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A phenomenological formulation which incorporates both avalanche and tunneling mechanisms in an IMPATT diode is
given. Here tunneling is viewed as a field-dependent carrier source. An electron after being field emitted may gain
sufficient energy from the field to cause ionization. In this formulation, pure avalanche and pure tunneling appear as the
two extreme cases of the general problem. The resultant general dc I V characteristic shows the dominance of tunneling
at low voltages and the onset of the multiplication at higher voltages as observed experimentally. A small-signal
admittance of an IMPATT oscillator with tunneling has been calculated. Under some conditions tunneling may
increase the negative conductance. However as tunneling dominates, the negative conductance deteriorates and the
oscillator will operate in the tunnel transit-time mode. Tunneling invariably shifts the frequency for optimum negative
conductance upwards. The threshold frequency for negative conductance varies as the square root of current density

for large multiplication factors as expected. However, for small ones it converges to a value determined only by the drift
transit time. The general admittance expression reduces to that of pure avalanche and pure tunneling under the
prescription wy, = w as M >0 and w, > w,; as M~ 1, respectively. wy, wyp, and w,; are the modified avalanche frequencies

for the general case, pure avalanche, and pure tunneling, respectively.

INTRODUCTION

Due to the inherent transit-time nature of the IMPATT
oscillator, a p*nn’ diode designed to operate at a high
frequency must have a narrow depletion width, a high
internal electric field, and a low breakdown voltage. In
a Si diode designed to operate above 300 GHz, the break-
down voltage is approximately 5 V or less and the in-
ternal field exceeds 10° V/cm. At such a field strength
tunneling becomes significant. t Moreover, the inherent
low-noise property of the tunneling process makes it
potentially attractive to operate the IMPATT oscillator
in the mixed tunnel and avalanche transit-time mode or
tunnel-transit mode for low-noise applications. The
theoretical feasibility of such a tunnel transit-time
mode oscillation has been demonstrated ever since the
inception of the Read diode® and was later considered
by others.®* Fabrication of a metal semiconductor
structure for such operation was reported. However,
tunnel transit-time mode oscillations have not yet been
observed.*

In this paper a phenomenological formulation which in-
corporates both tunneling and avalanche mechanisms is
developed. The I-V characteristic of a diode where the
two mechanisms are present is calculated. The effects
of tunneling on the small-signal admittance of an
IMPATT oscillator is presented.

TUNNELING IN Ap*n ABRUPT JUNCTION

The commonly used constant-field approximation of
tunneling prob.’a.bilityl's'8 is inadequate for the calcula-
tion of tunneling currentdistribution throughout the junc-
tion which is essential for the formulation of the problem
discussed later. Instead, a potential-barrier model
indicated by the solid curve of Fig. 1 is used for the
calculation of direct tunneling probability of electrons
having energy §. The right-hand portion of the po-
tential-barrier energy is determined by the uniform
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impurity space charge. Taking the energy reference
as shown in Fig. 1, the right-hand portion of the poten-
tial barrier energy is given by

U(x) = (g®Np/2€)(x ~w)? - g(V, + V), (1)
where the width w is given by
w=[(2¢/gNp)(V,+V,) V2. (2)

The left-hand portion is given by the vertical line. The
corresponding field profile is triangular with its maxi-
mum at x=0. The tunneling probability is then calcu-
lated by the WKB approximation to be®

D(6, 6,) = P! exp(~{(4m*e/q*Np1i?)

X[q(Vb+Va)+gg—_\g|_81]8!}1/2)3 (3)

where

plaVo+ V)46, —181 - 8,172+ (8,)2
[g(Vy+V,) - 161 -8,}7F ’

M =<4m*€ )1/2 [qVe+V,) =18 1-8.]
= quD A ’

V, = the built-in barrier potential,
V, =the applied voltage,
8 =the total energy = 8(x),

&, = the kinetic energy associated with transverse
momentum,

m* =the reduced effective mass,
8, = the band-gap energy,
g =the electronic charge,
Np =the donor impurity density,

€ =the dielectric constant of the semiconductor, and
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FIG. 1. Band structure of a p*z junction. 1-2 electron tun-
neling; 2-3 electron acceleration. 1-2’ thermionic emission;
2’-3’electron diffusion and acceleration.

