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The current-voltage characteristics of Bi,.x Sbx (x = 0.065 — 0.22) semiconducting alloys are stud-
ied in electric fields up to 30 V/cm at temperatures between 2 and 20°K. The effect of magnetic
fields (up to 200 Oe) on their shape is also studied. The results indicate that the following effects
arise in strong electric fields: 1) Interband breakdown, which is observed at electric field strengths
varying between 1 and 14 V/cm, depending on the Sb concentration. 2) Decrease of mobility in
pre-breakdown fields, due to heating of the carrier gas by the strong electric field and to alteration
of the nature of their scattering. 3) The pinch effect in an electron-hole plasma produced as a re-

sult of interband breakdown.
INTRODUCTION

THE study of the properties of the semiconducting
single-crystal alloys Bi,-xSbx (x =0.065-0.22) in
strong electric fields is of great interest, owing to the
small forbidden band, which can range from 0 to

24 MeV when the antimony concentration is varied!*,
In the antimony-concentration interval x ~ 0,065--
0.085, the minimum energy gap is determined by the
extrema Lg and T4, which are located at the points
L and T of the Brillouin zone; in the interval 0,085--
0.17 it is determined by the extrema Ly and Lg,
located in the same point of phase space, and at

x > 0.17 it is determined by the extrema Lg and Tg+
(see Fig. 1 oftV),

The high mobilities (~10°% cm?/V-sec at
T = 4.2°K)*! make it possible to observe already in
fields on the order of several V/cm effects connected
with heating of the carrier gas, such as the change of
mobility with the changing field, the alteration of the
predominant scattering mechanism, and interband
breakdown. (We note that owing to the large lattice
dielectric constant x = 100 and the small effective
carrier masses m* = 0.01 m,, all the impurities in
these materials are thermally ionized already at
helium temperatures.)

The occurrence of a compensated electron-hole
plasma in Bi; xSbx samples as a result of interband
breakdown uncovers, in turn, the possibility of investi-
gating certain pure plasma effects, such as the pinch
effect, plasma instabilities, etc.

! using strongly doped Bio,ssSbo.;z alloys in
electric fields on the order of ~10 V/cm at T = 4.2°K,
an increase of the conductivity was observed, appar-
ently connected with the occurrence of interband break-
down. A similar phenomenon was also observed in
pure Bi, xSbx single crystals!®),

We report here the results of detailed investigations
of the current-voltage characteristics (CVC) of semi-
conducting single-crystal Bi,.xSbx alloys (x = 0.065—
0.22) at 4.2°K in electric fields up to 30 V/cm and
magnetic fields up to 200 Qe. The experimental data
obtained indicate that the main cause of the increase
of the conductivity of the samples in fields with inten-
sities of several V/cm is interband breakdown. The
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results of the experiments give grounds for assuming
that in the pre-breakdown region the character of the
carrier scattering changes from predominant scatter-
ing by ionized impurities in weak fields to predominant
scattering by acoustic phonons. In the post-breakdown
region, a pinch effect was observed in the electron-
hole plasma produced following interband breakdown.

SAMPLES. MEASUREMENT PROCEDURE

The samples were cut by the electric-spark method
from single-crystal ingots of Bi,.xSbx alloys with
components better than 99.9999% pure, prepared at the
Leningrad State Polytechnic Institute in the laboratory
of G. A. Ivanov, and shaped in the form of parallel-
epipeds or ‘‘dumbbells’’ (Fig, 1). The sides of the
samples coincided, in all combinations, with the prin-
cipal crystallographic axes: binary C,, bisector C,,
and trigonal Cs. The cross-section areas of the central
part ranged from ~107°to 6 x 102 cm?®, and the
length from ~0.17 to ~0.6 cm. The samples were
etched in concentrated nitric acid, after which they
were washed many times with distilled water. The
current electrodes were strips of copper foil ~40 u
thick, soldered to the ends of the sample with Wood’s
alloy (with all precautions to prevent overheating).
The potential contacts were copper wires of = 20
diameter, welded to the side faces by the electric-
spark method!(®,

