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ABSTRACT: We show that sliding on the surface of GaN
can permanently change the surface band structure, resulting
in an increased degree of band bending by more than 0.5 eV.
We hypothesize that shear and contact stresses introduce
vacancies that cause a spatially variant band bending. Band
bending is observed by shifts and broadening of core-level
binding energies toward lower values in X-ray photoelectron
spectroscopy. The extent of band bending is controlled by
humidity, number of sliding cycles and applied load,
presenting opportunities for scalable tuning of the degree of
band bending on a GaN surface. Scanning transmission
electron microscopy revealed that the epitaxy of GaN was preserved up to the surface with regions of defects near the surface.
The hypothesized mechanism of band bending is shear-induced defect generation, which has been shown to aﬀect the surface
states. The ability to introduce band bending at the GaN surface is promising for applications in photovoltaics, photocatalysis,
gas sensing, and photoelectrochemical processes.
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■

INTRODUCTION AND MOTIVATION
As an emerging area in controlling material properties and
enhancing photoactivities for various applications, such as
antibacterials, solar cells, and photocatalysts, defect engineering
has attracted increasing interest from both academia and
industry.1−15 Chen et al. discovered that the surface defects in
TiO2 led to an enhancement in solar absorption activity by
introducing midgap states.1 Suntivich et al. reported that the
vacancies acted as dopants and changed the spin conﬁguration,
which resulted in more eﬃcient electron transfer.16 Using
epitaxial strain engineering to systematically tune the oxygen
vacancies, Petrie et al. signiﬁcantly enhanced the oxygen
evolution reaction (OER) activity of a perovskite.17 Wang et al.
experimentally and computationally demonstrated the importance of oxygen vacancies in band gap narrowing of ZnO.18
The defective ZnO obtained by ball milling showed much
higher eﬃciency for photodecomposition of 2,4-dichlorophenol.
Mechanical work (e.g., ball milling and grinding) can
introduce vacancy defects into materials, eﬀectively doping
the semiconductor; the type and quantity of defects can be
controlled to obtain the desired surface properties (e.g., band
structure, adsorption sites, and surface charge property).
Unlike the conventional doping techniques, vacancies
generated by mechanochemistry are a kind of self-doping
© 2018 American Chemical Society

