, 1 (1943).
Huber, Thesis, Berlin (1941).



W UL
§y) / /,/ /CONDUCTION "/ BAND
o |/ VA NLLIALILIYL L]

-14
16
-18 . |
20 F---1 _\_9_ OR LEVEL | ___ |
-22
C’" -.24 \ nb.|o'°
-.26 \JS
\
-30 _ \ N\
N\
-.32 + \ . i7
- sa | \| Np" 310

<

-.36
3 | ANEAN
| \
-40 Y ny=107
- 42 \jb
- 44 X
-46

0 00 200 300 400 S00 600 700 800 900
T °K

TEMPERATURE DEPENDENCE OF FERMI LEVEL
IN SIMPLE N- TYPE SEMICONDUCTOR

FlG. |



Ne/CM3

0° g s
10'® %
3x10'7
1 4
- 2 \ N\
\\ \
» \\\
\
10'® e W——
0 10 20 30 40 50 60 7
ot/ T

DENSITY OF FREE ELECTRONS IN SIMPLE h-TYPE SEMICONDUCTOR

FlG. 2



00
TUBE NO. CE-3
o HEAT
e HEAT
A CHg4
A CHg
O AGE
10 X Op 10y
N X
N X
2
N
<
3 p
~/ {
Z
4
o
@
- X
Z rQy
0.1 ;‘.{
' D
o [P

'o:o"' 10~6 10”2 i0~4
CONDUCTIVITY IN (OHM™' CM~1)

Conductivity and emis-
sion upon activation of the (Ba,
Sr)O, for a typical tube.

FIG. 3

10-3



0771

FiG. 4



7l g = p 90uUBISIP “Y, 256 = I * W/V 101°28-€ = °I
‘§308JIMs JunWd ey NUYGUL UNIMI] [eriuazod ayy pue A}SUIP UOIIII[A AY[J,

7 %65
S 4 € 4 b 0
0
rio—
yo—- ——A
aI0-
A
— RN oro-
€0 /
@/ 800-
vor—tt 1 , /
] 900~
| o]
3 vo0-
S 9o
o>
3 MN g00~
© //quo}n0 ) —o—o—
O = -
O =+=+ 0 h
80 o/

FIG. 5



outside

i M// 144 e

-~———————- pt

W/ 2



DI e Y L T S S

- o - - e o e o e - -

- ——— o = —— —————

10000
1,000

100

(% +*u)/, 00

10

FIG.7



T Y | ope in |Type of
B T (1) o.p.d. = Frich | Mmien | 11000 -
1x 11)”/«3 600°Kk| =.97 ov 1,97 ov ov -llp-/c2 smps .;6
. P
m -0% 1.%
800 =95 1.95
900 -93 109’ 2,10 1'1050 .0288
nm -088 1.“
1.5 x 1017 600 | =67 1.67
58 a
700 =e70 1.70
800 -073 1073 -
=76 1.76 21.50 4.18 J15
noo | -.& a |
1.6 x 1007 600 | =e49 1.49 ,
.11 n
700 -o% 10%
8m "06‘ 106‘ h
900 -.71 1.71 1021 om 017
nm -.80 1.80
3 x 1017 600 | -.36 1.36
012 n
700 -kl 1.4
900 =53 1,53 93 | J049 1.01
1100 =67 1.67
T | Fe.p.a, (Huber) | #o.p,a, (Coleulated)
770°K l 1.46 ov 1,45 ov
640 1,38 1,38

TABLE 1I
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II, PHOTOCONDUCTIVITY IN SEMICONDUCTORS

I. Introduction

Historically, the first discovery of a photoeffect in solids
was made by W, Smith in 1873 who noted a change in the electrical
resistance of metallic Se on illumination. The early commercial photo=-
cells consisted of thin films of "metellic" Se deposited over two
interpenetrating electrodes., These cells in time were supplanted by
photoemissive and photovoltaic cells which had certain important ad-
vantages in operating characteristics, notebly improved linearity to
light intensity and improved frequency response, In fact commercial
photoconductive cells essentially disappeared from the scene umtil
World War II when importent improvements were made in photoconductive
cells, improvements stimulated by military applicationss secret
signalling and passive detection of "thermel" bodies. These appli-
cations vere made possible by the fact that the sensitivity of some
photoconductive semiconductors, notably T1,S, PbS, PbSe, and PbTe
extend appreciably into the infrared, Additional applications
utilized since the war are the use of PbS cells for sound reproduction
and astronomical detection md the use of all the Pb cells for infra-

red spectroscopye

2. Expectations from Band Scheme
The phenomenon of photoconductivity is immedistely to be

expected on the basis of the band theory of solids. A%sorptisn



radiation raises electrons from the full band to the conduction band,
leaving behind positive holes, Both electrons and holes constitute

free charge carriers which can contribute to an enhanced conductivity.
The situation is similar for impurity semiconductors except that only
one type of charge carrier is released and that the magnitude of the
absorption is less, In fact the photoconductivity problem coulc be
phraseds "Why are not all non-metellic substances photoconductive?®

