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a b s t r a c t

The indium tin oxynitride (ITON) thin film was deposited on the gallium nitride (GaN)
film/c-plane sapphire substrate using the magnetron sputtering method. The effects of
ITON film sputtering deposition process on the surface damages of GaN film, i.e. the sur-
face morphology, structure and component of GaN films, are investigated systematically.
The surface root-mean-square roughness of the GaN film increases after direct current
sputtering deposition process (DC-SDP), while that decreases after radio frequency sput-
tering deposition process (RF-SDP). The photoluminescence intensity ratios of GaN films
related with DC-SDP and RF-SDP versus the raw GaN film are 0.46 and 0.98, respectively. It
indicates that the raw GaN film surface is damaged seriously after DC-SDP, but almost has
no damages after RF-SDP. The atomic concentration ratio of N and Ga in the raw GaN film
reduces from 0.97 to 0.87 after DC-SDP, and from 0.97 to 0.96 after RF-SDP. It suggests that
RF-SDP can compensate more N atoms to the GaN film than that of DC-SDP. From the high
resolution transmission electron microscopy images, we can see that the nitrogen vacancy
density at the ITON/GaN interface after RF-SDP is smaller than that after DC-SDP. The
forward turn-on voltages (corresponding to the operating current 20 mA) of light emitting
diode (LED) fabricated with the GaN films after RF-SDP and that after DC-SDP are 2.6 and
3.0 V, respectively. It can be concluded that the technology of RF-SDP is useful to reduce
the surface structural damages of the GaN films and the forward turn-on voltage of the
device, and improves the performance of GaN-based LEDs.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Gallium nitride (GaN) is an essential light emittingmaterial in the device of blue light emitting diode. A device of blue light
emitting diode (LED) is usually constructed of sapphire substrate, GaN buffer layer, n-GaN layer, GaN multiple quantumwell
layer, p-GaN layer and indium tin oxide layer [1e4]. Indium tin oxynitride (ITON) is a novel significant transparent conductive
oxide material used in the blue light emitting diode, similar as zinc oxide material [5e8]. The ITON layer is usually fabricated
.
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on the surface of GaN layer by the sputtering technology [9e14]. GaN film based on blue light emitting diodes play an
important role in the applications of semiconductor lighting devices and liquid crystal displays [15e20].

There is a serious problem that the forward turn-on voltage of the blue light emitting diode is high, which makes the light
output efficiency low. There are several possible reasons for this problem reported in the previous research [21e30], i.e. the
weak optical and electrical properties of the ITO layer. However, the actual key reason is that the GaN film suffered surface
damage during the ITO sputtering deposition process (SDP). Until to now, there are a few reports focused on the investigation
of the surface damage of GaN film from the ITO sputtering deposition process. One report deduced that the surface damage of
GaN film is directly due to the absence of nitrogen atoms in the surface [31]. And there are almost no previous studies
involving the formation of the surface damage of GaN film from the ITON sputtering deposition process.

In this work we focus on the effect of sputtering deposition process of ITON film on the surface damage of GaN film. Direct
current (DC) and radio frequency (RF) sputtering sources are adopted to deposit ITON film on GaN film/c-plane sapphire
substrate. Different sputtering deposition processes can induce notable different influences on the surface damage of GaN
film. The surface damage of GaN film, i.e. the surface morphology, photoluminescence, structures and component of GaN
films, are determined systematically. The absence of nitrogen atoms in the surface of GaN film is analyzed by use of high
resolution transmission electron microscopy.

2. Experimental

The ITON thin film was deposited on the GaN film/c-plane sapphire substrate by the magnetron sputtering method, in
which direct current and radio frequency sputtering sources were adopted respectively. The sputtering powerwas 200W. The
argon gas flow was 80 sccm, and the nitrogen gas flow was 5 sccm. The weight composition of the ITO target was 90% In2O3
and 10% SnO2. The substrate temperature was at room temperature. Firstly, the ITON film with thickness of 100 nm was
deposited on the GaN film utilizing 340 s for DC-SDP and 1300 s for RF-SDP. Secondly, the ITON filmwas removed by etchant
(HCl:FeCl3 ¼ 1:3, vol%) from the GaN film/c-plane sapphire substrate. Finally, the properties of GaN film were determined by
various methods.

