
ABSTRACT
The optoelectronic properties of gallium nitride (GaN) have been well studied for 
decades, with results being translated to applications in solid state lighting and 
lasers, thermoelectricity, solar cells, power electronics, etc. However, the mechanical 
and tribological properties of GaN have been studied and understood far less than 
its optoelectronic properties. Our research aims to explore the wear performance 
of GaN and the controlling factors that will affect its wear rate. Directionality of 
GaN wear rate was observed with 60° periodicity. The local highest wear rate ap-
peared along <12

–
10> while the local lowest wear rate appeared along <11

–
00>. The 

experimental results revealed that, the wear rate of GaN increased over 30 times 
when the testing environment changed from low humidity air to high humidity lab 
air. AES and SEM/EDS were employed to analyze the surface chemistry inside and 
outside the wear scar. The results provided further insight into the tribochemistry 
of GaN wear against alumina under different humidity environments.

INTRODUCTION
The prevalence of gallium nitride (GaN) in scientific research and industri-
al engineering applications has rapidly expanded in recent years because of 
its outstanding electronic and optoelectronic properties [1–5], including its 
wide band gap. The progress in the GaN-based semiconductors were driven 
primarily on the material epitaxy and device innovations, enabling the wide 
implementation in power electronics [1] and solid state lighting technologies 
[2–5]. The progress in material innovation, specifically improvements of the 
dislocation density in GaN [6–11] and p-type doping activation [12–14], were 
the primary incentive and driving force of the III-Nitride technologies in the 
early period. More recent progress (the last decade) has been made through 
understanding of the nanostructure-property-performance physics and de-
vice, resulting in high efficiency nitride-based solid state lighting technologies 
[15–20]. The large bandgap in GaN-based semiconductors also makes these 
materials suitable for power electronics applications [1]. The importance of 
GaN-based innovation was recently recognized by the 2014 Nobel Prize in 
Physics [21].

In the pursuit of the advances in solid state lighting, lasers, and power 
electronics, tremendous advances were achieved on the understanding of the 
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electronics and optoelectronics properties of GaN-based ma-
terials, devices, and nanostructures. However, the mechanical 
properties and performance of GaN have far fewer studies. 
The lack of the investigation of the mechanical properties 
of GaN results in relatively few applications in mechanical 
or combined area. Elastic constants of GaN have been deter-
mined mainly by static displacement method, X-ray diffrac-
tion, resonance ultrasound method and acoustic wave method 
[22–25], and these parameters have been widely used in lat-
tice mismatch and piezoelectric polarization effect [26–28]. 
The Young’s modulus (210-330 GPa) and hardness (12-20 
GPa) of GaN have been obtained by nanoindentation and 
bending test on suspended GaN microstructure [29–33]. The 
fracture toughness and yield strength of bulk single crystal 
GaN were also obtained by indentation and were found to 
be 0.79 ± 0.1 MPa m and 15 GPa, respectively [31, 32]. The 
mechanism of plastic deformation under nanoindentation was 
also studied by Kucheyev et al. [33], they found that there 
was no systematic dependence of mechanical properties of 
GaN epilayer on both the coating thickness and the doping 
type and that slip-planes are one of the physical mechanisms 
responsible for the plastic deformation of GaN. An in-situ 
micro-compression test has been conducted to extract the 
deformation parameters of MOVPE grown GaN micro-pillars. 
Deformation was observed only occurring through 2nd order 
pyramidal slip on the {112

–
2} <112

–
3> slip system and mea-

sured activation energy for the slip system was determined 
to be 0.91 ± 0.2eV and the Peierl’s stress was 3.76GPa [34].

Even less is known about the tribological (friction and 
wear) properties of GaN and other III-Nitride materials (i.e. 
doped GaN and InGaN). GaN plays a key role in modern 
semiconductor industry; thus, it is crucial to understand its 
wear behavior and reliability, especially in MEMS devices, or 
under some harsh working environments (like space, desert, 
etc). Moreover, the study of friction and wear of GaN will be 
very conducive for understanding the machinability of GaN 
when we refer to the fabrication (ultraprecision machining, 
wafer grinding, micro/nano milling, etc.) of GaN-based de-
vices. With nanoscratching, Lin et. al. showed substrate ori-
entation dominated the extent of ploughing in GaN epilay-
ers and c-axis sapphire-grown GaN epilayer has higher shear 
resistance than those GaN epilayers grown on a-axis sapphire 
substrate [35]. However, nanoscratch experiments are gener-
ally limited in the context of tribological performance because 
they are limited to one sliding cycle of a very sharp tip at 
relatively large contact pressures.

We measured the wear rate of GaN using custom pin-on-
disk tribometers. The worn surface was analyzed by several 
surface characterization techniques. The results indicate that 
GaN has ultralow wear rate when tested under low humid-
ity environment while tribochemical reaction took place and 
dominated the wear process when tested under high humidity 
environment. Rotary test revealed that wear performance of 
GaN has directionality with highest wear rate along <12

–
10> 

and lowest wear rate along <11
–
00>.

