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The Effect of Plastic Bending on the 
Electrical Properties of Indium Antimonide 
Part 2 Four-Point Bending of n-type Material 

R. L. BELL, A. F. W. W I L L O U G H B Y  
Engineering Materials Laboratory, The University, Southampton, U K 

Uniform arrays of In- and Sb-dislocations have been introduced into indium antimonide 
single crystals by high temperature four-point bending, and the densities of the two types 
of dislocation estimated by the selective etchants calibrated previously. Hall coefficient 
and electrical conductivity measurements on bent samples confirm preliminary results 
that both dislocation types act as acceptor centres in n-type material, and interpretations of 
the temperature-dependence of the electrical properties on the Read and Broudy 
models have enabled estimation of the dislocation acceptor levels. A new method of 
analysing experimental data in terms of the Broudy model has been developed, and the 
model itself modified for the case where the dislocations are in highly polygonised arrays. 
The different analyses result in widely different dislocation energy levels. From a comparison 
of these present results with recent studies of dislocations in p-type material it is 
concluded that the unmodified Read model is most appropriate and that the In-dislocation 
level lies near the centre of the band gap while the Sb-levet lies near the valence band. 

1. Introduction 
In the initial experiment survey described in 
Part 1 of this investigation [I ] three-point bend- 
ing was used to introduce an excess of either In- 
or Sb-dislocations [2] into indium antimonide 
single crystals. Electrical measurements on these 
samples indicated that both In- and Sb-disloca- 
tions act as acceptor centres in n-type material, 
and that In-dislocations act as acceptor centres 
in p-type material. A quantitative analysis was 
not possible, however, because of the variation of 
dislocation density between the inner and  outer 
knife edge positions. Subsequently, Bell and 
Willoughby [3] used four-point bending for 
etch-pit studies of dislocations in indium 
antimonide and it was found that a uniform 
distribution of dislocations could be produced 
between the inner knife edges. Such a uniform 
distribution is essential for electrical studies on a 
macroscopic scale, and specimens bent by this 
technique have been used to make a detailed 
study of the electrical properties of  dislocations 
in n-type material. The specimens used in this 
investigation are the same as those used in the 
previous etch-pit study [3 ] in which the relative 
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numbers of In- and Sb-dislocations in each 
specimen were estimated by means of selective 
etchants calibrated in the first part of that study. 
The temperature-dependence of the Hall coeffi- 
cient and conductivity of these specimens, bent to 
introduce an excess of each type of dislocation, 
has been used to obtain the energy level of each 
type of dislocation by means of the theoretical 
treatments of Read [4] and Broudy [5]. The 
results are discussed in relation to the previous 
work reviewed in [I ] and to recent investigations 
of the effects of bending onp-type material [6, 7]. 

2. Experimental Procedure 
Single crystals of indium antimonide supplied by 
the Royal Radar Establishment, Malvern, had 
an initial electron concentration at 80 ~ K of 
about 1014 cm -8 and an etch-pit density of order 
10 a cm -2 or less. Specimens were prepared in the 
form of wafers of dimensions 22 • 10 • 2.5 mm 
in an orientation to favour single slip during 
bending. The polarity of the bending direction, 
i.e. whether In- or Sb-dislocations would Ice 
required by the bending, was determined by the 
etching techniques described elsewhere [3], and 
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the specimens were deformed in a four-point 
bending jig at 360 ~ C under a glide strain rate of 
5 • 10 -8 sec -1 at the outer fibre. Full experi- 
mental details of the four-point bending tech- 
nique are given in [3 ] together with typical stress/ 
strain curves which, as discussedin that reference, 
indicate that glide occurred on one slip system 
only. Bar-shaped samples, cut from slices 
adjacent to the ones used for bending, were used 
as "control" samples and underwent the heat- 
treatment given during the bending operation. In 
certain cases, previously bent material was used 
for control samples to investigate whether 
impurity uptake was any greater in material 
containing a high dislocation density; these are 
designated "deformed control" samples. 

Measurement of the Hall coefficient and 
electrical conductivity of each bent specimen 
was made on two samples cut from it in the 
manner shown in fig. 1. This geometry enables 
measurement of electrical properties with the 
current flowing parallel to the expected disloca- 
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Figure 1 Sectioning of a bent specimen to obtain samples 
for electrical measurement. 

tion direction [8] in one sample, and perpendicu- 
lar to it in the other. Platinum current leads and 
potential probes were attached to both these and 
the control samples by an indium soldering 
technique [1 ]; for the samples cut perpendicular 
to the bend axis the potential probes were 
attached in the region of uniform dislocation 
density between the inner knife edges, as shown 
by the lower two illustrations in fig. 1. A D C 
technique of Hall coefficient and conductivity 
measurement was used [1 ] employing a magnetic 
field of about 1000 gauss and sample currents of 
about 200 FA at 80 ~ K and 5 mA at room 
temperature. Measurements at temperatures 
intermediate between room temperature and 
80~ were obtained by slow-cooling the cryostat 
with small quantities of liquid nitrogen. After 
each addition of liquid nitrogen the system was 
allowed to settle until the maximum temperature 
variation during the course of a measurement was 
less than 1 ~ C. For each measurement of 
conductivity, current reversal was carried out, 
and for the Hall coefficient field reversal also. 
The maximum error in the Hall coefficients is 
estimated as :~ 12~ and in the electrical 
conductivities as t :  18 ~ .  

The etch-pit density was measured by 
sectioning each bent specimen on the octahedral 
face making an angle of 71 ~ with the bend axis, 
so that dislocations running parallel to the latter 
would intersect this face at a steep angle. The two 
etchants used were modified CP4 and the butyl- 
amine etch. Full details of the etching technique 
and measurements of etch-pit density on the 
present samples are given in [3]. 

3. Results 
3.1. The Dislocation Distribution in the Bent 

Samples 
It was considered essential to obtain samples 
with a uniform dislocation density, since the 
electrical properties of material with a wide 
variation in dislocation density are extremely 
complex [5]. For this reason, and also to 
minimise point-defect production, the bending 
was performed at a relatively high temperature 
(360 ~ C) and low strain rate. The etch-pit density 
of specimens bent by this technique varied by 
only about 15 ~ in a direction perpendicular to 
the neutral plane compared with a factor of more 
than three for specimens bent at 270 ~ C [3]. For 
positions within the inner knife edges the varia- 
tion in etch-pit density was also small along 
directions AB and CO, (fig. 1), being less than 
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Figure 2 Etch-pit distribution in (a) an In-bent sample (G10); (b) an Sb-bent sample (Gg). Etchant: Butylamine etch 
( • oooo). 

10 ~ in all cases. This enabled consistent electrical 
measurements to be made at several points along 
samples cut parallel to AB and CD. Although the 
macroscopic etch-pit distribution was very 
uniform, on a microscopic scale the pits were 
aligned in polygon walls perpendicular to the slip 
plane as shown in figs. 2a and b, the alignment 
being more pronounced in In-bent samples [3]. 

The densities of In- and Sb-dislocations (pin 
and psb) in the bent specimens were estimated 
from the etch-pit densities with the two etchants 
(pBut and OcP4) using the following relations [3]: 

p B u t  ~ -  p i n  @ pSb  ; 

P c P 4  = p i n  -~- �89 �9 

Values of O~n and pSb calculated in this way for 
the present specimens are given in [3 ]. The ratios 
of majority to minority sign dislocation densities 
are listed in table I; the values are typically 
between 3/1 and 4/1 for In-bending and 2/1 and 
3/1 for Sb-bending. The reasons for these differ- 
ing proportions have been discussed previously 
[3]. 

It was also considered important to estimate 
the degree of slip on non-primary systems in the 
bent samples, since multiple slip would blur the 
distinction between "parallel" and "perpendic- 
ular" samples and would also be likely to 
produce large numbers of point defects by 
dislocation interactions. In fact the density of 
non-primary dislocations, estimated by the 
etch-pit density on a face cut parallel to the slip 
plane, was in all cases less than 1 ~  of the 
density of primary dislocations. 
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3.2. Hall Coefficient and Electrical 
Conductivity Measurements 

3.2.1. The effect of Heat-treatment on the 
Control Samples 

The control samples, both undeformed and 
deformed, were measured before and after the 
heat-treatment, and in no sample was any 
significant change in either the Hall coefficient or 
the conductivity detected. It is therefore conclud- 
ed that impurity uptake during heat-treatment 
at 360~ was insignificant, even in samples 
containing a high dislocation density. 