that can preserve the intrinsic lattice structure with no foreign
atoms introduced into the material and it has already been
successfully used for achieving high photochemical and
photocatalytic eﬃciencies.18−22 Therefore, understanding the
mechanisms of mechanochemical reaction-induced defect
generation and the link between surface defect states and
electronic properties is of paramount importance. The
commonly used mechanochemical methods include ball
milling, (ion-) liquid-assisted grinding, and triboadhesion;4,14,23−28 however, each of these processes is stochastic.
On the contrary, sliding experiments with single point contacts
can be used to systematically study defect-induced electronic
property modulation under a well-controlled contact pressure,
sliding direction, speed, temperature, and environment, on
either planar wafers, particles, or bulk materials. The primary
limitation to sliding-induced defects is the tendency of the
material to wear, but recently GaN was shown to undergo
thousands of sliding cycles with remarkably low wear.29
Combined with the knowledge that vacancies in GaN can
change the band structure by introducing midgap states,30
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Figure 1. XPS of shear-modiﬁed GaN surfaces: (a) Ga 3d XPS spectra for diﬀerent testing environments; (b) Ga 3d XPS spectra for diﬀerent
numbers of sliding cycles; (c) O 1s XPS spectra for diﬀerent testing environments; and (d) O 1s XPS spectra for diﬀerent numbers of sliding cycles.
using a low-temperature GaN nucleation layer followed by an etchback and recovery process and high-temperature growth of GaN
layers.52 Linear reciprocating pin-on-disk sliding tests were performed
by using a custom-built microtribometer53 mounted inside a glovebox
to control humidity. Three humidity levels were utilized in this study,
that is, 5% RH, 30% RH, and 60% RH. All of the sliding cycle
dependence and shear stress dependence studies were conducted in a
60% RH environment. All sliding tests were along the ⟨12̅10⟩
crystallographic direction. Single-crystal α-alumina (ruby) balls (Swiss
Jewel Company, Grade 25) with a radius of 0.75 mm were selected as
the counter samples to reciprocate against the GaN coating because of
their chemically inert nature, well-known hardness, and high wear
resistance. The linear reciprocating sliding motion was provided by a
linear motor stage (Aerotech ANT95-L) with a constant speed of 5
mm/s. The applied normal load was kept at 600 mN (±10 mN),
corresponding to a maximum Hertzian contact pressure of ∼2 GPa,
for all of the environment-dependence and sliding cycle-dependence
studies. An additional normal load of 100 mN (∼1 GPa maximum
Hertzian contact pressure) was used to investigate the role of stress
magnitude.
X-ray Photoelectron Spectroscopy. The XPS analysis of the
GaN samples was conducted on a ThermoFisher K-Alpha X-ray
photoelectron spectrometer instrument in the Princeton Institute for
the Science and Technology of Materials (PRISM) Imaging and
Analysis Center at Princeton University. This system was equipped
with a monochromatic X-ray source and focused lens which allows
selecting an analysis area from 30 to 400 μm in 5 μm steps. The
minimum spot size of 30 μm was used in this study in order to ﬁt the
XPS spot into the shear-modiﬁed surface region (wear track ∼30−80
μm wide). A conductive tape was used to ground the sample to the
spectrometer, and a dual-beam (electron + ion) ﬂood source was used
to prevent sample charging during analysis. Line scans were
performed through the shear-modiﬁed surfaces to include the as-

GaN is an ideal candidate to explore shear-induced
modiﬁcation of electronic properties in sliding experiments.
Motivated by this, we used a ruby (single-crystal α-alumina)
hemispherical probe to perform reciprocating sliding experiments on GaN under diﬀerent conditions to modify the GaN
surface charge property (presented as band bending here) to
quantitatively link stress to electronic property modiﬁcation.
The enhanced surface band bending from the shear-modiﬁed
surface can not only promote charge carrier transport but also
suppresses electron−hole pair recombination, resulting in
more eﬃcient photoactivity.31,32 X-ray photoelectron spectroscopy (XPS) has been extensively employed to analyze the
surface chemistry and changes to the surface chemistry
(tribochemistry) of the ﬁrst few (1−10) nanometers of the
surface in tribological contacts.33−45 Furthermore, XPS has
also been demonstrated to be a powerful tool in evaluating the
surface band bending.46−51 Thus, XPS was employed to
measure the band bending and analyze the surface chemistry.
Scanning transmission electron microscopy (STEM) with
energy-dispersive X-ray spectroscopy (EDS) was used to
visualize the shear-modiﬁed surface and subsurface. The results
revealed that by adjusting the humidity, sliding cycles, and
normal load, band bending of GaN can be controlled. We term
this shear-induced modiﬁcation to the band states as
“tribodoping”.