MATERIALS AND METHODS
Materials. 3μm thick single crystal undoped (0001)-GaN coat-
ing was grown by metal-organic chemical vapor deposition 
(MOCVD) on c-plane sapphire substrate. Ammonia and tri-
methylgallium were used as the precursors to obtain GaN, 
the chemical mechanism is shown Figure 1. The sapphire 
substrate was baked under 1080°C to remove all the contami-
nants and adsorbates. Then a 30-50nm thick GaN was grown 
on sapphire under low temperature, 530°C. To minimize the 
lattice mismatch induced strain at GaN/sapphire interface, the 
GaN lattice will rotate 30° with respect to Al

2
O

3
 unit cell, i.e., 

GaN[11
–
00]//Al

2
0

3[12
–
10]. When the growth of this low temperature 

GaN was done, the temperature was ramping up to 1090°C 
with ammonia overpressure inside the chamber to convert 2-D 
low temperature GaN into 3D GaN islands. A detector was 
used here to monitor the roughness of the coating. Once the 
surface roughness was low enough, the etching process would 
be stopped and the chamber would be backfilled with ammonia 
again together with trimethylgallium. GaN will first fill in the 
valley and the islands are gradually coalesced and eventually 
form a congruent, crystalline (Wurtzite) GaN coating.

Wear Test Methods. Both pin-on-disk rotary unidirectional 
dry sliding test and linear reciprocating dry sliding test were 
performed on the c-plane of Wurtzite GaN coating. The ro-
tary testing was achieved by custom-built rotary stage (PI 
M-660.55) while the linear reciprocating sliding was achieved 
by a linear motor stage (Aerotech ANT95-L). The normal load 
was applied by using a double-leaf cantilever. Both normal 
force and frictional force were recorded for each cycle and 
the friction coefficient was calculated by averaging over the 
middle 20% of the stroke. 1.5mm diameter ruby (alumina) 
ball (Edmund Optics, Grade 25) was used as countersample 
due to its well-known chemical stability, hardness and wear 
resistance. The unidirectional rotary test was conducted at the 
velocity of 8mm/s with normal load of 400 mN in an ambient 
lab air environment with ~35±2%RH. The linear reciprocat-
ing sliding test was conducted at the velocity of 5mm/s with 
normal load of 600mN along <12

–
10> crystal direction under 

both low humidity lab air (~10±2%RH) and high humidity 
lab air (~75±5%RH).

Figure 1  |  Illustration of MOCVD growth of GaN epilayer
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Wear Measurements. A scanning white light interferometer 
(Bruker ContourGT-I, optical profilometer) was employed 
here to map topography of the wear scars. For rotary test, a 
profilometric scan was made for every 3° and the correspond-
ing wear rate was calculated. For linear reciprocating sliding 
test, 20 individual profilometric scans were made for each 
5mm long wear scar and 5 cross-sectional line scans within 
each profilometric scan were extracted for wear rate calcula-
tion. These 100 cross-sectional line scans over 5mm long wear 
track were believed to minimize the uncertainties of the GaN 
wear rate due to local defect and contamination, non-uniform 
geometry, etc. The worn areas of these cross sections were 
evaluated by numerical integration and the averaged wear 
rate was obtained by applying Archard’s wear rate, as shown 
in Eqn. 1.

 
    

   (1)

A is the measured cross-sectional area of wear scar, C is for 
the number of reciprocating sliding cycles (one cycle includes 
one forward stroke and one reverse stroke), Fn is the applied 
normal load. A factor of 1000 [mm/m] here is used for unit 
consistency.

Coating Analysis. Scanning Auger electron microscopy, con-
focal Raman microscopy, atomic force microscopy (AFM) and 
scanning electron microscopy (SEM) were used here to char-
acterize the worn and unworn surface.

AES is a state-of-the-art surface sensitive characterization 
technique and the typical probing depth is in the range of 
10-50Å. In contrast to other surface characterization tech-
niques, such as X-ray photoemission spectroscopy (XPS), 

surface extended X-ray absorption fine structure (SEXAFS), 
high resolution electron energy loss spectroscopy (HREELS), 
AES has better lateral and in-depth resolutions, which can 
perfectly fit into the wear scar. There is also no specific sample 
preparation requirement when compared to high resolution 
transmission electron microscopy (HR-TEM). Thus, AES was 
applied here to investigate the surface compositions of the 
wear scar. Confocal Raman spectroscopy (532nm laser band, 
lateral resolution 800nm) was also used here as a backup of 
AES analysis.

SEM (ZEISS 1550) was employed here to obtain the ge-
ometry of worn surface which was made under low humidity 
(~10±2%RH) and high humidity (~75±5%RH) environments. 
EDS (Oxford Instruments) was utilized here to compare dis-
tinguish the materials formed after the wear tests.

