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The S-shaped current-voltage characteristics of Bi, _ , Sb, alloys is investigated experimentally
and theoretically. It is shown that this shape is due to combined interband breakdown, wherein
impact ionization is caused both by the external electric field and by the Hall field, the strength of
the latter being determined by the magnetic field of the plasma current. Negative differential
resistance appears at currents such that, on the one hand, impact ionization develops intensively,
and on the other the pinch effect is not yet fully developed. The phenomenon becomes more
intense if the rate of impact ionization is higher in the Hall field than in the applied field.

PACS numbers: 72.20.My, 72.20.Ht, 72.80.Jc

1. The electrophysical and optical properties of
Bi, _, Sb, alloys, which are promising for applications in
far-infrared devices, have been intensively investigated in
the past few years. Owing to the low width of the forbidden
band (g, <23 meV) and the high carrier mobility (x> 10°
cm?/V sec), impact ionization (interband breakdown) takes
place in these alloys at external electric field intensities E = 1
to 10 V/cm and a sufficiently dense plasma (n~10'4-10'¢
.cm ™3 is produced in the sample. All the pinch-effect attri-
butes, wherein the plasma is compressed to the axis of the
‘magnetic self-field of the current, are observed already at
currents I~ 1to 2A (Ref. 1). In the state preceding the pinch,
‘when the sample is oriented along the binary or bisector axis
(E|IC,, C,) a section with negative differential resistance is
observed' on the current-voltage characteristics (CVC) (S-
chaped CVC), Fig. 1a. The mechanism of this phenomenon
has remained unclear. The purpose of the present paper is
therefore to determine the mechanism of the negative differ-
ential resistance (NDR) in the alloys in question under im-
pact-breakdown conditions. We have performed additional
experiments and developed a theory of S-shaped CVC in
Bi, _, Sb, alloys. We shall show that this phenomenon is
due to combined interband breakdown, wherein impact ioni-
zation is due both to the external electric field and to the Hall
field (E 4 ) whose intensity is determined by the magnetic self-
field H of the plasma current (transverse breakdown?).
Owing to the high carrier mobility, E;; is comparable with E
already at H~10-20 Oe and plays a noticeable role in the
dynamics of impact breakdown. In the given-field regime
(the very one in which the CVC were measured’) a larger
current (larger E) can correspond to a smaller value of E.
With further increase of the current, the plasma is com-
pressed towards the sample axis (pinch effect), the electron-
hole scattering and Auger recombination increase, and the
NDR section vanishes. Thus, in accord with the experimen-
tal data, NDR is observed in the current region where, on the
one hand, impact ionization develops intensively and on the
other the pinch effect has not yet evolved sufficiently.” The
NDR effect is enhanced if the rate of impact ionization in the
direction of the Hall field is higher than in the direction of
the applied field. This anisotropy of the range g of impact
ionization, as shown by our measurements, takes place when
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the samples are oriented along the binary and bisector axes
(E||C,, C,). We observed no S-shaped CVC for orientation
along the trigonal axis (E||C;) (Fig. 1b).

2. Wereport below results of experiments that have ena-
bled us to determine a number of volume-recombination pa-
rameters (8,4, , ) and characteristics needed to calculate the
CVC. The measurements were made by the procedures de-
scribed in Refs. 1 and 4, at a temperature 7= 4.2 K.

Samples of n-type Biy o Sby ; with n, = 10'* cm ™3, mea-
suring 0.3 X 0.3 X 4 mm, were cut along the axes C,, C,, and
C,. The static CVC were determined in the given-current
regime (Fig. 1.) The inset (Fig. 1a) shows the characteristic
time scans of the field intensity E, which make it possible to
follow the evolution of the pinch effect and estimate the
characteristic plasma-pinching time 7,. S-shaped CVC are
observed in the breakdown region at I||C,, C,, but a vertical
plot of I (E) is usually observed at I||C; (Fig. 1b). In the pre-
breakdown region it is easy to estimate the electron mobility
from the shape of the CVC, namely u,, = 7.5% 10® cgs esu
at E||C, and 10 at E||C;. We took into account the decrease
of the electron mobility with increasing plasma density n
(electron-hole scattering®) and assumed that

Me=peo/ (1+alV),

where N = n/ny and @ =0.1 is the electron-hole scattering
parameter. Theu,, (E ) dependence was disregarded, since all
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FIG. 1. Measured CVC of the alloy Bi,,Sb, ; a) I||C,, &) I||C;. Inset—
typical scans of E (¢) in the given-current regime: / — 1,2 — 2,3 — 4 A;
7, =2-10"%secat [ =2 A.