■

EXPERIMENTS AND METHODS

Sliding Experiments. The unintentionally doped (undoped)
wurtzite single crystal (0001) 3 μm thick GaN coatings were grown
by metal−organic chemical vapor deposition. Growth was performed
29049
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Figure 2. TEM of shear-modiﬁed surface (a) EDS showing nitrogen, oxygen, and gallium; dashed lines represent approximate location of the GaN
surface. (b) High-resolution TEM image of GaN lattice after shear stress modiﬁcation. (c) TEM image of sliding surface after shear stress
modiﬁcation.
grown surface as well as the shear-modiﬁed surface. XPS spectra of the
Ga 2p, Ga 3d, N 1s, C 1s, and O 1s regions were recorded at 50 eV
pass energy, and spectra with a high signal-to-noise ratio for Ga 3d, N
1s, and the Fermi edge were obtained using 100 scans. The XPS
instrument was calibrated using a clean Au sample with the Fermi
edge binding energy (BE) at 0.0 eV and the Au 4f7/2 peak at 84.1 eV
BE.
High-Resolution TEM. The shear-modiﬁed surface obtained
under 60% RH laboratory air after 30 000 sliding cycles was selected
for this analysis. STEM specimens were made perpendicular to the
sliding direction to expose the (12̅10) plane by using a FEI Scios
focused-ion beam. Protective Pt layers (250 nm thick) were deposited
using electron-beam deposition, followed by ion-beam deposition of
Pt (2 μm thick) to maintain the surface structure and chemistry. The
specimens were sequentially thinned using 30 and 5 keV Ga ion
beams, then a 900 eV Ar ion beam using a Fischione 1040 NanoMill.
The subsurface atomic structure and composition were analyzed with
a JEOL JEM-ARM200CF aberration-corrected STEM instrument.
The STEM was operated at 200 kV and equipped with a CEOS
ASCOR probe corrector and an INCA high area silicon drift detector.
High-angle annular dark ﬁeld (HAADF) images were acquired, and
EDS maps were collected and background subtracted for the Ga Kα,
N Kα, and O Kα elemental peaks.
Low-Voltage Scanning Electron Microscopy. Low-voltage
scanning electron microscopy (LVSEM, ZEISS 1550) was employed
to visualize the inhomogeneous band bending from the shear-

modiﬁed surface (60% RH laboratory air, 30 000 sliding cycles). An
in-lens detector was used to capture “true” secondary electron (SE1)
signals only, and the working distance was set to be 5 mm. A low
accelerating voltage (0.5 kV) was used ﬁrst to obtain a clear secondary
electron (SE) contrast. Then, the accelerating voltage was increased
gradually to 5 kV to obtain a stable contrast reversal. This technique
was previously demonstrated as a useful way to detect, map, and
visualize doped regions of semiconductors by El-Gomati et al.54,55
Relative Peak Shift Calculations in XPS. As will be discussed
and shown later in Figure 6a, the peak center (average peak shift) was
obtained by calculating the center at the full width at half-maximum
(fwhm), utilizing the high BE-50 (HBE-50) and low BE-50 (LBE-50)
locations at 50% of the maximum peak intensity on the HBE side and
LBE side, respectively. Then, the percentage of the maximum peak
intensity for calculating the peak shift was changed to 15% (HBE-15
and LBE-15) for each case. The relative peak shift then was obtained
by subtraction of the as-grown HBE/LBE/peak center values from the
HBE/LBE/peak center values for each shear-modiﬁed surface. The
location of the HBE and LBE points (intersections of the 50 or 15%
lines with the spectrum) was determined by linear interpolation
between data points that were closest to the 15 or 50% values of the
maximum peak intensity.

■

RESULTS AND DISCUSSION
As shown in Figure 1a,b, sliding on the unintentionally doped
(background doping is n-type, 5 × 1016 cm−3) GaN surface
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Figure 3. XPS revealing normal load and sliding cycle dependence on band bending (a) Ga 3d XPS spectra for 100 and 600 mN normal loads and
(b) O 1s XPS spectra for 100 and 600 mN normal loads.

