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CONDUCTION ANISOTROPY INDUCED BY THE ELECTRIC FIELD
IN NARROW-GAP Bi~-Sb SEMICONDUCTORS

E. V. Bogdanov and T. G. Kustova

Heating of charge carriers in specimens of n- and p-type Bi—Sb semiconductor
alloys whose axes are noncoincident with the crystallographic axes, gives rise
to a transverse electric field. The specific features of this phenomenon were
qualitatively explained in term of the theory of the Sasaki—Shibuya effect and
the well-known concepts of the energy spectrum of these narrow-gap semicon-
ductors.

i. Much emphasis is currently placed on studying narrow-gap semiconductors in strong elecrric Helds
{see, e.g., [1] and the references in it}. This primarily refers to the elecsrical breakdown and phenomena
oceurring in the plasma generated by the breakdown. and also to the nenlineariry of the cnrrenr-volrage
{I-V} characteristics in pre-breakdown fieids. By contrast. the effects specific to munitivalley sendeonductors
in strong electric fields have not been adequately studied in narrow-gap semiconductors. Whereas the Gunn
effect has been discussed in a number of papers (see [1]), the Sasaki-Shibuva effect (SSE) [2]. which concerns
the conduction anisotropy arising in a strong electric field due to dissimilar heating of carriers {rom ditlerent
valleys, has not, as far as we know, been investigated in these papers. However, it seems that the SSE can
atise in multivalley narrow-gap Bij_,Sb; structures characterized by a substantial {exceeding 10) factor of
anisotropy of carrier mobility in each of the equivalent L-valleys [3]. Furthermore, this effect in Bii_Sb;
alloys is of interest because the symmetry in these semiconductors is other than in n-Ge or n-5i. in which
this effect has earlier been observed [2, 4].

2. The present paper reports the results of a study of the [-V characteristics and the transverse
field in single-crystal semiconductor ailoys n-Big 333Sbhg1s7 and p-Big 53Sbo:» i “driving” electric fields
E £ 10 V/em at a temperature 4.2 K. According to galvanomagnetic measurements, the concentration and
Hall mobility of impurity carriers in weak fields at 4.2 K were n a2 2 x 10M em™3. p, 2 2 x 105 em? V-1 s-!
for n-Big g32Sha 157 and p 2 3 x 100 em™3 gy 2 2 % 10% em? V=5 571 far p-Big 45Sha 2. The specimiens
were cut out of massive single crystals parallel to the binary-bisector (basal) plane and had the characteristic
dimensions 0.3 x 0.5 x 4 mm?®. The pulse technique preventing the specimens from overheating by high-density
measuring current was used for the measurements [5]. The pulse duration ranged from 1 to 10 ps.

3. Because of the low resistance of the specimens, the measurements were performed in the fixed current
regime. A V4-17 vojtmeter with a 1.5-2% precision was used for all the specimens to determine the drop of
the voltage U/13 between the potential contacts welded lengthwise to one face and the potential differences (Va2
between the Hall transverse pair of contacts as functions of the measuring current I {Fig. 1). The dependence
of {712 on [ was used in the usual way to obtain the I-V characteristics (Fig. 2 a), and the dependence of
{3z on [ allowed the determination of the transverse electrical field values. Generally, the signal {rom the
transverse pair of contacts was detected even at minimum current values. whick can be explained by the
geometric effect: the contacts may not lie strictly in one plane at she right angle to the current direction.
However, the change of the sign of U/3; detected in several specimens (Fig. 1 b) indicates unambiguously that
at fairly high currents, in addition to the signal due to the geometric effect, there appears the contribution
Al32 that is related to a certain transverse electric field.