The thickness of the ITON thin film was measured using thin film thickness measuring instrument (Filmetrics F60-t). The
surfacemorphology and roughness of the GaN filmswere analyzed by atomic forcemicroscopy (AFM, Vecco Dimension Edge).
Three-dimension images were gainedwith scanning area 1 mm� 1 mmby AFM. The photoluminescence properties of the GaN
films were measured by the spectrofluorometer (JobinYvon Fluorolog Tau-3) with exciting wavelength of 290 nm and
emission wavelength from 350 to 375 nm. The structures of the GaN films were analyzed by X-ray diffractometer (XRD,
PANalytical X’ Pert PRO MPDs) with Cu Ka radiation. The components and valence band spectra of the GaN films were
determined by X-ray photoelectron spectroscopy (XPS, Thermofisher ESCALAB 250Xi) with Al Ka radiation (1486.6 eV,
monochromatized), and calibration using C1s line (284.8 eV). The cross section images of GaN/ITON interface were deter-
mined by high resolution transmission electron microscope (HRTEM, FEI Tecnai G2 F20) in order to observe the nitrogen
vacancies and verify the GaN surface damages.

3. Results and discussion

3.1. Surface morphologies

The surface morphologies of the GaN films corresponding to different sputtering deposition processes are shown in Fig. 1.
Fig. 1(a)e(c) shows the two-dimension AFM images of the GaN films and Fig. 1(d)e(f) shows the three-dimension AFM
images. From Fig. 1(a)e(f) we can see that the grain sizes on the surface of the GaN films are become bigger after DC-SDP, and
the grain size of GaN film corresponding to RF-SDP is smaller than that corresponding to of DC-SDP.

The etching process of ITON films does not affect the grain size of the GaN films, because the etchant (HCl:FeCl3 ¼ 1:3, vol
%) does not react with GaN material theoretically and the GaN raw films before and after etching process have the same
surface root-mean-square roughness experimentally.

Fig.1(g) shows that the surface root-mean-square roughness of the GaN film rises from 0.39 to 0.50 nm after DC-SDP, while
declines from 0.39 to 0.22 nm after RF-SDP. It indicates that RF-SDPmakes the surface of the GaN film smoother than DC-SDP.

3.2. Photoluminescence properties

Fig. 2 shows the photoluminescence spectra of the GaN films corresponding to different sputtering deposition processes.
There is one peak at 362 nm in the spectrum of the raw GaN film, which is ascribed to the band edge emission and corre-
sponding to the band gap of 3.425 eV. The peak at 362 nm has not shifts in the spectrum of the GaN film corresponding to DC-
SDP, while it shifts to 361 nm (band gap of 3.435 eV) in the spectrum of the GaN film corresponding to RF-SDP. The wave-
length of the peak has a blue shift. It indicates that the band gap of the GaN film corresponding to RF-SDP is bigger than the
GaN film corresponding to DC-SDP.

The intensities of the peaks change obviously. The intensity of the GaN films decreases a lot after DC-SDP, while it de-
creases a little after RF-SDP.We calculated shows the peak intensity ratio of the different GaN films versus the raw GaN film at
362 nm peak. The peak intensity ratios related with DC-SDP and RF-SDP are 0.46 and 0.98, respectively. The reduction of the



Fig. 1. Surface morphologies of the GaN films corresponding to different sputtering deposition processes: (a)e(c) two-dimension AFM images of raw GaN films,
GaN films corresponding to DC-SDP and RF-SDP, respectively; (d)e(f) three-dimension AFM images; (g) surface root-mean-square roughnesses.
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Fig. 2. Photoluminescence properties of the GaN films corresponding to different sputtering deposition processes.
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photoluminescence intensity suggests the enlargement of surface damage on GaN films, according to the previous studies
related with plasma reactive ion etching process [32,33]. The trend of intensity variation degree versus surface structural
damage of GaN film in the sputtering deposition process is similar with that in plasma reactive ion etching process. It in-
dicates that the surface structure of the GaN film is damaged seriously after DC-SDP, and almost has no damages after RF-SDP.

3.3. Structures of GaN films

The photoluminescence properties of the GaN films imply that different sputtering deposition processes have different
effects on the surface damage of the GaN film. In order to interpret the formation of the surface damage in the GaN film, the
structures are analyzed.

The XRD spectra of the GaN films corresponding to different sputtering deposition processes are shown in Fig. 3. From the
XRD spectra of the GaN films, we can see that a main crystal phase can be observed, i.e. GaN structure. The crystal structure of
GaN belongs to the crystal system of hexagonal (JCPDS Card No. 50e0792), and the crystal lattice constants are
a0 ¼ b0 ¼ 0.3189 nm, c0 ¼ 0.5186 nm. The peak at 34.6� corresponds to GaN(002), which suggests that the GaN material is a
single crystal. The GaN crystal films before and after the etching process of the ITON film, DC-SDP and RF-SDP have the same
hexagonal crystal phase and growth orientation [002]. It indicates that the etching process of the ITON film, DC-SDP and RF-
SDP do not affect the inner crystal phase structures of the GaN films.