The answer to this question is that in most cases the charge carriers

do not remain free for a sufficiently long period to materially in-
crease the conductivity; they may disappear very rapidly intc traps
(which is the important process in insulators, such as crystal cowmters,
not to be discussed here) or by recombination with each other or witk an
mionized" impurity level (which is the important process in semiconduc~
tors). Before delving further into the theory, some of the important
experimental facts about semiconductor photocells (T1,S, PbS, PbSe, PbTe)

will first be recited.

3. iment.a, C
T Sulfide

This cell was first discovered by Case in 1917 and was rela-
tively recently developed into a radiation detector of extraordinary
sensitivity by Cashman, Fig. 1 shows a typical cell and electrode struc-
ture, Pure T1,5 is vacuum evaporated over the electrodes to a thickness

of about 0.5 /i At this stage the photosensitivity is negligible,



Photosensitization is then effected by admitting 05 at a low pressure
and heating the layer to a few hundred degrees C. This process in=
creases the dark resistance and the photoresponse (defined as A I/I3)
and changes the conductivity from n~ to p- type (see Fig, 2 and refer-
ence 1), Both the photocurrent (AI) and the dark current (I3) are
linear functions of the applied voltage. However, the photoresponse
is none=linear with intensity of illumination (see Fig. 3). At very
low levels of illumination with modulated light, the cells exhibit
essentially a single time constant the value of which varies from cell
to cell between 4 x 10™% and 4 x 10°2 sec. at room temperature (see
Fig. 4)s An increase in temperature decreases the time constant greatly
(in a particular c.se changing‘T from 27° to 75°C, produced a decrease
in T by a factor of 40), but this is obtained only at a sacrifice in
photoresponse (which falls by a factor of 7 in the same range for that
particular cell ). The spectral response exhibits a cut off at 1.3/u
and a maximum at about 0.9/u. (See Fig. 5.) The same data expressed
o8 an apparent quantum yield show that many charge carriers may pass
through the layer per incident quantum of radiation,

lead Suylfide Cell
This cell is prepared usually in a similar manner to the T1,S

cell but it can also be prepared by chemical deposition of a PbS mirror.
Its characteristics are generally similar to those of les cells, An
interesting correlation has been foumdé) between sensitivity and resisti-

vity (see Fig. 6). Because of the lower intrinsic resistance, the



electrode arrangement is different from the T128 case and provision

is sometimes also made for cooling (see Fig., 7). Their spectral response
extends considerably farther into the infrared with a cut-off at about
34 /n at room temperature, the cut-off wavelength extending further into
the infrared with a decrease in temperaturez) (see Fig, 8). The depend~
ence on illumination intensity has been found to be the same as that of
T1,S cells in some cases and quite different (linear) in others (see
Fig. 9).

d Sele d Telluride Cells
These can be made in a manner similar to that described above
or by sensitization with the electronegative constituent, The latter

type of preparation has been developed by S:I.mpsonz)

s particularly for
PbTe cells, It is necessary to cool the cells to observe appreciable
sensitivity, The spectral response is similar in both cases and extends
out to about 6 M at low temperatures (see Fig, 10), Again the threshold

shifts to longer wavelengths on coolingz) .

4e Energy level Diagranm
In the case of PbS a careful study of the conduction mechanism

has been made by H:l.ntenbergexA leading to the following conclusions, Heat~
ing a thin layer of PbS in vacuo causes slight removal of sulfur producing
an n-type semiconductor. Heating in sulfur vapor produces a p-type semi-
conductor, The presumed stoichiometric composition shows a minimum in
conductivity, but the substance is still in the class of semiconductors.
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From the slope of the conductivity vs. 1/T data at low temperatures, it
appears that the impurity levels are extremely close to their respective

bands. Thus, the energy level diagram applying to this case is

S -~ L L [

O

/7] /77

From the electrical properties, there is reason for believing that a
similar diagram applies to the other substances as well, the band sepa=~

ration decreasing in the orders T1,S, PbS, J)PbSe . Further support for
PbTe

this kind of diagram in all cases is found in the optical absorption
coefficients measured in the region where the cells are sensitive, In
all cases the absorption coefficients are of the order of 104 to 10° en~l
which is so high as to imply that all the atoms of the material partici-
pate in the absorption process and not just the impurity atoms. These
data also imply that the photoconductivity is associated with optical
transitions from the full band to the conduction band and not from one

impurity level to a band (or vice wversa).