RESULTS AND DISCUSSIONS
Directionality
The rotary pin-on-disk experiment resulted in wear rates cor-
responding to all possible directions on the c-plane of GaN. 
The wear rate vs rotary track position (which correlates to 
crystallographic sliding direction) is plotted in Figure 2; this 
reveals that the wear rate of GaN exhibits a 60° periodicity, 
with local highest wear rate (peak) appears along <12

–
10> and 

local lowest wear rate (valley) appears along <11
–
00>. This 

is in consistence with our previous finding [36]. However, 
there still exists some factors that will locally change the wear 
performance of GaN. For instance, (1) the group III source 
(trimethylgallium) doesn’t distribute evenly from center to 
edge of the substrate, which will lead to non-uniformity of 
surface geometry and (2) threading dislocation density varies 
from place to place. All these factors will result in fewfold of 
wear rate difference in same family direction.

Figure 2  |  Directionality: GaN wear rate with respect to rotary stage position (and corresponding crystal direction): 400 mN normal load; 60,000 
cycles; 1.5 mm diameter ruby probe; ~35% RH laboratory air
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Tribochemistry
Crystal direction <12

–
10> was selected to examine the hu-

midity effect on GaN wear behavior under low (~10%RH) 
and high (~75%RH) humidity ambient air environments. The 
wear rates (K) and friction coefficient (μ) for these three test-
ing environments are listed in Table.1.

The wear rate of GaN varied was ~30 times greater in high 
humidity (K~ 57 mm3/Nm in ~75% RH) as compared to low 
humidity (K~ 2 mm3/Nm in <10% RH). This dramatic influ-
ence of moisture on the wear performance of GaN suggests 
possible tribochemistry.

AES was employed to analyze the worn surface obtained 

under high humidity environment. Figure 3a shows the SEM 
image of the interested region inside wear scar. Both map-
ping (Figure 3b) and line scan (Figure 3c) were performed 
to reveal the surface composition inside and outside the wear 
scar. The wear debris consists of gallium oxide. The gallium 
signal is slightly less inside the wear scar than the unworn 
surface. The intensity of nitrogen inside the wear scar is also 
deficient as compared to the unworn surface. The increased 
oxygen signal with minimal decrease in Ga signal suggests 
there is a thin oxide layer (possibly Ga

2
O

3
) on the surface. 

Furthermore, the lowest intensities for both Ga and N and 
highest intensity for O inside the wear scar appear in the 

Table 1  |  Wear rate of GaN under different environments

Figure 3  |  Auger electron spectroscopy, (a) SEM image of interested region, (b) Auger mapping and (c) line scan across the wear scar
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center of the wear scar. This matches with the location of the 
maximum normal and shear stress.

Although GaN is believed to be chemical stable mate-
rial [37, 38], oxidation of GaN can still happen with applied 
stress. Watkins et al. reported that GaAs has thicker oxide 
layer in stark contrast to GaN due to its larger lattice mis-
match between GaAs and Ga

2
O

3
; this lattice mismatch will 

induce strain at the interface and lead to further oxidation of 
the subsurface material [38]. Similarly, we hypothesize the 
applied normal load and frictional load will open the GaN lat-
tice and the stress will weaken the Ga-N bond, which makes 
water molecules easier to attack this material.

Confocal Raman microscopy shows no difference between 
worn and unworn surfaces (not shown here). The probing 
depth of Raman spectroscopy is about 1μm, which is much 
deeper than AES; this indicates that the oxide layer must be 
thin and exists only at the topmost surface.

SEM and EDS were also employed here to characterize the 
worn surfaces under different testing environments. Figure 
4a and b show the SEM images of worn surfaces obtained by 
low humidity and high humidity lab air, respectively. We can 
see that the worn surface for low humidity air was covered by 

dark patches and had little charging. On the other hand, worn 
surface for high humidity air environment was smoother. EDS 
was revealed that the dark patches were mainly gallium oxide 
with rich oxygen signal and deficient signal of nitrogen inside 
the patches while gallium signal remained unchanged (Figure 
5). Charging observed in low humidity testing environment 
wear scar also indicated the oxide layer formed on the worn 
surface.

To the contrast, EDS performed on the wear scar obtained 
under high humidity testing environment showed no signal of 
oxygen. The AES, Raman, SEM and EDS, collectively suggest 
that the oxide layer formed under high humidity environ-
ment was very thin and existing only at the topmost surface, 
which couldn’t be detected by EDS and Raman, while AES was 
capable of probing first 10-50Å thick layer so that the oxygen 
signal can be measured.

CONCLUSION
Both directionality and moisture effect on GaN wear perfor-
mance have been investigated. Rotary test showed the wear 
rate of GaN has a periodicity of 60° with highest wear rate 
along <12

–
10> and lowest wear rate along <11

–
00>. The increas-

ing of wear rate from low humidity to high humidity environ-
ments was about 30 times. AES demonstrated the formation of 
thin gallium oxide during the wear test under high humidity 
environment. Stress was believed to assist the chemical reac-
tion for forming this oxide layer. On the contrary, SEM and 
EDS revealed that thick oxide layer formed under low humid-
ity testing environment.
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Figure 5  |  EDS Mapping of wear scar in low humidity environment

Figure 4  |  SEM images of high humidity and low humidity testing en-
vironments
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