3.4. Component of elements

The component in the GaN film is determined by XPS, as shown in Fig. 4. The atomic concentration ratios of N and
Ga elements corresponding to different sputtering deposition processes are calculated through the XPS spectra, as
Fig. 3. XRD spectra of the GaN films corresponding to different sputtering deposition processes.



Fig. 4. Element components of the GaN films corresponding to different sputtering deposition processes: (a) N/Ga atomic ratio; (b) XPS spectra of N1s with Al Ka,
and inset is that with Mg Ka; (c) XPS spectra of Ga3d; (d) XPS valence band spectra, and valence band maximum (VBM) energy.
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shown in Fig. 4(a). The atomic concentration ratio of N and Ga in the GaN film reduces from 0.97 to 0.87 after DC-SDP,
and from 0.97 to 0.96 after RF sputtering. It suggests that RF-SDP can compensate more N atoms to the GaN film than
DC-SDP.

Fig. 4(b) shows the XPS spectra of N1s core level of the GaN films corresponding to different sputtering deposition pro-
cesses. There are two peaks in the XPS spectrum of the raw GaN film and the main peak at the binding energy of 396.43 eV is
ascribed to the NeGa bonds. This peak shifts 0.2 eV to higher energy after DC -SDP, and 0.1 eV after RF-SDP. The peak shift to
the higher binding energy is due to the introduction of donor-like states [34]. In addition, the secondary peak at 395.33 eV is
ascribed to the Ga Auger peak when XPS spectrum is with Al Ka radiation. The inset shows the XPS spectrum of N1s core level
with Mg Ka radiation, which verifies that the secondary peak is due to the Ga Auger peak. The atomic concentration of N is
emended by de-convolution.

Fig. 4(c) shows the XPS spectra of Ga3d core level of the GaN films corresponding to different sputtering deposition
processes. The peak at the binding energy of 19.03 eV of the raw GaN film is ascribed to the GaeN bonds. This peak has a
higher energy shift of 0.2 eV after DC-SDP, and 0.05 eV after RF-SDP. The peak shift to the higher binding energy is due to the
introduction of donor-like states [34], for example, Ga interstitials and N vacancies. In our work, the atomic concentration
ratio of N and Ga in the raw GaN film is 0.97 which approaches 1.00 and the interstitial formation energy is higher than
vacancy formation energy, thus the main donor-like states is N vacancies. It suggests that RF-SDP can compensate more N
atoms to the GaN film than DC-SDP.

Fig. 4(d) shows the XPS valence band spectra of the GaN films corresponding to different sputtering deposition processes.
Two peaks at the binding energy of 4.27 and 8.72eV are observed, respectively. The peak at 4.27 eV may be attributed to the
Ga4p-N2p interaction and correspond to the p-like valence band orbital state, which are similar with InN [30]. The peak at
8.72 eV may be due to the Ga4s-N2p interaction and correspond to the s-like valence band orbital state, which are similar
with InN [35]. The peak at 4.27 eV shifts up to 4.42 eV after DC-SDP, and down to 3.67eV after RF-SDP. The valence band
maximum (VBM) energy of the GaN film increases from 1.92 to 0.87 eV after DC-SDP, and declines from 1.92 to 1.27 eV after
RF-SDP. The valence band maximum energy of the GaN film increases by 0.18 eV after DC-SDP, however declines by 0.65 eV
after RF-SDP. It means that the Fermi energy level of the GaN film after RF-SDP is closer to the valence bandmaximum energy
than that of the GaN film after DC-SDP, which can reduce the energy band bending of the GaN film and decrease the interface
contact barrier between the ITON and GaN film.
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3.5. The surface damage of the GaN film

The surface damage of the GaN film is investigated by high resolution transmission electron microscope (HRTEM). Fig. 5
shows the HRTEM images of the ITON/GaN interface corresponding to different sputtering deposition processes. From the left
of the Fig. 5, we can see that there are some nitrogen vacancies VN in the ITON/GaN interface. It indicates that the nitrogen
vacancy density in the ITON/GaN interface after RF-SDP is smaller than that after DC-SDP. The insets of Fig. 5 show the
selected area diffraction images of the ITON/GaN interface. The main crystal planes of GaN are nearly similar.

The crystal structure models of GaN are shown in the bottom insets of Fig. 5. The crystal structure models of GaN belong to
the hexagonal crystal system, which is consistent with the result of XRD result. Fig. 5(a) shows the interplanar spacing of
GaN(002) is 0.259 nm-nearly a half of crystal lattice constant c0 (0.5186 nm). It is clearly seen from Fig. 5 that the growth
orientation of ITON prepared by DC-SDP is [222], while that is [400] corresponding to RF-SDP. Fig. 5 shows the interplanar
spacing of ITON(222) fabricated by DC-SDP is 0.293 nm and that of ITON(400) fabricated by RF-SDP is 0.254 nm. It suggests
that the interplanar spacing of ITON(400) fabricated by RF-SDP is closer to the interplanar spacing of GaN(002) than that of
ITON(222) fabricated by DC-SDP. As is obviously shown from the rectangles in the middle of Fig. 5, the lattice matching of the
GaN and ITON fabricated by RF-SDP is better than that related with DC-SDP.

