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The mechanical deformation of wurtzite GaN epilayers grown on sapphire substrates is studied by
spherical indentation, cross-sectional transmission electron microscopy~XTEM!, and scanning
cathodoluminescence~CL! monochromatic imaging. CL imaging of indents which exhibit plastic
deformation~based on indentation data! shows an observable ‘‘footprint’’ of deformation-produced
defects that result in a strong reduction in the intensity of CL emission. Multiple discontinuities are
observed during loading when the maximum load is above the elastic-plastic threshold, and such a
behavior can be correlated with multiple slip bands revealed by XTEM. No evidence of
pressure-induced phase transformations is found from within the mechanically damaged regions
using selected-area diffraction patterns. The main deformation mechanism appears to be the
nucleation of slip on the basal planes, with dislocations being nucleated on additional planes on
further loading. XTEM reveals no cracking or delamination in any of the samples studied for loads
of up to 250 mN. ©2002 American Institute of Physics.@DOI: 10.1063/1.1436280#

Gallium nitride is the focus of intensive research due to
its applications for the fabrication of~opto!electronic
devices.1 The properties and deformation mechanisms of this
material are therefore of significant technological impor-
tance, with contact-induced damage, cracking, and epilayer
delamination being of particular interest. A number of groups
have studied the deformation behavior of GaN using inden-
tation for inducing mechanical damage2–7 and/or for measur-
ing the material properties.8–13 On indentation loading of
GaN, a discontinuity in the load–penetration curve~so called
‘‘pop in’’ ! has been reported in some studies9,13 but not in
others.10 In the latter case, Nowaket al.10 have attributed the
reported discontinuities to the influence of the underlying
sapphire substrate.

Discontinuities in the indentation load-penetration
curves have also been reported for a number of other brittle
semiconductor materials~such as Si, Ge, InP, and GaAs!.
These discontinuities are widely recognized as an important
indicator of physical deformation processes such as the ini-
tiation of dislocations or phase transformations.14–16 In the
case of GaN, atomic force microscopy~AFM! of indents has
revealed slip traces within the contact diameter of the in-
denter, which suggests that slip is the mechanism of plastic
deformation in this material.13 However, a recent study by

Weyheret al.6 have reported the formation of some polycrys-
talline material in the highly deformed residual indent im-
pression in GaN. These authors have speculated that this may
be a result of pressure-induced phase transformations.6 It is
clear that low-load mechanical deformation of GaN by in-
dentation has not been studied in sufficient detail in order to
determine the major modes of plastic deformation. In par-
ticular, no cross-sectional transmission electron microscopy
~XTEM! studies of indents in GaN have been reported de-
spite the fact that XTEM has proven to be a powerful tech-
nique to study indentation-produced structural changes in
other brittle materials. Hence, we report here on a XTEM
study of indentation-deformed GaN to probe microstructural
changes.

In this letter, we investigate the deformation of;2 mm
thick wurtzite epilayers of GaN grown on sapphire substrates
by metalorganic chemical vapor deposition in a rotating disk
reactor at Ledex Corp. A series of indentations was made at
loads of up to 250 mN with an Ultra Micro Indentation Sys-
tem 2000~UMIS!. A spherical indenter of an;4.2 mm ra-
dius was used throughout this study. Both the UMIS and
indenter tip were calibrated using fused silica. All indents
were made using the continuous load–unload cycle at room
temperature and atmospheric pressure. The indented material
was analyzed using both XTEM and scanning cathodolumi-
nescence~CL! monochromatic imaging. The CL study was
performed at room temperature using an Oxford Instrumentsa!Electronic mail: jodie.bradby@anu.edu.au
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Mono CL2 system, installed on a JEOL 35C scanning elec-
tron microscope~SEM!.

Samples for XTEM were prepared using an FEI3P200
focused ion beam~FIB! system with 30 keV Ga ions. To
protect the surface during the ion milling process, an;2
mm-thick layer of Pt was deposited over the surface using
the FIB instrument. To avoid ion-beam-induced damage, ion
current was kept as low as practicable~,70 pA when imag-
ing sample! to minimize the dose the samples received both
before and after Pt was deposited. The transmission electron
microscope used in this study was a Philips CM 300 oper-
ated at an accelerating voltage of 300 kV.