7= Planck’s constant divided by 27.

A priori, tunneling probability is significant only near
x=0 where the field is highest. Since in direct tunneling
the energy levels of the initial and the final states are
conserved, association of energy level with the position
x where a tunneling electron appears at the conduction
band edge, leads to the conclusion that mainly electrons
with energy levels near the top of the valence band con~
tribute to the tunneling current. Moreover, as can be
seen in Fig. 2, the higher the applied bias voltage, the
smaller is the region where most of the tunneling cur -
rent is confined. For the case of g(V,+V,)> &, + 8,
+18 |, the expression simplifies approximately to®

D(8, 8,)=exp(- V2 m*V 28 ¥/qhE,)], 4)

which has the general form of the constant-field tun-
neling probability. The general form of the constant-
field tunneling probability is

D = Dyexp|- Co(m*llzgglz/qh'E)], (5)

where Cy and D, are coefficients of order unity whose
values depend on the model or the approach used.®8
Such agreement is consistent with the fact that when the
applied voltage is large the field is effectively constant
in the small region of current confinement. However,
the values of voltages of interest are relatively small
so that the expression of Eq. (3) will be used for cal-
culation of tunneling current. The net tunneling cur-
rent density J, is given by the general expressionlo
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Jo=a/20%) [ d8 [F(8) —f(8 +qV,)] [ d%, D(8,8.),
(6)

where &, is the transverse wave vector and f(8) is the
Fermi-Dirac distribution function. The subscript z
pertains to Zener (tunneling) current. Conservation of
transverse momentum in direct tunneling restricts the
domain of integration of &; to

02 k2 Minimum{(2m}/EH(18 | -8,),

(@m}/r gV, + V) 1811},

where the subscripts p and » pertain to the p- and »-
regions, respectively. If the proper limits of integra-
tion are inserted, the tunneling current density, Eq. (8),
becomes

-8,
I, = @ngm*/m3) [ gg’dg [F(8) -8 +qV,)]

xfo"g‘"gg a8,D(8,8,)
+f_:_<"b*"u’dé’ (&) -fE +q V)]
Xfo a(Vb+Va)'|éld(ng(g,é’J.)}r (7)

where

8 :m‘J*q(Vb + Va) +mtgz
: m¥ +m} '

The calculated tunneling current densities obtained
from Eqgs. (3) and (7) for abrupt GaAs junctions are
plotted as the dashed lines in Fig. 3.
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FIG. 2. Current distribution and field profile. GaAs p'n

(Abrupt), N4=10""/cm?, Np=101%/cm3, §,=1.43 eV, m*=0. 06,
and T=300°K.
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FIG. 3. Theoretical I-V characteristics of an abrupt junction
with tunneling and multiplication. -—J, total current density;
--~J,, tunneling current density; GaAs p*n (Abrupt), §,=1.43
eV, €=10.9, m*=0,06, T=300°K, Ny =102/cm?, Jy=J,/

(1~ [Yadx), @ =Aexp(-b/Ef", m=2, A=8.5x10%cm,
b=6.85x10° V/cm,

TUNNELING CURRENT DISTRIBUTION

For the purpose which will become apparent later, the
tunneling current density distribution J,(x) is defined
as the magnitude of the tunneling current density due
to electrons whose energy range is [0, §(x)], as shown
in Fig. 1. Clearly,

I (x) = (x,0) = 0 for x=xgq,
J,(x)=d,(w)=dJ, for xZw, (8)

W) 2,
ax

The total tunneling current density J, is different from
the current density distribution J,{x) whose value at
x=w is equal to the former. In a direct tunneling pro-
cess, conservation of energy leads directly to the as-
sociation of an electron energy level 8(x) with the posi-
tion x whereit appears at the conduction band edge.
This association is done by equating the energy & with
Ulx) of Eq. (1) which yields

. (q%%; W, +va)) 1'2[1 - (1 ‘;ﬁ%l_va‘))m] L@

The tunneling current distributions for a p*z GaAs diode
calculated from Egs. (3), (7), and (9) are given in Fig.
2. Due to the band gap, there is no tunneling current
in the immediate vicinity of the p* side. However, the
region where tunneling current emanates and reaches
90% of its total invariably spans only about 10% of the
total depletion layer.