3.2.2. Measurements on Bent and Control 
Samples over the Range 80 to 300 ~ K 

In the case of two In-bent and two Sb-bent 
specimens the Hall coefficients of both control 
and deformed samples were measured over the 
temperature range 80 to 300 ~ K; the results are 
plotted in fig. 3. In all cases the values of R Ii and 
R l for corresponding samples were equal, within 
experimental error, and so only R,, is plotted in 
the figure. (The subscripts II, L and 0 refer to the 
parallel, perpendicular and control samples 
respectively.) 

In the intrinsic range the Hall coefficient curves 
for control and deformed samples are super- 
imposed. Throughout the extrinsic range, 
however, the Hall coefficient of deformed 
samples is greater than that of the control 
samples for both Sb- and In-bending which 
appears to indicate the introduction of acceptors 
in the two cases. In the extrinsic range, the control 
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Figure 3 Variation of Hail coefficient with temperature 
for bent and control samples of (a) specimen G6 (In- 
bent); (b) specimen G3 (In-bent); (c) specimen G4 (Sb- 
bent); (d) specimen G5 (Sb-bent). 
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Figure 4 Variation of electrical conductivity with tempera- 
ture for bent and control samples of specimen G4 (Sb- 
bent). 

samples have a temperature-independent Hall 
coefficient which is characteristic of ordinary 
n-type material [9], while that of the deformed 
samples increases as the temperature falls as in 
the freeze,out of impurity centres. The slopes, 
however, are too shallow for any known impurity 
level and in sections 4 and 5 the results are 
analysed in terms of models of dislocation 
accepters which, because of the electrostatic 
interaction between the accepted electrons along 
a dislocation line, predict an entirely different 
temperature-dependence of the Hall coefficient. 

Fig. 4 shows the temperature-dependence of 
the electrical conductivity of the Sb-bent 
specimen G4, and compares the curves for 
control, parallel and perpendicular samples. The 
Hall mobility F ( =  Ra) is plotted in fig. 5 for the 
same samples and shows that, below about 
200~ the three curves diverge such that 
IXo > tzll > F.L until at 80 ~ K F J F o  ---- 0:3 and 
/zn//x o = 0.8. This behaviour is typical of both 
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Figure 5 The variation of Hall mobility with temperature for 
bent and control samples of specimens G4 (Sb-bent) 
compared with a curve of /x. calculated on the Read 
model. 

In- and Sb-bent specimens (see section 3.2.3 and 
table II). Such an anisotropic mobility in the 
deformed specimens would be expected [4] if 
dislocations lie mainly along the bend axis, but 
Read's theory predicts that the mobility in the 
parallel samples should be unchanged as 
compared with the control samples. The 
temperature-dependence of the Hall mobility of 
the control samples obeys the relation /zesT -1.6 
found by PuLley [9] and explained by Ehrenreich 
[10] in terms of combined optical phonon and 
electron-hole scattering, but below 200 ~ K the 
behaviour of the deformed samples indicates the 
presence of another scattering mechanism. In 
section 4.3 this will be analysed in terms of the 
effect of dislocations on mobility. 

3.2.3. Samples Bent to a Variety of Radii and 
Measured at 300 and 80~ K 

Measurements were made at two fixed tempera- 
tures, 300 and 80 ~ K, on a large number of 
samples which had been bent to a variety of radii 
from 2.5 to 50 cm. At 300 ~ K the Hall coefficient 
and conductivity of each sample was equal to the 
intrinsic value as observed in section 3.2.2. The 
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T A B  LE I Hall coefficient and conductivity measurements at 80~ on undeformed control samples (Ro, o-o), parallel 
samples (RII, %) and perpendicular samples (R.L , %), and their etch-pit densities (Psut) 

In-bent specimens 
Spec. pBut, cm -~ pIn/pst~ Ro (n-type), R• = R, o0, o,, ~,, 
no. cm3/Cotfl (n-type), cm -~ g2-cm -~ O-cm -~ 

cm3/Coul 

Gl l  7.25 • 105 2.76 7.45 • 104 7.84 • 104 7.58 6.79 6.15 
GI 1.4 • 10 G 3.67 6.61 • 10 ~ 7.38 • 104 8.58 7.59 6.05 
G12 2.88 • 106 2.79 8.82 • 10 ~ 1.23 • 105 5.33 3.51 2.52 
G2 3.18 • 106 3.05 1.34 • 10 s 3.05 • 105 3.55 1.43 0.639 
G6 5.82 • 106 3.7 8.80 • 104 3.56 • 10 ~ 6.36 1.38 0.44 
G10 1.35 • 107 3.5 5.3 • 104 2.74 • 105 9.56 1.15 0.42 
G3 3.30 • 107 3.12 1.1 • 10 ~ 2.25 • I04 38.2 17.19 5.97 

pBut Ro (n-type) R.t (p-type) a0 (n-type) o x (p-type) 

GI5 2.67 • 10 r 7.50 • 10 a 5.21 X 104 7.60 0.112 

Sb-bent specimens 
Spec. pBut pSb/pIn Ro (n-type) R. = R,, ~r0 all cr, 
no. (n-type) (n-type) (n-type) (n-type) 

G4 1.71 • 106 2.42 5.81 • 104 1.35 • l0 s 10.2 3.98 1.88 
G7 2.02 • 106 2.48 4.28 • 104 7.27 • 104 12.3 6.22 3.08 
G8 3.1 • 106 2.45 3.36 • 104 6.945 • 104 16.55 6.70 2.88 
G13 5.05 • 106 2.43 1.04 • 104 1.427 x 104 37.8 24.8 15.56 
G14 7.27 • 106 2.48 8.62 • 103 1.147 • 104 47.9 32.6 20.05 
G9 9.6 • 106 2.48 6.65 • 103 8.954 • 10 a 52.34 35.0 22.34 
G5 1.45 X 10 7 3.14 9.00 • 10 a 3.99 • 10 ~ 45.6 8.16 2.44 

measurements  at 80 ~ K are given in table I 
together with the etch-pit density obtained with 
the buty lamine  etch (p~ut). One In-bent  sample 
(Number  G15) was converted to p-type by the 
bending. 

In  general, for samples remaining n-type after 
bending,  the results given in table I confirm the 
trends found in section 3.2.2., i.e. Rit = R• > R0 
and/z  0 > /*l~ > /*~, for both  Sb- and In-bending.  
All the results, including those from specimen 
G15, indicate that both  In-  and  Sb-bending 
introduce acceptor centres and reduce the 
mobil i ty  to a greater extent in the perpendicular  
samples than in the parallel  ones. 

4. Analysis of Results on the Read 
Model of Dislocation Accepters 

Since all the measurements  detailed above are 
consistent with the idea of deformat ion- induced 
acceptors, it seems reasonable to analyse the 
measurements  quanti tat ively in terms of a model  
such as that postulated by Read [4] for disloca- 
tions in germanium.  On this model  thedislocat ion 
acceptor centres have a single level within the 
energy gap but  the occupat ion statistics are 
limited by the increase in electrostatic energy of 

the system so that the fract ion,f ,  of  sites occupied 
is given on the " m i n i m u m  energy" approxima-  
tion, by the expression 

(Ec - E•) - (Ec - E F ) -  Eof{31nf/ f~ - 0.232} 
(1) 

where, measur ing energies f rom the top of 
the valence band,  ED is the dislocation energy 
level at the dislocation, EF is the Fermi  level in 
normal  material,  Ec  is the conduct ion  band  
energy, E 0 = q2/Kc, f~ = crr */a (N• - NA)  1/a and 
c = spacing of dangling bonds  = 0.866b cosec c~ 
where a = angle between dislocation line and its 
Burgers vector. On the " F e r mi "  approximat ion,  
which allows non-un i fo rm spacing of electrons 
along the dislocation but  assumes that  all 
configurations have the same energy, the 
appropriate  expression is 

(Ec  -- ED) -- (Ec  -- EF) + k T I n  (~ - -T  - f  ) 

= Eof{31nf / f ,  - 0.232} (2) 

The Read model  has been modified for the 
case of the sphalerite structure by Gatos  and  
Lavine [11 ] and Holt  [12], bo th  of whom suggest 
that  each type of dislocation is associated with 
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m o r e  t h a n  one  level .  T o  s impl i fy  the  analysis ,  
howeve r ,  i t  wil l  be  a s s u m e d  here  t h a t  the re  is j u s t  
the  one  ene rgy  level  a s soc i a t ed  wi th  each  o f  t he  
two  types  o f  d i s loca t ion .  I t  wil l  be  f u r t h e r  
a s s u m e d  tha t  the  d i s loca t ions  in al l  s amples  were  
p r e d o m i n a n t l y  o f  the  p u r e  edge  type.  

