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The effect of dislocations on the concentration and mobility of charge carriers is investigated experi
mentally in p-type and n-type indium antimonide crystals. Up to 107 cm- 2 excess a dislocations (ter
minating with a row of indium atoms) and (3 dislocations (terminating with a row of antimony atoms) 
were introduced by plastic deformation through four -point bending. The Hall e.m.f. is reversed at 
120°K when a dislocations are present inn-type InSb crystals, and at lower temperatures p-type con
ductivity is observed. 

INTRODUCTION 

INDIUM antimonide belongs to the group of crystalline 
semiconductor compounds that are formed by Illb and 
Vb elements. The equal numbers of different atoms al
ternate to form a diamond-type lattice with two differ
ent atoms per unit cell, i.e., a zincblende (or sphalerite) 
lattice. 

Each III atom has one valence electron less, and each 
V atom has one more than the IV atoms that form semi
conducting crystals (diamond, germanium, and silicon). 
Thus the average number of electrons per atom in Ill
V compounds is the same as in IV compounds; as are
sult they have similar crystalline structures and elec
tronic properties. However the structure of InSb, like 
that of the other Ill-V compounds which crystallize in 
the zincblende structure, exhibits an important differ
ence from the diamond structure. This difference, 
which is quite essential for our purpose, lies in the fact 
that the absence of a center of symmetry allows the 
( 111) directions to form polar axes, so that the [ 111] 
and [HI] directions are different, as well as the (111) 
and (i:11) planes. 

If we arbitrarily assume that the [ 111] direction 
goes from a Ill atom (In) to a V atom (Sb), with [ 111] 
as the opposite direction, then Fig. 1 shows that in the 
direction perpendicular to [ 111], the InSb structure ap
pears as a series of double layers consisting of In and 
Sb atoms. 

Utilizing the difference between the structure fac
tors F(h, k, l) and F( ii, k, f), by comparing the in ten
sities of x-ray reflections from opposite surfaces of a 
crystal, we can distinguish the (111) and (Ill) planes 
accurately Y J 

It has been found that the two aforesaid planes are 
affected differently by chemical etching. E2, 3 l This dif
ference can be attributed to the different chemical ac
tivities of the atoms forming the (111) and (Hl) sur
faces. The (i:H) surface, which consists of Sb atoms 
having three bonds with the crystal, possesses high 
chemical activity, because two of the five valence elec
trons of Sb are unsaturated. On the other hand, in (Hl) 
surfaces, which consist of In atoms, all three valence 
electrons form crystal bonds. Chemical etching is a 

Surface 

1!! 
y 

1!! 
y 

1!! 
y 

1!! 
y 

Surface 
I 

(iff) 

FIG. I 

['t J: ~ 
(iii} 

<Ill> </10> 
FIG. 2 

FIG. I. Projection of InSb structure on a (II 0) plane, illustrating 
the difference between the [Ill] and [ f f f] directions. 

FIG. 2. The dangling-bond model in a 60-degree dislocation of lnSb 
structure. 

very simple means of differentiating surfaces formed 
out of different atoms. 

DISLOCATIONS IN THE InSb STRUCTURE AND 
STATEMENT OF THE PROBLEM 

It has been established E2 J that in InSb crystals dis
locations are observed lying in {111} planes and having 
( 110) directions, according to the model shown in Fig. 2. 
Dislocations and their slip directions, which are differ
ent (110) directions, lie in {111} planes and form a 60° 
mutual angle. This 60-degree dislocation model, which 
was proposed by Read, E4 J characterizes all diamond 
structures of either semiconducting elements (Ge, Si) 
or compounds (InSb, GaAs, etc.). An extra half-plane is 
terminated in a slip plane by a row of like atoms having 
only three lattice bonds. For (111) and (1:11) slip planes 
the row would consist of In or Sb atoms, respectively. 

