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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 se111icondt1ctor 
alloys whose axes are noncoit1cident with the crystallograpl1ic axes, gives rise 
to a transverse electric field. The specific features of this pheno1nenon were 
qualitatively explained in term of the theory of the Sasaki-Shibuya effect and 
the well-known concepts of tl1e energy spectrum of these narrow-gap se111ico11-
ductors. 

1. ~Iuch emphasis is currently placed on studying narro\' .. ·-gap sen1lcon<luctor:; in stron~ electric fi<"lds 
(see, e.g .. [1] and the references in it). This primarily refers to the electrical breakdo\vn and phenon1ena 
occurring in the plasn1a generated by the breakdo\vn. J-nd also to the nonlinearity of tlie .~11rr1~nr-\·c·ir:1s·~ 

(I-\') characteristics in pre-breakdo\vn fields. By contrast. the effects specific to 1u11!tivaliey '3e111ii:o11ducr,Jrs 

in strong electric fields have not been adequately studied in narto\v-gap semiconductors. \Vhereas the Gunn 
effect has been discussed in a number of papers (see [lJ), the Sasaki-Shibuya effect (SSE) [2]. \\·liich concerns 
the conduction anisotropy arising in a strong electric field due to dissin1ilar heating of carriers fro111 Jiil'erenl 
valleys, has not, as far as \ve know, been investigated in these papers. However, it seems that the SSE cau 
arise in multivalley narrow-gap Bi1-xSbx structures characterized by a substantial (exceeding 10) factor of 
anisotropy of carrier mobility in each of the equivalent £-valleys [3]. Furthermore, this effect in Bi 1_,Sb, 
alloys is of interest because the symmetry in these semiconductors is other than in n-Ge or n-Si, in \vhich 
this effect ha.s earlier been observed [2, 4]. 

2. The present paper reports the results of a. study of the I-V characterist.ics and the transverse 
field in single-crystal semiconductor alloys n-Bio_s33Sbo.is• and p-Bio.soSb0 _12 in '"<lriving·· electric fields 
E ~ 10 V /cm at a temperature 4.2 K. According to galvanomagnetic measurements, the concentration and 
Hall 1nobility of impurity carriers in \Veak fields at 4.2 I( \Veren::::::: :2 x 1014 cm- 3 . !-le::::::: 2 x 10 6 cm 2 \.'- 1 s- 1 

for n-Bio_s.13Sbo_10; and p ~ 3 x 10 14 crn- 3 . tth::::::: 2 x 105 crn'.! \'- 1 s- 1 for p-Bir1 ,-,6 Sh.) l~· Th~ sr~<:":r1·1·~~i:, 
\\.'ere 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 mm3 . 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 tLS. 

:3. Because of the lo\V resistance of the specirnens, the measurements \Vere performed in the fixeJ currf:11t 
regime. A V-1-17 voltmeter 1,vith a 1.5-2% precision \Vas used for all the specimens to determine the drop of 
the voltage i~12 bet\Veen the potential contacts \velded lengthwise to one face and the potential differences [_:32 

between the Hall transverse pair of contacts as functions of the measuring current I {Fig. 1 ). The dependence 
of [,T12 on I \\'as used in the usual way to obtain the I-V characteristics (Fig. 2 a), and the dependence of 
['3'.! on I allo\ved the determination of the transverse electrical field values. Generally, the sig;nal front the 
transverse pair of contacts \vas detected even at 111ini1nun1 current values. \i.·hich can be explained b}-: tlie 
geon1etric effect: the contacts may not lie strictly in one plane at the right angle to the current direction. 
However, the change of the sign of U32 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 
~[T3:; that is related to a certain transverse electric field. 

In order to determine the transverse field El. \Ve first plotted a= U32/fJ12 as a function of the ''driving'' 
field or current. As is apparent from Fig. 2 b, in the region of \Veak fields a is constant (a:= a: 0 ), coincides 
in magnitude \Vith the value obtained by \veak de current measurements, and seems to represent sin1ply the 
ratio of the distance (along the specimen) bet\veen contacts 3 and 2 to the distance bet\veen contacts land 
2. Then, since the specimen geometry did not change during rneasure1nents, the relntion 
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Fig. 1 

