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Effect of repetition nanoindentation of GaN
epilayers on a-axis sapphire substrates
Meng-Hung Lin,a Hua-Chiang Wen,b∗ Zue-Chin Chang,b Shyh-Chi Wu,c

Wen-Fa Wud and Chang-Pin Choua

In this work, gallium nitride (GaN) epilayers were deposited on a-axis sapphire substrate by means of metal organic chemical
vapor deposition (MOCVD). Berkovich nanoindentation was used to explore the repetition pressure-induced impairment of the
GaN film. The observation of load-displacement vs stress-strain curves concludes that basal slip is implicated in the deformation
on the A plane GaN. The increase in the hardness (H) and elastic modulus (E) was determined from cyclic nanoindentation, and
resulted in a crack due to the formation of incipient slip bands and/or the to-and-fro motion of mobile dislocation. It is indicated
that the generation of individual dislocation and residual deformation of the GaN films are showed by CL mapping analysis.
From the morphological studies, it is revealed that the crack was found by means of atomic force microscope (AFM) technique
at nine loading/reloading cycles even after the indentation beyond the critical depth on the residual indentation impression.
Copyright c© 2010 John Wiley & Sons, Ltd.
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Introduction

Gallium nitride (GaN) is III-V wide-band-gap semiconductor and
potential candidate for the realization of photonic devices in
blue/green light emitting diodes (LED), semiconductor lasers,
and optical detectors.[1] GaN involves the wide-band-gap, high
breakdown field and high electron saturation velocity, which make
GaN to play a great role in the development of electronic devices
operating at high temperature, high power and high frequency
relative to competing materials (silicon and gallium arsenide).[2,3]

In terms of GaN film, the mismatch of lattice constants and thermal
expansion coefficients in this heteroepitaxy serve high dislocation
densities and high level of residual strain in the postgrowth
of thin film, which affects its mechanical properties, etc.[4 – 7]

The mechanical damages of GaN films, such as film cracking
and interface delamination caused by thermal stresses and
chemical–mechanical polishing, usually suppress the processing
yield and application reliability of microelectronic devices. In
this scenario, to access accounting precisely in the mechanical
properties of GaN remains a challenge. It has been made to
develop processes to grow thick GaN films, and subsequently,
separate them from their substrates as evidenced.[8 – 12] Notice that,
GaN film on sapphire substrates exhibits large lattice mismatch
(about 13.9%) causing in-plane tensile strain in the GaN film. The
most common orientation of sapphire used for GaN is the c-axis
sapphire. In fact, the lattice mismatch of the GaN film on a-axis
(1120) sapphire is less (2%) than that on c-axis (0001) sapphire
(13.9%), which promises for excellent quality of GaN growth with
improved surface morphology.[13]

Above them, compared to bulk, single crystals and the
deformation mechanism of the films can serve to highly
correlate to the geometrical dimensions and the materials
defect structure. The misfit dislocations at the interface of
GaN films, however, can play an important role of carrier
mobility and luminescence efficiency, etc. As a consequence,
nanoindentation has proven to be a powerful tool for probing

the information on the mechanical properties of GaN films
with characteristic dimensions in the submicron regime, such
as hardness and Young’s modulus.[14,15] In terms of indentation
load on GaN films, the nanoindentation-induced discontinuity in
the load-displacement curve has been revealed. The slip-band
movement[16,17] and dislocation nucleation mechanism,[14][18] to
explain this pop-in event on c-axis GaN epilayers or bulk single
crystals have been investigated.[19] In our prior article, the proposal
of a-axis GaN films had been attempts in pop-in study,[20] but
for reasons that are unclear from repetition pressure-induced
impairment events.

In this paper, we apply the nanoindentation technique to
understand the response of GaN surfaces to a localized stress.
The pressure-induced impairment of GaN films/a-axis sapphire
substrate has been investigated by using nanoindentation, atomic
force microscope (AFM) and cathodoluminescence (CL) mapping.
A significant investigation of the mechanical characterizations on
GaN films is motivated here.
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Nanoindentation of GaN epilayers on sapphire substrates

Figure 1. AFM images of indented GaN film/a-axis sapphire surfaces: (a) typical, (b) three, (c) six and (d) nine loading/reloading cycles, respectively.

Experimental

The GaN films used in this study was grown on a-axis (1120)
sapphire plane substrates by using the metal-organic chemical
vapor deposition (MOCVD) method. To fabricate the GaN films,
a 10-nm-thick AlN-buffer layer was first grown on a-axis (1120)
sapphire substrate. Then, GaN films with a thickness of close
to 2 µm was grown on top of the buffer layer by MOCVD at
1100 ◦C, using Triethylgallium (TEGa), trimethylaluminium (TMAl),
and ammonia (NH3) as the gallium, aluminium and nitrogen,
respectively.

