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Abstract. The probability of impact ionization and the recombination time are known to
increase monotonically with the electric field E. I show that at low temperatures both
functions achieve a maximum and decrease in the electric field range where the emission of
optical phonons with subsequent impurity scattering dominate. This nonmonotonicity
results in three different types of N-shaped negative differential conductivity (n-ndc). The
carrier concentration and the current decrease when E increases due to decreasing of the
impact ionization probability for weakly compensated samples and of the recombination
time for highly compensated samples. At the antithreshold electric-field impact ionization
dies out, which results in a dramatic decrease of the current for intermediately compensated
samples. This huge n-ndc counid be used in a novel type of the Gunn diode. The essential
increase of threshold electric field of impact ionization is also predicted, and the effect could

enhance the efficiency of photodetectors.

PACS: 72.20 Ht

The examination of semiconductor instabilities [1,2]
provides a deeper understanding of the operation of
practical semiconductor devices in nonlinear regimes.
Quite recently nonlinear oscillations and chaos were
found [ 3] in extrinsic far-infrared Ge photoconductors
[4] at temperatures from T=1.5 to 4.2 K. The oscil-
lations were observed in the pre-breakdown regimes.
Those authors suggested that the oscillations are
connected with the impact ionization of shallow
donors [3] and that it is due to the decreasing of the
impact ionization probability with increasing electric
field [5]. Unfortunately, no physical picture of possible
instabilities was presented. The nonlinear oscillations
and chaos were observed in the post-breakdown
regimes [6], too.

The prediction of a new negative differential conduc-
tivity at low temperature is reported here. The model
explains preconditions for instabilities in pre- and
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post-breakdown regimes. The breakdown dies away,
and a huge (almost rectangular) impulse of current
appears in the current voltage characteristic in espe-
cially compensated samples. All these peculiarities are
due to the cooling of the charge carriers with increasing
electric field. Two quite different reasons for the
cooling are shown to be important. Firstly, cooling due
to emission of optical phonons with subsequent scat-
tering on ionized impurities in the low energy region
[7-9]. Secondly, the increase of ionized-impurities
concentration under impact ionization enhances the
probability of scattering by these impurities. The first
contribution is the most essential in our treatment.
Let us calculate the current-voltage (I-V) character-
istic in semiconductors at low temperatures. We
restrict ourselves to the steady state and to homoge-
nous conditions, such that

j=epvy (1)

where j is the current density, e is the electronic charge,
v41s the mean drift velocity, p is the hole concentration
(the p-type extrinsic semiconductors is considered
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further). Furthermore, p and v, are nonlinear functions
of the electric field strength E. The hole concentration
p is usually calculated from the steady-state rate
equation [4, 3, 10]

AN 4~Np—~p)—Br(Np+p)p
+A(N,—Np—p)p=0, (2)

where N, and N, are the concentration of acceptors
and compensating donors, Br and A; denote the
recombination and impact ionization. 4 is considered
as a parameter which includes thermal ionization and
ionization by external infrared radiation. In (2), the
Auger processes are not included because only rela-
tively pure semiconductors are analysed. The B, and
A;in (2) as well as v, in (1) are functions of the electric
field E and the hole concentration p:

BT"—% UJTfk"%fk; A1=Zk.,vf71fk,§fk: (3)
V=2V (2 fis 4)
K

because the distribution function f depends on E and
on p. [ fi =fi(p) since f, depends on the intensity of the
scattering on the ionized impurity N; =N, +p]. The
prime in (3) denotes that summation is restricted to
states k with an energy ¢ greater than the ionization
energy ¢, k is the wavevector. In (3,4) v is the carier
velocity, ¢4 and ¢, are the recombination and impact
lonization cross sections. ¢, was taken from [11] as

‘71200(8/31_1)/(3/31)1'25a (5)

where 0,=2.25na3 and a, is the Bohr radius. The
dependence of 61 on the energy ¢ was tabulated on the
basis of the integral expression in [12,13].

Solution of Boltzmann Equation

Boltzmann's transport equation must be solved for the
distribution function f,. We analyse it only in the low-
temperature limit, when kT is small in comparison
with the ionization energy ¢, and with the energy of
optical phonons fiw: (kT<¢,<hw). It is confirmed
theoretically and experimentally that up to
E=3%kV/cmin p-Ge at 4 K the penetration of the holes
in the region & > #w (active region) is negligible. We are
interested in an essentially smaller electric field, thus it
is only necessary to solve the transport equation in the
passive region [7, 8, 14, 16] (¢ < iw) taking into account
the carrier flux from the active to passive region due to
emission of optical phonons.