5« FPhotoconductivity Theory for Unsensitized Materigl
Let us now attempt to see why the semiconductor, before photo-

sensitization, is not appreciably photoconductive, We shall consider

only an n-type semiconductors the argument is analogous for a p-type
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semiconductor, For simplicity we shall make the following assumptions
(a) complete ionization of donors (which is reasonable in view of the
closeness of the donors to the conduction band)s (b) the layer is so
thin that the intensity of light is not a function of depth within the
layer.

The density of free electrons in the dark at temperature T,
we designate ne .} because of assumption (a) neqy = Ngo The density of

holes, Dhyo will be small compared to n_, because of the general

€4
relations

DgyDhy = PeC/kTQe("z:/k’r -AE/kT) PQe” Ag/kr constant (1)

For T1,S at room temperature, ne,nh 4 T 1072,
If Ng ~ 1018/cm3 (a reasonable impurity content), ny " = 1o4/cm3.
The small free hole density Dy is maintained in the dark
kinetically by continuous thermal ionization and recombination. In
equilibrium the rates of formation and recombination are equal. The

latter rate will be given by the bimolecular recombination law

dn; am
(—Tléd-)fom. =<_a%d;> recomb, ) Bnednhd ) Budnhd @)

where B is the recombination probability. Under steady illumination with
intensity J, the rate of formation of holes (and electroms) increases by
an amount ¢J, where ¢ = number of charge carrier pairs created per second

per unit volume under unit illumination, In the steady state the rates

of formation and recombination are equals

Boyn, = BNgnp, + cJ (3)
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where ny and ng are the new equilibriuwm concentration: under econd! .ns
of illuminetion,

Since A ng << N3, as will be proved in a moment,

"

ne Ng

Therefore,

BNg(ny = nhy) = cJ

{4)
An = .J.‘.T_ = A
h BNy De
as the light creates electrons and holes in equal numbers,
The photosensitivity, expressed as A I/Ij, is then
Anpev, + Ancev,
JAY S hy a2 (5

I3 Nhs®Vhg * Degevey

Since the optically released charges lose their extrs velocity vary
rapidly (< 10711 see, for example {100 mean free paths 27 1c™% o
traversed at rate of 107 em/sec } ) by interaction with the lattica
for practically all of their lifetime the drift velocity of phoio=-
released carriers will be identical with that of the thermally released
carriers, i.e. vy = V4o Since this is only an order of magnitulc
calculation, we shall take v, = Wv,. Also, since Thy <L gg = N3

and A ng =Anh,

I = _2cJ 16
=== (6)
I3 BN4

The constant ¢ may be readily calculated from the number of eff>ctive
guanta/sec absorbed in a layer of thickness &

o®5 X 1012 A mfl ~
’ﬁ%‘ = — for J inm waits/om<




where f = fraction of the incident radiation that is =zbsorbed aund
P = efficiency factor for the creation of charge carrier pairs, For
exemple for T1,S, £ & 0,75, :"/u T 09 5 6 £ 5x 1075 em and

assuning P = 1,

e 2 6 x 106 cn™3 sec-l A watt™! om?

The recombination probability B is much more difficult to estimate but
it is possible to determine an upper limit by assuming that every
collision between a hole and an electron leads to recombination, In
that case

Bpax = AV (8)

where A is the collision cross=section and v the thermal velocity of
the carriers. A may be estimated to be of atomic dimensions, i.e.
~ 10°15 cm? and v = 107 cm/sec at 25°C., Hence Brax = 10°2 cm3 gec-l,

B will tend to be less than Bpgx because in the course of recombination
energy must be given up to the lattice and this 1s usually not readily
accomplished because the probability of the lattice accepting the excess
energy as a large number of small vibrational quanta is very small,
(In bulk Ge, experiments indicate that B/Bmax = 10'4.) The situation
is different, however, for the non-symmetricel situation prevailing at
surfaces as the excess energy can be imparted to the solid as a whole
and therefore in a thin photocell layer B, ., may possibly not exceed B
by a great deal,