The relative perfection of the Bi, xSbyx single
crystals for samples with identical antimony concen-
tration was estimated from the ratio
6 = p(4.2°K)/p(300°K) of the resistances of the sample
at 4.2 and 300°K!l, The parameters of the investigated
samples are listed in the table,

Measurements of the CVC and of the Hall emf were
performed in a pulsed regime. The current source

FIG. 1. Shapes of investigated samples: 1, 2—potential contacts.
The planes of the current contacts are shown shaded.
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Sample  |Sb concen-| Direction s
numlfer* tration, x |of current S)cln?’ aXb,cm L,cm 1, cm 8
i
1 0.094 [iCx 49 0.057 < 0.0855 0.35 0.16 1880
2 0.094 (e} 13 0.057 % 0.0228 0,33 0.165 2200
3 0.085 liCy 12 0.035X0.035 0.18 0.035 330
4 0.088 Cs 28,2 0.091:<0.031 0.21 1,02 200
5 0.088 C 32,6 0.0580.058 0.56 0.137 120
6 0.085 C, 46 0.046X0.1 0.4 0.172 348
7 0.088 Cy 48 0.06380.0767 0.174 0.058 130
8 0.088 1ICa 42/116 0.087 X 0.0493 0.57 0.145 210
g ** 0.088 C, 44/134 0.046X0.097 0.57 0.074 454
10** | 0.088 iCs 560 0.22< 0,255 0.232 | 0.08t 110
11 0.088 IC2 20,7 0.04640.0464 0.56 0.046 190
12 0.088 ey 27 0.06:<0.045 0.46 0.085 295
13 0,088 iCs 32 0.0696 < 0.0464 0.25 0.0407 —_
14 0.088 liCa 64 0.087 X 0.063 0.17 0.058 150
15 0.088 C, 32 0.058 % 0.052 0.17 0.058 -
16 0.094 C. 50 0.0680.074 0.33 0.103 —_—
17 0.18 C, 62 0.057 x0.108 —0.33 0.071 2
18 0.2 C, 26 0.057%0.0455 | —0.3 0.097 3000
19 0.18 Cy 62 0.091 X0.068 —0.33 0.118 25
20 0.085 'Cy 36 0.057 X 0.063 —0.3 0,102 170
21 0.07 1C1 40 0.063 < 0,063 0.3 0.15 22
22 0.072 iCy 38 0.074 <0051 0.33 0.165 110
23 0.072 iC: 32,6 0.057 X0.057 0.32 0.109 190

*All samples were of n-type. For samples with x = 0.088, the carrier density was no

=3X 10" cm™.

**Samples with dumbbell shape. The areas of the current contacts and of the cross

section in the central part are indicated.

was a thyratron oscillator with a discharge line, mak-
ing it possible to obtain rectangular current pulses up
to 350 A, duration 2--20 usec, and repetition frequency
1 Hz. The output resistance of the generator was in all
cases more than 10 times the sample resistance.

The current was supplied to the sample through a
coaxial line, The voltage from the potential (or Hall)
contacts was fed through coaxial lines to a pulsed
oscilloscope (S1-17) with a differential input amplifier.
The current amplitude was measured by connecting in
series with the sample a resistor of known value, the
voltage from which was fed to the second input of the
same oscilloscope.

The maximum current and pulse duration in each
experiment were chosen such that the effects con-
nected with the possible heating of the sample by the
current did not exceed the measurement accuracy.
The criterion for this was the reproducibility of the
results for different pulse lengths, and also the ab-
sence of waveform distortion of the voltage pulse on
the sample, which is characteristic of heating.

Most measurements were made at T = 4,2°K. The
procedure described in!” was used to obtain tempera-
tures in the interval 4.2-—20°K.