produced a signiﬁcant shift to lower BE of the Ga 3d XPS peak.
Calculation of the Auger parameter (see the Supporting
Information: Auger parameter calculation, Table S1) and
analysis of spectra obtained after deposition of Au (see below)
indicate that this lower BE (rightward) shift is not chemical,
i.e., it is neither caused by chemical reduction of GaN nor
simply removal of the oxide layer. We hypothesize and
demonstrate evidence below that this BE shift is the result of
other physical changes to the GaN semiconductor surface,
which results in modifying the degree of band bending. The asgrown GaN surface has a narrow Ga 3d peak at 20.2 eV, which
is used as a reference peak, whereas a broader Ga 3d peak from
the shear-modiﬁed surface (i.e., the region where the ruby
sphere was slid against the surface) occurs at a lower BE; this is
evidence that the band structure of the ﬁlm has been modiﬁed.
The width of this peak suggests that the band states of the
shear-modiﬁed region of GaN are inhomogeneous in space.
Furthermore, the Ga 2p and N 1s peaks followed similar BE
shifts. However, the N 1s peak position is less reliable because
there is a Ga Auger line close to the GaN N 1s BE.56
The degree of band structure modiﬁcation (as measured by
XPS) is strongly correlated with the relative humidity of the
sliding environment (Figure 1a). The band structure is most
modiﬁed when sliding in a 60% RH environment, followed
very closely by a 30% RH environment. On contrary to that for
GaN ﬁlms modiﬁed in high humidity, and somewhat
paradoxically, sliding in a 5% RH environment caused
increased surface oxidation, as shown in Figure 1a,c.
In addition to humidity, the Ga 3d peak position also
exhibited a strong dependence on the number of sliding cycles
(Figure 1b). With increasing sliding cycles, the Ga 3d peak
shifted further down to lower BE for up to ∼30 000 sliding
cycles where the maximum peak shift occurred. It is
noteworthy that under the same testing environment (60%
RH laboratory air), shear-modiﬁed surfaces with diﬀerent
sliding cycles exhibited comparable oxidation at the surface
with only 50 000 cycle shear-modiﬁed surface having slightly
higher O 1s signals (Figure 1d). This slightly heavier oxidation
after 50 000 sliding cycles leads to a “backward” shift of the Ga
3d peak to higher BE, as shown in Figure 1b.
Several factors contribute to the peak shifts and broadening
in the XPS spectra. First, sliding with a spherical probe on a ﬂat
surface results in spatially variant contact stresses applied to the
ﬁlm. Furthermore, wear is somewhat stochastic in nature, and
the surface that is modiﬁed by sliding will be inhomogeneous.

This results in a spatial variance of band bending, which
indicates that the width of the broad, shifted peak is the sum of
many smaller subpeaks with slightly diﬀerent BEs, as shown in
Figure 1a,b. As the tail shifts to lower BEs, more regions with a
higher degree of band bending are observed. Second, the probe
depth (surface sensitivity) of XPS is less than 8 nm, which is
much smaller than the depth of the space charge layer,
resulting in diﬀerent BEs measured for Ga photoelectrons
originating at diﬀerent depths. Finally, the formation of a thin
oxide at the surface can modify band bending,57 can cause a
leftward shift to higher BEsa chemical shift competing with
the band bendingand can even result in surface dipoles.58
The ultralow wear rate of GaN29 allows many sliding cycles
with little damage to the surface. The degree to which the
surface is damaged will be important if devices are ever made
using this tribodoping method. We employed TEM/EDS to
visualize the crystalline structure, chemical states, and defects
formed underneath the shear-modiﬁed surface. As shown in
Figure 2a, the shear-modiﬁed surface was mapped by EDS and
a rich oxygen signal was clearly observed. As marked by the
dashed lines, the <2 nm thick oxide layer had a deﬁcient
nitrogen signal and partially deﬁcient signal of gallium. As
reported by Watkins et al.,50 only about 0.9 monolayers of
oxygen were found on the GaN surface at room temperature,
which is due to the similar bond lengths for Ga−N and Ga−O
that makes the GaN surface diﬃcult to oxidize further. In our
study, a larger gallium−oxygen layer was formed, likely by
shear-assisted oxidation, but it is unclear if this is gallium oxide
or gallium oxynitride. The shift to higher BE of the Ga peak for
the 50 000 cycle sample (Figure 1b) can be attributed to
increased oxidation. Longer sliding gave rise to a thicker
gallium−oxygen layer. This is consistent with what we found in
Figure 1b,d, that is, the XPS peak shift was not caused by band
bending or chemical shift (oxidation) alone, but rather a
competition between chemical (leftward) and band bending
(rightward) shift.
Figure 2b shows the lattice underneath the shear-modiﬁed
surface by STEM HAADF imaging. The GaN lattice
maintained its wurtzite epitaxy after 30 000 sliding cycles
under ∼2 GPa maximum Hertzian contact pressure. From the
relatively lower magniﬁcation TEM dark-ﬁeld imaging (Figure
2c), it is also clear that dislocations were generated due to the
shear stress. It has been experimentally and computationally
demonstrated that vacancies can often be found at dislocation
cores in GaN and behave as charge carriers (acceptor or
29051
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Figure 4. Visualization of the inhomogeneous shear-modiﬁed surface by LVSEM accelerating voltages were: (a) 0.5; (b) 1; (c) 1.5; (d) 2; (e) 3;
and (f) 5 kV.