Figure 1 shows a typical load–penetration curve from
GaN loaded to a maximum of 250 mN. At this load, the
indenter penetrates;730 nm into the material. A single dis-
continuity is clearly observed on loading at;35 mN. The
inset in Fig. 1 shows a load–penetration curve taken with a
maximum load of 50 mN. In this case of lower load inden-
tation, the maximum indenter penetration is;200 nm, which
is approximately a tenth of the GaN epilayer thickness. This
curve shows two pop-in events at;28 and;34 mN. Mul-
tiple pop ins were found in a number of load–penetration
curves collected from GaN. The critical load and the length
of indenter excursion during pop-in events were found to
vary markedly even between indents made on the same
sample under identical loading conditions. However, these
effects were found to have a negligible influence on the final
penetration depth of the indenter.

After indentation, the residual indent impressions were
imaged using CL. A series of CL images of near-gap emis-
sion from GaN indented to maximum loads of 25 mN, 50
mN, and 200 mN is shown in Figs. 2~a!, 2~b!, and 2~c!,
respectively. All the indents shown in Fig. 2 were loaded
above the pop-in threshold~based on the indentation data!.
In these CL images, deformation-produced defects are

clearly visible as dark regions where the intensity of the
near-gap CL emission from GaN is dramatically suppressed
by indentation-induced defects. Indentation-produced dislo-
cations act as a very efficient nonradiative recombination
centers in GaN, resulting in a severe suppression of the in-
tensity of the near-gap emission.2,13 Figure 2 shows the evo-
lution of the CL ‘‘footprint’’ of such defects with increasing
load. The sizes of dark regions in CL are;3 mm, 5 mm, and
11 mm for 25 mN, 50 mN, and 200 mN indents, respectively.
Although Star-of-David-like rosettes have previously been
reported around large-load indents,2,13 such details could not
be clearly resolved for samples indented to lower loads in
this study. However, some crystallographically aligned de-
fects can be seen in the images shown in Fig. 2, suggesting
that low-load deformation may involve the punching out of
dislocations, similar to the high-load case.

Interestingly, CL imaging of GaN indented below the
critical pop-in load revealed no detectable reduction in the
intensity of CL emission. Indeed, at low maximum loads
such as 25 mN, where only a small percentage of indents
plastically deform, CL imaging was able to distinguish be-
tween indents that had undergone some degree of plastic
deformation~after pop-in! and indents that were purely in the
elastic regime~before pop-in!. This was confirmed by an
analysis of indentation data for each individual indent. Thus,
an observable CL footprint is only detected after the pop-in
event. This is convincing evidence that the pop-in event in-
volves the nucleation of slip as the deformation mode.

The microstructures beneath the surface of the indents
were examined more directly using XTEM. Bright-field
XTEM images of indents in GaN for maximum loads of 50
mN and 250 mN are shown in Figs. 3~a! and 3~b!, respec-
tively. Both images show threading dislocations running ver-
tically throughout the GaN layer. These as-grown disloca-
tions are characteristic for GaN epilayers.17 The image of the
50 mN indent@Fig. 3~a!# shows slip bands aligned parallel to
the sample surface along the basal planes. These slip traces
extend;680 nm down into the GaN epilayer, which is ap-

FIG. 1. Typical load–penetration curve for a maximum load of 250 mN
showing a pop-in event. Inset: Load–penetration curve for a maximum load
of 50 mN showing multiple pop-in events at 28 and 34 mN.

FIG. 2. Room-temperature monochromatic CL images of spherical indents
in GaN. The maximum loads and horizontal field widths are~a! 25 mN and
;15 mm, ~b! 50 mN and;15 mm, and ~c! 200 mN and;30 mm. CL
imaging conditions: electron beam energy520 keV, CL wavelength
5366 nm, and CL bandpass52.5 nm.

