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Indium antimonide specimens were plastically bent to introduce an excess of 
dislocations having either In-atoms at the edge of their extra half-planes or having 
Sb-atoms there. The lower yield stress for bending at 270~ was dependent on the 
direction of bend, being greater when specimens were bent to produce excess Sb- 
dislocations. 

Bent specimens were annealed and the etch-pit densities in them compared with 
theoretical prediction. It was found that a modified CP4 etch containing butylamine gives 
a reliable estimate of the total dislocation density (i.e. shows up both In- and Sb- 
dislocations), whilst the modified CP4 etch without butylamine reveals all the In- 
dislocations and about half the Sb ones. 

1. Introduction 
The etching properties of InSb have attracted 
considerable interest since Allen's [1 ] observa- 
tion that pits produced with CP4A etchant 
appear on only four of the eight octahedral 
faces. This property is consistent with the fact 
that its sphalerite structure contains no centre 
of symmetry, and consequently a (111) plane 
is not equivalent to a (111) plane. Warekois 
[2] showed, by means of an X-ray technique, 
that a face which produced etch pits with a 
solution containing equal parts of HF, HNO~ 
and H20 was one terminating with either singly- 
bonded Sb- or triply-bonded In-atoms. It seems 
reasonable that a face of this kind terminates 
with In-atoms, since the alternative requires 
three times as many broken bonds. Such a face, 
designated (i i i) by Warekois, is called an 
"indium" face in this paper; the (1 1 1) type is 
called an "ant imony" face. 

Another interesting property of the sphalerite 
structure is that the structure of a positive 
dislocation may not be equivalent to a negative 
one [3]. For example, the dislocation in fig. la 
has rows of In-atoms at the edge of its two extra 
half-planes, while that of similar character but 
of opposite sign in fig. lb has rows of Sb-atoms 
there. Haasen called the former type an "In- 
dislocation" and the latter type an "Sb-dis- 

(a) ~ n  
/ 

(b) ~$~ 
In 

Figure I Pure edge dislocations in InSb" (a) In-type; (b) Sb-type. 

location". Venables and Broudy [4], who bent 
specimens to introduce an excess of either the 
one or the other type of dislocation, concluded 
that only one type was revealed by their etchant. 
It cannot be determined from these experiments 
whether this was the In- or Sb-type. Recently, 
however, the experiments of Bell, Latkowski, 
and Willoughby [5] have shown that a modified 
CP4 etch attacks In-dislocations preferentially, 
a result which is in agreement with the theoreti- 
cal predictions of Gatos et al [6] and Holt 
[7]. 
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In all the work mentioned above, etch pits 
on In-faces have been studied. Gates and 
Lavine [8, 9], however, obtained etch pits on 
both In- and Sb-surfaces by adding "inhibitors", 
such as stearic acid or primary amines, to a 
CP4 etch. They suggested that these inhibited 
etchants revealed both In- and Sb-dislocations on 
In-faces. More recently, Lavine, Gates, and 
Finn [10] have developed an etchant containing 
butylthiobutane which, they suggested, revealed 
only Sb-dislocations. They performed a series 
of bending and etching experiments which 
appeared to confirm the suggested behaviour 
for all these etchants, but the evidence is not 
conclusive. 

The purpose of this present series of experi- 
ments was to re-examine the behaviour of these 
etchants on a quantitative basis, making full 
allowance for the presence of minority sign 
dislocations. Specimens were plastically bent 
to various radii of both positive and negative 
curvature. The dynamics of this process were 
studied, and the etch-pit configurations of the 
dislocations introduced were observed both 
before and after annealing. 

2. Experimental Procedure 
Single crystals of InSb were supplied by the 
Royal Radar Establishment. They were all 
n-type with a carrier concentration of about 
101a/cm 3, and an initial etch-pit density, P0, 
of 103 to 104/cmL Samples were prepared in the 
form of bars oriented as shown in fig. 2 so that 
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Figure 2 Specimen orientation for plastic bending. 

slip occurred on only one system during bending. 
The polar nature of the etching properties and 
its calibration by Warekois [2] was utilised to 
determine the polarity of each sample, in the 

2 2 0  

manner detailed previously [5]. In the rest of 
this paper, bending to introduce an excess of 
In-dislocations will be termed "In-bending" and 
bending to introduce an excess of Sb-dislocations 
will be termed "Sb-bending". 