bending. Figure 3b shows another interesting ﬁnding about
surface oxidation, that is, counterintuitively, surfaces subjected
to the higher load (600 mN) had less oxidation on the surface
than those for the lower load (100 mN). We hypothesize that
the frictional interaction will oxidize GaN in the presence of
oxygen; however, the competition between oxide forming and
oxide wearing rates results in thicker oxides for the lower
applied normal loads. This can be extended to the counterintuitive observation that lower humidity environments
produced more oxide because the wear rate of GaN is
signiﬁcantly lower with decreasing relative humidity and this
results in less wear of the oxide.
The inhomogeneity of the surface states was visualized and
conﬁrmed with LVSEM, as shown in Figure 4. The
accelerating voltage of the primary electron beam was
increased for Figure 4a−f and the contrast of the shearmodiﬁed region ﬂipped as the accelerating voltage transitioned
from 1 to 3 kV. The inhomogeneity observed by LVSEM can
be understood as follows. Upward band bending will build up
an electrical ﬁeld pointing from the bulk to the surface. When
applying a low accelerating voltage, this electrical ﬁeld will
suppress the emission of SEs from the top surface and give rise
to a SE contrast (i.e., dark area in the micrograph of Figure 4a).
However, with increasing accelerating voltage, the kinetic
energy of the generated SEs is suﬃciently large to overcome
the surface electric ﬁeld and eventually be detected by the
detector. This is reﬂected in the SEM results as a partial region
with larger electric ﬁeld that is undetectable using certain
accelerating voltages.

donor).59−63 Thus, we hypothesize that the defects formed by
shear underneath the surface introduced midgap states30 that
resulted in a surface band bending. Besides vacancy defects, an
oxygen impurity incorporating with a defect site at the surface
can be another possible source that gives rise to the surface
band bending.64,65 As reported elsewhere, mechanochemical
methods have been extensively used to generate surface defects
in semiconductor materials to enhance photocatalytic
eﬃciency.3−6,20,21 It has been proven that by incorporating
surface defects into the material these defects can introduce
midgap states and provide adsorption sites in these materials,
which led to much higher photocatalytic eﬃciency.1,9,12,18,66 In
our discovery, the presence of defects contributes to further
surface band bending, which can potentially be implemented
favorably into photocatalysis and chemical-sensing devices.
To verify the role of shear stress in altering band bending,
we compared the shear-modiﬁed surfaces under diﬀerent
normal loads of 100 and 600 mN. Figure 3a presents Ga 3d
XPS spectra that probe surface band bending that results from
diﬀerent normal loads and diﬀerent sliding cycles. Band
bending still follows the sliding cycle dependence for both
cases, that is, with longer sliding, the Ga 3d peak shifts further
to lower BE. However, surfaces from the 100 mN normal load
have signiﬁcantly fewer alterations to the surface states, as
evidenced by smaller intensity at lower BEs, whereas the
surfaces from the 600 mN load with corresponding sliding
cycles exhibited much larger peak shifts. This result is
consistent with the aforementioned hypothesis that the
vacancies introduced by the shear stress give rise to band
29052
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Figure 5. Schematic of inhomogeneous band bending (a) image from 2 kV LVSEM revealing spatially inhomogeneous electric ﬁeld. (b)
Hypothesized band diagrams for three hypothetical regions corresponding to (c) Ga 3d XPS spectrum with hypothetical peak locations caused by
the band bending.