J. Appl. Phys., Vol. 43, No. 9, September 1972

P. KWOK AND G. I.

HADDAD

In an indirect band -gap material, tunneling requires the
cooperation of a phonon(s) in order to absorb the mo-
mentum imbalance of the initial and final states. How-
ever, the qualitative feature of the direct tunneling
current is retained. The phonon fine structures can be
neglected, but, the magnitude is reduced due to the re-
duction of the tunneling probability.® The direct associa-
tion of the energy and position of an electron in the tun-
neling current distribution is clouded by such phonon
cooperations. However, since the phonon energies

(£58 meV in Si) are invariably much less than the bias
potential, which is of the order of several band gaps, the
resultant energy-position uncertainty becomes negligible.
Admittedly, a serious problem may arise from multiple-
phonon -assisted tunneling, but such an event has a very
small probability of occurrence and hence can be ne-
glected here.

PHENOMENOLOGICAL FORMULATION OF
TRANSPORT EQUATIONS INVOLVING AVALANCHE
AND TUNNELING PROCESSES

The observation of the dominance of tunneling current
and the set in of multiplication at a higher voltage in
the I-V characteristics of a narrow p-n junction led
Chynoweth and McKay' to suggest that an electron,
after being field emitted (tunneling), may acquire suf-
ficient energy from the field to cause ionization. In the
same manner the following assumptions are made:

(a) The tunneling current arises from the net rate of
electrons which tunnel from the valence band to the con-
duction band edges. For each electron leaving the
valence band edge a hole is created there.

(b) Both an electron and a hole thus created drift under
the influence of the field in their respective bands, just
as other carriers present there by other means.

(c) If the field is high enough, the carriers may gain
enough energy to produce electron-hole pairs in the
usual manner of avalanche multiplication,

(d) For convenience the diffusion current will be ne-
glected here,

Mathematically, the following is obtained:

Jp= = qnv, (10)

JX’: _qpvp’ (11)

a1 8J,(x) 1 aJ,(x)

Y —“—-ax + o+ a,v,,p+q ——‘-—ax , (12)

o _ _1 8Jylx) 1 8J,(x +x,)

3" g or + AU+ AV ,p +q o . (13)

8E _4q _

pynl WNp+p ~n), (14)
and

V'_chV'<t-T:+€§£)=O, (15)
where

EAFREA
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The subscripts » and p pertain to electrons and holes,
respectively; a is the ionization rate; v» is the saturated
velocity; » and p are the electron and hole densities,
respectively, and x, is the spatial separation of the
valence band and the conduction band edges at the same
energy. The polarity of the current densities is de-
fined to be negative when flowing in the positive x direc-
tion under reverse bias. J,(x), being tunneling current
density distribution, is positive by definition. The term
oJ,(x + x,)/8x appearing in the hole continuity equation is
due to the fact that the rate of increase of the hole popu-
lation at x due to tunneling is equal to that of electrons
at x +x,(x) as shown in Fig. 1. In writing aJ,(x +x,)/3x,
it is assumed that a tunneling electron appears at the
conduction band edge simultaneously with the occurrence
of a hole in the valence band. This assumption is valid
provided the period of any excitation is long compared
to the tunneling time of flight to be discussed later.

Let J,¢, Jys, and J be the magnitude of electron and
hole saturation-current densities and their sum, re-
spectively. For convenience, assume o,=a,=«. Equa-
tions (10)—-(15) can be manipulated with the boundary
conditions:

Jy0,8)=d(0,8) +d s, Jplw, )= ~d,,
J0,8)= = e, o, ) =d (w, )+,
J0,8)=0, J(w,t)=d,¢)

to yield

4

o J () + A, () =Y (1), (16)
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FIG. 4. Measured I-V characteristics of abrupt junctions
with tunneling and multiplication. (Singh Tyagi, Ref. 12).
Si p*n (Abrupt)—-80°C, --- -76°C -~ —-0°C.
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where
AN=[lw,+v)/wl[l = [ alx, ) dx)

and

w
E(x, t)dx = (v, + v,)

¥ 3E(x,1) dE0, t) dEw, t)
x[ alx,t) 3 dx +v, T o )

- _Unt¥ € [
Y(t)—— ” [Js-f- J,(L‘)]+w(-d—t§ )