Specimens were deformed in an atmosphere 
of 90 ~ nitrogen, 10 ~ hydrogen, by means of 
the four-point bending jig shown in fig. 3. 

specimen 

direction of 
applied~for ce 

recess for 

wet' block 

! ~  18mm 

Figure 3 The four-point bending jig. 

Loosely-fitting guide rods allowed the upper 
block a small degree of rotation, so that both 
inner knife-edges could rest on a specimen even 
i f  its upper and lower surfaces were not quite 
parallel. A ball and socket joint ensured axiality 
of loading when the knife-edges were driven 
together by a compression cage fitted to an 
Instron machine (model TM-M-L). The bending 
jig and compression cage were surrounded by 
a resistance furnace fed from a constant voltage 
transformer. Variations in temperature along 
the length of the specimen were less than 1 o C, 
and during the course of an experiment the 
temperature at any point did not fluctuate by 
more than -t-1 ~ C. 

From the relations of Timoshenko and Good- 
ier [11] (which strictly apply only to elastic 
bending), the following formula for the resolved 
shear stress (a) was obtained as 

3 F ( l o  - -  li) 
~r = 2 b d  ~ (1) 

where F is the applied force; 2/0, span of outer 
knife-edges; 2h, span of inner knife-edges; 
b, beam width; and d, beam depth. From the 
relations of Bruneau and Pratt [12] (again for 
elastic bending), the glide strain (E) was obtained 
as 

y d  
"=h( /o- - / , )+ �89  z+�89 (2) 
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where 7, is displacement of the inner knife- 
edges relative to the outer ones. Using equations 
1 and 2 and the imposed deflection rate, the 
recorded load versus time plots were converted 
to graphs of shear stress versus glide strain. 

After bending, the curvature of specimens 
was measured by two techniques. First, the 
silhouette was photographed and the shape- 
curvature measured by comparison with a 
series of arcs. The curvature between the inner 
knife-edges was quite uniform and its radius 
could be measured by this technique to within 
5 ~ .  Second, the lattice curvature was measured 
by a Laue back-reflection X-ray technique. 
Patterns obtained with a collimated beam, 
incident at a series of positions across the bend 
axis, were superimposed on the one film. The 
lattice curvature between the inner knife-edges 
was found to be uniform, and the radius of 
lattice curvature, which could be estimated to 
within 10 ~ ,  agreed with the shape-curvature in 
all cases. 

All the bent specimens were sectioned to 
expose the octahedral face 'B' (fig. 2), and the 
direction of bend was confirmed. This type of 
sectioning was used since edge dislocations lying 
on the primary slip plane should intersect this 
face at a steep angle. Certain specimens were 
also sectioned parallel to the primary slip plane 
in order to reveal dislocations produced by 
non-primary slip. 

The effects of the following etchants were 
studied. 

Modified CP4 etch: 2 parts HNO3:I part 
HF: 1 part acetic acid. 

Butylamine etch: modified CP4 etch § 0 .5~  
butylamine. 

H202 etch: 1 part H202:1 part HF:8 parts 
H20 + 0 .4~  butylthiobutane. 

No clearly-defined etch pits on Sb-surfaces 
were obtained with any of these three etchants, 
and thus all etch-pit measurements given wilt 
refer to pits on In-surfaces. Etch-pit densities on 
the 'B' face were converted to densities on the 
{ 1 12} face perpendicular to the bend axis by 
dividing by cos 19 ~ . Etch-pit numbers were 
estimated at a magnification which gave about 
200 pits on the projection screen of the micro- 
scope; this ensured accuracy of ~ 7 ~  in the 
etch-pit density at 95 ~ confidence limits. 

3. Results 
3.1. Plastic Bending at 270 ~ C 
Typical stress-strain curves for the plastic 

bending of two series of specimens are shown in 
fig. 4; in one series, the specimens were In-bent 
and in the other they were Sb-bent. The well- 
defined yield points are the first reported for the 
bending deformation of InSb, although similar 
yield points have been observed in tension 
(Sch/ifer et al [13]). After the yield drop, flow 
continued at a constant stress up to the maxi- 
mum glide strains encountered in these experi- 
ments, viz. 5 ~  (specimen curvature of 0.25 
cm-1). The etch-pit density on face 'B' at all 
strains was more than 20 times larger than that 
on a face parallel to the primary slip plane. 
This lack of non-primary slip dislocations 
accounts for the absence of work-hardening. 