Using the above values of Bmax and ¢, and for a reasonably high

intensity of illuminstion (J = 1000 xu watts/en?) and a value of Ny = 10%8/cn?,
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Al . 2x6x106x10 -
Ty o qoEp - -

(compared to experimental value of say 25

Note that
Aug = & = 1010 15 L Ny R

one of the originsl assumptions, now proven, Even if the above calcula=-
tion underestimated the photoresponse by several orders of magnitude, it
is clear that an intrinsic semiconductor with apprecisble impurity content
will possess a negligible photosensitivity owing to the recombination of
the cptically released charges with the high density of thermally re-
leased charges,

It is also of some interest to estimate the time constant for

the recombination process, This may be done as followss

%E? = BNy (n.hd - ny) = - BNjAny (9)

(a differ=ntial equation expressing the rate of disappearance of charge

in a transient state),

Since
Anhanh-nhd H
b)) | amp
dt dt

Hence, the rate of disappearance with time of the excess holes produced
by light will be

d
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Integrating,
dnAn, = in@nh)tgo - BNgt

or (11)

= BNyt
Anh th) £=0 © d

an expornential decay withk e time constant

1 -
iy ()

Using the above mentioned values,

T = 10'losec..

again showing that the recombination proceeds so quickly that the averszge
lifetime of the photoreleased carriers is negligibly small,

6, Photoconductivity Theory for Intrinsic Semiconductor
Produced c ti i

It is clear from the above argument that in order to improve
the photosensitivity, it is desireble to reduce the impurity content,
Although it is possible to remove foreign impurities from materials to an
extent of a few orders of magnitude better than N; = 10]'8/&1::3 s discussed
abowe, stoichiometric deviations are unavoidable, In most cases chemically

undetectable quantities of such "impurities" may destroy the photosensitivity.

One might imagine that the introduction of oxygen is simply a
trick for effectively removing the deleterious influence of the impurities.
If into an n-type layer (produced by vacuum evaporation), p~type impurities

(due say to 0,) are introduced in exactly equivalent amount, the result is
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to convert the material into essentially an intrinsic semiconductor,
either by direct recombination or by virtue of the fact that the electrons
fall spontaneously from the donors (which were near the conduction band)
to the acceptors (which are close to the full band). In this instance
the thermal charge density, which is so important for the recombination
process, is reduced to its minimum value for the chemical system under
considerationy i.e., the intrinsic value of ngy = Dhge

It is therefore of interest to consider the problem of photo-
sensitivity in an intrinsic semiconductor in much the same manner as that
employed above. Again for simplicity we assume a very thin layer such
that J is taken independent of depth, In the dark the density of
electrons ngy = density of holes Dhy = Dge In the steady state with an
illumination J, the recombination rate will be equal to the formation
rate, ie.

Bn? = Bnﬁ2 + cJ (13)

where n = equilibrium density of electrons and holes under illumination,

n 8)\111&2"'%']‘

n-njg =An = -nd#'Jndz-l-.gJ

OAn . -1 1 el = A
n +| +§5:i-2 '_IIE (14)

Eq. (14) is precisely of the form observed experimentally in all T1,S cells

and in many PbS and PbTe cells. Moreover, we may again estimate the con-
tant involved S .
- olved, —B-n—dz
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It will be recalled (eqe (1)) that in general

For an intrinsic semiconductor,

For T1,S at room temperature,

Hence taking ¢ again = 6 x 1016, B = B = 108 and the above value

max
of nj, we find that

16
c = 6 x 10 =
Bng? 108 x 9 x 1027 70 ’

which is to be compared to experimental wlues of the order of 5. In
view of the crude approximations employed in the calculation (particularly
J independent of depth), this is to be construed as reasonable agreement
between theory and experiment,

We could in the same manner as before compute the time constant
for the recombinaticn process from the differential equation expressing

the rate of disappearance of charge

&~ B(ng® - 1) (16)

The detailed calculation (to be found in von Hippel and Rittner5)) is much
more complicated in this instance, but for the case of very low illumination
level, the resulting expression for the time constant is substantially the
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gsame as befores

= =i 7 2x10% sec. (17)

2 Bng

The order of magnitude of T is not unreasonable in view of the uncertainty
in B and furthermore eq. (17) shows immediately why T decreases with in-

creasing T, as
ng = FPE o OE/AT

It is also easy to see why in this picture the apparent quantm
yield can exceed 1, Each incident quentum creates on the average fP free
charge carrier pairs, During their average lifetime, T, the conductivity
is enhanced such that .‘L%E extra charge carriers can flow through the
material, where b = mobility, F = field-strength and 4 = electrode sepa~-
ration, Thus, the apparent quantum yield,

It can alsc be shown that (18) is consistent with (14).