4.1. Ana l ys i s  of Hall Coef f ic ient  
Measurements  on Samples Bent to 
Var ious  Radii 

I n  o r d e r  to  i n t e rp re t  e lect r ica l  m e a s u r e m e n t s  on  
m a t e r i a l  c o n t a i n i n g  d i s loca t ions  R e a d  [4] and  
s u b s e q u e n t l y  L o g a n  et al [13] a n d  B r o u d y  [5] 
h a v e  m a d e  t heo re t i c a l  t r e a t m e n t s  o f  c o n d u c t i o n  
in m a t e r i a l  c o n t a i n i n g  a pa r a l l e l  a r r ay  o f  
d i s l o c a t i o n  space  c h a r g e  cyl inders .  A s s u m i n g  
tha t  specu la r  sca t t e r ing  o f  e lec t rons  occurs  a t  the  
sur face  o f  these  cy l inders ,  R e a d  [4] and  L o g a n  
et al [13] o b t a i n e d  the  f o l l o w i n g  express ion  fo r  
R~ in t e rms  o f  ( n ) ,  the  a v e r a g e  ca r r i e r  c o n c e n t r a -  
t i on  in the  p e r p e n d i c u l a r  s ample  

/~ < n > g  (3) 

whe re  F a  is the  Ha l l ,  and  /z the  dr i f t  mob i l i t y .  
L o g a n  et al [13] and  B r o u d y  [5] o b t a i n e d  the  

TABLE II Read interpretation of measurements at 80 ~ K 

s a m e  express ion  fo r  R II. T h e  p re sen t  m e a s u r e -  
m e n t s  all  c o n f i r m  the  p r ed i c t i on  t h a t  R Ii = Rx 
a n d  e q u a t i o n  3 has  t he re fo re  been  used  to  
ca lcu la te  ( n )  a t  80 ~ K ,  f r o m  the  d a t a  o f  t ab le  I. 
( In  the  case  o f  the  p - t y p e  s a m p l e  a s imi la r  rela-  
t i o n  has  b e e n  used  to  ca lcu la te  ( p ) . )  These  va lues  
are  g iven  in t ab le  I I  t o g e t h e r  w i t h  va lues  o f  n, the  
ca r r i e r  c o n c e n t r a t i o n  in the  c o n t r o l  s amp le s ;  
Fr~/F = 1 has  b e e n  a s s u m e d  t h r o u g h o u t .  

Va lues  o f  the  ne t  c h a n g e  in ca r r i e r  c o n c e n t r a -  
t ion ,  (n - ( n ) )  o r  (n + <p)) ,  a re  g iven  in this 
table ,  a n d  a re  p l o t t e d  aga ins t  the  e t ch -p i t  densi ty ,  
OBu~, in fig. 6, t o g e t h e r  w i t h  c o r r e s p o n d i n g  resul ts  
f r o m  the  t h r e e - p o i n t  b e n d i n g  inves t i ga t i on  [1 ]. 
W i t h i n  e x p e r i m e n t a l  e r ro r  t he  resul ts  fo r  Sb -ben t  
s amples  lie on  a s t ra igh t  l ine o f  s lope  = 3.85 • 
107 c m  -~ whi le  those  fo r  the  I n - b e n t  samples  lie 
on  a l ine o f  s lope  = 0.816 x 10 v c m  -1. N o w  on  
R e a d ' s  t h e o r y  the  c h a n g e  in ca r r i e r  c o n c e n t r a t i o n  
a t  a g iven  t e m p e r a t u r e  due  to  t he  i n t r o d u c t i o n  o f  
p d i s loca t ions  p e r  cmz is g iven  by  the  express ion  

n -- ( n )  f p  
, =  (4) 

/I cn 

(where  ~ is the  f r a c t i o n  o f  m a t e r i a l  in the  space  
cha rge  cyl inders) ,  a n d  thus ,  i f  f is c o n s t a n t * ,  

1n-bent specimens 
Spec. pB~t, n, <n>, n - -  <n), /~0, /z,, /z,, 
no. cm -2 crn -3 cm -3 cm-6 cm~/Vsec cm~/V sec cm~/V sec 

G l l  7.25 x l0 s 8.39 x l0 ss 7.97 x 101~ 0.42 X 10 xs 5.65 x l0 s 5.32 x 105 4.82 x l0 s 
G1 1.4 x l0 s 9.45 x 1015 8.47 X 10 is 0.98 X 1015 5.67 X l0 s 5.60 X 10 ~ 4.47 X l0 s 
G12 2.88 X 10 ~ 7.09 X 10 ~5 5.08 X 1015 2.01 X 10 ~3 4.70 X 10 s 4.32 X 10 ~ 3.10 X 105 
G2 3.18 X l0 s 4.66 X 1013 2.61 X 1013 2.05 • 10 is 4.76 X 106 4.37 X 10 ~ 1.95 X 106 
G6 5.82 X 106 7.11 X 10 ~3 1.75 X 1015 5.36 X 10 ~5 5.6 X I0 s 4.92 X 10 s 1.58 X 105 
G10 1.35 X 107 1.18 X 10 xa 2 . 2 8  X 10 ~3 9.52 X 10 x3 5,07 X l0 s 3.15 X l0 s 1.15 X 106 
G3 3.30 x 107 5.68 X 1014 2.78 x 10 ~4 2.90 • 1014 4.2 X 105 3.88 X l0 s 1.34 X 106 

p~ut, n, <p>, n -4- <p>, /z0 (n-type), # (p-type), 
cm -z cm -s cm -5 cm -5 cmz/V sec cm2/V sec 

G15 2.67 X 107 8.33 X 10 ~3 1.20 • 1014 2.03 X 101~ 5.7 X l0 s 5.83 X 106 

Sb-bent specimens 
Spec. no. p~t n <n) n - -  <n> /% /zll /z• 

G4 1.71 x 106 1.075 x 1014 4.63 x 10 x3 6.12 x 10 la 5.9 x 105 5.37 x 105 2.55 x 106 
G7 2,02 x 106 1.46 x 101~ 8.60 x 1015 6.0 x 1013 5.26 x 106 4.52 x 105 2.24 x 105 
G8 3.1 x 10 e 1.86 x 1014 9.00 x 1018 9.6 x 1015 5.56 x 106 4.65 x 106 2.00 x 106 
G13 5.05 x 106 6.00 x 10 x4 4.38 x l0 ~4 1.62 x 10 ~ 3.93 x l0 s 3.54 x l0 s 2.22 x 106 
G14 7.27 x 106 7.25 x 10 ~4 5.45 x 1014 1.80 x 10 ~4 4.13 x 106 3.74 x 10 s 2.3 x 106 
G9 9.6 x l0 s 9.40 x 10 ~ 6.98 x 1014 2.42 x 1014 3.48 x l0 s 3.13 x l0 s 2.0 x l0 s 
G5 1.45 x 107 6.94 x 101~ 1.57 x 10 ~ 5.37 x 1014 4.1 X 106 3.26 x l0 s 0.972 x l0 s 

*In fact f i s  not expected to be exactly the same for each sample since the carrier concentration, and EF, of each was 
different initially, but this is likely to give a variation o f f  values of only about : :k l0~ as shown for each value of 
dislocation energy level in table IV. 
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Figure 6 Increase in acceptor concentration after bending, 
measured at 80 ~ K, versus etch-pit density in In-bent and 
Sb-bent specimens. Those remaining n-type after bend- 
ing are shown as: z~X, Sb-bent; O, In-bent; @, In-bent, 
(from previous investigation [1] employing 3-point 
bending). Those converted to p-type by the bending are 
shown as: @, In-bent; ~i,, Sb-bent (from previous investi- 
gation [1]). 
The straight lines are drawn giving least weight to the 
three-point bent samples because of difficulties associ- 
ated with the non-uniform dislocation distribution in 
these. 

n - (n)  should be directly proportional to O as 
observed. The difference between the slopes for 
Sb-bent and In-bent specimens indicates that 
Sb-dislocations provide more than four times the 
number of acceptor centres per unit length than 
do the In-dislocations and suggests that the 
Sb-dislocation level is lower in the forbidden gap 
than the In-level. The systematic dependence of 
acceptor concentration on dislocation density 
shown in fig. 6 provides good evidence that the 
acceptors are associated with dislocations 
rather than with another species of deformation 
induced defect. 