© 1983 American Institute of Physics 854



the CVC singularities take place in a narrow range of the
field E.

We estimate now the hole mobility in the NDR region
from the measured pinching time 7, (Fig. 1a, inset), recog-
nizing that according to Ref. 7

szczRoz/ZLMhUczl,

where Ry~ 1.5 1072 cm is the transverse dimension of the
sample, and v, is the electron drift velocity (v, =~ 10’ cm/sec,
see Ref. 1). It is easy to estimate that u, =~7.5X 107 cgs esu.
Thus, in relatively weak electric fields of the order of 10 V/
cm the hole mobility in Bi, _, Sb, alloys decreases radically
(. >py ) apparently as a result of L-T intervalley transitions
of the holes when they are heated in the electric field.® As-
suming that the electron-hole gas temperature is 80 K (Ref.
1) we can estimate the hole diffusion coefficient at D, ~10°
cm?/sec. As will be shown by the calculations that follow
(see Fig. 4 below), the pinch diameter calculated with this
value of D, (from the position of the maximum of H agrees
well with earlier measurements®, viz., r, = 10~ 2cmatl=2
A.

Figure 2 shows the measured dependence of the impact
ionization rate on E. The measurements were made using
nanosecond voltage pulses, when the plasma current is low
and there is no transverse breakdown. It can be seen from
this figure that g is less at the orientations E||C,, C, than in
the case E||C,. The possible reason is that at E||C,, C, the
carrier heating is slowed down by intervalley transitions,
owing to the nonequivalent disposition of the valleys relative
to the electric field, ' whereas all valleys are equivalent in the
case E||C;.

The g(E ) dependence can be approximated by the func-
tion

g=g.exp(—EJ/E), (1)

where at x = 0.1 we have for curve 1 g,,(EC,) = 7.7x 10°
sec! and E, =394 V/cm, whereas for curve 3,
20(E||C;) = 1.8 X 10'° sec ™! and E,; = 34 V/cm. The error
in the measurement of g did not exceed 25%.
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FIG. 2. Measured dependences of the rate of impact ionization on the

electric field in the alloy Bi, _,Sb,: /-3 —x =0.1,4 — x = 0.108;
1 —E|C, 2 —E|C,, 34— E|C,.
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Taking the indicated anisotropy into account, we used
in the subsequent calculations of the plasma parameters un-
der combined-breakdown conditions an impact-ionization
rate at E||C, in the form

G=g,(E ¢ ) cos®’0+g;(E . )sin® 0, (2)

whereE,; = E,,/(1 + BH)andE , = [E? + E%]"*isthe
total electric field, while tan 8 = |Ey, |/E.

This choice of G can be justified in the following man-
ner:

a) In the case of transverse breakdown the decisive role
is played by the total electric field.!!:!?

b) Introduction of the coefficient B (Ref. 13) reflects
both the saturation of the rate of impact ionization and the
increase of the threshold value of E , at which breakdown
sets in,'"!? with increasing magnetic field. Recognizing that
the criterion for the transverse breakdown in a strong mag-
netic field (u,H /c>1) is of the form'? cE ., /H > 0.2v,,
where v, is the velocity of an electron having an energy equal
to that of an optical phonon (¢, =10 meV, m, =~10~%°g),
we easily estimate that B~5X 1073 Qe 1.

¢) Introduction of the angle & reflects the anisotropy of
the transverse breakdown; in this case expression (2) is the
only linear combination of g, and g, that satisfies the re-
quired limiting transitions. At E||C; it is necessary to make
in (2) the substitution g, ; —g3;

The lifetime measured at low pump levels (n < n) is, in

accord with the results of Ref 4, 7~5X107° sec. At high
pump levels (7> 5X 10'* cm ) bulk Auger recombination
predominates. We took account in the calculations the linear
and cubic bulk Auger recombinations. The coefficient of the
cubic bulk recombination was assumed to be r; = 10~
sec”l.em™®.
Noticeable symptoms of impact breakdown should be
observed under conditions at a nonequilibrium-plasma den-
sity n~n, from which follows the equality g(E)=1/
27 = 10%sec ™ !. Itis easy to estimate, taking (1) into account,
that the steep rise of the CVC with increasing E begins at
E=9V/cm(for E||C,)and at E=~6 V/cmfor E||C;), in agree-
ment with the measurement data (Fig. 1).