The surface damage of the GaN film is ascribed to the N vacancies on the GaN surface. The RF-SDP of the ITON film can
compensate more N vacancies on the GaN surface than DC-SDP. It implies that the RF-SDP of the ITON film can reduce more
surface damages of the GaN film than DC-SDP.

The intrinsical reason of the RF-SDP can replenish more N atoms to the GaN film than DC-SDP is that the RF-SDP can
reduce more O2� sputtering ions than DC-SDP. Fig. 6 shows the diagrammatic sketches of GaN crystal surface damage
mechanism in different ITON film sputtering deposition processes. The DC-SDP applies only a negative voltage on the ITO
target, generates some O2� sputtering ions that have larger bombardment effect on the GaN crystal surface, and results in loss
of more N atoms on the GaN crystal surface. However, the RF-SDP applies negative voltage and positive voltage to the ITO
target alternately, generates less O2� sputtering ions than DC-SDP, and lead to replenish more N atoms on the GaN crystal
surface than DC-SDP.

3.6. Performance of the GaN-based LED

Fig. 7 shows the curves of current versus voltage for GaN-based LEDs fabricated with the GaN films corresponding to
different sputtering deposition processes. From Fig. 7 we can see that, the forward turn-on voltages (corresponding to the
Fig. 5. HRTEM images of the ITON/GaN interface with the GaN films corresponding to different sputtering deposition processes. Insets are the selected area
diffraction patterns and crystal structure models.



Fig. 6. The diagrammatic sketches of GaN crystal surface damage mechanism in different ITON film sputtering deposition processes: (a) DC-SDP; (b) RF-SDP.

Fig. 7. The current-voltage curves of the GaN-based LEDs fabricated with the GaN films corresponding to different sputtering deposition processes.
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current 20 mA) of LED fabricated with the GaN films after RF-SDP and DC-SDP are 2.6 and 3.0 V, respectively. The forward
turn-on voltage of the GaN-based LEDs by RF-SDP reduces about 0.4 V than that by DC-SDP. It can be concluded that the
technology of RF-SDP is useful to reduce the forward turn-on voltage and improve the performance of the GaN-based LEDs
due to the modification of the ITON/GaN interface structure.

4. Conclusions

The ITON thin film was deposited on the GaN/c-plane sapphire substrate by the magnetron sputtering method. Investi-
gation indicates that RF-SDP makes the surface morphology of the GaN film smoother than that of DC-SDP. The photo-
luminescence intensity ratios of the GaN films related with DC-SDP and RF-SDP versus the raw GaN film are 0.46 and 0.98,
respectively. It indicates that the GaN film surface is damaged seriously after DC-SDP, and almost has no damages after RF-
SDP. The XRD patterns indicate that the crystal structure of the GaN film after RF-SDP is closer to the raw GaN film than that
after DC-SDP. The atomic concentration ratios of N and Ga in the GaN film reduces from 0.97 to 0.87 after DC-SDP and from
0.97 to 0.96 after RF-SDP. It suggests that RF-SDP can compensate more N atoms to the GaN film than DC-SDP. The valence
band maximum energy of the GaN film increases about 0.18 eV after DC-SDP, and declines about 0.65 eV after RF-SDP. From
HRTEM images, we can see that the nitrogen vacancy density in the ITON/GaN interface after RF-SDP is smaller than that after
DC-SDP. The surface structural damage of the GaN film is ascribed to the N vacancies formed on the GaN surface. It implies
that the RF-SDP of the ITON film can reduce more surface damages of the GaN film than that by DC-SDP. RF-SDP can minish
the energetic atom bombardment effects on the GaN surface. The forward turn-on voltage of the GaN-based LEDs by RF-SDP
reduces about 0.4 V than that by DC-SDP. It can be concluded that the technology of RF-SDP is useful to reduce the forward
turn-on voltage and improve the performance of the GaN-based LEDs.
Acknowledgements

This work was supported by the Science and Technology Project of Beijing (Z171100002017008), the National Basic
Research Program of China (No. 2010CB832905), the New Century Excellent Talents in University (No. NCET-11-0043) and the
Fundamental Research Funds for the Central Universities.