4.2. Analysis of Temperature-Dependence of 
the Hall Coefficient of Bent Samples and 
Calculation of Dislocation Energy Levels 

For each specimen it was first necessary to 
calculate the position of the Fermi level in the 
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0.O19 

)-O7 
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0"04 

003 

O-O2 
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I I I 
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Figure 7 Variation of f, the fraction of dislocation acceptors 
occupied, with temperature for various values of the 
dislocation energy level (E c -  Eo). Continuous lines 
calculated by Read's "minimum energy" approximation, 
and broken line by the "Fermi" approximation. 

undeformed material. The expression used for 
this was 

eo-  = rln L j '  

and, with the values c = 4  A, ~ =  16, and 
rn* = 0.013 m0, equation 1, which is an implicit 
function o f f ,  was then solved by a numerical 
method for several selected values of  (Ec - ED) 
so as to give a family o f f  versus temperature 
curves such as that shown in fig. 7. One of these 
curves, say the one for (Ee - ED) = 0.08 eV, 
was then selected for the first comparison with 
experimental results. Following the method of 
Logan et al [13] relation 4 was re-written in the 
form 

e(T) = Z f ( r )  (5) 
where 

c(ND -- NA) (6) 

the 
relation 
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PLASTIC BENDING AND THE E L E C T R IC AL  PROPERTIES OF InSb (2) 

e =  1 -  (Ro/RIO, were plotted as experi- 
mental points, e.g. fig. 8a and by fitting the 
theoretical f versus T curve at one temperature 
(75 ~ K) the value of A was obtained. This value 
was then used to convert the theoreticalfversus 
T curve into that for E versus 7". The procedure 
was repeated forfversus T curves apertaining to 
other values of (Ec - Eg) and it was seen that 
E c -  ED - 0.12 eV gave the best fit over the 
range of temperature. From the value of A used, 
the dislocation density was derived from 
equation 6. 

The observed temperature-dependence of the 
Hall coefficient of all samples measured could be 
accommodated in this way using f ( T )  curves 
calculated by Read's "minimum energy" 
approximation but not by those obtained on the 
"Fermi"  approximation. The quality of the fits 
obtained with curves based on the "minimum 
energy approximation" is shown in fig. 8, while 
the acceptor levels and dislocation densities 
deduced are listed in table III together with the 
measured etch-pit densities. The analysis places 
the In-dislocation level near the centre of the gap 
and the Sb-level close to the valence band, fig. 9. 

Comparing the measured etch-pit densities 
with the dislocation densities deduced from the 
above analysis there is a discrepancy of a factor 
of  about seven for In-bending and fifteen for 
Sb-bending. These two different factors are 
confirmed approximately by the data in table IV 
which relates to specimens whose electrical 
properties were measured only at two fixed 
temperatures. Here f-values were calculated on 
the basis of the (Ec - ED)-values deduced above. 
It will be noted that in all cases comparison is 
being made with the dislocation density given by 
the butylamine etch which reveals not just the 
majority dislocations but the total dislocation 
content [3]. Had the comparison been with the 
number of majority sign dislocations only, the 
discrepancies would have been worse. In view of 

conduction band 

0 '10e3~ l 

.'In. d i sloc~: :2:'sVk ~_.._4 
0-20e.V. 

f 

Sb-distocations ,: . ~_~ \ \ \ \ \ \ \ \ \ \ \  
valence band 

Figure 9 Scheme of dislocation acceptor levels resulting 
from Read analysis. 

previous work on the efficiency of etching disloca- 
tions in material with the diamond or sphalerite 
structure [3, 14], the large overestimates given by 
the analysis based on the Read model are 
considered to be a major shortcoming of the 
application of it to InSb. 

4.3. Analysis of Hall Mobility Measurements 
Read [4] assumed that specular scattering of 
electrons occurred at the surface of the space 
charge cylinders and thus considered that scatter- 
ing by dislocations would have a negligible effect 
on mobility for current flow parallel to the space 
charge tubes. This prediction is not well con= 
firmed by the present results, for, although most 
of the /zll values in table II are within experi- 
mental error of corresponding values of /z  0, txu 
was in all cases less than /xo. For current flow 
normal to the dislocations Read suggested that 
the mobility would be reduced both by distortion 
of the current streamlines and by scattering at 
space charge cylinders, and Logan et al [13] 
developed this model to obtain 

tz----~ = g(E) F(X)  (7) 
/Zo 

T A B L E  III Read Interpretation 

Spec. Excess Ec-ED, Dis loca t ion  density,  
no.  dis locat ion eV cm -2 

type Calculated Etch-pi t  
(eB~t) 

/z.t , crn2/V sec 

Calculated Exper imenta l  

/zx (calculated) 
/~.t (experimental)  

G6  In  0.12 4.49 • 107 5.82 • 106 
G3 In  0.10 2.14 • 108 3.30 x 107 
G4 Sb 0.22 2.86 x 107 1.71 • I0 n 
G5  Sb 0.20 2.06 • 108 1.45 • 107 

- - 0 . 2 2  

1.24 x 105 
0.966 • 105 
1.89 • 105 
0.644 • 10 ~ 

1.58 • 105 
1.34 • 105 
2.55 • 105 
0.972 • 105 

0.785 
0.721 
0.741 
0.662 
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where g(E) is a distortion parameter obtained 
empirically by Morgan [4] and theoretically by 
Juretschke et al [15]. F(X) represents the 
reduction in mobility by scattering, where 
X = [lID, [ is the mean free path in undeformed 
material in which acoustic scattering was 
assumed to predominate, and [w is the mean free 
path for dislocation scattering which is given by 
the following relation derived by Logan et al 

3 
t~ = 8Rw (8) 

where Rs, the radius of the space charge tubes, 
was given by Read as 

Rs = [ r r c ( N ~  NA')] �89 (9) 

Duga [16] subsequently modified this treatment 
for the case of indium antimonide where impurity 
scattering may be a significant scattering 
mechanism at 80 ~ K, and obtained 

~• = t,~g(,) F(X) K(/3*) (lO) 

where FA is the mobility (in an undeformed 
sample) limited only by acoustic scattering, and 
the additional term K(/3*) represents the effect of 
impurity scattering in the deformed sample. 

It must be noted at this stage that Duga's 
calculation was based on the assumption that 
scattering by acoustic phonons is the dominant 
lattice scattering mechanism in InSb, while 
Ehrenreich [10] has shown that polar scattering 

is dominant over the acoustic modes at higher 
temperatures and probably also at 80 ~ K. It is 
possible, therefore, that Duga's treatment is 
incorrect, but, in the absence of any comparable 
treatment using polar scattering, the present 
results have been analysed on the Duga theory 
bearing in mind this objection. 