The mechanical properties of GaN films performed by a
Nanoindentation system (Nano Indenter XP instrument, MTS
Corporation, Nano Instruments Innovation Center, TN, USA) with
Berkovich indenter tip, whose radius of curvature is 50 nm, were
conducted under force contact stiffness measurement (FSM)
technique with repetition pressure-induced impairment at the
constant load of 25 mN. In FSM measurement, each indentation
location was separated by 30 µm in order to avoid possible
interference between neighboring indents. Here, all indents were
performed at room temperature. The analytic method developed
by Oliver and Pharr was adopted to determine the hardness (H) and
Young’s modulus (E) of the GaN films from the load-displacement
curves.[21] The thermal drift was kept below ±0.05 nm/s for
all indentations considered in this work. The nanoindentation-
induced crack morphology of the GaN films was examined by
tapping mode atomic force microscopy (AFM, Veeco D5000).
In addition, cathodoluminescence (CL) mapping acquired at a
wavelength of 550 nm from an indented GaN films indented
was characterized using a CL apparatus (HORIBA Co., Ltd.). The
room-temperature CL measurements were performed using a
JEOL JSM-7001F field emission scanning electron microscope.

An electron beam energy of 20 keV was selected to excite the
GaN surface. The CL light was dispersed by a 2400 nm grating
spectrometer and detected by a liquid N2-cooled charge-coupled
device.

Results and Discussion

In term of indentation, residual impression of repeated indent
mark was examined by tapping mode 3D-AFM to check for the
evidence of slip, cracking, and pile-up/sink-in phomenon. Shown
in Fig. 1 are typical amplitude-mode AFM images of a (a) typical
cycle, (b) three, (c) six and (d) nine loading/reloading cycles to
maintain a maximum load of 25 mN. In Fig. 1(a), the AFM image
clearly illustrates that slight activation of the pyramidal slip near
the indent mark, which occurs at typical cycle nanoindentation,
is suppressed in the GaN films. A comparison of three and six
loading/reloading cycles nanoindentation images (Fig. 1(b) and
(c)) gives a gradation of protrusion that means some pyramidal
slip nucleation, rather than that of typical cycle one. It is suggested
that the slip mechanism can be responsible for the pile-up events
during the loading of GaN. Furthermore, the AFM image of the
residual indentation mark at nine loading/reloading cycles reveals
the pyramidal slip and partial crack (Fig. 1(d)). The dislocation-
induced ‘pop-in’ event tends to be associated with two distinct
deformation behaviors before (pure elastic behavior) and after
(elastoplastic behavior) the phenomenon. The hardness (H) and
elastic modulus (E) as a function of indentation depth can be
obtained from the FSM measurements; for the measured results
of the GaN films/A plane sapphire substrate, H were 16.4 ± 0.2,
15.6 ± 0.1, 16.6 ± 0.2, 26.5 ± 0.8 GPa, while E were 409.7 ± 12,
400.7 ± 11, 383.5 ± 9, 758.8 ± 18 GPa, respectively. The soft GaN
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Figure 2. The CL mapping acquired at a wavelength of 550 nm from an indented GaN films: (a) typical, (b) three, (c) six and (d) nine loading/reloading
cycles, respectively.

films was grown epitaxially on a hard sapphire substrate, it tends
to find that the differences in lattice parameters and thermal
expansion coefficients between the film and substrate. It may
introduce a misfit strain at the interface, and the strain is released
by generating threading dislocations in the GaN epilayers.[22,23]

From the plane view of the indentation mark, Fig. 1 shows the
residual volume from the edge of indentation. There is massive
material transfer from below the indented zone to the sides of the
indentation mark. Navamathavan et al.[24] revealed the residual
impression of the indentation mark by Berkovich indenter tip.
The pile-up event on the morphological surface is clearly the
observation from SEM technique. Barsoum et al. also reported[25]

that pop-in events and the cracks under a Berkovich indenter
were observed. While the indenter suddenly penetrates into the
basal planes, they must rupture (Fig. 1(d)). Since the rupture is
associated with the repeated indenter cycles, the relatively large
displacements at low stresses below the bend are most probably
related to the back and forth motion of delamination. It is believed
that the discrepancies in the mechanical parameters obtained
by repeated indentation methods are mainly due to the specific
tip–surface contact configuration and stress distribution inherent
in the system of GaN films/a-axis sapphire.

In Fig. 2, the CL mappings acquired at a wavelength of 550 nm
from a GaN films indented were presented at (a) typical, (b) three,
(c) six and (d) nine loading/reloading cycles, respectively. These CL
images reveal the distribution of indentation-induced extended
defects; the cube-corner indenter form and these extended defects
reflect some of the radial symmetry of the stress field (Fig. 2(a–c)).
In contrast, another luminescence/topography distribution CL im-
age revealed a crack line that formed after nine loading/reloading
cycles (Fig. 2(d)). Slip enhancement may contribute to the crack
that can be observed during loading/reloading and, the mecha-
nism may be due to the plastic deformation.[15] In the GaN films, the
indented area below the propagation of dislocations is observed
by CL image that also revealed a detectable reduction in the inten-

sity of the CL emission.[26 – 33] In the case of six loading/reloading
cycles, only a small percentage of indentations was plastically
deformed (Fig. 2(c)). CL imaging could distinguish between the
indentations that had undergone several degree of plastic defor-
mation, which location was purely in the elastic regime (Fig. 2(d)).
As a result, we detected an observable CL impression only af-
ter the pile-up event, providing convincing evidence that the
phenomenon involves the nucleation of slip as the deformation
mode.