Figure 6. Summary of Ga 3d XPS peak shift and broadening. (a) Schematic identifying critical points on a Ga 3d XPS peak used in calculations
probing band bending. (b) Relative shifts of these critical points due to diﬀerent number of sliding cycles and applied loads. Note sign on vertical
axis in (b) is inverted.

Figure 5 shows a band diagram explaining the hypothesis of
inhomogeneity of band bending. When the accelerating voltage
is suﬃcient (2 kV in this scenario) for the generated SEs to
overcome the electric ﬁeld in some regions that have less band
bending (marked as red), those local regions can be imaged.
On the other hand, the rest of the wear track with larger band
bending (larger electric ﬁeld) can still suppress the generation
(detection) of SEs, resulting in a dark image.
As discussed earlier, the Ga 3d XPS peak shift and
broadening originate from the combination of chemical shift
(oxidation) and band bending (shear-induced surface charge
property modiﬁcation). Thus, to better understand the
inhomogeneity of the surface band bending, the XPS peak
shifts are revisited and the half width on both the higher and
lower BE sides is examined below. The broad appearance of
the Ga 3d XPS spectra for the shear-modiﬁed samples is likely
due to the spectra arising from the sum of many Ga 3d peaks
with centers modiﬁed by varying degrees of band bending. To
quantify this, we have identiﬁed four critical points on a Ga 3d
XPS peak (Figure 6a): HBE-50 and LBE-50, corresponding to

the points where the intensity is equal to 50% of the maximum
peak intensity on the HBE and LBE sides of the peak,
respectively, and HBE-15 and LBE-15 corresponding to the
points where the intensity is equal to 15% of the maximum
peak intensity on the HBE and LBE sides of the peak,
respectively. The value of 15% was subjectively selected to
demonstrate the degree of band bending.
The relative shifts, that is, ΔHBE-50, ΔLBE-50, ΔHBE-15,
and ΔLBE-15, are quantiﬁed by subtracting the as-grown
values from the values obtained for the surface treatment of
interest and are shown in Figure 6b. ΔLBE-50 and ΔLBE-15
increases with increasing number of sliding cycles and applied
load. Both LBE-50 and LBE-15 shift toward a lower BE
substantially more than the peak center. This demonstrates
more locations with a higher degree of upward band bending
with increasing sliding cycles and applied load. ΔLBE-15
increases substantially more with sliding cycles and applied
load, to more than 0.5 eV after 10k and 30k cycles at 600 mN
load; this highlights an increased percentage of the surface with
band bending of at least 0.5 eV. We still must acknowledge
29053
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Table 1. Summary of Peak Critical Point Shifts
load (mN)

number of cycles

peak center shift (eV)

ΔLBE-15 (eV)

ΔLBE-50 (eV)

ΔHBE-15 (eV)

ΔHBE-50 (eV)