In view of the results of Peissker et al [14], 
who found that, in creep experiments, the 
constant creep rate was higher for In-bending 
than for Sb-bending, it is interesting to compare 
the stress-strain curves for In- and Sb-bending. 
In the case of the two specimens C3 and C4 
of fig. 4, the lower yield stress for Sb-bending 
is about 34 ~ greater than that for In-bending. 
This difference is quite typical, as shown by the 
collected results in table I. In this table, speci- 
mens C1 to C8 were all taken from crystal 
C ( p 0 = 2 . 1  • 103/cm2), whilst specimens E1 
to E4 were taken from crystal E (P0 = 1.6 • 
104/cm2). In view of the difference in initial 
etch-pit densities, it is not surprising that the 
values of the lower yield stresses for a given 
sign of bending are different for the two crystals. 
The higher yield stress is associated with the 
lower P0, as observed by Bell and Bonfield 
[15] for the case of Ge. 

After bending, the etch-pit distributions in 
these specimens were investigated. Fig. 5 
shows the way the etch-pit densities (with 
modified CP4) on a face 'B' varied with distance 
perpendicular to the neutral plane. At the 
neutral plane, the Sb-bent samples had a very 
low etch-pit density which did not increase as 
the curvature increased, and the pits were either 
aligned along the trace of the primary slip 
plane, or randomly distributed. In-bent samples, 
however, had a higher etch-pit density near the 
neutral plane than the corresponding Sb-bent 
samples, and the density in this region did 
increase as the curvature increased. Further- 
more, near the neutral plane, the pits were 
aligned perpendicular to the trace of the primary 
slip plane. Fig. 6a contrasts this polygonised 
structure with that in an Sb-bent sample in 
fig. 6b. 
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Figure 4 Typical  stress-strain curves obtained on bending. 
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et al [10], viz. that the butylamine etchant 
reveals both In- and Sb-dislocations and the 
CP4 etchant reveals only In-dislocations. 

3.2. Plast ic Bending at 360 ~ C 
Stress-strain curves for an In-bent and an Sb- 
bent sample deformed at 360~ are shown in 
fig. 4, beside those of two specimens bent at 
270 ~ C. The samples bent at 360~ also show 

Fig. 7 shows the etch-pit densities, in one 
In-bent and one Sb-bent sample, as a function 
of distance perpendicular to the neutral plane, 
as revealed by: (a) the CP4 etch; and (b) the 
butylamine etch. For  both samples, the butyl- 
amine etch produced more pits than the CP4 
etch; but the difference was much greater in 
the Sb-bent sample. This is qualitatively con- 
sistent with the behaviour predicted by Lavine 
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Figure 5 Etch-pit  densit ies of In- and Sb-bent  specimens (modif ied CP4 etch), shown as a funct ion of Z, distance 

perpendicular  to the neutral plane. These specimens were bent at 270 ~ C. 
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T A B L E  I Lower yield stresses Crjy of specimens bent at 
270 ~ C. 

In -ben t  specimens  Sb-bent  specimens 

Specimen cqy ( k g / m m  0 Specimen my ( k g / m m  ~) 
no.  no.  

C1 0.6566 C2 0.850 
C3 0.650 C4 0.87 
C5 0.605 C6 0.950 
C7 0.572 C8 0.801 
E1 0.475 E2 0.562 
E3 0.445 E4 0.543 

Figure 6 Micrographs of e tch pits near the neutral axis 
in samples bent to a radius of 6 cm at 270 ~ C and etched 
with the butylamine etch: (a) In-bent; (b) Sb-bent ( •  800). 

yield points, but these are less pronounced than 
for those bent at 270 ~ C. The etch-pit density 
on a section parallel to the primary slip plane 
was again small, indicating that non-primary 
slip was insignificant. 

