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Mechanical deformation of InP and GaAs by spherical indentation
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The mechanical deformation by spherical indentation of both crystalline InP and GaAs was
characterized using cross-sectional transmission electron microscopy~XTEM! and atomic force
microscopy. All load–unload curves show a discontinuity~or ‘‘pop in’’ ! during loading. Slip bands
oriented along$111% planes are visible in XTEM micrographs from residual indentations in both
materials and no evidence of any phase transformations was found. Higher load indentations~35
mN for InP and 50 mN for GaAs! also revealed subsurface cracking. In contrast no cracking was
found beneath a 25 mN InP indent although the hardness and modulus data are almost identical to
those of the cracked sample. The subsurface cracks are thought to be nucleated by high stress
concentrations caused by dislocation pileup. ©2001 American Institute of Physics.
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The mechanical deformation responses of semicondu
materials to contact-induced damage is an area of contin
technological interest.1 Previous work has shown characte
istic discontinuities upon loading~‘‘pop in’’ ! for silicon and
compound semiconductors.2–4 However, silicon seems
unique in exhibiting similar discontinuities~‘‘pop out’’ !
when unloading. Phase changes induced by indenta
loading have been identified in silicon indentations
transmission electron microscopy~TEM! and Raman
microspectroscopy.5,6 Upon hydrostatic loading, diamon
cubic Si-I is known to transform to the metallicb-Sn phase,
Si-II.7 Upon rapid pressure release, amorphous silicon
formed, but a mixture of the high pressure polymorphs Si
and Si-XII occurs on slow pressure release indentatio6

The interpretation of pop-in and pop-out events for Si h
been explained in terms of phase transformations.8 It has
recently been suggested that this pop-in discontinuity u
loading could be caused by the expansion, beyond the d
eter of contact, of transformed material initiated under
indenter; this results in the sudden flow of material arou
the indenter.9

The onset of plastic deformation, denoted by the pop
is a catastrophic event in compound semiconductors suc
GaAs, InP and GaN. Williamset al. found the contact pres
sure ~or Meyers hardness! can increase to almost twice th
accepted value before abruptly falling and remaining a
constant level with increasing indenter penetration.10 Slip has
been proposed as the mechanism for plastic deformatio
compound semiconductors with Pageet al. showing slip
steps on the face of indentation impressions.11 The preferen-
tial slip planes for the face-centered-cubic structures of
InP and GaAs are$111%.

a!Electronic mail: jodie.bradby@anu.edu.au
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To better understand the mechanism of plastic deform
tion of compound semiconductors, in this letter we focus
the indentation-induced pop in and cracking of InP a
GaAs. A series of indentations were made in crystall
~100! InP and GaAs at loads of up to 50 mN. The indentati
device used was the Ultra-Micro indentation system-20
~UMIS! with a spherical indenter of;4.2mm radius. The
UMIS and indenter tip were carefully calibrated using fus
silica of known material properties. A load–unload cyc
was used to create the series of indents for cross-secti
analysis. The partial load–unload cycle~unload to 50%! was
used to extract hardness and elastic modulus as a functio
indenter penetration below contact.12 The contact diameter o
the tip was also calculated as a function of depth of pene
tion. A Nanoscope III atomic force microscope was used
contact mode to image a series of residual indent impress
in InP at 25 and 35 mN and in GaAs at 50 mN. All inde
tations were made at ambient pressure and room temp
ture.

Cross-sectional transmission electron microsco
~XTEM! samples were prepared from 25 and 35 mN inde
in InP and 50 mN indents in GaAs. These samples w
mechanically polished with the final thinning to electro
transparency achieved using an FEI3P200 focused ion beam
~FIB! system. This technique has been used previously
create XTEM samples of indentations in silicon.9,13 To pro-
tect the surface of the samples during the ion milling proc
a ;2 mm thick layer of platinum was deposited over th
surface of the indents using the FIB instrument. The TE
used in this study was a Philips EM 430 operated at
accelerating voltage of 300 kV.

The discontinuity or pop in during loading can be clea
seen in the typical load–unload curves shown in Figs. 1~a!
and 1~b! for InP and GaAs, respectively. The pop in for In
5 © 2001 American Institute of Physics
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shown in Fig. 1~a!, occurs at a load of;15 mN. The pop-in
load was found to vary between 10 and 17 mN. The sa
loading pattern is seen for indents made in InP at maxim
loads of 25 and 35 mN. The inset in Fig. 1 shows a con
mode atomic force microscopy~AFM! image~field width 7
mm! of a 35 mN indent in InP with no visible surface crac
ing. Section analysis of the AFM data revealed pileup
;15 nm occurring in four lobes at 90° intervals around t
periphery of the residual indent impression. A spread
pop-in loads is also observed for GaAs varying between
and 45 mN, with Fig. 1~b! showing a typical loading curve to
a maximum load of 50 mN. The inset shows a contact m
AFM image ~field width 7 mm! of a 50 mN indent in GaAs
that illustrates slip lines within the residual indent impre
sion. Pileup in four lobes was also seen from section anal
of the AFM data of the residual indent impression, similar
that found around the InP indent.