L. Tian et al. / Superlattices and Microstructures 109 (2017) 750e757 757
References

[1] N.H. Alvi, M. Riaz, G. Tzamalis, O. Nur, M. Willander, Fabrication and characterization of high-brightness light emitting diodes based on n-ZnO
nanorods grown by a low-temperature chemical method on p-4H-SiC and p-GaN, Semicond. Sci. Technol. 25 (2010) 065004.

[2] C. Bayram, F.H. Teherani, D.J. Rogers, M. Razeghi, A hybrid green light-emitting diode comprised of n-ZnO/(InGaN/GaN) multi-quantum-wells/p-GaN,
Appl. Phys. Lett. 93 (2008) 081111.

[3] E.-M. Bourim, J.I. Han, Electrical characterization and thermal admittance spectroscopy analysis of InGaN/GaN MQW blue LED structure, Electron.
Mater. Lett. 11 (2015) 982e992.

[4] H.C. Chang, Y.H. Chen, S.S. Hung, C.C. Lai, C.C. Hung, I.N. Chang, in: H. Zhao (Ed.), Study on Light Intensity Enhancement of ZnO/ITO/p-GaN Light-
emitting Diodes, Mechanical and Electronics Engineering III, 2012, pp. 4084e4087. Pts 1-5.

[5] J.Y. Cho, K.J. Byeon, H. Park, J. Kim, H.S. Kim, H. Lee, Improvement of photon extraction efficiency of GaN-based LED using micro and nano complex
polymer structures, Nanoscale Res. Lett. 6 (2011) 1e6.

[6] J.Y. Cho, S.H. Hong, K.J. Byeon, H. Lee, Light extraction efficiency improvement in GaN-based blue light emitting diode with two-dimensional nano-
cavity structure, Thin Solid Films 521 (2012) 115e118.

[7] R.H. Horng, K.C. Shen, C.Y. Yin, C.Y. Huang, D.S. Wuu, High performance of Ga-doped ZnO transparent conductive layers using MOCVD for GaN LED
applications, Opt. Express 21 (2013) 14452e14457.

[8] H.J. Chiu, T.H. Chen, L.W. Lai, C.T. Lee, J.D. Hong, D.S. Liu, The achievement of a zinc oxide-based homojunction diode using radio frequency magnetron
cosputtering system, J. Nanomater. 2015 (2015) 1e8.

[9] J.D. Hwang, C.C. Lin, W.L. Chen, Electrical properties of sputtered-indium tin oxide film contacts on n-type GaN, J. Appl. Phys. 100 (2006) 044908.
[10] W. Jun, L.I.N. Hui, Y. Gang, J. Yadong, Z. Yourun, Analysis of orthogonal experiments on ITO films prepared by DC magnetron sputtering, Semicond.

Optoelectron. 28 (2007) 67e68.
[11] E. Nam, Y.-H. Kang, D.-J. Son, D. Jung, S.-J. Hong, Y.S. Kim, Electrical and surface properties of indium tin oxide (ITO) films by pulsed DC magnetron

sputtering for organic light emitting diode as anode material, Surf. Coat. Tech. 205 (2010) S129eS132.
[12] H. Zhao, C. Wang, X. Shi, X. Diao, Preparation and characteristics of ITO thin films with high transmittance and low resistance by tilt magnetron

sputtering, J. Funct. Mater. Device 16 (2010) 600e604.
[13] A. Chen, K. Zhu, H. Zhong, Q. Shao, G. Ge, A new investigation of oxygen flow influence on ITO thin films by magnetron sputtering, Sol. Energy Mater.

Sol. Cells 120 (2014) 157e162.
[14] W.J. Wang, X.F. Li, J.S. Zhang, J.H. Zhang, Effects of annealing treatment on optical and electronic properties of GaN based LEDs with ITO films, in: Q. Lin,

C. Claeys, D. Huang, H. Wu, Y. Kuo, R. Huang, K. Lai, Y. Zhang, Z. Guo, S. Wang, R. Liu, T. Jiang, P. Song, C. Lam (Eds.), China Semiconductor Technology
International Conference 2012, 2012, pp. 63e72.

[15] V. Bhatia, L.K. Karpov, M.H. Weichold, Fabrication and characterization of a monolithic thin-film edge emitter device with zinc-oxide-tungsten-based
thin-film phosphor, J. Vac. Sci. Technol. B 22 (2004) 165e170.

[16] C.H. Chiu, P.C. Yu, C.H. Chang, C.S. Yang, M.H. Hsu, H.C. Kuo, M.A. Tsai, Oblique electron-beam evaporation of distinctive indium-tin-oxide nanorods for
enhanced light extraction from InGaN/GaN light emitting diodes, Opt. Express 17 (2009) 21250e21256.