Values of F• to compare with experimental 
measurements listed above, were calculated 
from equation 10 in which the constituent 
parameters were obtained as follows: /3, the 
degree of impurity scattering in the undeformed 
material, was calculated from the temperature- 
dependence of the Hall mobility of the control 
samples, by the method of Bate, Willardson, and 
Beer [17] which uses the relation F0 = /zAK(/3). 
For sample G4, K(/3) ---> 1 at all temperatures and 
thus throughout the following calculations FA 
was taken as the measured mobility of this control 
sample. The calculation of e from the Hall 
coefficient measurements was detailed above, and 
g(e) was interpolated from the graph of Read [4]. 
The mean free path for acoustic scattering, [a, 
was calculated from/zA by the classical expres- 
sion 

3FA 
(A = ~ (2~rm*kr)�89 

derived by Wilson [18], and (9 was obtained 
from equation 8 using the value of p resulting 
from the analysis of the Hall coefficient measure- 
ments (section 4.2). After calculating X = [A(D 

T A B L E  IV Read interpretation: comparison of theory and experiment. Theoretical values calculated assuming 
E c -- E o = 0.12 eV for In-dislocations and 0.20 eV for Sb-dislocations 

1n-bent specimens 
Spec. f(80 ~ K) ptheor, c m  -2 pBut, cm -2 ptheor /,• /~• t~• (calc) 
no. Ec -- ED = ( f r o m  RH) pBut cm~/V sec cm~/V sec /~• (expt) 

0.12 eV 

G l l  0,0477 3.523 • 106 7.25 • 105 4.87 4.93 • 105 4.82 • 105 1.02 
G1 0,0486 8.067 • 106 1.4 • 106 5.75 4.02 • 105 4.47 • 105 0.899 
G12 0,0466 1.726 • 107 2.88 • 106 6.00 2.37 • i05 3.10 • 10 ~ 0.764 
G2 0.0439 1.868 • l0 T 3.18 • 106 5.88 1.57 • 105 1.95 • 105 0.805 
G10 0.0502 7.585 • 107 1.35 • 10 ~ 5.62 0.78 • 105 1.15 • 105 0.678 

Sb-bent specimens 
Spec. f(80 ~ K) ptheor, cm -2 pnut, cm -2 ptheor /,tj. (calc), /~• (expt), /~x (calc) 
no. Ec -- ED = (from R•) pzut cm2/V sec cms/V sec tz• (expt) 

0.20 eV 

G7 0.0815 2.945 • 107 2.02 • 106 14.6 1.77 x 105 2.24 • 105 0.79 
G8 0.0836 4.594 • 107 3.1 • 105 14.8 1.38 • 105 2.00 • 105 0.69 
G13 0.0954 6.793 • 107 5.05 • 106 13.4 1.60 • 105 2.22 • 105 0.721 
G14 0.0974 7.393 • l0 T 7.27 • 106 10.4 1.69 • 105 2.3 x 105 0.735 
G9 0.1004 9.642 • l0 T 9.6 • 106 10.0 1.44 • 105 2.0 x 105 0.72 
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the function F ( X )  was interpolated from the 
graph of Logan et al [13]. 

fl* was calculated from the expression 

fl, 2Q/3sec ,  [. s in~/2 ] 
- 7r X log [cos ( -= /2 ) ]  ' (11) 

where �9 = sin -a (l/X), and the value of Q was 
obtained from the Hall coefficient measurements 
using Duga's expressions [16]. K(fl*) was then 
obtained by interpolation from the tabulated 
values of Beer et al [19]. 

Values of F• computed by the above method 
are compared in table III with the experimental 
values. The computed values are consistently less 
than the experimental ones by about 30 ~ ;  this is 
within experimental error but such a trend is to 
be expected if the dislocations do not all lie 
parallel to the bend axis; this would also explain 
the observation that /x H < F0- Fig. 5 compares 
the dependence on temperature of the computed 
and experimental mobilities of sample G4, and 
shows that the two curves agree within experi- 
mental error over the whole range of temp- 
erature. 

Values of /z  x have also been calculated using 
equation 7 for samples bent to a range of radii 
and measured at the one temperature, 80 ~ K, 
using the dislocation density computed previous- 
Iv. Table IV compares these values with the 
experimental ones and confirms the trends found 
in the samples investigated more extensively. The 
errors produced by using equation 7, i.e. assum- 
ing that impurity scattering is negligible, can be 
estimated from a similar computation of F• for 
sample G5, which results in a value of 0.590 • 
105 cm2/V sec via equation 7, compared with 
0.644 • 105 cm2/V sec via equation 10, an error 
of about 8.4~.  The discrepancy for the other 
samples is expected to be even smaller since 
sample G5 was one of the most heavily doped 
samples used. 

5. Analysis of Measurements on the 
Broudy Non-Specular Scattering 
Model 

Some of the apparent inconsistencies of the 
present results with the predictions of the Read 
model, viz. the observed reduction in electron 
mobility parallel to the dislocations, and the need 
to assume a large under-estimation of dislocation 
density by the etch-pit technique, can be avoided 
by adopting the modification suggested by 
Broudy [5] for the analysis of his own results on 
deformed germanium, that the reflection of 

electrons at the dislocation space charge tubes is 
non-specular. The electron mobility (/~2) in the 
region within one mean free path if) of the space 
charge tubes (the e-region) is then effectively 
lower than the mobility (/x 0 in the region further 
away, as illustrated in fig. 10. For current flow 

f 
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\ / 

\ / 
\ 

/ r region \ / ~ region \ 
/ \ / 

/ \ t 
I I t 

\ / k "~_ ! _./~,? / \ / \ T "," 
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Figure 10 The Broudy model. Rs, radius of the space 
charge cylinders, ~f, mean free path of electrons, D, 
distance between dislocations. 

parallel to the dislocations the material is then 
approximately equivalent to a system of two sets 
of parallel conductors with a third set of parallel 
insulating cores. Using the following simple 
formulae for the conductivity and Hall coefficient 
of a composite of two parallel conductors of 
conductivities ~1 and cry, electron mobilities /~1 
and F2, and carrier concentrations nl and n~, 

(1 + B) [1 + ( B F I ~ d ~ ) ]  ; 
R = n2q[ 1 + (B~y~/cr2)]z (12) 

(~2 + B~rl) . 
- ( I + B )  ' ( 1 3 )  

where B is the ratio of the cross-sectional areas of 
the conductors 1 and 2, Broudy obtained the 
following relations for the Hall coefficient and 
conductivity of the three region arrangement: 

1 - ~ - ( 1  - 0 2 ) r  

RjI/R~ = [1 - e - (1 - 0)r (14) 

all/Cro = 1 - e - (1 - 0)r (15) 
and 

1 
(Y • ]I (16) 

[1 + ~ + r - o ) ] '  
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where 0 ~-/x2//x~, �9 = fraction of material in 
space charge tubes (as in Read model), and 

r = pTr({ 2 4- 2Rs(), (17) 

is the fraction of material in the C-regions. 
In indium antimonide the mean free path of 

electrons at 80 ~ K can be more than 2 Fm for 
samples where impurity scattering is negligible 
(see Appendix 1), and the C-regions of neighbour- 
ing dislocations must be expected to overlap, 
particularly in the present samples where 
dislocations were closely spaced in polygon walls. 
Initially we will assume, however, that this over- 
lap is negligible so that the unmodified Broudy 
model may be applied. 

5.1. Broudy Analysis Assuming no Overlap 
of C-Regions 

A new method of applying Broudy's model to 
experimental data has been developed which is 
simpler and more straightforward than that used 
by the originator. 

The Broudy model modifies Read's theory only 
with respect to scattering, and thus the occupa- 
tion statistics are not affected. The basic equa- 
tions 4 and 9 therefore apply, and substituting p 
from equation 4 and Rs from equation 9 in 
equation 17 gives 

r = G ~ ,  (18) 
where 

K~--~c(ND-f--- NA) I(2 + 2(Jc~v(N?_ NA)}" 

(19) 

Substitution o r e  from equation 18 in equation 14 
gives a quadratic equation in �9 which may be 
solved to give 

ance of this assumption is discussed more fully in 
section 5.2. A value of the dislocation energy 
level, E c -  ED, was then chosen and an f(T) 
curve calculated by Read's "minimum energy" 
approximation as in section 4.2. Choosing a 
particular temperature, say 80 ~ K , f ( 8 0  ~ K) was 
read from this calculated curve, and, using also 
the experimental value of Ro/R, at 80 ~ K and the 
mean free path [ (80 ~ K) calculated from the 
experimental electron mobility as described in 
Appendix 1, E (80 ~ K) was calculated by 
equation 20. Then equation 5 was used to 
calculate A from e (80 ~ K) and f (80 ~ K) and, 
since it is independent of temperature, this value 
of A was used to calculate the whole fiT) curve 
from the f (T)  curve over the range 80 to 300 ~ K. 
Finally, using equation 21, (Ro/R,) was calcu- 
lated over the whole range of temperature from 
this fiT) curve. This Ro/RII (T) curve is a purely 
theoretical one, except for the use of (Ro/R 0 
(80 ~ K) to obtain A and the use of the measured 
electron mobility to obtain the mean free path. 