Only the acoustic and ionized-impurity scatterings are
important in the passive region. Under the assumption
that the distribution function has little anisotropy, i.e.,
that

L=Jfole)+f1(e)cosB,  fi(e)<fo(e) (6)
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(here 6 is the angle between k and E) we have [17, 18]

dfo(e)
fl(s>=ewE<— - ) ™
where 7 is the momentum relaxation time [18]
=)/ Tmu,/4e)x>? /(x> + B),  B=6buifu, ()

m is the effective mass, y, and g, are the low-field
mobilities limited by the acoustic phonons and ionized
impurities scattering, and x=¢/kT.

The second-order differential equation for f(g) is
integrated once, and the result is [7, 18]

(3e*E*cvt + kTemr/t,)0f,/0e

Mo/t fole) = = jo(e), ©)
where 1, is the energy relaxation time
1,=1(B=0) - kT/(2ms?),

and s is the sound velocity. The presence of optical
scattering causes the flux j,(¢) to be different from zero
[7,8,16, 18]

Jole)= i [mo(e)/to] (No + 1) fol&'+ rwo)de’, (10)

where N is the number of optical phonons (in the low-
temperature limit N,—0). 14 is the time of emission of
optical phonons, it independent on ¢ for ¢’ < Aiw. The 1,
is small in comparison with 1, and that is why
penetration of the carrier in the active region is small.
The distribution function decreases rapidly in the
activeregion [7, §, 14, 16] and so the main contribution
to the integral (10) is from small ¢’; j,(¢) depend on ¢
only for very small ¢ and saturates. It means that for (9)
it is possible to take j, as independent of ¢ in the hole
region of ¢ [7, 8, 14, 16]. Equation (9) is then simply
integrated. With the boundary condition that f,(g)
tends to zero when ¢ tends to Aw the solution 1s [7]

Joe)=j, exp[—1(x)]
: 10 exp[1(y) —I(xo)/Y*F(y)1dy, (11)

where
I(x)=zdy/F(y), F(x)=1+(E/Eo)*x/(x*+B), (12)

xo=nhw/kT, and E, is the characteristic electric field
Eo=[4s/(3m)"* /1, (13)

The normalization constant j, in (11) can be deter-
mined from the normalization condition 2y f, =1, but
k

this normalization is not necessary for the calculation
of By, A, and v, on the basis of (3,4).
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It is necessary to stress here that the approach with j,
being independent of ¢ and fy{e—#wy)—0, which gives
(11), was reliably proved even for stronger electric fields
[14,15] than we consider here. Meanwhile it was tested
again. For this we have found the distribution function
in the active region as in [16]. The continuity condition
for fyle) at e=#4w is used for the active region as a
boundary condition. The flux j (&) was calculated. and
fo(e) in the passive region was found. Such a procedure
does not change the values of B, A4,, and v, but it
requires one more integration in addition to three time
integrals in (3, 4, 11).

Results and Discussion

Dependences of By/Br{(E=0) and 4,/4,(E=0) on
E/E, are shown in Fig. 1 for different concentrations of
ionized impurities, N, =Np+p, in p-Ge at 4K.
Ey=014V/cm was calculated from (13) with
pa=35x10%cm?/V-s, A(E=0)=743x10"2cm?3/s
was estimated from (3,5 and B{(E=0)
=3x1073cm?®/s was taken from [19]. B, decreases
and A, sharply increases, as E increases in a relatively
small electric field region. It is an ordinary situation,
which was studied before in (10-13, 19). The exponenti-
ally small number of the carriers only reach the energy
of optical phonons in this electric-field region. The
distribution function (11) coincides with the Davydov’s
quasi-isotropic distribution function [17,20], because
jo in (9) is almost zero. The flux j, increases when E
increases. The carriers from the high-energy region
(e=Aw,) return to the very low energy region when j,
(i.e., emission of optical phonons) becomes essential. In
the low-energy region the scattering time is controlled
by the ionized impurities (8). The carriers are scattering
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Fig. laand b. Dependence ofthe recombination By/B{ E =0) (a),
and ionization A4;/A/(E=0) (b) coefficients on the normalized
electric field E/E; in p-Ge at T=4K for the different ionized
impurity  concentration N;=Np+p=10itcm™3 (]),
10*2e¢m™3 (2), 10**cm ™3 (3)

often here and the distribution function increases in
comparison with the high-energy region. The accumu-
lation of the carriers in the low-energy region results in
an increase of B, with increasing E. The number of the
carriers in the high-energy region decreases when E
increases because phonon emission returns them to the
low-energy region where they are arrested by impurity
scattering [7]. A, decreases as a result. The electric
field, where By and A, take extreme values, increases,
when the concentration of ionized impurities increases.
This is due to the fact that a larger electric field is
needed for the carriers to achieve the optical phonon
energy under the effect of stronger scattering.