\·oltage aCrOSS the longituJinal [•l'.! (a) dUJ (fi.t\l:5\·erSe c·3'J (_b) [)Clil':5 0f 1:U11t:-H.'.t~ \'•.'l'.'>IJ:-, 

measuring current I for a p-Bio.ssSbo. 12 specimen \vhose a.xis deviates by an angle fJ = -5° 
from the bisector axis. The inset sho\\'S the layout of the contacts and the orientations c)f 

the specimen, field, and current \\'ith respect to the crystallographic axes. 

yielded first the contribution ~Us2 and then El. (Fig. 2 c). The ma""<imum transverse field detected in the 
course of measurements was El. ;:::: 1.2 V /cm, the angle r.p made by the current and field directions an1ounted 
to about 6.3°, and the value oftany commonly used to describe the SSE \Vas about 0.11 (Fig. 3). Note tl1at 
Eq. (1) implies the relation 

El. ~C" ( C,, ) tan 9 = - = const -.- = const -.- - <>o 
E l' 12 l·12 

= const(cr - era). (:!) 

that is. the dependences of et and tan y on the field can be represented by the sa1ne curve if appropriate 
scales and origins are chosen (Fig. 2 b). 

A.s is seen from Fig. 2 c, the change of the sign of the deflection angle () of the specin1en axis from 
the crystallographic axes in a basal plane reverses the direction of the transverse field. The total n.ng,ular 
dependence of tan :..p is sho\vn in Fig. 3. Taking into account its oddness \vi th respect to the directio11s of 
the binary C-'2 and bisector C1 axes (Fig. 2 b) and the symmetry of the crystal lattice, one can restrict the 
consideration to the 30° interval of angles bet\veen the axes. ~-Ioreover, since the value of tan r..p depends on 
the ·'driving" field (Fig. 2 b), Fig. 3, in accordance \vith [2], presents only its maximun1 values or those fron1 
tlte "n.turation region. 

-!:. The experi1nental data suggest that con<luction anisotropy in the ba.:;af plaae of Bi 1 _.t.Sbr st:·1ni­
conductor alloys results fron1 heating the charge carriers by the electric tield. Indeed. Fig. '.l show::; 1 hat an 
appreciable transverse field is observed only in the region of sublinear 1-\.' characteristics, \Vhich is indicati\·e 
of a diminished mobility of hot charge carriers [5]. Therefore, this phenomenon can be related to the SSE. It 
is significant that in Bi1-xSb.:i: alloys tan9 of the Sasaki angle first gro\vs rapidly \Vith the ;~driving" field and 
then reaches saturation or passes through a peak, \vhich \Vas reported in the studies on the SSE \Yith 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 breakdo\vn currents in Bi1-.:i:Sbr structures failed because there arose instabilities. 
The amplitude of the arising oscillations does not normally exceed 0.1 V', \vhich enables one to record the 
I-V characteristics fairly accurately. At the same time one fails to measure quite correctly the transverse 
fields, though they are comparable in n1agnitude since, as \Vas also noted in [G]," the arising oscillations are 
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Field dependences of the current density j (a), and a= U32/U12 and tan<p =El./ E (b) of 
the transverse electrical field E.l. (c) for n·Bio_s33Sbo_161 specimens 'vith B = -1° (circles) 
and B = l' (crosses). 
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Fig. 3 

Dependence of tan...; of the Sasaki angle on the angle 0 of the deviation of the specin1en 
axis from the bisector axis in the basal plane, obtained for a p-Bio_ssSbo.12 specimen. The 
insets sho\v the layout of the isoenergetic surfaces at the I-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 Bi1-.rSb.r is 
that it is possible to explain the polarity of the arising transverse field on the basis of the \\·ell-kno\vn pattern 
of isoenergetic surfaces in a basal plane (see the insets in Fig. 3) using a qualitative SSE theory set forth in 
[2]. Indeed, the current and field directions in \veak electric fields coincide in the Bi1-.rSbx specin1ens -..vhose 
a.x.es slightly deviate from the crystallographic axes only because of the fact that the transverse con1ponents 
of the carrier currents from different L-valleys (as sho\VU by the insets in Fig;. :J. prin1arily. frotn valleys 2 
and 3 for specimens \Vith a slight deviation from C 1 and valleys 1 and 3 for speci1nens 'rith a slight de\·iation 
from C2 ) cancel out. In strong fields, the carriers \Vhose mass is lighter than thar, of r,he carriers fron1 
other valleys (for a given direction of the field) undergo stronger heating, their n1obility dirnini::dies 1Ttore 
markedly, and their relative contribution to the current decreases. _-\s a result the balance is disturbe<l. an<l 
the current deviates fron1 the field direction to\vard the direction of elongation of the izoenergetic surface of 
the valley \vhose carrier mass is lighter for the given direction oft.he field. For the arrangement of the valleys 
characteristic of the Bi1-.rShx alloys (\vhich is fully si1nilar to that shO\\'U in Fig. 8 fron1 ['.2]). this 111akes 
the signs of the Sasaki angle and the angle of deviation of the specin1en a.-....::is fro1n the crystallographic axes 
coincide {if the latter angle is sn1all). and this is indeed observed in experin1ent (F\~s- 2 and 3). 
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The I-\' characteristics (a) and the field dependence of tan-; (b) for a n-Biris33 Sb0 L•l'i 