A series of Ro/R, (T)curves was calculated as 
described above for a range of energy levels 
within the forbidden gap, but none of these 
fitted the experimental points. All the theoretical 
curves were steeper than the experimental ones, 
the fit being closest when the dislocation acceptor 
level was nearest the valence band. Since there 
was no problem in obtaining a fit on the Read 
model, the difficulty here must be ascribed to 
the rapid variation of r with temperature. This 
variation would be less rapid if neighbouring 
C-regions overlapped, as was likely in the present 
samples, and the model was therefore modified 
to include the degree of overlap expected with 
polygonised dislocations. 

2L1 - (Ro/Rjj)M1 - ,](Ro/RII)2M~ 2 - 4(Ro/Rjl)Kt0LI(1 - O) 
e = 2L12 (20) 

whereL1 = KI(1 - 0) + 1, and 
M1 = KI(1 - 02) + 1, and the original equation 
14 may be rewritten in the form 

Ro/R, (1 - ELa) 2 
= (1 - e M 0 "  (21) 

The above equations were used to test the 
Broudy model in the following way: A value of 0 
was assumed in order to solve for the other 
unknowns. It was found, by varying 0, that a 
real solution of  equation 20 could only be 
obtained with 0 < 0.1, and for the following 
analysis 0 was assumed to be 0.05. The signific- 
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5.2. Modified Broudy Model for Polygonised 
Dislocation Arrays 

Typical arrangements of dislocations in the bent 
samples are shown in fig. 2. The dislocations lie 
in polygon walls spaced at about 5 to 10 /~m, 
whilst the separation of dislocations within a 
wall is 1 to 2 Fro. Since the space charge cylinders 
are probably about 0.5 ~m in diameter (for 
f ~ 0.05) and the mean free path is about 1 to 
2 Fm, overlap is very likely to occur in the poly- 
gon walls, but unlikely between neighbouring 
walls, and the model shown in fig. 11 was there- 
fore adopted. Here the specimen consists of a 
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Figure 11 Broudy model  modified for samples conta in ing 
polygonised dislocations. 

which (4 + e) at a given temperature may be 
adjusted. I f  the value of z were inserted the 
number of walls per unit volume would be 
known and q~ + e (--  2(Rs § O / z )  would effec- 
tively be fixed since >> Rs. However, insertion of  
y does not predetermine (4 4- E) since the number 
of walls per unit volume is still adjustable. 

Equation 23 is the counterpart of equation 18 
for the no overlap model, and, the analysis was 
carried out, exactly as in section 5.1, except that 
K 1' was substituted for/s in equation 20 and 21. 
Fits were obtained between theoretical and 
experimental R o / R I j ( T ) c u r v e s  as shown in fig. 12 
for specimen G5 which gives reasonable agree- 
ment for Ec - ED = 0.04 eV. From the value of 

0"2E 
series of  walls of 4 material, of  thickness 
(2(4-2Rs)  separated by material of unaltered 
mobility. There is a row of space-charge cylinders 0.27 

along the centre of  each 4-wall. This model will 
be a good approximation if (2t-t-2Rs) >> y, o.2s 
(see fig. 11) as is expected in most of the present 
samples when in the extrinsic temperature range, o25 
If  z is the distance between the centres of = 

neighbouring walls then the fractional area ~ -'~~ 
occupied by the (4 + e) walls is (2Rs + 2[)/z ,  0'24 
and the volume fraction will be the same. 
Therefore 02., 

4 = 2(Rs -F l ) / z  - e,  
0-2~ 

= 2(Rs + t) p y  - ~ .  (22) 

Substituting p from equation 4 and Rs from o.21 

(23) 
equation 9 we obtain 

4 = KI'~, 
where 

= f crr(Nl) - N A )  

- 1 .  (24) 
It is important to note that two unknowns, y 

and z, have been introduced in place of the one 
unknown, p, and it is therefore necessary to 
insert the value of y, obtained from the etch-pit 
spacing in the particular specimen, to carry out 
the analysis. The value of  y rather than that of  z 
is inserted for the following reason: for this 
analysis it is necessary to leave the dislocation 
density as an adjustable parameter through 

- -  i I I i i I 

SpecimenG5 (Sb-bent )  

N o -NA = 6-94X'10 cm 

e = 0.05 

Ec - E ~ ~  

o oo.y/ 

O.O4eN. 
/ 

0'2 I I I I 0 __1 I 
70 eO 90 100 11 120 130 140 

T(*K) 

Figure 12 Experimental values of Ro/RII, plotted against  
temperature, compared with curves calculated on the 
modified Broudy model for  various values of the disloca- 

t ion energy level. 

�9 ~ used to obtain this theoretical curve the 
dislocation density was calculated by equation 6. 
Table V lists the values of dislocation acceptor 
level and dislocation density which were 
obtained in this way for two In-bent and two 
Sb-bent samples. The derived energy levels for 
the two In-bent samples agree closely as do those 
for the two Sb-bent samples and this level scheme 
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T A B L E  V Broudy interpretat ion of R o / R I I ( T )  measure- 

ments 

Spec. Excess Ec - -  ED, Dislocation density, cm -~ 
no. dislocation eV Calculated Etch-pit 

type density 

(butylamine 
etch) 

G6 In 0.06 7.48 • 104 5.82 • 104 
G3 In 0.06 3.56 • 107 3.30 • 107 
G4 Sb 0.04 4.05 • 106 1.71 • 106 
G5 Sb 0.04 3.42 • 10 r 1.44 • 107 

is shown in fig. 13. The calculated dislocation 
densities are all within a factor of 2.5 of the 
etch-pit densities. 

conduction band 

Sb dislocationsJ I' - -  ~U'U4 e'v' ~006e.V. 
In dislocationsl , 1 

0" 22 e.V. 

valence band 

Figure 13 Scheme of dislocation aceeptor levels resulting 
from the modified Broudy analysis, 

With the information on the energy levels and 
dislocation distributions derived above, the 
conductivity ratios akt/~r o and %./a~ at 80 ~ K 
were obtained from equations 15 and 16 using 
equation 23 to calculate ~ and setting 0 equal to 
0.05 as before. Table VI shows the values of f 
and ~ computed for each specimen at 80 ~ K, and 
compares calculated and experimental values of 
Crllla0, a.tlall ( a n d  RolRII ). The agreement for 
a ki/cr o is good, but poor for a• I1" However this is 
not surprising since equation 16 was not rigor- 
ously derived by Broudy. One would expect an 

overestimation of a. /o ' l l  for large values of 
(e + •), as Broudy inferred equation 16 from the 
original Juretschke relation for the Read model, 
o'./o11 = l/(1 + E), which overestimates o'.l./Orll 
for large e [15]. 

It was noted in section 5.1 that real solutions of 
equation 20 could only be obtained with 0 < 0.1. 
The reason for this limitation, which was not 
mentioned by Broudy, is the limited validity of 
the models discussed above. The value of 0 which 
is assumed has an effect on the dislocation density 
which results from the analysis; a high value of 0 
means that the if-regions are relatively ineffective 
in increasing the Hall coefficient and consequent- 
ly a high dislocation density is needed to explain 
the Hall coefficient change. Above a certain 
density the dislocations are so closely spaced that 
the value of ~ calculated on the assumed model 
becomes greater than 100~o. This maximum 
dislocation density is thus the limit to the validity 
of the model* and corresponds to the maximum 
permissible value of 0, which in this case is 0.1. 
The value of 0 used in the foregoing analysis 
(0.05) was chosen arbitrarily between the limits 
of zero and 0.1, but variation of 0 within these 
limits did not alter the resultant energy levels 
significantly, nor did it change the calculated 
dislocation density by more than a factor of two. 
This variation of 0, together with the resultant 
changes of e and ~, produced a change in the 
calculated values of a t/cri l  and all/ao, but the 
latter values were still within experimental error 
of the measured values. 