Taking £ = 0,75 again, P=1, T = 4 x 10~3 (average experimental
value), b = 1 cm/sec/volt/cm, F = 500 volts/em d = ,1 cm, we find 7 = 15,
in good agreement with experiment,

Note that this picture also explains the observations that heat-
ing in O, increases the dark resistance and the photoresponse, that the
type of conductivity changes from n- to p- type (due to some excess 0,),
and that the photocurrents and dark current are linear functions of the

applied voltage.
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In short the picture of a uniform "intrinsic®" semiconductor
produced by detailed balancing of n= and p= type impurities seems to
have great success in accounting for the presently known properties of
T15S photocells, A picture of essentially this type, but in less re-
fined form, was proposed by von Hippel and Rittner5 ) several years ago
for the case of T1,S,

7. n=p_Barrier Picture
Quite a different explanation for the properties of PbS cells

has been advanced by Sosnowski, Starkiewicz, and S:lmpson6) s Wwho have pro-
posed that part of the grains of the layer are n~type whereas the remainder
are p-type. The inter-crystalline contacts between the two different
types of grain are considered to constituﬁe the controlling influence in
the resistance, The picture of barriers between n-p contacts has been
further developed by James9), who has stressed that a homogeneous semi-
conductor produced by careful balance between n= and p- impurities will
become split up into a large number of tiny n- and p- type regions owing
to random fluctuations in impurity concentrations, We shall not discuss
here the details of the pictures proposed by Sosnowski et al and by James;
a detailed discussion of ne=p contacts will, however, be included in the
more general theory to be presented below,

The most direct experimental evidence for the presence of n-p
barriers is twofolds a) on scanning a PbS layer with a small spot of
light, photo=e.m.f.!s are observed which vary in sign and magnitude from
point to point in the layer (see Fig. 11) (Sosnowski, Soole, Starkiewicz?) )3
(b) from measurements of impedance vs, frequency, it is found that the
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parallel resistance decreases with frequency, ostensibly due to the
capacitative shunting of the barriers (Fig. 12) (Chasmar8)).

8. General Theory

The method of preparation and properties of T1,S, PbS, PbSe, and
PbTe photocells are so similar as to suggest that a single explanation
should apply to this class of materials, It is apparent that the two
pictures that have been proposeds a) intrinsic semiconductor, and
(b) n-p barriers, are mutually exclusive and in fact as a general ex~
planation of photoconductivity in semiconductors, each is subject to
difficulties, The first picture fails to explain the two experiments
on PbS cells just discussed and alsc carries the extremely stringent
requirement that n- and p- type impurities halance each other ou exactly
that the maximum net impurity concentration anywhere in the layer be less
than the intrinsic demsity of charge carriers (10'° in PbS and 10¥em? in
T1,S at 300°K). The second picture will not account for the bimolecuiar
recombination law that has been observed in T1,S, PbS and PbTe photocells,
A more general explanation has recently been advanced by Rittnerlo), an
explanation which follows naturally from one method of preparing the
photocells and which reduces in limiting cases to essentially pictures
(a) and (b) while avoiding the difficulty of the exact balancing of
impurities,

It is perhaps not unreasonable to assume that the following
events occur in the course of fabricating photocells by vacuum evaporation

and subsequent sensitization., During vacuum evaporation of the material
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to form a thin layer, a slight loss of the electronegative constituent
occurs, giving rise to an n-~type semiconductor in which the photosensi-
tivity is extremely small owing to the rapid recombination of the electroms
and holes created optically with the thermally produced charges, Sub=-
sequent heat treatment in the presence of the electronegative constituent
or oxygen converts portions of the surfaces of the grains into p~type
material thus calling into existence randomly distributed local n-p
transition regions, As the "oxidation® proceeds further, the n=type
conducting paths become more and more disrupted by the p-type regions
until a point is reached where all charge carriers travelling between
electrodes have to pass through some of the n-p transition regions,
With still further "oxidation," continuous threads of p-type material
of negligible photosensitivity are formed and these grow progressively
thicker, until in the limit the layer may become completely p-type.