specimen oriente<l along C'1. Tlte inset shows the layout of the contacts, aii_d tbe orientatio11s 
of the specin1en, field, and current· \Vith respect to the cr:ystallographic axes. 

It is 'vorth noting that the electric field-induced conduction anisotropy in Bi 1 _ 1,Sb.r scrniconductors is 
appreciably lo\\"er than in 11-C~e [2]. ~fhe substantial SSE values in the latter c\re due to the fci.ct that. in 
a strong field, the contribution of the carriers fron1 valleys \\"ith lighter masses, for a given direction of the 
field, dinllnishes. 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, -..vhich 
determines to a considerable degree the magnitude of the SSE, in the case of the Bii-xSb.r allovs seen1s to 
be suppressed, since there are data indicative of a lack of appreciable redistribution of the carri;,rs bet,\·een 
the \·alleys in these sen1iconductors in the region of electric fields studied. The deviation of the elong/ltion 
direction of the isoenergetic surfaces by 4° or 5° from the b;oi.sal plane in the Bii-.rSb.r alloys at the [-points 
of the Brillouin region [TJ leads to a situation. in the studled specin1ens \vhose axis deviates from the binarv 
axis. \vhen the SSE must n~anifest itself in the appearance of a transverse field not only in the basal plan~ 
but also in the direction perpendicular to it. This is actually observed in the specin1ens. including 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. 3), one would expect (bearing in mind 
the appreciable, of the order of 10, factor of anisotropy of the carrier mobility in L-valleys [3]) that the field 
direction would virtually coincide \Vith the direction of elongation of the isoenergetic surface of valley 1. The 
Sasaki angle would then be close to 4° and tan;o"' 0.07. This is far greater than the value of about 0.006 
obtained for tan.'P (Fig. 4 b), and supports the assumption of the absence of appreciable redistribution of 
carriers between valleys in the heating fields. 

Also note\vorthy is the strong asyrnn1etry of the angular dependence of r.an y in Bit-.rSh.r (Fig. :J) 
compared to n-Ge (Fig. 7 in [2]). This 111ay he related to the effect of the third valley on the SSE in the 
alloys studied (this problem Joes not arise in n-Ge or n-Si o\viug to the choice of orientation of the speci1nens 
under investigation). Thus. \vith a slight deviation of the specimen axis fron1 Ct. a high anisorropy of the 
carrier mobility in valley 1 (the inset in Fig. 3 L \Vhich is kno\Vll [3] to depend on the n1a.ss anisotropy, n1ust 
bring about a deviation of the vector to the total field E f from the current direction to\vard the elongation 
direction of the appropriate isoenergetic surface, i.e., actually to\vard the bisector axis. and tltereby hinder 
the manifestation of the SSE in this case. \Vhen the deviation of the specin1en axis fron1 C2 is not large. the 
conduction anisotropy in valley 2 (the inset in Fig. 3) must produce the san1e effect, but, in contra..;;t Lo the 
preceding case, the arising transverse field adds to the field produced by the SSE . 

. ). The appearance of a transverse electric field or a chang,e of conduction anisniropy in ~rri)nc:_ 1i,_·L.l~ 

n1ay. in principle, be related to the injection of carriers into the sen1iconductor or 11.:" d11t'" tot.he 111atr:ri;,1i 11ti1•)· 

rnog,eneity. Ho\vever. n1anifestations of the two n1echanislns vary randorr1ly in \";i[\011~ specin1ens. <1.\1d this. i:'­
not, .::onsistent \\'ith s11ch sp·--::cific fear11res (>fr.he e1Tect ns ,1. sign rr-versal \\·hen in1er:;;,..,1·:.i11~ ti1,'' ry:-t,iii ·.·..:.r·1: :,,,· 
axes anJ a certain ::ingular clept:'ndeace. 
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