The above analysis assumed acoustic scattering 
to be the predominant lattice scattering mechan- 
ism. As discussed in section 4.3, it is more likely 
that polar scattering predominates, and the the- 
ory of polar scattering, and of mixed polar and 
impurity scattering, was therefore developed [20] 
assuming an energy-independent relaxation time 
for polar scattering, to obtain expressions for the 
mean free path when limited by these mechan- 
isms. The mean free path calculated from these 
expressions was within 15 ~o of the corresponding 

T A B L E  V I  Broudy  interpretat ion of measurements at 80 ~ K 

Spec. Excess f(80 ~ K) ~(80 ~ K) if(80 ~ K) Ro/RII (80 ~ K) aider0(80 ~ K) cry/all(80 ~ K) 
no. dislocation Calc. Exp. Calc. Exp. Calc. Exp. 

type 

G6 In 0.0206 0.05417 0.766 0.262 0.247 0.218 0.217 0.560 0.320 
G3 In 0.0351 0.05501 0.5046 0.4911 0.491 0.466 0.450 0.652 0.347 
G4 Sb 0.0127 0.01195 0.6145 0.435 0.430 0.400 0.390 0.624 0.472 
G5 Sb 0.0252 0.03104 0.8407 0.2225 0.2255 0.171 0.179 0.546 0.299 

*This comment applies strictly only to the modified Broudy model (section 5.2) ; the original mode/breaks down as 
soon as overlap occurs. 
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values for acoustic scattering, and the tempera- 
ture-dependence was identical. Because of this 
similarity, a repeat of the above Broudy analysis, 
using the mean free path for mixed polar and 
impurity scattering, produced the same energy 
levels, dislocation densities within a factor of 
two, and %/cr o values within 10 ~ of those given 
in tables V and VI. 

6. Discussion 
6.1. Interpretation of the Changes in 

Electrical Properties Produced by 
Plastic Bending 

The observed effects of plastic bending on the 
electrical properties of indium antimonide have 
been interpreted in terms of the electrical 
properties of the dislocations introduced, but the 
possibility of other interpretations will here be 
discussed. It is first important to note that the 
above results show clearly that acceptor centres 
were introduced by the bending, for although the 
Hall coefficient of n-type material can in principle 
be increased simply by the introduction of low 
mobility regions within the sample, only the 
introduction of acceptors can explain the 
observed conversion of some of the samples from 
n to p-type. The possibility that point-defects or 
impurities rather than dislocations gave rise to 
these acceptor centres must be considered. The 
orientation and conditions of deformation were 
chosen in these experiments to minimise point 
defect production, and evidence has been presen- 
ted which shows that the density of dislocations 
produced by non-primary slip, which might give 
rise to point defects when interacting with 
primary dislocations, was very small. The 
absence of any change in the electrical properties 
of "control" and "deformed control" samples 
due to the heat-treatment, rules out the possi- 
bility that the electrical changes in the bent 
samples were due to simple in-duffusion of 
impurities, but leaves the possibility of impurities 
being dragged into the sample by the gliding 
dislocations [21]. Perhaps the strongest indica- 
tions that the acceptors are associated with the 
dislocations rather than with any other defect 
are (i) the anisotropic mobilities in the deformed 
samples, (ii) the systematic dependence of 
acceptor concentration on dislocation density as 
noted in section 4.1, (iii) the fact that analysis of 
the Hall coefficient results in terms of isolated 
acceptors would give a different level for each 
sample, none of these levels corresponding to any 
known impurity or radiation-induced defect 

level, and (iv) the large changes in electron 
mobility in the "perpendicular" samples which 
would require concentrations of isolated acceptor 
centres orders of magnitude greater than those 
indicated by the Hall coefficient results. 

6.2. Minority Sign Dislocations 
The presence of minority sign dislocations on the 
primary slip system was noted from the etch-pit 
measurements (section 3.1) but neglected in the 
detailed interpretations of the electrical measure- 
ments in order to simplify the analyses. How- 
ever, we here extend the Read theory to accom- 
modate the presence of both In- and Sb- 
dislocations in the same sample, and analyse the 
results on this basis so as to ascertain the import- 
ance of the minority sign dislocations. 

Assuming that each type of dislocation has a 
discrete energy level, and that both levels lie 
below the Fermi level in n-type material, the two 
arrays of acceptor centres will have quite inde- 
pendent occupation statistics provided different 
sign dislocations are not close enough for any 
mutual electrostatic interaction between the 
acceptor centres associated with them, If a 
sample A contains Ola a In-dislocations per cm 2 
and psb a Sb-dislocations per cm ~, the fraction of 
sites occupied being Jin A and fsb ~t respectively, 
then 

~A = J]nApI~aA +'fsbApsbA �9 (25) 
c(ND -- N ~ )  

Suppose a second sample B has a similar initial 
carrier concentration, and is bent in the opposite 
sense, then j~n A = / i n  B (= An) and f~b A = fSb B 
(=fsQ.  The selective etching experiments 
showed that the proportion of minority disloca- 
tions was slightly different for the two directions 
of bend but we will assume a proportion of ~ in 
both cases. (It will be shown that this value has 
only a small effect on the results and incorpora- 
tion of the exact ratios would thus make little 
difference.) Then 

and 

where 

and 

~A -_ aa  (An + U ~ b ) ,  

~B = AB (k/i~, + f s b ) ,  

(26) 

(27) 

PSb:B (29) 
AB = C(---ND -- NA)" 
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Note that it is not necessary to make any 0.79 
assumptions about  the relative magnitudes of  AA 
and )~ nor for the samples A and B to be bent to 
equal radii because ?t A and AB can be determined e 
independently. Energy levels were then obtained 
from the temperature-dependence of the Hall o75 
coefficient of  samples G3 and G5, which fulfil the 
requirement of  having similar initial carrier 
concentrations, by means of the following 072 
extension of the method used in the original Read o;~ 
analysis. Energy levels were assigned to In- and 0'52 
Sb-dislocations and fin(T) andfsb(T)  curves were 
calculated as before.Then, using equations 26 and 

0"50 27, experimental values of  E A and E B at one 
temperature were used to determine )~A and ;~B, 
from which theoretical cA(T) and EB(T) curves 
were constructed. Different combinations of 
energy levels were tried, but the only combination 
whichgavefair agreement for both specimens was o-4., 
(Ec - EI~)In ~- 0.06 eV and (Ec - ED)Sb =0.24 
eV as shown in fig. 14. The values of A A and )t B 
used to calculate these curves yielded the 
dislocation densities pin and pSb by equations 28 
and 29, which are compared with those deduced o4~ 7o 
from etch-pit values in table VII. The discrepan- 
cies between theoretical and experimental dis- 
location densities are approximately the same as 
in the original Read analysis and the positions of  
the energy levels have not been altered radically 
by the above, modifed  treatment. It  is therefore 
concluded that neglecting minority sign disloca- 
tions does not introduce appreciable errors into 
the results. 

The inclusion of minority dislocations in the 
Broudy analysis would not be expected to alter 
the results of  that interpretation significantly 
either, in view of the dominance of  the C-regions 
which are common to both types of  dislocation. 

6.3. C o m p a r i s o n  of the  Read and B r o u d y  
D i s l o c a t i o n  M o d e l s  

The modification of Read's  model suggested by 
Broudy gives rise to quite different energy level 
positions and dislocation densities when applied 
to the present results. Similar, but less dramatic, 

I I 1 i i i 

SpecirnenG 5 (Sb-benl) 

o ~ (Ec--Eo)l, : O.06eY 
(Er = O,24e.V. 

(E=-E,~) I. = O ' l O e ' V . ~ ~ ' ~  
(Ec- ED)Sb :O.22e,V. 

~ ecirnen G-3(In -bent ) t 

(Er = O-Oge.V. 

(Er = 0.24e~/. 
i I f i I J 8O 9O ~OO ~0 ~20 ~30 140 

T('K) 

Figure 14 Experimental values of e(= 1 -- Ro/RIj), plotted 
against temperature for specimens G5 and G3, compared 
with curves calculated on the Read model assuming the 
presence of minority sign dislocations in each sample. 

changes are brought about when this modifica- 
tion is applied to the results of investigations on 
germanium, and Bell, Birbeck and Willoughby 
[22] have shown that the difference in acceptor 
levels suggested by Logan et al [13] and Broudy 
[5] for dislocations in germanium are solely due 
to the different models used rather than to 
differences in their measurements. The differ- 
ences between analyses based on the two models 
are greater in the case of indium antimonide by 
virtue of  the long mean free path  which causes 
the C-regions to dominate electrical conduction 

T A B L E V l l  Read analysis assuming presence of minority dislocations, for dislocation acceptor levels of 
(E c - -  E o ) l n  = 0 . 0 6  eV, (E c - -  E D ) S b  ~ 0 . 2 4  eV 

Spec. no. Excess dislocation psb, cm 2 O~, cm-~ 
type Calculated Etch-pit Calculated Etch-pit 

G3 In 5.04 • 107 8.0 x 10 ~ 1.51 • 10 s 2.5 • 107 
G5 Sb 1.64 • 106 1.10 • 107 5.46 • l0 v 3.5 • 106 
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in the Broudy model. In a typical case the 4- 
regions occupy 76~ and the space charge 
cylinders occupy 5 ~ of the material; further- 
more the mobility in the ~-regions is necessarily 
very small for the reasons discussed above. These 
large q~-regions render dislocations very effective 
in increasing the Hall coefficient in n-type 
material, and consequently the Broudy analysis 
predicts much smaller dislocation densities than 
the Read model. Similarly the strong dependence 
of the mean free path on temperature dominates 
the temperature-dependence of the Hall coeffi- 
cient and the Broudy energy level analysis is thus 
very sensitive to the detailed arrangement of 
dislocations. An example of this is afforded by 
the two dislocation arrangements used above, 
one of which (the polygonised model) gave levels 
near the conduction band, while in the other (the 
(no-overlap model) a solution could only be 
approached with an energy level near the valence 
band. 