[17] K.J. Byeon, J.Y. Cho, H.B. Jo, H. Lee, Fabrication of high-brightness GaN-based light-emitting diodes via thermal nanoimprinting of ZnO-nanoparticle-
dispersed resin, Appl. Surf. Sci. 346 (2015) 354e360.

[18] K.J. Byeon, H. Park, J.Y. Cho, K.Y. Yang, J.H. Baek, G.Y. Jung, H. Lee, Fabrication of photonic crystal structure on indium tin oxide electrode of GaN-based
light-emitting diodes, Phys. Status Solidi A 208 (2011) 480e483.

[19] K.M. Chang, J.Y. Chu, C.C. Cheng, C.F. Chu, Brightness enhancement of ITO/GaN LEDs by self-aligned micro-net structures, in: M. Stutzmann (Ed.),
Physica Status Solidi C - Conferences and Critical Reviews, 2005, pp. 2920e2923.

[20] Y. Yao, C. Jin, Z. Dong, Z. Sun, S.M. Huang, Improvement in performance of GaN-based light-emitting diodes with indium tin oxide based transparent
ohmic contacts, Displays 28 (2007) 129e132.

[21] P.H. Chen, L.C. Chang, C.H. Tsai, Y.C. Lee, W.C. Lai, M.L. Wu, C.H. Kuo, J.K. Sheu, GaN-based light-emitting diodes with pillar structures around the mesa
region, IEEE J. Quant. Electron. 46 (2010) 1066e1071.

[22] Y. Cheng, T. Zhan, J. Ma, L. Zhang, Z. Si, X.Y. Yi, G.H. Wang, J.M. Li, Improved performance of lateral GaN-based light emitting diodes with novel buried
CBL structure in ITO film and reflective electrodes, Mater. Sci. Semicond. Process 17 (2014) 100e103.

[23] C.H. Chiu, P.C. Yu, M.A. Tsai, H.C. Kuo, Electron-beam evaporation of distinctive indium-tin-oxide nanorods for enhanced light extraction from InGaN/
GaN light emitting diodes, in: E. Stokes, R. Goldhahn, G. Hunter, C. Odwyer, O. Ambacher, J. Huang, E. Kohn, M.E. Overberg (Eds.), State-of-the-Art
Program on Compound Semiconductors 51, 2009, pp. 55e61.

[24] K.S. Baek, K.G. Sadasivam, Y.G. Lee, Y.H. Song, T. Jeong, S.H. Kim, J.K. Kim, S.R. Jeon, J.K. Lee, Fabrication of 380 nm ultra violet light emitting diodes on
nano-patterned n-type GaN substrate, J. Nanosci. Nanotechnol. 11 (2011) 7495e7498.

[25] S.H. Kim, W.Y. Sun, G.M. Yang, Y.H. Song, S.R. Jeon, Enhanced light extraction of GaN-based light emitting diodes via simultaneous ITO texturing and n-
GaN nanorod formation using Al2O3 powder, J. Vac. Sci. Technol. B 30 (2012) 030607.

[26] T.K. Kim, S.H. Kim, S.S. Yang, J.K. Son, K.H. Lee, Y.G. Hong, K.H. Shim, J.W. Yang, K.Y. Lim, S.J. Bae, G.M. Yang, GaN-based light-emitting diode with
textured indium tin oxide transparent layer coated with Al2O3 powder, Appl. Phys. Lett. 94 (2009) 161107.

[27] S. Oh, S.N. Lee, S. Cho, K.K. Kim, High efficiency GaN-based light emitting diode with nano-patterned ZnO surface fabricated by wet process, J. Nanosci.
Nanotechnol. 12 (2012) 5582e5586.

[28] Y.J. Tsai, R.C. Lin, H.L. Hu, C.P. Hsu, S.Y. Wen, C.C. Yang, Novel electrode design for integrated thin-film GaN LED package with efficiency improvement,
IEEE Photonic. Tech. L. 25 (2013) 609e611.

[29] S.J. Zhou, B. Cao, S. Liu, H. Ding, Improved light extraction efficiency of GaN-based LEDs with patterned sapphire substrate and patterned ITO, Opt.
Laser. Technol. 44 (2012) 2302e2305.

[30] D. Skuridina, D.V. Dinh, B. Lacroix, P. Ruterana, M. Hoffmann, Z. Sitar, M. Pristovsek, M. Kneissl, P. Vogt, Polarity determination of polar and semipolar
(11-22) InN and GaN layers by valence band photoemission spectroscopy, J. Appl. Phys. 114 (2013) 173503.

[31] S.J. Chang, C.H. Lan, J.D. Hwang, Y.C. Cheng, W.J. Lin, J.C. Lin, H.Z. Chen, Sputtered indium-tin-oxide on p-GaN, J. Electrochem. Soc. 155 (2008)
H140eH143.