The proper initial value for a periodic solution is'

J,(0)= LTY(t)exp[ fD’A(t’)dt’]dt{eXp[fA(t)dt]-1}-1,
am

where T is the period.

dc CHARACTERISTICS

Setting all terms involving the time derivative equal to
zero, the dc current density is given by

Jy=—atde (18)

T T1-[aadx
The tunneling current appears as a field-dependent
saturation current. At low voltages when the ionization
integral is negligible, tunneling dominates. As the bias
voltage is increased, multiplication sets in. These fea-
tures are clearly indicated in the plots of Eq. (18) in
Fig. 3 and the measured characteristics*?given in Fig. 4.
In Fig. 3 the saturation-current density has been as-
sumed to be negligible compared to that of tunneling.
Due to the lack of data, the ionization integrals were
evaluated using the value of ionization rates due to
Sze and Gibbons, ** although at very high fields (210°
V/cm) such values are expected to be different. Clearly,
the qualitative agreement between theory and measure-
ment is very good.

DYNAMIC CASES

According to the earlier discussion, the tunneling cur-
rent is concentrated in a small region where the field

is highest. It is also known that avalanche multiplica-
tion behaves similarly. It can be assumed, for mathe-
matical expediency, that all tunneling and ionization

are confined to a small region [0, 5] where the field is
high and assumed to be constant. Outside [0, 5] the field
takes up a considerably lower value but is still high
enough to give rise to saturated drift velocities. Using
the property of Eq. (15), Eq. (16) readily simplifies to

0 dJE fb )
Upyt vy dt (1 0 adx |J; (Js +J.)- (19)

For the pure avalanche case it becomes the familiar ex-
pression

&

A /
Loy (1- Jo==dJ
vptv, di +< (i adx) ¢ s

and for the pure tunneling one,

o__ 4,
v,+v, dit

Je==(J +Jd,).
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The latter is the current equation of the tunnel transit-
time oscillator which was considered by other work-
ers.%* Under the constant-field assumption, the direct
tunneling current expression due to Kane” at zero
temperature is given by

J,=nexp (= v/E) [ a8’ [ a8 exp(-26,/pE),
L4

(20)
where

n=qm*/18%°,

y= ﬂm*uzgg/z/zﬁhq’
and
p= \/fﬁq/an*l’zé’;/z .

The domain of integration of &, is takentobe = 181 -~ §,.
Using the relation § = —gEx, the current density distri-
bution is obtained:

J(x)=npE exp(~v/E)(qEx - &, ~ pE

x{1 - exp[(- gEx + &,)/pE]})) for 62x>8,/qE

=0  for xX&,/¢E. (21)
The tunneling current density is simply J,(5). Sub-
stituting typical values E~ 10® V/cm, §,~1eV, Y/E
~ 20, and using
gdE - &, > pE, (22)

the derivative of the tunneling current density can be
approximated by

aJ (6) y/E+2

Iy (8) = =5 = J (6) = (23)

Using a small-signal procedure similar to that of
Gilden and Hines, 1 the following quantities are defined:
Jr-‘ =Jc0 +j-c eiwt’
a:aﬂ+aééei“t, (24)
Jz(ﬁ) = Jxo(b) +J;0(5)Eeiwt .

M=do /76

FIG. 5. Threshold frequency vs multiplication factor, f,,

=100 GHz, T4=0,1/27f,,, T=10T,, fo,=w,/2™.
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FIG. 6. Small-gignal admittance of an IMPATT oscillator.

The subscript 0 pertains to the dc operating point and
j.and E are the small-signal varying amplitudes. The
prime indicates the derivative with respect to electric
field. Following this procedure, the impedances of the
avalanche region and the drift region are given, respec-
tively, by

z - (Z/M)2+(wTa)a
2" we ({(2/M)% + WPl — (w,/w) P +[(2w,/w)(w,7,/M) ]?)
2
x{(z—:’i 74—‘*) —z[(}%) + w1 - (w, /w)z)]}
(25)

6w 2
W \? (2w 1 >2 1 [?—11——
e - 2 )
+1—cos€(1‘wz>}+,[sin6(1_w2>_<2_w 1 \?
5 A N 02 )" \w, wr M