In virtue of the fact that a row of Sb atoms (a (3-
dislocation) has two unsaturated bonds per atom, while 
a row of In atoms (an a dislocation) has no unsaturated 
oonds, it is quite obvious that they should exhibit entire
ly different electrical activities in the crystal. Their 
behavior should resemble that of rows of donor (V) and 
acceptor (Ill) impurities in a Ge or Si (IV) semiconduc
tor. There is a particularly interesting possibility of 
revealing one -dimensional bonded states because of the 
close proximity (a few angstroms) of these "impuri
ties" and their clearly defined directional arrangement. 
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It is noteworthy that conflicting results are reported in 
the publicationsl5 - 71 concerning the effect of plastic de
formation on the electric properties of indium antimo
nide. In view of the foregoing discussion we introduced 
controlled amounts of a or (3 dislocations into an InSb 
crystal and investigated their effect on the electric 
properties of the crystal (carrier concentration and 
mobility). 

DISLOCATION INTRODUCTION TECHNIQUE 

We investigated n-type and p-type lnSb crystals 
grown by the Czochralski method. At 78°K the initial 
carrier concentrations were 2 x 1014 em -3 and 
5 x 1014 cm-3, and the resistivities were 5 x 10-2 and 
2.5 ohm-em, for the n-type and p-type crystals, respec
tively. The initial dislocation density was under 
10-2 em - 2 • Excess a or (3 dislocations were intro
duced through plastic deformation (bending). Since InSb 
crystals are brittle at room temperature, the plastic 
bending was performed at higher temperatures using 
the apparatus that is shown in Fig. 3. 

An 18 x3.5 x 1.8-mm sample 1 was placed in the 
graphite holders 2, and was compressed from above by 
the quartz die 3, which was joined to the yoke 4 of a de 
electromagnet. A gap was formed between the yoke 4 
and the magnet core 6 by adjusting the stage 5. The 
size of the gap was registered on the pointer dial 7 hav
ing 10-3 -mm divisions. After the required gap had been 
provided the bending jig was placed in a vacuum cham
ber at 10-2 Torr. Here the sample was heated by pass
ing a current through it; in all instances the tempera
ture 200° C was reached, as measured with a KhA ther
mocouple. A current was then passed through the coil 8 
of the electromagnet, the sample was bent, and its de
flection was registered on the dial. 

The density of like dislocations producing plastic 
bending is calculated from the relation 

1 
DT = rb cos e coo ljJ, (1) 

where DT is the dislocation density (em - 2), r is the 
radius of curvature, b is the Burgers vector, e is the 
angle between the neutral and slip planes, and zp is the 
angle between the front edge of the sample and the plane 
cross section for which the dislocation density is being 
calculated. 

FIG. 3. Apparatus used for plastic 
deformation of InSb single crystals. 
!-crystal, 2-graphite holders, 3-quartz 
die, 4-yoke of de magnet, 5-adjustable 
stage, 6-magnet core, ?-pointer dial, 
8-coil of de electromagnet. 
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FIG. 4 FIG. 5 
FIG. 4. Sample orientation for bending about a [ 110) axis: a-loca

tions of planes in the crystal, b-{I II) slip plane (plan view); 1-(f II) 
slip plane, 2-(111) slip plane, 3-neutral plane, 4- [II 0) bend axis, 
5-010) dislocation, b-Burgers vector. 

FIG. 5. Dislocation-generating mechanism in uniformly bent cry
stals. Shear forces acting on dislocation sources in the slip planes pro
duce positive and negative dislocations, which move toward and away 
from the neutral axis, respectively. 

For several samples the dislocation density in the 
(111) plane was determined experimentally after the 
bending process from etch figures, using the SR-4A 
etchant. lBJ We observed satisfactory agreement with 
the dislocation density calculated from the bend radius, 
as in l91 • Even at the maximum density of 107 em - 2 the 
discrepancy did not exceed one-half an order of magni
tude; the experimental value always exceeded the cal
culated dislocation density, because the calculation took 

FIG. 6. Dislocation etch pits generated by SR-4A etchant near the 
neutral axis. a-for a deficiency of ex dislocations, b-for an excess of 
ex dislocations. 
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into account only the excess dislocations of a single 
type, whereas etching will reveal all dislocations of a 
given type. Subsequently only the bend radius was de
termined and the dislocation density was calculated. 