In order to determine the transverse field £, we first plotted @ = U3z /U2 as a function of the “driving”
field or current. As is apparent from Fig. 2 b, in the region of weak fields a is constant {a = ag), coincides
in magnitude with the value obtained by weak dc current measurements, and seems to represent simply the
ratio of the distance {aleng the specimen) between contacts 3 and 2 to the distance hetween contacts 1 and
2. Then, since the specimen geometry did not change during measurements, the relation

Algy = Usy = ol (1
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Voltage across the longitudinal L7, {a) and transverse {Tg (b) pairs of contacts versus
measuring current { for a p~-Biy 345bp 12 specimen whose axis deviates by an angle § = —5°
from the bisector axis. The inset shows the lavout of the coutacts and the orientations of
the specimen, field, and current with respect to the crystallograplic axes.

vielded first the contribution AUsz and then E; (Fig. 2 ¢). The maximum transverse field detected in the
course of measurements was £, &~ 1.2 V/cm, the angle » made by the current and field directions amounted
to about 6.3%, and the value of tan ¢ commonly used to describe the SSE was about 0.11 (Fig. 3). Note that
Eq. (1) implies the relation

E AL L
tan¢ = -EJ-'— = const 3 = const 2. g | = const{e — aq).

—
L

[1a [

that is, the dependences of o and tan¢ on the field can be represented by the same curve if appropeiate
scales and origins are chosen {Fig. 2 b).

As 15 seen from Fig. 2 ¢, the change of the sign of the deflection angle # of the specimen axis from
the cryvstallographic axes in a basal plane reverses the direction of the transverse fleld, The total angular
dependence of tany is shown in Fig. 3. Taking into account its oddness with respect to the divections of
the binary s and bisector C; axes (Fig. 2 b) and the symmetry of the crystal lartice, one can restrict the
consideration to the 30° interval of angles between the axes. Moreover, since the value of tan ¢ depends on
the “driving” field {Fig. 2 b), Fig. 3, in accordance with [2], presents only its maximum values or those from
the saturation regicn.

4. The experimental data suggest that conduction anisotropy in the basal plane of Bi,..Shy sewi-
conductor alloys results from heating the charge carriers by the electric Held. Indeed, Fig. 2 shows that an
appreciable transverse field is observed only in the region of sublinear I-V characteristics, which iz indicative
of a diminished mobility of hot charge carriers [5]. Therefore, this phenomenon can be related to the SSE. 1t
is significant that in Bi;_:Sb; alloys tan ¢ of the Sasaki angle first grows rapidly with the “driving” field and
then reaches saturation or passes through a peak, which was reported in the studies on the SSE with both
n-Ge {2] and, later, n-Si [4]. It should be noted that efforts made to follow the behavior of the transverse
field in the region of high breakdown currents in Bi;_Sb, structures failed becanse there arose instabilities.
The ampiitude of the arising oscillations does not normally exceed 0.1 V, which enables one to record the
IV characteristics fairly accurately. At the same time one fails to measure quite correctly the transverse
fields, though they are comparable in magnitude since, as was also noted in [6], the arising oscillations are
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Fig. 2
Field dependences of the current density j (a), and a = Us3/U12 and tang = E) /B (b} of
the transverse electrical field £, (c) for n-Big sssSbo 167 specimens with § = —1° (circles)
and # = 1° (crosses).
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Dependence of tan > of the Sasaki angle on the angle # of the deviation of the specimen
axis from the bisector axis in the basal plane, obtained for a p-Big 3sSbg 19 specimen. The

insets show the layout of the isoenergetic surfaces at the L-points of the Brillouin region in
the basal plane.
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not of the zero-order mode but of the second-order and, unfortunately, the first-order mode, and all affect
the transverse pair of contacts.