_<l_g:>2_1—9cos9~w_ 2 ]}, (26)

)

W, W, T M

where w is the radian frequency of operation, 6 is the
drift region transit angle, ¢, and ¢, are the capacitances
of the avalanche and drift regions, respectively, and

7, is equal to 25/(v,+v,). The modified “avalanche”
frequency w, is defined as

wo=1(2/7,€) [y 6,0 +Ja(6) 12 . 27

For the case of pure avalanche it becomes the conven-
tional expression'*

Wao= (20 8 0/ T,€)Y2 . (28)
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FIG. 7. Small-signal admittance of an IMPATT oscillator for
constant @', J= 2070 (20’'8/7,4¢), f10=100 GHz, w,=wgeX
(1+20/M12, w7, =0.1, A=10"1p% 6/W=0.1, and €,=10.9.

On the other extreme of pure tunneling it simplifies to

wap = [(2/7,€) T30 (0) ]2, (29)
The total diode impedance is
Z:Za+Zd+Rs’ (30)

where R is the residual resistance, whichinthediscus-
sion here will be assumed to be negligible. The admit-
tance is simply the inverse of Z. The impedances (ad-
mittances) for pure avalanche and pure tunneling can be
obtained from the general one by setting w,—~ w,o as

M-~ 2 and w,~ w,, as M -1, respectively, where M is
the dc multiplication factor (1 —fo6 @y dx)™t. Such a pro-
cedure is equivalent to letting, respectively, J,(5)=0
and foaa dx =0 in Eq. (19) prior to making the lineariza-
tion.

There are two ways of investigating the effects of tun-
neling on the performances of an IMPATT oscillator:

(i) Bias the diode near its breakdown voltage and vary
the multiplication factor and hence the dec current den-
sity while effectively keeping the other parameters

@y, 6, E, and J,(5) constant. The modified avalanche
frequency can be shown from Egs. (23), (27), (29), and
Joo =M, to vary with M as

W, = w1 +M/M,)VE, (31)
where
_Y/E¢+2 _
M'__CM_Z)_EOO—G_ 50.

From the admittance calculation it is found that the
threshold frequency (the frequency below which there

is no negative conductance) varies as the usual square
root of the dc current density for large values of M such
that M > M,. However, as the value of M is reduced
and eventually approaches unity, the threshold fre-
quency instead of decreasing as the square root of the
current density, converges to one which is determined
only by the transit time in the drift region as shown in

3829

Fig. 5. The admittance of the oscillator given in Fig.
6 indicates a decrease in the negative conductance with
a decreasing value of M due to the overwhelming in-
fluence of the current density.

(ii) To avoid the overshadowing effects of current den-
sity consider hypothetical diodes having the same cross-
sectional area, the same active and drift region widths,
and are biased at the same total dc current. The effects
of tunneling will be viewed by varying the value of M.

Assume o to be constant. Here, w, is most conveni-
ently expressed as

Wy = Wyg (1+M5/M)1/2- (32)

The admittances are plotted for different values of M.
It is found that the negative conductance in fact is larger
for M~M,, as is the frequency, than for the pure ava-
lanche case M > M,. However, it diminishes as M ap-
proaches unity. It is suggested that such behavior is
physically consistent. The tunneling current serves as
a field-dependent source of carriers. Though the cur-
rent has a zero phase lag relative to the voltage, the
injected carriers may either drift without ionization

or undergo ionization gaining the usual 90° phase lag.
If multiplication is prevalent it is possible to increase
the negative conductance at a higher frequency. How-
ever, if tunneling is dominant the field-emitted carriers
will have little chance of being multiplied, thus the
zero-phase nature of the tunneling carriers becomes
dominant thereby reducing the negative conductance, as
shown in Fig. 7. As expected both the threshold fre-
quency and the optimum frequency of operation shift
upward as tunneling is enhanced. It is still incon-
clusive, however, to construe the slight increase of the
negative conductance due to tunneling as an increase in
power and/or efficiency. For a constant total de cur-
rent the drop in value of large M to ~M, necessarily
means that the diode has a soft breakdown character-
istic. A large-signal analysis may indicate a signif-
icant drop in power and/or efficiency. Another reason
is discussed in the following paragraph.