The properties of the photocell layer are determined mainly by
those of the transition mgion which in turn depend upon the details of
the impurity distribution, Fig. 13 illustrates the sort of impurity dis-
tribution to be anticipated in the sensitization process outlined above,
i.e. the interpenetration'of an n-type region of relatively constant donor
concentration with a p-type region in which the acceptor concentration
tails off with distance, To the left of line 1 in Fig. 13 some of the
electrons from the donors fall spontaneously into the acceptors, completely
filling the latter*, Since the net donor concentration remains high, the
material is n-type. To the right of line 2 all of the donors are emptied of

electrons by spontaneous transitions to the acceptors,* but since the net

¥An alternative possibility, having essentially the same consequences,
is the mutual annihilation of donors and acceptors by recombination,
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acceptor concentration is high, the material is p-type. Between lines
1 and 2, the net impurity concentration is either zero or extrenely
small, and this transition region behaves essentially as an intrinsic
semiconductore. The thickness of this quasi-intrinsic region increases
with temperature because of the tendency of the Fermi level to merge
with the intrinsic line at high temperatures (see Fig. 14). It is also
larger the more gradually the concentration of p=type impurity varies
with distance in the transition region, Thus, in general, a quasie
intrinsic region is to be expected, the thickness of which may vary
widely depending upon the chemical and heat treatments employed and
upon the operating temperature of the photocell, Moreover, the equili-
brium condition that the Fermi level be everywhere the same requires
transfer of electrons from the n-type region to the intrinsic region
and from the intrinsic region to the p-type region, Thus, space charges
are set up whic! correspond to potential barriers for the passage of
charge carriers, The situation is illustrated by the energy level
diagrams of Figs. 15 and 16 which show two limiting cases, one whare
the thickness of the quasi-intrinsic region is zero (a) (Fig. 15), and
one vwhere it is large (b) (Fig. 16), compared to the thickness of the
space charge region, Although intermediate cases are of great interest
we shall for simplicity discuss only these limiting ones,

Case - n=-p Transition (Fi

In a perfectly sharp contact between n=- and p~ type regions, the
establishment of equilibrium requires that electrons be transferred from
the n= to the p=- type material in the neighborhood of the contact. This
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creates a positive space charge in the n-type region and a negative space
charge in the p-type region, corresponding to a variation of potential
which, in the present instance, is continuous across the plane of contact
and which obeys Poisson'!s equation in bouh regions. The height of the
(rectifying) potential barrier so created is equal to the difference in
the Fermi level positions which would obtain if the n= and p= type regions
were separated. This height can vary from zero (high temperatures, low
impurity content) to about the energy separation between the bands (low
temperatures, high impurity content) as may be seen from the calculated
values of the Fermi level for PbS (Fig. 14). With reasonable impurity
content (ca 1017 - 1019/ o ) the resistance of such a potential barrier
can greatly exceed the resistance of an impurity semiconductor of com=-
parable thickness,

On exposure to steady illumination, electrons are excited from
the full band to the conduction band everywhere throughout the material.
In both the n=- and p- type regions far from the plane of contact, the
electrons amipositive holes created optically disappear so rapidly by
recombination with the thermally produced charges that the net increase
in charge carrier density is extremely small. However, electrons and
holes produced in the space charge region are rapidly separated by the
strong electric fieldy electrons are drawn into the n=type region and
partially neutralize the positive space charge, whereas the holes are
drawn into the p-type region and partially neutralize the negative space
charge., Consequently, the height of the space charge barrier and the
corresponding D.C. resistance are lowered, It will be noted that for each
pair of charge carriers created optically and separated in the space charge
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region (photovoltaic effect) maeny charge carrier pairs can pass over

the barrier (photoconductive effect). On removing the illumination, the
system will spontaneocusly return to its equilibrium state in the dark
with great rapidity by thermionic emission over the barrier of the excess
charge.

The following behavior is expected of a photocell which may be
approximated by a large number of sharp barriers of the type just des-
cribed shunted by thin well-conducting threads of n- or p= type materisl,
The D.C. resistance will appear to be ohmic and will be determined at high
temperatures by the barriers and at low temperatures by the thin conducte
ing threads, The D,C. resistance will be considerably higner than the
A.C. resistance at high frequenciesy the former will be appreciably lowered
by radiation but not the latter, The photoconductivity can be shown tc be
a linear function of the intensity of radiation up to very high levels for
diode theory, The response time will probably be determined by the product

of resistance and capacitance of the photocell,

e (b) = Grad =p T tion (F 16
If the quasi-intrinsic region is much thicker than the space
charge region, the potential barrier becomes split into two halves,
Electrons and holes need only surmount the smaller barriers in order to
recombine with each other, Under these circumstances the barrier resiste
ances may be negligible with respect to the resistance of the quasi=
intrinsic region in which case the properties of the latter will dominate