[32] Z. Mouffak, A. Bensaoula, L. Trombetta, A photoluminescence study of plasma reactive ion etching-induced damage in GaN, J. Semicond. 35 (2014)
16e19.

[33] J.M. Lee, B.I. Kim, S.J. Park, Doping level-dependent dry-etch damage in n-type GaN, J. Electroceram 17 (2006) 227e230.
[34] T. Narita, D. Kikuta, N. Takahashi, K. Kataoka, Y. Kimoto, T. Uesugi, T. Kachi, M. Sugimoto, Study of etching-induced damage in GaN by hard X-ray

photoelectron spectroscopy, Phys. Status. Solidi. A 208 (2011) 59e62.
[35] M. Mishra, T.C.S. Krishna, N. Aggarwal, G. Gupta, Surface chemistry and electronic structure of nonpolar and polar GaN films, Appl. Surf. Sci. 345 (2015)

440e447.

http://refhub.elsevier.com/S0749-6036(17)30624-9/sref1
http://refhub.elsevier.com/S0749-6036(17)30624-9/sref1
http://refhub.elsevier.com/S0749-6036(17)30624-9/sref2
http://refhub.elsevier.com/S0749-6036(17)30624-9/sref2
http://refhub.elsevier.com/S0749-6036(17)30624-9/sref3
http://refhub.elsevier.com/S0749-6036(17)30624-9/sref3
http://refhub.elsevier.com/S0749-6036(17)30624-9/sref3
http://refhub.elsevier.com/S0749-6036(17)30624-9/sref4
http://refhub.elsevier.com/S0749-6036(17)30624-9/sref4
http://refhub.elsevier.com/S0749-6036(17)30624-9/sref4
http://refhub.elsevier.com/S0749-6036(17)30624-9/sref5
http://refhub.elsevier.com/S0749-6036(17)30624-9/sref5
http://refhub.elsevier.com/S0749-6036(17)30624-9/sref5
http://refhub.elsevier.com/S0749-6036(17)30624-9/sref6
http://refhub.elsevier.com/S0749-6036(17)30624-9/sref6
http://refhub.elsevier.com/S0749-6036(17)30624-9/sref6
http://refhub.elsevier.com/S0749-6036(17)30624-9/sref7
http://refhub.elsevier.com/S0749-6036(17)30624-9/sref7
http://refhub.elsevier.com/S0749-6036(17)30624-9/sref7
http://refhub.elsevier.com/S0749-6036(17)30624-9/sref8
http://refhub.elsevier.com/S0749-6036(17)30624-9/sref8
http://refhub.elsevier.com/S0749-6036(17)30624-9/sref8
http://refhub.elsevier.com/S0749-6036(17)30624-9/sref9
http://refhub.elsevier.com/S0749-6036(17)30624-9/sref10
http://refhub.elsevier.com/S0749-6036(17)30624-9/sref10
http://refhub.elsevier.com/S0749-6036(17)30624-9/sref10
http://refhub.elsevier.com/S0749-6036(17)30624-9/sref11
http://refhub.elsevier.com/S0749-6036(17)30624-9/sref11
http://refhub.elsevier.com/S0749-6036(17)30624-9/sref11
http://refhub.elsevier.com/S0749-6036(17)30624-9/sref12
http://refhub.elsevier.com/S0749-6036(17)30624-9/sref12
http://refhub.elsevier.com/S0749-6036(17)30624-9/sref12
http://refhub.elsevier.com/S0749-6036(17)30624-9/sref13
http://refhub.elsevier.com/S0749-6036(17)30624-9/sref13
http://refhub.elsevier.com/S0749-6036(17)30624-9/sref13
http://refhub.elsevier.com/S0749-6036(17)30624-9/sref14
http://refhub.elsevier.com/S0749-6036(17)30624-9/sref14
http://refhub.elsevier.com/S0749-6036(17)30624-9/sref14
http://refhub.elsevier.com/S0749-6036(17)30624-9/sref14
http://refhub.elsevier.com/S0749-6036(17)30624-9/sref15
http://refhub.elsevier.com/S0749-6036(17)30624-9/sref15
http://refhub.elsevier.com/S0749-6036(17)30624-9/sref15
http://refhub.elsevier.com/S0749-6036(17)30624-9/sref16
http://refhub.elsevier.com/S0749-6036(17)30624-9/sref16
http://refhub.elsevier.com/S0749-6036(17)30624-9/sref16
http://refhub.elsevier.com/S0749-6036(17)30624-9/sref17
http://refhub.elsevier.com/S0749-6036(17)30624-9/sref17
http://refhub.elsevier.com/S0749-6036(17)30624-9/sref17
http://refhub.elsevier.com/S0749-6036(17)30624-9/sref18