In contrast with the specimens bent at 270 ~ C, 
the lower yield stresses for In- and Sb-bending 
at 360~ were not significantly different (see, 
for example, the two specimens G6 and G14 
of fig. 4, whose initial etch-pit densities were 
2.5 • 103 and 3.0 • 103/cm 2 respectively). Etch- 
pit distributions in a pair of bent samples are 
shown in fig. 8. In all cases, the pit density 
(with a given etchant) varies by only about 
15 ~ with distance perpendicular to the neutral 
plane. Average values of the etch-pit density 
in samples bent to a range of curvatures are 
given in table II. On a microscopic scale, the 
pits were aligned in discrete walls perpendicular 
to the slip plane in both In-bent and Sb-bent 
samples. 

3.3. Annealing of Bent Specimens 
Following the derivation of Nye [16], it may 
be shown that, in a bent crystal containing 
dislocations of opposite sign, lying parallel to 
the bend axis, 

1 
pmaj - -  pmin  - -  Rb cos 0 (3) 

where prnaj is the density of edge dislocations 
of the sign accommodating the curvature; 
pmin, the density of edge dislocations of the 
opposite sign; R, the radius of curvature; and 
0, the angle between slip plane and neutral 
plane. If a sample is annealed at a temperature 
near the melting point, the density of minority 
sign dislocations will tend to zero as annihila- 
tion proceeds. Thus, a bent and annealed crystal 
provides a sensitive test of the ability of an 
etch to reveal dislocations of a particular sign. 

Fig. 7 shows the effect of annealing specimens 
bent at 270 ~ C. After 7 days at a temperature 
within 15 ~ C of the melting point, the etch-pit 
density was invariant with distance perpendi- 
cular to the neutral plane. The high density in 
the outer regions had fallen, whilst that in the 
region of the neutral plane had actually in- 
creased. Etch pits were aligned in polygon walls 
perpendicular to the slip plane. In the case of the 
annealed In-bent specimen, both the modified 
CP4 and butylamine etchants gave etch-pit 
densities which were close to the theoretical 
dislocation density. In the case of the annealed 
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Figure 7 Etch-pit densities shown as a function of distance perpendicular to the neutral plane in an In-bent and an Sb- 
bent sample before and after annealing. Specimens were bent at 270 ~ C and subsequently annealed at 512 ~ C for 
7 days. 
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Figure 8 Etch-pit densities as a function of distance perpendicular to the neutral plane in specimens bent at 360 ~ C. 

Sb-bent specimen, however, the butylamine 
density was close to the theoretical value, while 
the modified CP4 density was about half this 
number. Specimens bent to curvatures from 
4 to 30 cm, and annealed, showed a similar 
behaviour, as shown by the collected results 
in fig. 9. The micrographs in fig. 10 show typical 
areas of annealed Sb-bent and In-bent samples 
after treatment with each etchant. These struc- 
tures indicate that In-bent samples have a greater 
tendency to polygonise than the Sb-bent samples. 

The behaviour of the H202 etch (section 2) 
224 

was examined on these same samples bent at 
270 ~ C and annealed at 512 ~ C. The results did 
not substantiate the suggestion of Lavine et al 
[10] that this etch is specific to Sb-dislocations. 
Rather did it appear to show a preference for 
the In-dislocations. 

When specimens which had been deformed 
at 360~ were annealed, there was no signifi- 
cant change in etch-pit density, although the 
average density was in all cases higher than that 
predicted from the bend radius by equation 
3. It seems, therefore, that minority sign dis- 
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T A B L E  II Etch-pit densities on samples bent at 360 ~ C. 

In-bent specimens 

Specimen PCP4 pbut PSb p in  R pttteor Pin - -  pSb 

no. (cm -~) (cm -2) (cm -2) (cm --~) (cm) (1/gb cos 0) (cm -2) 
(cm -'~) 

G6 5.2 • 106 5.82 • l0 s 1.24 • 10 s 4.58 x 106 10.0 3.09 • 106 3.34 • 106 
G3 2.9 • 107 3.30 x 107 8.0 • 106 2.5 • 107 2.5 1.24 • 107 1.7 • 107 
G1 1.25 • l0 s 1.40 • 106 0.30 • 106 1.10 • 106 30.0 1.06 x 106 0.8 • l0 s 
G l l  6.3 • 10 s 7.25 • 106 1.90 • 105 5.25 • 105 >50 <6.2 x 105 3.35 • 105 
G12 2.5 • 106 2.88 • 105 0.76 • 106 2.12 • 105 22.0 1.40 • 106 1.36 • 106 
G2 2.8 • 10 s 3.18 • 105 0.76 x 10 s 2.32 • 106 20.0 1.55 • 106 1.56 • 106 
G10 1.2 • 107 1.35 • 107 3.0 • 106 1.05 • 107 4.0 7.75 • 105 7.5 x 106 

Sb-bent specimens 

Specimen Oct,4 pbut PSb pin  R ptheor p s b  - -  Pin 

n o .  