The presence of the extrema of 4,(E) and B(E) result
in three new negative differential conductivity regims
which were not discussed before. We treat them
consecutively.

The concentration p must be calculated from the
nonlinear equation (2). It is possible to distinguish the
pre-breakdown and post-breakdown regimes. The
breakdown electric field E, is normally found from the
condition that the last two terms of (2) compensate
each other:

Br(E)) (Np+p)=A(E) (N ~Np—p). (14)

The field E. may be taken as the field of the intersection
of the probability of recombination [left-hand part in
(14)] and ionization (right-hand part) probabilities
(Fig. 1):

1) Equation (14) has no solution in the range of the
electric field considered if the sample is highly com-
pensated (N;/N ,—1). (It is very simple to understand
this from the Fig. 1). The last term in (2) is unimportant
in this case. The dependence of p on E is determined
mostly by the dependence of B; on E. This is why p
increases when B decreases and p decreases in the
opposite case. Dependence of p on E becomes
N-shaped and it calls for a N-shaped dependence of j
on E, as demonstrated in Figs. 2a and 3a. [We should
stress that all results in Figs. 2 and 3 were obtained
from (2) taking into account the dependences of B and
A;on p (11, 12).] The N-shaped dependences may be
observed for any concentration of N , if the proper N,
is choosen (N /N ,=0.03 enough for N,=10°¢m™?
but it increases up to >0.07 for N,=10'%, 20.2 for
N ,=10'?and up to almost 0.7 for N,=10** cm~3).
The segment of the current-voltage characteristic with
negative differential conductivity (n-ndc) is, of course,
unstable {1, 2].

2) If the compensation is decreasing, solutions to (14)
appear. There is not just one solution as normal
[10,117, but two. [Of course, the third solution is also
in the higher electric field, when our approximate
solution of Boltzmann’s transport equation (11) is not
applicable due to strong penetration of carriers in the
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Fig. 2. Dependence of normalized hole concentration p/N , on
normalized electric field E'E, for two excitation levels
ABH{E=0)Np)=10"" (curves 3,4,7,8,11,12)and 107* ([, 2,5,
6.9, 10), for two different dopings N , = 10'*cm ™3 (solid curves)
and 10 cm~? (dashed curves) and for different compensation
Np/N,=008(1.3),08 (2.4),0.03(5,7),04 (6,8),0.003 (9,11),0.1
10,12

active region.] The first solution is a threshold electric
field, but the second refers to as an antithreshold. The
concentration sharply increases at the threshold
electric field and decreases at the antithreshold
(Fig. 2b). This change in concentration causes a huge
impulse in the current voltage characteristics (Fig. 3b).
The smaller A is, the larger is the increase and
subsequent decrease of the current.

The second case is realised only in a certain range of
compensation

(0.022 N,/N 200003 for N,=10"5cm"3,
0.062Np/N,20008 for N,=10"%cm™3,
032 Np/N,2003 for N,=103cm™3,
and

0.6 Np/N,2015 for N,=10''cm™?).

3) Only one solution of (14) is possible for the low-
compensating samples. The decrease of 4; with in-
creasing E is essential even in this case. The decrease of
concentration and the N-shaped negative differential
conductivity (n-ndc) are realised in the post-
breakdown region (Figs. 2¢ and 3c).

Therefore the n-ndc and nonlinear instabilities may be
observed in the prebreakdown region, as it was for
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Fig. 3. Dependence of the current on the electric field E/E, for the
same cases as in Fig. 2

highly compensated samples in [3] (the authors had
samples even with Np/N  ,—1) or in the postbreak-
down region as in weakly compensated samples in [6].
The antithreshold may be realised in intermediately
compensated samples. This results in a huge n-ndc
which may lead to device applications similar to the
Gunn diode.

The most important consequence of the first two cases
is that the current is sensitive to the excitation intensity
4 in a higher electric field region. It gives one the
opportunity to increase the sensitivity of the infrared
detectors [4] preparing them from highly compensat-
ing p-Ge.
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