Figure 4 shows the orientation of the samples, which 
was such that both active {111} slip planes were sym
metrically located and forming angles of 45° with the 
maximum shear. It can be shown E2 J that for this orien
tation and depending on the polarity of the sample, the 
direction of the bending axis, and the bending moment, 
the crystal will acquire either extra a or extra !3 dis
locations; this is illustrated in Fig. 5. 

When shear stresses activate sources of positive and 
negative dislocations in a crystal, then in the case of 
uniform bending the positive dislocations will move to
ward the neutral axis and the negative dislocations will 
move toward the surface of the crystal. Some of the 
negative dislocations will emerge to form a step on the 
surface and an excess of positive dislocations will re
main inside the crystal. Depending on the sample ori
entation, the direction of the bending axis, and the bend
ing moment, either the a or the !3 type can become the 
positive dislocations and thus constitute the excess af
ter bending. Figure 6 illustrates the etch patterns in 
both instances. 

Following bending, smaller samples (9 x 3.0 x 6 mm) 
were cut from the middle of the sample. A balance 
method was used to measure the temperature depend
ence of the electric conductivity and Hall constant in the 
range 78°-300°K. The maximum magnetic field used in 
measuring the Hall constant was 4400 Oe. To allow for 
possible evaporation of some components and stoichio
metric imperfections as a result of heating preparatory 
to bending, undeformed control samples were also 
heated and were kept at the same 200°C temperature. 

ELECTRIC PROPERTIES 

The semilog figures 7 and 8 show the temperature 
dependences of the Hall constant RH and electric con
ductivity a for three typical n-type InSb samples: a 
control sample, a sample containing an a-dislocation 
excess, and a sample containing a {3-dislocation excess. 
The deformed samples were oriented with the current 
flow direction either parallel or perpendicular to the 
bend axis. For the same samples Fig. 9 shows the 
temperature dependence of the product aRH, which de
termines the Hall mobility for a single type of carriers. 
100° K the donor electron concentration determined from 
the Hall constant for the control sample was 2 x 1014 

em -a; the concentration of intrinsic holes at this tem
perature was two orders of magnitude lower. With in
creasing temperature the thermal ejection of electrons 
is enhanced, and at T > 160° K the crystal becomes an 
intrinsic semiconductor. Nevertheless, even in there
gion of intrinsic conduction the InSb samples behave 
liken-type semiconductors because of the large elec
tron/hole mobility ratio ( f.ln/ llp ~ 100 at 300° K E10l). 

Therefore the aRH vs. 1/T curve of the control sample 
determines the temperature dependence of electron 
Hall mobility in InSb, in agreement with E10J. The in
traduction of excess !3 dislocations does not change the 
Hall constant or electric conductivity significantly. 
The temperature dependence of the Hall constant and 
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FIG. 7. Temperature dependence of the Hall constant for the 
n-type control sample and plastically deformed samples. •-control 
sample, donor electron concentration 2 X 1014 cm-3 ; 0-with excess 
of {3 dislocations, current flow perpendicular to bend axis; 0-with 
excess of ex dislocations, current flow perpendicular to the bend axis; 
•-with excess of ex dislocations, current flow parallel to the bend 
axis. 

FIG. 8. Temperature de
pendence of conductivity for 
the control sample and plas
tically deformed samples (no
tation as in Fig. 7). 

FIG. 9. Temperature dependence 
of carrier mobility for the control 
sample and plastically deformed sam
ples (notation as in Fig. 7). 
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of the electric conductivity are affected significantly by 
the introduction of a dislocations. Then at T"" 120°K 
the sign of the Hall constant is reversed, and with de-



EFFECT OF DISLOCATIONS 919 

creasing temperature beginning at this point the con
ductivity becomes almost two orders of magnitude lower 
than that of the control sample. 

Figures 10 and 11 show similar measurements for 
p-type samples. Above 160° K, in virtue of the afore
mentioned large mobility ratio the Hall constant is neg
ative in p-type samples, where the introduction of either 
a or f3 dislocations reduces somewhat both the conduc
tivity and the Hall constant. At about 100°K this reduc
tion leads to a value about one-half order smaller than 
for the control sample (Fig. 11). 