G4 1.1 • 106 1.71 • 106 1.21 • 106 0.50 • 106 30.0 1.06 x 106 0.71 x 106 
G5 9.00 • 106 1.45 • 107 1.10 • 107 0.35 x 107 4.0 7.75 • 106 7.5 • 106 
G8 2.0 • 106 3.1 • 106 2.2 • 106 0.9 • 106 22.0 1.40 • 106 1.30 • 106 
G7 1.30 • 106 2.02 • 106 1.44 • 106 0.58 • 10 e 30.0 1.06 • 106 0.86 • 106 
G13 3.26 • 106 5.05 x 106 3.58 • 106 1.47 • 106 13.0 2.38 • 106 2.11 • 106 
G14 4.68 • 106 7.27 • 106 5.18 • 106 2.09 x 106 10.0 3.09 • 106 3.09 • 106 
G9 6.18 • 106 9.6 • 106 6.84 x 106 2.76 • 10 s 6.5 4.75 x 106 4.08 • 10 s 

locat ions  were present ,  bu t  t ha t  the stable,  poly-  
gonised a r rangement  o f  the d iscola t ions  
somehow prevented  annihi la t ion.  

4. Discussion 
4.1. The Reliability of the Etch-Pit Techniques 
The anneal ing  exper iments  descr ibed in sect ion 
3.3 permi t  a quant i ta t ive  assessment  o f  the 
behav iour  o f  two etchants.  

I t  is s implest  to assume tha t  no minor i ty  
sign dis locat ions  r emained  af ter  specimens 
bent  a t  270 ~ C had  been  annea led  wi thin  15 ~ C 
o f  the  mel t ing po in t  for  7 days.  I t  then folIows 
tha t  the  bu ty lamine  etch revealed b o t h  In-  
d is locat ions  and  Sb-dis locat ions  wi th  equal  
efficiency, since the theore t ica l  densi ty  was 
revealed in annea led  In -ben t  and  annea led  Sb- 
bent  samples.  The  CP4 etch mus t  have revealed 
all  the  In-dis locat ions ,  since the theoret ica l  
densi ty  was revealed in annea led  In -ben t  samples,  
bu t  it  does no t  seem to be ent i rely specific to 
In-dis locat ions ,  since i t  gave values abou t  ha l f  
tha t  p red ic ted  f rom the curva ture  in annea led  
Sb-bent  samples.  I t  fol lows tha t  the  CP4 etch 
reveals all the In-d is loca t ions  present  and  a b o u t  
ha l f  of  the Sb-dis locat ions.  

Us ing  this conclusion,  it  is poss ible  to es t imate  
the  number  o f  ma jo r i ty  and  minor i ty  dis locat ions  
in the samples  bent  at  360 ~ C. 

We have pbut = p~n + psb (5) 

and Pc~,4--- pin + �89 (6) 

Thus the densities o f  In-  and  Sb-dis locat ions  
can be ob ta ined  separa te ly  when the two etch- 
pi t  densit ies are available.  Table  I I  lists values 
o f  pin and  psb ca lcula ted  in this way. In  the case 
o f  In -ben t  samples,  pin is a b o u t  a fac tor  o f  3 
to  4 greater  than  psb, whils t  in Sb-bent  samples  
psb is only  a fac tor  o f  2 to  3 greater  than  pi~. 
The  excess densi ty  o f  ma jo r i ty  dis locat ions  
was then ob ta ined  by  sub t rac t ion  and  is com-  
pa red  with tha t  p red ic ted  by  the N y e  relat ion.  
This re la t ion gives the excess densi ty  o f  ma jo r i ty  
dis locat ions  in the absence o f  macroscop ic  
elastic stresses, and  thus strictly can  only be 
appl ied  to  specimens which have been annealed.  
However ,  since the specimens ben t  at  3 6 0 ~  
showed a un i fo rm etch-pi t  d is t r ibut ion,  the 
res idual  elastic stresses mus t  have been low. 
Table  I I  shows tha t  the  excess densi ty  o f  
ma jo r i ty  dis locat ions  f rom etch-pi t  measure-  
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Figure 9 Etch-pit densities as a function of curvature in 
annealed samples. 