An important argument in support of the assumption that it is the SSE that is observed in Bi;-.Sb; is
that it is possible to explain the polarity of the arising transverse field on the basis of the well-known pattern
of iscenergetic surfaces in a basal plane (see the insets in Fig. 3) using a gualitative SSE theory set forth in
[2]. Indeed, the current and field directions in weak electric fields coincide in the Bi;_ Sh, specimens whose
axes slightly deviate from the crystallographic axes only because of the fact that the transverse components
of the carrier currents from different L-vallevs (as shown by the insets in Fig. 3. primarily. from vallevs 2
and 3 for specimens with a slight deviation from ' and valleys i and 3 for specumens with a slight deviation
frem Cs) cancel out. In strong flelds, the carriers whose mass is lighter than tha: of the carriers from
other valleys (for a given direction of ilie field) undergo stronger heating, their mobility diminishes more
markedly, and their relative contribution to the current decreases. As a result the balance is disturbed. and
the current deviates from the field direction toward the direction of elongation of the izoenergetic surface of
the valley whose carrier mass is lighter for the given direction cf the fleld. For the arrangement of the valleys
characteristic of the Biy—.Sh, alloys (which is fully similar to that shown in Fig. 8 from [2]). this makes
the signs of the Sasaki angle and the angle of deviation of the specimen axis from the crystallographic axes
coinclde {if the latter angle is small). and this is indeed observed n experiment {Figs. 2 and 3).
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The I-V characteristics (a) and the field dependence of tan > (b) for a n-Biygs3Sho 147
specimen oriented along Cy. Tlie inset shows the layout of the contacts, and the orientations
of the specimen, field, and current with respect to the crystallographic axes.

ft is worth noung that the electric field-induced conduction anisotropy in Bij_,Sb, semiconducters is
appreciably lower thau in n-Ge {2]. The substantial SSE valies in the latter are due to the fact that. in
a strong field, the contribution of the carriers from vaileys with lighter masses, for a given direction of tie
field, dimunishes. This happens not only because of the more rapid drop of their mobility due to the heating,
but also because of the passage of these “hotter” carriers to other valleys [2]. The second mechanism, which
determines to a considerable degree the magnitude of the 5SE, in the case of the Bi-;5b; allovs seems to
be suppressed, since there are data indicative of a lack of appreciable redistribution of the carriers between
the valleys in these semiconductors in the region of electric fields studied. The deviation of the elongation
direction of the isoenergetic surfaces by 4° or 5° from the basal plane in the Bi;_,Sb, allovs at the L-points
of the Brillouin region [7] leads to a situation. in the studied specimens whose axis deviates from the hinarv
axis. when the SSE must manifest itself in the appearance of a transverse field 1ot only in the hasal planve
but also in the direction perpendicular to it. This is actually observed in the specimens. mcluding those
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oriented along the bisector axis (Fig. 4). In the latter case, when all the carriers from the “hot” valleys 2
and 3 have flown over to the “cold” valley 1 {see the inset in Fig. 1), one would expect {bearing in mind
the appreciable, of the order of 10, factor of anisotropy of the carrier mebility in L-valleys [3]) that the field
direction would virtually coincide with the direction of elongation of the isoenergetic surface of valley 1. The
Sasaki angle would then be close to 4° and tany = 0.07. This is far greater than the value of about 0.008
obtained for tany (Fig. 4 b), and supports the assumption of the absence of appreciable redistribution of
carriers between vallevs in the heating fields.

Also noteworthy is the strong asymmetry of the angular dependence of tan in Bij_ Sh, (Fig. 3)
compared to n-Ge (Fig. 7 in [2]}. This may be related to the effect of the third valley on the SSE in the
alloys studied {this problem does not arise in n-Ge or n-Si owing to the choice of orientation of the specimens
under investigation). Thus. with a slight deviation of the specimen axis from C;, a high anisarropy of the
carrier mobility in valley 1 (the inset in Fig. 3), which is known [3] to depend on the mass anisotropy, must
bring about a deviation of the vector to the total fleld Ey from the current direction toward the elongation
direction of the appropriate iscenergetic surface, 1.e., actually toward the bisector axis, and thereby hinder
the manifestation of the SSE in shis case. When the deviation of the specimen axis from C» is not large, the
conduction anisotropy in valley 2 (the inset in Fig. 3) must produce the same effect, but, in countrast to the
preceding case, the arising transverse field adds to the field produced by the SSE.

5. The appearance of a transverse electric field or a change of conduction anisotropy in strony lebls
may. in principle, be related to the injection of carriers into the semiconductor or be die 1o the raterial -
mogeneity. However. mantifestations of the two mechanisms vary randomiy in various spechinens. angd this is
not consistent witlt such =pacific fearnres of the effect as a sign reversal when intersecting the ervstall ceie
axes and a certain angular dependence,
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