DISCUSSION OF RESULTS 

The measurements show a clear reduction of car
rier mobility in all instances, for n-type and p-type 
crystals containing a and {3 dislocations. This effect 
is accounted for satisfactorily by Read's simplest 
model, where a charged dislocation along with the space 
wherein its charge is screened can be regarded as a 
scattering cylinder. 

We believe that our most important observation is 
the strong acceptor action of a dislocations in n-type 
crystals up to the sign reversal of the Hall constant. 
We believe that this effect requires principal attention 
in a discussion of the results, and we shall now discuss 
different versions of its cause. 

1. In the direct acceptor action of dislocations each 
indium atom lying in a dislocation line can become a 
direct acceptor and trap either a donor electron or an 
intrinsic electron, thus leaving a hole in the valence 
band. When the density of dislocations is 106 -107 em -2 

the total number of acceptor centers in them is at most 
1013 -10 14 cm-3 • When Coulomb repulsion is taken into 
account, then even when f (the fraction of occupied dis
location sites) = 0.1 [SJ the number of effective acceptor 
centers cannot exceed 1012-1013 cm-3 • The concentra
tion 2 x 1014 cm- 3 of donor electrons in our purest crys
tals could not be neutralized directly by such a small 
number of acceptor centers. If we nevertheless con
sider this mechanism to be operative, we must seek 
conditions that would yield f > 1. 

2. The acceptor action of the a dislocations can be 
accounted for in another way if we assume that the dis
locations do not affect the mobilities of holes and elec
trons to the same extent. When both kinds of carriers 
are present, the carrier concentrations n and p and 
the respective mobilities appear in the expression for 
the measured Hall constant: [10 J 

(2) 

The electron mobility in InSb exceeds the hole mobility 
by about two orders of magnitude. Therefore even a 
crystal having some excess of holes will exhibit nega
tive Hall voltage. If we assume that the a dislocations 
strongly reduce the electron mobility without appreci
ably affecting the hole mobility, we can account for the 
reversed sign of the Hall voltage at temperatures where 
the intrinsic carrier concentration remains sufficiently 
high. If this is the true mechanism we can expect to ob
serve a second reversal of sign as the temperature is 
further reduced. 

3. Still another possible cause of RH sign reversal 
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FIG. I 0. Temperature dependence of Hall constant for the p-type 
control sample and plastically deformed samples. •-control sample, 
hole concentration 5 X I 0 14 cm-3 ; D-with excess of a dislocations, 
current flow perpendicular to the bending axis; Ll.-with excess of(! 
dislocations, current flow direction perpendicular to the bending axis. 
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FIG. II. Temperature dependence of conductivity for the p-type 
control sample and plastically deformed samples (notation as in Fig. 7). 

would be a change in the band structure of the crystal 
resulting from stresses generated by dislocations and 
propagating to fairly long distances from the disloca
tion nucleus. It is known[ 11 J that InSb is very sensitive 
to elastic stresses. However, in this case we cannot 
account for such a difference between the actions of a 
and {3 dislocations, whose elastic stress fields should 
be identical. 

4. We must not fail to mention that plastic deforma
tions not only increase the dislocation density but also 
increase the concentration and change the state of point 
defects in the lattice. The lattice could thus acquire a 
large number of indium and antimony vacancies and in
terstitial atoms. We can then assume that the intersti
tial indium atoms and the antimony vacancies will act 
as acceptor centers. It is also possible that the diffu
sion of dissolved donor impurities will be greatly ac
celerated in the dislocation field. Impurity atmospheres 
would form around the dislocations and the concentra
tion of active donors would be reduced. 

Our future experimental work will aim at obtaining 
more detailed information concerning the aforemen
tioned possible mechanisms of the acceptor action of 
CJI dislocations in InSb crystals. 

We are indebted to v. Ya. Kravchenko and V. L. 
Pokrovskii for valuable discussions, and to L. G. Fed
yaeva for experimental assistance. 
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