The theory then reduces to that given above for an intrinsic semiconductor.
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The following behavior is expected of a photocell which may
be approximated by a large number of diffuse barriers of this type,
shunted by thin threads of well-conducting material. The D.C. resistance
and A,C, resistance at high frequencies will be the same and both will
be equally affected by radiation., The resistance-temperature behavior
will be similar to that of a homogeneous intrinsic semiconductor con=-
taining impurities, The photoconductivity will be a non-linear function
of the intensity of radiation, following the bimolecular recombination
law, The response time will be determined by either the recombination
relaxation time or by the RC time constant, whichever is the longer,

The preceding discussion has stressed the extreme differences
in properties resulting in two limiting cases. Obviously all shades of
intermediate behavior are possible in actual photocells, for example,
appreciable barrier contribution to the D,C., resistance and non-linearity
with radiation intensity. There is evidence (linearity with J, A.C.
measurements of Chasmar) that some of the PbS cells which have been
studied may approximate the sharp transition case, On the other hand,
the non-linear response to radiation which has been observed in TIZS and
in other PbS and PbTe cells indicates more gradual n=-p trarsitions in
these layers,

Independently of the thickness of the quasi-intrinsic region,
the general picture outlined above is capable of explaining a number of
additional observations which have been mentioned previously, for example,
the sensitizing role of oxygen or of the electronegative constituent,
the requirement for high photosensitivity that both n- and p- type im-
purities be present simultaneously, the change in sign of the thermal
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e.m.fs coefficient with "oxidation," the correlation of maximum photo=

sensitivity (expressed as A I/ I3) with minimm conductivity, increase

in photosensitivity with a decrease in temperature, quantum yields

exceeding unity and the occurence of photo=e.m.f.!s varying in magnitude

and sign from point to point in the layer,

9. Re

1)
2)
3)
4)
5)
é)
7)
8)
9)
10)

ce
von Hippel et al, J. Chem, Phys. 14, 355 (1946).

Moss, Proc. Phys. Soce 13, 62, 741 (1949).

Simpson, unpublished dissertation,

Hintenberger, Z. f. Physik 119, 1 (1942).

von Hippel and Rittner, J, Chem. Phys., 14, 370 (1946).
Sosnowski, Starkiewicz, and Simpson, Nature 159, 818 (1947).
Sosnowski, Soole, Starkiewicz, Nature 160, 471 (1947).
Chasmar, Nature 161, 281 (1948).

James, Science 110, 254 (1949).

Rittner, Science 111, 685 (1950).

Technical Report No. 34 - Case No., 4500 /01><¥ 7)<
Written bys L. 2
E. S. Rittner



30 MM NONEX GLASS TUBING

[

.

M/Mo' W WIRE

)

/

AQUADAG

/M.LJ__LLJJ slu NONEX

GLASS TUBING
GRIDW ORK

B 13

[

—

IUHILLLUL 1

FlG. |



TIME (MINUTES) OF HEATING N OXYGEN AT 2350°C
]

t [
100 4_ P 3 700
tw
SAMPLE

%0 N WACUO 20

80 0

70 70

eo# 60 |
RELATIVE DARK s
CONDUCTVITY "”'““f °
Ar~25°C 20 FT-CANILES

%0 RELATION BETWEEN 50

@ DARK- GONDUCTIVITY,
© PHOTORESPONSE , AND
THERMO -EMF. WITH
0 INCREASING OXIDATION ——J 40
SAMPLE g

% 30

%0 20

° 0

SAMPLE
N WCUO
2 -} o (] g .‘ Py “ . ‘

THERMO-EME ﬂtI.IVOIJO./ *C) .



U puw ‘ui] ‘yeewudq ‘Aosoy) ‘(dddiyg ‘A cuon
~BIPRY Jo L)1suoju] jo uonouny su [0 Ipy[ng snoj[ey,L, jo ssuodsarojoyq
(1 0682 = "dwia} 40j02) ,'ul / SHEMOIIL ‘UoHeUIWN||]
000S 00Sy 000y OOSE OOOE ©00SC 0002 00ST 000 00S O

_ _ | _ 0
(M 0052 = "dwa) J0j02)
. cUl/ suemoiy ; b
0L 09 05 Ov OE 0Z Ol oo
. G0 , 8
01 ON
R 3
— 21 8
02 m
§¢ or g
S
(174
/4
8¢

FIG 3



10 _ 5
: g {‘--n@sea
QSt

ga sl \ 4X$SEG.
04 N

:

Q%

& \mg’sac.
Q2

Ol ({ \Q>-\ r w?m

N\ ) ol

o 100 200 300 400 800 600 700 800
FREQUENCY, CYCLES/SEC.