MEASUREMENT RESULTS

Figures 2 and 3 show the CVC of single-crystal
samples of Bi,-xSbx alloys with antimony concentra-
tions x = 0,072 (No. 23), 0.085 (No. 3), 0.088 (No. 4)
and 0.20 (No. 18) in the electric-field interval
0.3—30 V/cm", We see that when the electric field is
increased, the conductivity of most samples is first
noticeably decreased (by a factor 1.5—2), Then, in
still stronger electric fields, the differential conduc-
tivity of the samples increases sharply, and for certain
samples (Nos. 1--5) the CVC have in this region an

DThe results of the investigation of the CVC of the samples at E <
0.3 V/cm will be published in a separate paper.

FIG. 2. CVC of a number of samples.
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S-shaped form (32), i.e., a section with negative differ-
ential conductivity is observed.

The field Ec at which the sharp increase of the
conductivity occurs depends on the quality of the
single crystal, the antimony concentration, and the
temperature, Samples of relatively lower quality
(i.e., with smaller values of 6 and carrier mobilities)
have larger values of E¢—see Fig. 4. The carrier
mobilities were decreased in this experiment by re-
peatedly and sharply changing the sample temperature.

Figure 5 illustrates the changes in the form of the
CVC with changing temperature. We see that an in-
crease of the sample temperature leads to a decrease
of the critical field E¢, with a particularly fast de-
crease at T = 12°K. With increasing temperature, the
initial conductivity of the samples increases noticeably

FIG. 3. CVC of sample No. 4 in
weak electric fields.
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FIG. 4. Change in the shape
of the CVC of sample No. 6 as a
function of its quality (& = p(4.2
°K)/p(300 °K)): B—5 = 350,
®-5=170,0-8 =100.
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(as E — 0) and the kink in the CVC in fields ~E. be-
comes less and less pronounced. A negative differen-
tial resistance is retained approximately up to 18°K.

Figure 6 shows the dependence of the field E; on
the antimony concentration. In plotting this curve we
used the values of E¢ obtained for samples with the
largest values of 5 and with current orientation along
the binary axis. We see that E. amounts to a fraction
of a V/cm for samples with x = 0,07, but reaches
~14 V/cm for samples with x = 0.17.

To determine the influence of carrier injection from
the current contacts, and also of surface and size phe-
nomena on the value of E., we investigated a series of
samples cut from the same single-crystal ingot of
Bio.0125b0.01s and having different shapes (right
parallelepipeds or dumbbells—Fig. 1), different cross-
section areas(variation by a factor ~30), different
lengths (variation by a factor ~4), and different posi-
tions of the potential contacts relative to the current
contacts. No significant changes of E. were observed
in these experiments. Thus, the influence of injection
from the current contacts and of surface and size
phenomena on the value of E. was not decisive in the
performed experiments.
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FIG. 5 CVC of sample No. 2, measured at different temperatures:
B-T=2°K,A-T=4.2°K,0-T=12.6°K,A-T = 14.3°K, ®@-T =
18°K, O-T = 25°K.

FIG. 6. Dependence of the minimum energy gap Ae in the alloy
Bi,.xSby (see Fig. 1 in [']) and of the breakdown field E; on the Sb
concentration. Points—experimental values of the field E. of samples
1,2,6,15,and 17-23.
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Hall coefficient R on E and the
CVC of sample No. 4: n, = 3 X
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Figure 7 shows the results of measurements of the
Hall coefficient of an n-type Big, 012Sbo,0ss Sample. The
absolute value |R| of the Hall coefficient decreased
rapidly with increasing electric field intensity, and
this effect sets in at electric field intensities much
lower than Ec.