Above them, the load-indentation behaviors for the GaN films on
the A plane sapphire is revealed in Fig. 3. At the beginning, the FSM
serves the typical load vs penetration depth of GaN film (Fig. 3(a)).
After the three cycles, the load vs penetration depth of GaN film
is recorded; the repetition pressure-induced curve means gradual
elastic deformation. The repetition pressure induced under three
and six loading/reloading cycles nanoindentation images (Fig. 3(b)
and (c)) leads to more strain hardening compared with that of a
typical one (Fig. 3(a)). It is noted that the strain hardening is
consistent with the decrease in the penetration depth. While
Fig. 3(d) is superimposed, it becomes evident that the crack and
the increased penetration depth are almost identical at CL imaging
(Fig. 2(d)). Barsoum et al.[15] noted that all slips are basal and
the stress-strain curves both before and after the pop-ins for
both C and A orientations, presumably, were almost perfectly
superimposable in sapphire. It is thus reasonable to implicate
basal slip for the deformation in the A orientation. We concluded
that the corresponding penetration depth vs repetition cycles in
Fig. 4 and the strain hardening of GaN films partially induced as the
penetration depth are observed to decrease not only from typical
to six loading/reloading cycles, but also nine loading/reloading
cycles. Consequently, the system (GaN films/a-axis sapphire) can
be interacted by indenter tip to appear in the deformed zone, the
threading dislocations then excursion into films through certain
depths, afterward causing the pop-in event. It is conjectured
that the mechanism of the event is caused by slip bands,[27 – 29]
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Figure 3. The typical load vs penetration depth curve of GaN film:
(a) typical, (b) three, (c) six and (d) nine loading/reloading cycles, respec-
tively.

and/or dislocation nucleation.[30] However, the inner failure of
the GaN films is observed while a crack suddenly occurrs at
the condition of nine loading/reloading cycles. It is speculated
that the repetition pressure-induced impairment during loading
were contributed by the multiple pop-in events, and can be
revealed over the indentation load and penetration depth.[20,24]

From the previous report,[15,31 – 32], they discussed the deformation
mechanisms in freestanding films. The successive indentations
in the same location generated a series of hysteresis loops in
which the first loop was slightly open, but subsequent loops
were perfectly superimposable. For this case, the investigation
of initial deformation of GaN films is measured under cyclic
nanoindentation, which films deformed elastically and residual
deformation is observed. This leads to larger deviations in the
penetration depth vs cyclic nanoindentation. The mechanisms
responsible for the dislocation recovery appear to be associated
with the activation of dislocation sources brought about by
loading-unloading cycle of the nanoindentation tip upon GaN
films. The plastic deformation prior to loading-unloading cycle
is associated with the individual movement of a small number
of new nucleation, and large shear stress is quickly accumulated
underneath the indenter tip. When the local stress underneath
the tip reaches high level cycles, a burst of collective dislocation
movement on the slip systems is activated, resulting in a release of
local stress. The extensive interactions between the dislocations
slipping along the GaN surface, therefore, confined the slip
bands resulting in a pop-in event due to the deformed and
strain-hardened lattice structure. It is suggested that the primary
deformation mechanism of the GaN films may be due to dislocation
nucleation and propagation along the easy slip systems.

Conclusion

We employed a combination of nanoindentation and AFM
techniques to investigate the cyclic nanoindentation deformation
behaviors of the GaN films/a-axis sapphire substrate. From AFM
scans, the pop-ins resulted in impressions with depths that
corresponded to the extent of residual penetration, or plastic
deformation, registered in the first cycle. A material pile-up was
also seen around the impressions.
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Figure 4. The penetration depth vs loading/reloading of GaN film:
(a) typical, (b) three, (c) six and (d) nine loading/reloading cycles, respec-
tively.

The deformation mechanisms of the GaN films were observed
in the form of a pop-in event during loading-unloading cycle,
especially leading to deviations in the penetration depth vs
cyclic nanoindentation loading/unloading. A CL images study
of the indentation impressions show the clear evidence on
the observation of the defects transform. In addition, the
transformation of strain hardening of GaN is occurred under
the cyclic nanoindenter test. The strain energy is transformed to
mobile dislocation and resulted in a pop-in event initially. It is
speculated that the repetition pressure-induced impairment was
contributed by the multiple pop-in events, and are revealed over
the indentation load and penetration depth.
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