Relative response vs. frequency for different
values of the time constant.

FIG. 4



Irddiy A

IOUIY pur ‘ury) ‘yewud(q ‘A9[say)

“(5)]0A €'gg oFe)oA {swyoTow G'g dIUB)SISAL HIRD) SONISUANU] Y3y
0M [, 10] {IFuYT 0AR Y| JO uonouny sB ppPIA wnjuend pus judLINI0IoyJ
SUOJOIW Ul Y13ud) dAeM

LA AL 0l 60 80 (0 90 SO
0 X _ _ “ 0
\ :
\ NeMoIWw G40 ©
v N SHeMoIW GT O |5
W //// pjoik wnuend) ===
3 JV o
5 S | P
m. 8 /ﬂc./ 14 .wl
(3]
W /./ ,ln.vlll M.
m N~ IV//’_ = J"' vl ),- Q m
we = 8 3
Y
174 ot
¥e ——d O

FIG. 5



.
L oo ~ L 1 :

—-0-2 —0-1 0 0-1 0-2 0-3
Thermo-clectromotive power (mV./° C.)

VARIATION OF CONDUCTIVITY (FULL LINE) AND SENSITIVITY
(BROKEN LINE) WITH THERMO-ELECTRIC POWER

FiG. 6



""""""”‘.‘"""“"’/
\ Ny

e e e e S L S S SN S SN NS S

Single-Walled and Double-

Walled Lead Sulfide Cells.

Cashman

FIG. 7



$0p~
x
o

-0
0-S p—
0 \‘ ;
005 — ‘ |

X 290°K.

A 195°K.

o 90°g<.

= 20% ] l

0-0[‘ 3 a

Wavelength (microns)

FlG. 8




JNO/SLIVAITIN  — ALISNIG NOILVIOVY  LN3IOIONI
O 06 08 0L ©09 O Ob O¢ 02 O O

| | SR

b s s il
P VSRR

.M.u._

4.

!

i

i

I

i

{

m
—

{

|

B ] TR SR

Z 200 317139 NOW13D € 192
I0L g 1130 NO¥13D 2 |

| | 127130 WNQ ¥3A0D | | o2
1, i , | | |

|
| | | |

-t o o ror o

| d (Me OS82 = 94njDsadwie; 40j03)
\ LHO 37GISIA OL 7730 3AIHAINS AV31 340 3SNOJS3Y

e A e

FlG. 9

a1 /1v



RPN

FlG. 10

[ -2 2 SN



mV

SPOT
SIZE

—d

FiG. I



10 g ,

10°¢

Cell resistance (ohms)

[y
=)
<

a|

\

10¢ ,
0 10 20 30 40 50 60

Frequency (Mc./s.)

' . 1904-5° K., cell in darkness (1), iluminated (2).
Curves Land 2; 104.6° K., cellin darkness (), {liumlnated

" LR}

FIG. 12



NOILVYLN3IONOD
JONOQ,

4 -— -«

NOILVHINIONOD
401d wfoo<

NOI93Y | NOI93Y
AdAl-d NOI93Y, 3dAl-u
OISNIMLNI
-ISVND

4
|
_
|
_
|
|

FIG. 13



0.04

600

N~ | / / |
Ko< / CONDUGTION BAND 4 4 /
0.0 ik __l_/_.._ _/__l___Z_ I A4 U4
N ~= DONOR LEVEL
-0.04 1
-0.08——— N°=IO. —_—
N,=i0"
-0.12 —— -
=10°
-0.16 ——— N,  —
-0.20 —— “INTRINSIC B
N‘='oll
]
-0.24— N:=10 —
NzI0"
-0.28 |———  —
Nz10°
-0.32 — I
N,flO./cm'
-0.36
ACCEPTOR LEVEL
-0.40 | /
FULL BAND
0.44 Ao v 7 [
70 100 200 300 400 500
T,°K

VARIATION OF FERMI LEVEL WITH TEMPERATURE
AND IMPURITY CONTENT IN LEAD SULFIDE

FIG. 14



GNVS8
NOILONANOD

FIG. IS



NOIO3Y
3dAl-

d

NOI93N
OISNIYLNI - ISVND

FlG. 16