The CVC of most investigated samples of
Big,012Sbo.08s cOmposition show, following a sharp in-
crease of the current at E = E., a noticeable slowing
down of the rate of this increase (Fig. 8). To explain
this phenomenon we investigated the influence of a
longitudinal magnetic field on the shape of the CVC.
At E < Ec the magnetic field leads to an increase of
the resistance, and at E¢c < E < E’ to a decrease
(Fig. 8). At a fixed value of the longitudinal magnetic
field, the negative magneto-resistance which occurs
at E > E. exists in a limited current region and dis-
appears at E > E’, The higher the intensity of the
longitudinal field, the larger the current at which the
negative longitudinal magneto-resistance vanishes.

The transverse magnetoresistance was positive in
the entire investigated range of electric and magnetic
fields.

DISCUSSION OF RESULTS

The most probable cause of the sharp increase of
the conductivity of the investigated samples in electric
fields at E = E¢ is, in our opinion, interband break-
down. This assumption is confirmed by the correlation
of the field E¢ corresponding to the start of the sharp
increase of the conductivity with the width of the for-
bidden band in semiconducting Bi, xSbx alloys (Fig. 6).
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FIG. 8. CVC in longitudinal magnetic
field (sample No. 10): A-H=0, O-H=
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FIG. 9. Dependence of the con-
ductivity o/0, on the electric field
E in the pre-breakdown region of
electric fields: O—sample No. 16,
@—sample No. 4, O—sample No. 3,
B—sample No. 17.
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The absence of any noticeable dependence of the
field E¢ on the dimensions and shape of the sample,
and also on the location of the potential contacts rela-
tive to the current contacts, indicates that the effect
has a volume character and agrees with the assump-
tion that interband breakdown takes place. The in-
crease of the field E; upon deterioration of the sample
quality can also be explained on the basis of this hy-
pothesis, namely, when the quality of the single crystal
deteriorates, the free path decreases and a stronger
electric field is necessary to acquire the same ioniza-
tion energy.

For n-type samples in the pre-breakdown region,
where the electron concentration is constant, the ob-
served decrease of the conductivity ¢ with increasing
electric field intensity can be attributed to the decrease
of the mobility u of the carriers. If we neglect the
different contributions made to the electric conductivity
by those electron groups whose mobilities can differ
somewhat, then it can be assumed that 0/04 = /o,
where 0y and [, are the conductivity and the mobility
in the region where Ohm’s law is satisfied. Figure 9
shows, in a logarithmic scale, plots of 0/0, against
the field E for samples 3, 4, 16, and 17, which have
different antimony concentrations and different orienta-
tions of the current relative to the crystallographic
axes. In a certain electric-field interval at E < Eg,
these plots are straight lines with slopes ranging from
-0.4 to =0.5 cm/V. The resultant relation p «» E™%*7%°
is characteristic of scattering of hot electrons by
acoustic phonons[sl in the approximation where the
dispersion is quadratic.

Neglecting the singularities of the energy spectrum
of the Bi, xSbx alloys, we can roughly estimate the
electron temperature Te by using the Shockley
formulam obtained assuming scattering by acoustic

phonons:
. KNI
Tzl () T

For sample No. 4 at E = 2.5 V/cm, o = 3 x 10°
cm?/V-sec, T = 4.2°K, and a sound velocity u = 2

x 10°%%01 the electron temperature T, turns out to be
of the order of 80°K. Thus, it can apparently be as-
sumed that the decrease of the mobility in the pre-
breakdown region is connected with heating of the
electrons by a strong electric field. With increasing
field, a transition takes place from predominant scat-
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tering by the ionized impurities in the region of weak
electric fields'® to predominant scattering by acoustic
phonons. The predominant role of scattering by ionized
impurities in weak electric fields is confirmed also by
preliminary results of measurements of the conduc-
tivity in this field region. Following the initial ohmic
section, a weak increase (by ~10—20%) of the conduc-
tivity is observed, connected with the decrease of the
effective cross section for scattering by ionized im-
purities with increasing electron energy.

The assumption that the scattering mechanism is
altered makes it possible also to attribute the observed
decrease of the Hall coefficient R = A/enc to a change
in the value of A (A =1.93 for scattering by ionized
impurities and A =1.17 for scattering by acoustic
phonons).