The hardness of InP and GaAs as a function of depth
indenter penetration below contact12 is shown in Fig. 2~a!.
Both materials show the onset of plastic deformation to b
catastrophic event. The hardness after pop in for InP is;5.1
and;7.5 GPa for GaAs. InP indented with maximum loa
of 25 and 35 mN shows almost identically shaped curv
The Young’s modulus shown in Fig. 2~b! as a function of
penetration depth below contact~underestimation of the ab
solute modulus due to the effect of indenter complian!
reveals no significant differences between the two maxim
loading conditions in InP. The gap in the data points, res
ing from a sudden increase in depth, is characteristic of
pop-in event. The value of the modulus is not affected by
pop in and remains relatively constant at;82 GPa for InP
and;97 GPa for GaAs. The average contact diameter of
indenter tip at maximum depth for both InP at 35 mN a
GaAs at 50 mN was found to be;2.9mm.

Shown in Figs. 3~a!–3~c! are XTEM bright field micro-
graphs of indents made in InP at maximum loads of 25
35 mN and in GaAs at 50 mN, respectively. The unev

FIG. 1. Typical continuous load–unload curves of~a! InP with maximum
loads of 25 and 35 mN. Inset: An AFM image of an indent in InP with
maximum load of 35 mN~field width 7mm! and~b! GaAs with a maximum
load of 50 mN. Inset: An AFM image of an indent in GaAs with a maximu
load of 50 mN~field width 7 mm!.
     
e
m
ct

f

f
3

e

-
is

f

a

s.

m
t-
e
e

e

d
n

nature of the surface and the slightly mottled appearanc
the surrounding InP are thought to be caused during the
milling process. Slip bands along the$111% can be clearly
seen in all micrographs. The slip bands are oriented para
along two planes, both aligned at an angle of 54° to the~100!
surface. The maximum diameters of the slip bands at
surface of the InP indents are;1.4 and;3.4mm for the 25

FIG. 2. Curves of~a! the hardness and~b! Young’s modulus as a function o
indenter penetration below contact for InP at maximum loads of 25 and
mN and GaAs at a maximum load of 50 mN.

FIG. 3. XTEM zone axis bright field images of indents formed in~a! InP at
a maximum load of 25 mN,~b! InP at a maximum load of 35 mN~the arrow
denotes the change in direction of the crack! and ~c! GaAs at a maximum
load of 50 mN.
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and 35 mN indents, respectively. The apex of the band
;1.1mm from the surface for the lower-load InP indent a
;1.5mm for the higher-load InP indent. The diameter of t
slip band region at the surface of the GaAs indent
;3.1mm and extends to a depth of;1.6mm. A selected
area diffraction study was carried out in these samples
no evidence of any phase transformation was found.

In addition to the slip bands, a median crack~crack di-
rection^001&! under the residual indent impression is sho
in Figs. 3~b! and 3~c!. The crack seems to be nucleated ne
the apex of the slip bands in both cases with the wid
section of the crack~;57 nm for InP at 35 mN and;42 nm
for GaAs at 50 mN! located in this region. The crack extend
down into the bulk of the crystal and, for the 35 mN In
indent shown in Fig. 3~b!, changes in direction of the crac
occur as it nears its maximum extension~denoted by an ar-
row in Fig. 3!. It is reasonable to assume that, immediat
after crack nucleation, the energetic crack tip progres
straight down into the unstrained crystal. As the energy
the tip is dispersed its direction can then be influenced by
crystal structure of the material.

The nucleation of the median crack beneath the slip b
apex indicates increased stress concentrations in this re
This stress concentration is likely to be caused by disloca
pileup as the slip bands intersect and act as respective b
ers obstructing further dislocation glide. This dislocati
pileup can concentrate shear stresses at the slip band ex
ity and thus cause the nucleation of a microcrack.14

The formation of a median crack beneath the indents
both InP and GaAs is not associated with any signific
discontinuity in the load–unload data. This is clearly ind
cated by the similarity in the data collected from the low
load InP indent~with no crack! and the higher-load inden
~with a crack!. The pop-in event occurs for both loads a
hence cannot be attributed to the sudden failure by crac
of the material.

In contrast to Si, these results verify slip as the mec
nism of plastic deformation by spherical indentation for bo
InP and GaAs. The discontinuity upon loading~pop in! is
likely to be caused by the sudden nucleation of slip by
indenter. The observed spread in the pop-in loads for InP
GaAs is consistent with the paucity of defects in these n
perfect single crystalline materials and hence the difficulty
nucleating slip. The contact-induced shear stresses fo
sphere in contact with a flat surface are at a maximum on
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axis of contact at a depth of approximately half the cont
radius.15 This is indeed the region where many of the s
bands in InP@Fig. 3~b!# intersect. As the loading continue
an increasing number of dislocations glide down the s
bands resulting in dislocation pileup as they intersect. T
causes a median crack to become nucleated to relieve t
localized stress concentrations within the weak tensile st
field that exists below the hydrostatic compressive zone
rectly beneath the indenter. A further contributing factor f
the pop in might be the formation of slip bands beyond
diameter of constraint of the indenter. Such nonconstrai
slip bands may pop out at the surface beyond the con
diameter, causing the four lobe pileup observed in the AF
analysis.

In conclusion, we have shown that the initial response
InP and GaAs to mechanical deformation by spherical ind
tation is the formation of slip bands, with no phase transf
mation being observed. Upon further loading, a med
crack appears beneath the indent, initiated by disloca
pileup. No differences were found in the hardness and mo
lus data between the intact and cracked InP samples.
indicates the formation of the median crack does not sign
cantly alter the mechanical properties of the material.
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