100

10 000
30 000
10 000
30 000

−0.007
−0.023
−0.138
−0.260

−0.055
−0.212
−0.542
−0.600

−0.021
−0.067
−0.252
−0.413

0.037
0.043
0.060
0.004

0.006
0.021
−0.025
−0.101

600

most conductive metals and has been widely used in metal/
GaN contacts for Fermi level alignment.73 First, this shift
indicates that even though the degree of band bending is
reduced by such a thin layer of Au, the electric ﬁeld originating
from the shear-modiﬁed GaN surface can still aﬀect the Au
layer. This eﬀect can lead to suppression of electron−hole pair
recombination in Au ﬁlms/nanoparticles and potentially result
in the improvement of the eﬃciency of such photocatalysts.
Second, this result also demonstrates that supporting Au on
shear-modiﬁed GaN provides a way to tune the electronic
property of Au that potentially leads to altered binding
strength of adsorbates to the surface and improved catalytic
properties of Au.74 Finally, Ga 3d XPS peaks shown in Figure
7b exhibits a similar amount of shift compared to the Au 4f
peaks. The Ga 3d peak of the Au-coated shear-modiﬁed GaN
surface shows not only a smaller shift (0.11 eV) but also a
narrower peak (by 0.5 eV) compared to the uncoated, shearmodiﬁed GaN surface shown in Figure 1a. This is in-line with
our hypothesis that the broad, shifted peaks in Ga 3d spectra
consist of multiple subpeaks instead of arising from a chemical
shift because a thin Au layer helps to align the Fermi level,
reducing the band bending variance and narrowing the peak.

several alternative hypothesis that conﬂict with or otherwise
contribute to this interpretation of the XPS shift: surface
dipoles, surface oxides formed during sliding process, as well as
inhomogeneous surface charging due to the morphology
(diﬀerential surface charging).
There is a very small and subtle leftward shift of the HBE-50
and HBE-15 values. This shift to the higher BE (left) side
relative to the as-grown peak location is attributed to oxidation.
Signiﬁcantly less change is observed in ΔHBE-50 and ΔHBE15 as a function of sliding distance and applied load, revealing
that oxidation is relatively small. Table 1 summarizes these
shifts in all cases.
Deposition of plasmonic metals, e.g., Au, on semiconductors
can form heterogeneous photocatalysts with a signiﬁcant
improvement in the reaction rate in various photocatalysis
processes as compared to those pure semiconductor counterparts.67−71 It has been reported that photoexcited electron−
hole pairs can be eﬀectively separated by the space charge
region at the metal/semiconductor heterojunction, and this
can be used to improve the eﬃciency of light harvesting and
conversion, PEC water splitting, and so forth.32,72 To test the
potential application of the shear-induced band bending (as
reported above) in photocatalysis, a <2 nm gold ﬁlm was
coated on the surface of both as-grown GaN and shearmodiﬁed GaN. XPS revealed that the Au 4f doublet peaks from
the shear-modiﬁed surface were shifted slightly (0.11 eV) from
those from the as-grown surface (Figure 7a). This peak shift is
small, but signiﬁcant when considering that Au is one of the

■

CONCLUSIONS

We have discovered and shown that sliding on the surface of
GaN can modify the band states, resulting in altered electrical
properties (i.e., upward band bending of more than 0.5 eV). By
using carefully controlled sliding experiments (a complementary technique to ball milling), we systematically discovered
many factors that can control the degree to which band states
are modiﬁed, including humidity, sliding cycles, and normal
load. The shearing process modiﬁes band bending at the GaN
surface locally, which results in a large contrast of the free
carriers between the sheared surface and as-grown surface.
This tribodoping eﬀect has potential for applications in a
number of semiconductor devices, including those for surfacesensitive sensors (including gas sensing) and photocatalysis
(including water splitting); however, its utility and scalability in
industrial device fabrication must be still conﬁrmed. This
newly reported phenomenon leaves many open questions for
the interdisciplinary science and engineering community,
including: (1) What are the key material parameters deﬁning
the response of band bending to shear processes? (2) How can
this discovery be used to develop new devices? (3) How can a
larger degree of band bending be obtained to more eﬃciently
separate electron−hole pairs for solar energy and fuels
applications? and (4) Can this tribodoping method be applied
to other semiconductor materials? Addressing these questions
will challenge and engage interdisciplinary eﬀorts involving
chemistry, physics, materials science, tribology, and semiconductor devices.

Figure 7. XPS from samples with a thin Au ﬁlm deposited on top of
as-deposited and shear-modiﬁed GaN surfaces: (a) Au 4f XPS spectra.
(b) Ga 3d XPS spectra. Au ﬁlm <2 nm to align the Fermi level.
29054
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