We proceed now to the results of calculations for a cy-
lindrical geometry; the hole mobility was assumed isotropic
(n € phospan H /c<1).

The initial equations that describe the change of the
density of a quasineutral plasma and of the magnetic self-
field of the current can be obtained with the aid of the equa-
tions of motion of the electrons and holes, the continuity
equation for the radial ambipolar field, and Maxwell’s equa-
tions for the azimuthal magnetic field of the current. These
are

dN 1 a(pl N :
N 190 _eviny— Y R, (3)
at p dp T

1 0(pH) 4 4

A )=ienuBoueuE(N+1)+":r:_ellen"oRozHFw 4)

[ dp c 4

where

rp=_(1+li:"L‘L‘Xf£) (ﬂ_ZN_H ON_ | Wabber EHN)

¢ N+1 R} N+1 dp  cR,
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FIG. 3. Calculated CVC for the alloy BigoSb, , : a) E||C,,
1 —p, =1.510°,2 — u, = 108 b) E||C;, u,, = 7.5-107 (the mobility is in
cgs esu units).

corresponds to the radial ambipolar  flux
noRoI,, Ry =rynj, p =r/Ryand u, is the electron mobil-
ity along the field E.
' Theboundary and initial conditions are I" (p = 0;1) = 0
(a low surface-recombination rate is assumed),
H(p=0)=0,
H(p=1)=2I(t)/cR,,

I(t)=1I[1— exp(—t/7,)]is the current, and we use in the
calculations 7, = 10~° sec and N(t = 0) = 0.

The expression for the fields £, that determines the
value of G is

En= (1+ Heilbtn NHZ)—‘
Cz

N+1
x( pall | Dn A—c”’pogmH’ N ) (5)
c Wl N+1 ap/”’

The procedure for numerically solving the problem is the
following: given the distribution N ( p), we use (4) to deter-
mine E and H(p). This is followed by solving (3) with
allowance for (2) and (5) and finding the plasma-density pro-
file at the next instant of time, and so on. The calculation is
continued until a stationary state sets in. Once the steady-
state values of the field E are established for a given current,
it is easy to plot the static CVC, which are shown in Fig. 3.
The calculated CVC agree qualitatively and quantitatively
with the experimental results (Fig. 1).

The NDR segment appears at E||C, in the region of
relatively small currents (H,,,, =~ 10 Oe), when the pinch ef-
fect is weak and the linear recombination is small. In this
case the plasma density is determined by the factor G /(1/
7 — G ), which increases abruptly when the field £, becomes
active in the ionization process. Therefore when the current
(the field H) is increased the external field E that produces
the given current can decrease. With further decrease of the
current, the pinch .effect evolves, the Auger recombination
and electron-hole scattering processes become stronger, and
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FIG. 4. Calculated profiles of the plasma density and of the magnetic field
of the current at I = 2 A and E||C,. The dashed and solid curves are for
1, = 108 and p, = 7.5X 107, respectively (the mobilities are in cgs esu).

the NDR segments vanish. We note that when yu, is in-
creases (Fig. 3a) the S-shaped segment of the CVC is less
pronounced, since the pinch effect sets in at lower currents.
The vanishing of the NDR at high currents is due in part also
to magnetization of the plasma.

At E||C;, when a large coefficient of impact ionization
along E combines with a small one in the transverse direc-
tion, only a vertical section of the CVC is produced (Fig. 3b).
It must be noted, however, that when the antimony concen-
tration in the alloy is increased the g(E ) dependence becomes
stronger (Fig. 2, curve 4). In this case, owing to the strong
change of G with increasing E,, the CVC have segments
with NDR also at E||C;, as shown by our calculations.

Figure 4 shows typical profiles of the plasma density
and of H at various hole mobilities; from these it is easy to
calculate the pinch radius. The pinch effect becomes stron-
ger with increasing 1, . We note in this connection that in a
number of our experiments the NDR segments vanish when
the transverse dimension of the sample is increased by 2-3
times. With increasing R, the value of £ that ensures the
given current decreases, and this increases the hole mobility.
The latter in turn decreases £, and enhances the plasma
pinching, and it is this which leads apparently to the vanish-
ing of the NDR segments in samples with larger dimensions.

In conclusion, we are deeply grateful to N. B. Brandt for
interest in the work and for constant support.

We note that in the impact-ionization regime the surface generation of
current,? an effect accompanying the pinch effect, is very weakly pro-
nounced and does not affect the shape of the CVC.
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