FIG. 3. Bright-field XTEM images of spherical indents in GaN at maximum
loads of~a! 50 mN and~b! 250 mN.
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proximately three times the maximum indenter penetration
depth for this load but merely a third of the thickness of the
epilayer. This strongly suggests that, consistent with previous
reports, the substrate does not influence the deformation be-
havior of GaN at this penetration depth. This result is con-
sistent with a commonly used rule of thumb which states
that, when indenting thin films, substrate-independent data
can be obtained if the indentation depth is less than one-tenth
of the film thickness.18

It is interesting to note the three discrete bands of dislo-
cation in Fig. 3~a!. This is suggestive of a ‘‘slip–stick’’ be-
havior, whereby dislocations are pinned by existing defects.
Furthermore, this behavior may explain the multiple pop-in
event. Indeed, slip may be temporarily impeded~at existing
defects! before additional nucleation can proceed as loading
increases.

The higher load indent~250 mN!/shown in Fig. 3~b!
reveals a dense array of dislocations extending throughout
the entire ;2 mm thick GaN epilayer. Interestingly, no
indentation-induced dislocations were found in the sapphire
substrate. In addition to slip along the basal plane of GaN,
there appear to be dislocations orientated at 60° to the
sample surface. However, the favored slip plane of the hex-
agonal structure is~0001! ~basal plane!. The identification of
the inclined dislocations planes by detailed tilting experi-
ments is difficult at this load due to the dense array of
indentation-produced dislocations. Determination of the Bur-
gers vectors of deformation-produced dislocations in our
samples was not possible due to the geometry limitations of
the FIB samples.

A selected-area diffraction pattern analysis of mechani-
cally deformed regions revealed no evidence of extra phases
in any of the samples studied. This is a compelling argument
that no pressure-induced phase transformations take place in
GaN indented at loads up to 250 mN with an;4.2 mm
radius spherical indenter. Phase transformations in GaN have
been proposed as a mechanical deformation mechanism by
Weyheret al.,6 who detected a polycrystalline material after
Vickers indentation at very high loads of 2 N. Hence, it may
be speculated that severe loading conditions, such as used by
Weyheret al.,6 may be needed to induce a phase transforma-
tion in GaN.

It is apparent from the above experimental data that
there is no substrate influence to loads roughly double those
at which the the pop-in event is observed, in contrast to the
suggestion by Nowaket al.10 For example, pop-in events are
clearly seen in the 50 mN indentation data~see the inset in
Fig. 1!, while the XTEM image for this load shows no evi-
dence of dislocations extending to the GaN/sapphire inter-
face. Even at higher loads of 250 mN, where the substrate
will clearly influence the deformation processes, no
indentation-induced dislocations were found in the substrate
in any of the samples studied. Furthermore, no indentation-
induced surface cracking has been previously observed by

AFM or SEM in hexagonal GaN.7,13 However, film delami-
nation and subsurface cracking were not able to be excluded
as a deformation mechanism by previous studies. The
present investigation reveals no cracking or delamination for
loads up to 250 mN~the maximum load used! and resolves
these uncertainties from all previous studies. The only defor-
mation mechanism identified under the medium load condi-
tions used in this study is slip by punching out of disloca-
tions.

In conclusion, this study has enabled the evolution of
deformation processes in GaN by indentation loading to be
clearly observed. Slip, by punching out of dislocation bands
parallel to the basal plane, is the main mode of plastic defor-
mation. At higher loads, dislocations at;60° to the basal
planes have been found. No phase transformations, cracking,
or delamination of the film was observed under the medium
loading conditions of this study. Indeed, the pop-in events
during loading can be correlated with indentation-induced
dislocations imaged by both CL and XTEM. In particular,
multiple pop-in events may originate from multiple slip
bands observed by XTEM. Finally, it is interesting to note
that CL imaging of indents appears to be a sensitive measure
of the onset of slip since CL contrast of indents correlates
well with the observation of pop-in events.
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