To discriminate between the two alternative 
models discussed here, the results of each analysis 
must be considered in combination with experi- 
mental work onp-type material. The main objec- 
tion to the Read model is the lack of agreement 
between predicted and experimental dislocation 
densities. The principal objection to the analysis 
based on the Broudy model, however, is that it 
cannot explain the conversion of samples from 
n- to p-type as both levels are near the conduc- 
tion band. Furthermore, recent experiments (Bell 
and Willoughby [6] and Baitinger et al [7] have 
noted the introduction of acceptor centres after 
plastic bending of p-type material, and Bell and 
Willoughby have deduced from these results an 
energy level scheme similar to that in fig. 9. It is 
therefore concluded that the unmodified Read 
model gives the more appropriate energy level 
scheme for dislocations in indium antimonide, 
but the large discrepancy between predicted and 
measured densities remains an unsolved prob- 
lem. It is felt, therefore, that the inclusion of a 
small degree of non-specular scattering into the 
basic Read model might achieve a result which 
gives closer quantitative agreement of dislocation 
densities while causing little change to the Read 
scheme of levels. As emphasised by Broudy, his 
"two-region" model is strictly a first approxima- 
tion and one would rather expect a smooth 
change in mobility nearing the dislocation. 
Furthermore, as discussed above, the limitations 
of this model force the assumption of what 
appears to be an unreasonably low mobility in 

the ~-regions. The present situation therefore 
requires a more rigorous treatment of conduc- 
tion in material containing a parallel array of 
insulating cylinders, where the degree of non- 
specular scattering at the cylinders is a variable 
parameter, or better still where an attempt is 
made at a quantitative prediction of the scatter- 
ing behaviour. 

6.4. Comparison with Previous Work 
In the preliminary investigation [1 ] an energy 
level scheme was suggested in which both 
acceptor levels were below the centre of the 
forbidden energy gap but inverted with respect 
to the present Read scheme. In fact all the results 
on n-type material were in agreement with the 
present results, and the inverted position of the 
levels was required to accommodate measure- 
ments on a singlep-type sample,whose behaviour 
has not been confirmed by a more systematic 
study of deformed p-type material [6]. The 
consistency of the previous results on n-type 
material is emphasised by fig. 6 in which they 
lie, within experimental error, on the lines 
describing the present results. 

Previous work on the effect of plastic bending 
on the electrical properties of indium antimonide 
[5, 16, 23] has been discussed critically in I1 ]. In 
all these investigations the discrepancies between 
the numbers of acceptors introduced and those 
predicted on a dangling bond model are greater 
than those found in the present work. The 
results of Duga [16] cannot be explained in 
terms of dislocation acceptors only, for whilst the 
mobility results can be accommodated with 
dislocation densities close to those calculated 
from the bend radii, the Hall coefficient results 
require dislocation densities higher by two orders 
of magnitude [1 ]. This indicates that the Hall 
coefficient changes were probably dominated by 
randomly distributed acceptors which produce 
only small changes in mobility. The results of 
Gatos et al [23] show extremely large effects 
which are very difficult to understand on any 
model [l]. The measurements of Broudy [5] 
show closer agreement with the present results, 
but no complete analysis was attempted by 
Broudy in this case because of substantial 
experimental scatter in the results. In no case 
was a single slip orientation used for deformation 
in these previous experiments, and the differ- 
ences between these studies and the present 
results could well be due in part to the presence 
of point defects. 
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7. Conclusions 
(i) Both In- and Sb-dislocations act as acceptor 
centres in n-type material. 
(ii) The In-dislocation level lies near the centre 
of the band gap, while the Sb-level lies near the 
valence band. 
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Appendix 1 
Calculation of the Mean Free Path 
The Broudy analysis in section 5 requires the 
calculation of the mean free path in samples 
where the mobility is limited by mixed scattering. 
Assuming acoustic scattering to be the pre- 
dominant lattice scattering mechanism, the 
following expression, due to Johnson and 
Whitesell [24], gives the mean free path as a 
function of carrier energy E, and the degree of 
impurity scattering, ft. 

[Ax ~ 
[(x) = x~ + ~ , (AI) 

where 

and 

3tzA ~2rrm*kT a - q 

x = E / k T .  

The average/over  the Maxwellian distribution, 
is given by 

oo 

~- 2 1 ?(E) N ( E ) f ( E )  dE, N[ 
0 

where 
oo 

N = 2 ~, N(E)f(E) dE 

o 

is the total number of electrons. 
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Now, for a non-degenerate electron gas 

f ( E )  = Ale  -zlkfe,  

and, for spherical energy surfaces the density of 
states is given by 

N(E) = B1 E ~ �9 
Therefore 

~o 

~ ?(x) x ~ e -x dx 

o ?---~ 

~ x § e -~ dx 

0 

oo 

2 f -- - ~  /(x) x § -x dx"  

0 

(A2) 

T A B L E  A1 Integral used for calculating the mean free 
path for acoustic plus impurity scattering 

= - -  f x2 e -x dx m I(~) = x 2 + 
0 

0.001 0.8781 
0.003 0.8687 
0.005 0.8s 
0.008 0.8512 
0.010 0.8456 
0.030 0.8064 
0.050 0.7799 
0.080 0.7496 
0.100 0.7330 
0.300 0.6285 
0.500 0.5675 
0.800 0.5055 
1.000 0.4747 
3.000 0.3188 
5.000 0.2507 
8.000 0.1942 

10.000 0.1701 
30.000 0.07968 
50.000 0.05305 
80.000 0.03557 

100.000 0.02922 
300.000 0.01055 
500.000 0.006451 
800.000 0.004076 

T A B L E  A2 

Spec. no. ND -- NA, cm -a fi(80 o K) ~'(80 ~ K), cm 

G5 6.94 x I0 ~4 1.5 1.18 • 10 -4 
G3 5.68 • 101~ 0.92 1.38 • 10 -4 
G6 7.11 • 1013 0.041 2.23 • 10 -4 
G4 1.075 • 1014 0.016 2.35 • 10 .4 
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Subs t i t u t i ng  f(x) f r o m  e q u a t i o n  A 1 in to  e q u a t i o n  
A 2  we o b t a i n  

where  

?= & (A3)  

C~3 

x ~ 
= e - x  d x "  

Values  o f  the  in t eg ra l  1(8 ) w h i c h  was  e v a l u a t e d  
n u m e r i c a l l y  by  c o m p u t e r ,  a re  g iven  in t ab le  A1.  
E q u a t i o n  A3  was  then  used  to ca l cu la t e  the  
m e a n  free  p a t h  f o r  m i x e d  sca t t e r ing  f r o m  the  
va lues  o f  /3 ca l cu la t ed  f r o m  the  t e m p e r a t u r e -  
d e p e n d e n c e  o f  the  ca r r i e r  m o b i l i t y  (as desc r ibed  
in sec t ion  4.3) g iven  in t ab le  A2 ,  and  us ing  f o r  
FA the  m e a s u r e d  m o b i l i t y  in samples  G 6  o r  G 4  
whe re  the  degree  o f  i m p u r i t y  sca t t e r ing  is v e r y  
small .  Va lues  o f  [ c a l c u l a t e d  by  this  m e t h o d  are  
l is ted in tab le  A2.  
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