We note that the decrease of mobility due to the
current’s own magnetic field in the pre-breakdown
region does not exceed several percent.

The much faster than linear increase of the con-
ductivity on Fig. 9 is connected with the increase of
the carrier density at E = Ec.

The most perfect samples (Nos. 1—5) have repro-
ducible S-shaped CVC under interband-breakdown con-
ditions. Deterioration of sample quality leads to
vanishing of the CVC section with negative differential
resistance.

Unfortunately, we did not succeed in establishing
uniquely the conditions for the occurrence on the CVC
of a section with negative differential resistance. It is
therefore still difficult to assess the physical cause of
this phenomenon. One of the possible causes for the
occurrence of a S-shaped CVC under conditions of
interband breakdown may be the decrease of the scat-
tering efficiency with increasing carrier density, owing
to the increase of the screening of the scattering po-
tentials in analogy with the situation obtaining in the
mechanism proposed by Grandall'** for the case of
impact ionization of impurities in a compensated semi-
conductor.

The character of the CVC in the post-breakdown
region can be attributed to the occurrence of a pinch
effect in an electron-hole plasma produced as a result
of interband breakdown, i.e., the compression of the
carriers towards the sample axis under the influence
of the self-magnetic field. The decrease of the current-
column diameter as a result of the pinch effect leads
to an increase of the magnetoresistance, owing to the
increase of the self-magnetic field of the current. In
addition, the strong growth of the carrier density on
the sample axis causes an increase in the electron-
hole scattering!*®). This results in a certain decrease
of the differential conductivity upon occurrence of the
pinch effect (Fig. 8, curve for H =0).

In the present investigation we diagnosed the pinch
by the longitudinal-magnetic-field method!*®!, The gist
of this method is that when a longitudinal field of suf-
ficient magnitude is applied, the pinch disintegrates
and the conductivity of the sample increases, i.e., a
negative longitudinal magnetoresistance appears. After
disintegration of the pinch by the longitudinal magnetic
field, further increase of the current through the sam-
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ple should again lead to a pinching of the currents and
the CVC measured in a magnetic field should come
closer to those measured without the field, as is indeed
observed in the experiments (Fig. 8).

The occurrence of the pinch effect should not depend
on the transverse dimensions of the sample!**]; this is
in good agreement with the obtained data.

The temperature possessed by the carrier gas under
conditions when the pinch occurs can be roughly esti-
mated from Bennett’s relation'**)

I.=1710° T /v,

where I, is the critical current of pinch formation,
V) = Vg + Vh is the sum of the drift velocities of the
electrons and holes, and T = Te + Th is the sum of
the temperatures of the electron and hole gases.

For sample No. 4 we have I ~ 2 A and the corre-
sponding value of the field is E = 8 V/cm. Assuming
the hole and electron velocities to be the same, ve
= vp~ 107 cm/sec (we have assumed here that the
mobility of the electrons in fields corresponding to the
occurrence of interband breakdown changes, as in pre-
breakdown fields, in proportion to E™*°), and assuming
the electron and hole temperatures to be equal, we
obtain from Bennett’s relation Tg = T~ 60°K. The
average carrier energy at such a temperature is kTg
~ 5 mevV, i.e., it is approximately 0.3 of the forbidden
band width (A€ ~ 15 meV for sample No. 4), which
is perfectly reasonable, recognizing the clearly ap-
proximate character of the estimate. We note also that
estimates of the carrier temperature made by Glicks-
man!" for InSb under analogous conditions (interband
breakdown and pinch effect) give a value kTe /A€
~ 0.6, which agrees with our results.

In conclusion, we take the opportunity to express
our sincere gratitude to Sh, M. Kogan, A. F. Volkov,
and A. Ya. Shul’man for valuable critical remarks,

and also to G. A. Ivanov for supplying the high-grade
Bi,-xSbx single crystals.
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