-140
-30 2
£
o
H20 %
=430 GHz o
15625 1'25__./- : 310 o 2
/'\2-”2)2’0 =240 100 &
.\v\.\\‘\\ -:&:mo g
200 \.\.‘,5::.:.::‘_:-_;—‘:"_~ ________ 130 0 g
' 20 ]I00 90 {oo v
I N ! | ! 10

CONDUCTANCE, G x10™® mho
FIG. 8. Small-signal admittance of an IMPATT oscillator

with varying o', w,=w,=27100 GHz, 7,/7=0.1, §/W=0.1,
TaWa=0,1, A=10"10y2,
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Reducing M while maintaining a constant total current
may correspond physically to an increase in electric
field, saturated ionization rates, 3516 and a slight drop
in the active region width. This has little effect on the
transit phase angle but is sufficient to reduce the multi-
plication factor M considerably. Assuming that the
ionization rate has a saturation trend such that

» 1 (v/Eg+ z)_
%+ <_—E_05— = constant, (33)

then the negative conductance invariably decreases as
the value of M is reduced. This is shown in Fig. 8.
The upward shift of the threshold frequency and the
optimum operating frequency are still retained. This
suggests that the saturation of the ionization rates
which occurs at a very high field and low bias voltage
tends to reduce the negative conductance. Hitherto,
there have been no well-established data of ionization
rates at field strengths above 10° V/cm where tunneling
is also prevalent. However, such a saturation trend of
jonization rates is already discernible in GaAs for a
field strength of 5x10° V/cm. !

ELECTRON-HOLE PAIR-PRODUCTION TIMES
AND TUNNELING TIME

The pair-production relaxation times for electrons and
holes in Si have been calculated by Kane. 17 They are
found to increase with decreasing energy. The relaxa-
tion time of optical phonon scattering at the energy
range of interest is of the order of 6.6 %107 sec.!™!®
Therefore for those energetic electrons and holes which
undergo pair-production collisions, the relaxation time
cannot, on the average, be much larger than 6.6x 107
sec. Otherwise, the energy loss mechanism would be
dominated by phonon scattering. The energy loss rate
due to optical phonon emissions is greater than that of
pair-production ionization when the latter has a relaxa-
tion time exceeding

(8,/8,)%x6.6x10 " sec~ 2.64x107" sec,

where &, and 8, are energy losses per ionization and
per phonon emission, respectively. Therefore, for
excitation frequencies not exceeding 10'2 Hz, the pair-
production ionization can be deemed to be instantaneous.

Tunneling time in a semiconductor was estimated by
Keldysh'® to be of the order of

7,=(2m &,)1/2 /e EY2~ 3, 4% 107! sec,

where typical values of §,~1 eV and E~10° V/cm were
used. From another point of view, the tunneling rate
expression due to Zener? consists of a tunneling prob-
ability term multiplied by Zener oscillation frequency.
Therefore it is expected that the tunneling rate will be
affected at a frequency comparable to the Zener oscil-
lation frequency which is
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v,=eEa/ki~1,2x10" Hz,

where E~10° V/cm and ¢ (attice constant)~5 A have
been used. Hence, for the frequency range of interest
(*10'? Hz) tunneling can be assumed to be instantaneous.

CONCLUSIONS

The agreement between the predicted I-V character-
istics of diodes with both tunneling and avalanche pro-
cesses and the measured ones indicate the soundness of
the formulation developed here. Moreover, the con-
ventional pure tunneling and pure avalanche cases
appear as two special cases of the general problem con-
sidered here. Of notable interest is the feature that
under some conditions a modest amount of tunneling
could increase the small-signal negative conductance

of an IMPATT oscillator. Operation in the pure tunnel
transit-time mode would be attractive for low-noise
applications and in particular in high-frequency self-
oscillating detectors. The formulation is potentially

a useful tool for studies of more fundamental problems
involving both tunneling and avalanche processes; notably
studies of ionization rates and noise at a very high field
(210° V/em). The former is especially convenient be-
cause the tunneling current and multiplication current
appear separated. Due to the lack of experimental data
on the ionization rates and drift velocities at the fields
of interest, the properties at a somewhat lower field
were assumed. Modifications may be needed as new
information becomes available. However, it is be-
lieved that the essential features given here will be
retained.
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