ments agrees very well with that predicted by 
equation 3. In all cases, the difference between 
the etch-pit estimate and the theoretical estimate 
of the dislocation density is less than that which 
would arise from the maximum experimental 
errors. This correlation, therefore, gives con- 
fidence in the validity of the assumptions made. 

4.2. Polygonisation Mechanisms 
Duga and Maringer [17] reported that InSb 
does not polygonise even when heated within a 
few degrees of  the melting point. However, this 
appears to be true only for specimens deformed 
by multiple slip. In the present experiments, 
samples bent at 270 ~ C deformed on one set of 
slip planes only and showed little polygonisa- 
tion, but after annealing close to the melting 
point it was very marked (see fig. 10). Vogel [18] 
found similar effects in Ge. 

It is interesting to consider whether the sharply 
polygonised dislocation structures obtained in 
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samples bent at 360 ~ C (but not annealed) were 
a result of glide processes alone, or of a com- 
bination of glide and climb. Livingston [19] 
was able to show that glide polygonisation, in 
which edge dislocations of like sign stick in 
minimum energy positions when they attempt 
to pass on parallel slip planes, can occur in 
copper at temperatures well below those 
necessary for climb. The mechanism of poly- 
gonisation in InSb at 360 ~ C, however, is not so 
clear. The small applied stress (a consequence 
of the small applied strain rate) would favour 
the formation of polygon walls by a glide 
process. Nevertheless, following the arguments 
of Bell et al [5], it seems very likely that climb, 
rather than double cross-glide, played a part 
in the transfer of slip from one plane to another, 
and possibly, therefore, in the formation of 
polygon walls too. 

4.3. The Differences between In-Bending and 
Sb-Bending 

The etch-pit distribution in samples bent at 
270~ point to a simple explanation of the 
observed difference between the yield stresses 
for In- and Sb-bending. 

In a bending experiment, the first dislocation 
sources to operate must be at or near the surface 
where the stresses are greatest, and dislocations 
of the sign required to accommodate the curva- 
ture will move towards the neutral axis. The 
stress will fall off as the neutral axis is ap- 
proached, and so the closest distance of ap- 
proach of the dislocations to the neutral axis 
gives an indication of the minimum stress 
required to move them. In specimens bent to the 
same lattice curvature, the etch-pit measure- 
ments showed that the dislocations moved much 
closer to the neutral axis on In-bending than on 
Sb-bending, even though the applied load was 
greater in the latter case. Thus, one simple 
explanation is that In-dislocations glide more 
readily than Sb-dislocations. 

An alternative can be obtained in terms of 
their different tendencies for climb. The an- 
nealing experiments of section 3.3 indicated that 
In-dislocations climb more readily than Sb- 
dislocations. Different tendencies for climb 
(leading to the propagation of slip from one 
plane to another) could result in differences in 
the lower yield stress for In- and Sb-bending. 

5. C o n c l u s i o n s  
(a) It has been shown that etch-pit techniques 
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Figure fO Micrographs of etch pits in deformed and annealed specimens (• 800). Both specimens were bent to a radius 
of 6 c m a n d  annealed a 512 ~  specimen : (a) modified CP4etchant ; (b )  butylamineefchant.  Sb- 
bent specimen: (c) modified CP4 etchant; (d) butylamine etchant. 

give a reliable estimate of the dislocation 
density in InSb. The butylamine etch reveals 
In- and Sb-dislocations with equal efficiency, 
whilst modified CP4 reveals all the In-disloca- 
tions and about half the Sb ones. 
(b) Bending at 270~ involved a higher value 
of the lower yield stress for Sb-bending than 
for In-bending. This may be due either to the 
glide mobility of In-dislocations being greater 
than that of Sb-dislocations, or to the more 
rapid climb of the former. 
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