http://refhub.elsevier.com/S0749-6036(17)30624-9/sref18
http://refhub.elsevier.com/S0749-6036(17)30624-9/sref18
http://refhub.elsevier.com/S0749-6036(17)30624-9/sref19
http://refhub.elsevier.com/S0749-6036(17)30624-9/sref19
http://refhub.elsevier.com/S0749-6036(17)30624-9/sref19
http://refhub.elsevier.com/S0749-6036(17)30624-9/sref20
http://refhub.elsevier.com/S0749-6036(17)30624-9/sref20
http://refhub.elsevier.com/S0749-6036(17)30624-9/sref20
http://refhub.elsevier.com/S0749-6036(17)30624-9/sref21
http://refhub.elsevier.com/S0749-6036(17)30624-9/sref21
http://refhub.elsevier.com/S0749-6036(17)30624-9/sref21
http://refhub.elsevier.com/S0749-6036(17)30624-9/sref22
http://refhub.elsevier.com/S0749-6036(17)30624-9/sref22
http://refhub.elsevier.com/S0749-6036(17)30624-9/sref22
http://refhub.elsevier.com/S0749-6036(17)30624-9/sref23
http://refhub.elsevier.com/S0749-6036(17)30624-9/sref23
http://refhub.elsevier.com/S0749-6036(17)30624-9/sref23
http://refhub.elsevier.com/S0749-6036(17)30624-9/sref23
http://refhub.elsevier.com/S0749-6036(17)30624-9/sref24
http://refhub.elsevier.com/S0749-6036(17)30624-9/sref24
http://refhub.elsevier.com/S0749-6036(17)30624-9/sref24
http://refhub.elsevier.com/S0749-6036(17)30624-9/sref25
http://refhub.elsevier.com/S0749-6036(17)30624-9/sref25
http://refhub.elsevier.com/S0749-6036(17)30624-9/sref25
http://refhub.elsevier.com/S0749-6036(17)30624-9/sref25
http://refhub.elsevier.com/S0749-6036(17)30624-9/sref26
http://refhub.elsevier.com/S0749-6036(17)30624-9/sref26
http://refhub.elsevier.com/S0749-6036(17)30624-9/sref26
http://refhub.elsevier.com/S0749-6036(17)30624-9/sref26
http://refhub.elsevier.com/S0749-6036(17)30624-9/sref27
http://refhub.elsevier.com/S0749-6036(17)30624-9/sref27
http://refhub.elsevier.com/S0749-6036(17)30624-9/sref27
http://refhub.elsevier.com/S0749-6036(17)30624-9/sref28
http://refhub.elsevier.com/S0749-6036(17)30624-9/sref28
http://refhub.elsevier.com/S0749-6036(17)30624-9/sref28
http://refhub.elsevier.com/S0749-6036(17)30624-9/sref29
http://refhub.elsevier.com/S0749-6036(17)30624-9/sref29
http://refhub.elsevier.com/S0749-6036(17)30624-9/sref29
http://refhub.elsevier.com/S0749-6036(17)30624-9/sref30
http://refhub.elsevier.com/S0749-6036(17)30624-9/sref30
http://refhub.elsevier.com/S0749-6036(17)30624-9/sref31
http://refhub.elsevier.com/S0749-6036(17)30624-9/sref31
http://refhub.elsevier.com/S0749-6036(17)30624-9/sref31
http://refhub.elsevier.com/S0749-6036(17)30624-9/sref32
http://refhub.elsevier.com/S0749-6036(17)30624-9/sref32
http://refhub.elsevier.com/S0749-6036(17)30624-9/sref32
http://refhub.elsevier.com/S0749-6036(17)30624-9/sref33
http://refhub.elsevier.com/S0749-6036(17)30624-9/sref33
http://refhub.elsevier.com/S0749-6036(17)30624-9/sref34
http://refhub.elsevier.com/S0749-6036(17)30624-9/sref34
http://refhub.elsevier.com/S0749-6036(17)30624-9/sref34
http://refhub.elsevier.com/S0749-6036(17)30624-9/sref35
http://refhub.elsevier.com/S0749-6036(17)30624-9/sref35
http://refhub.elsevier.com/S0749-6036(17)30624-9/sref35

	Effect of sputtering deposition process of indium tin oxynitride on surface damage of gallium nitride film
	1. Introduction
	2. Experimental
	3. Results and discussion
	3.1. Surface morphologies
	3.2. Photoluminescence properties
	3.3. Structures of GaN films
	3.4. Component of elements
	3.5. The surface damage of the GaN film
	3.6. Performance of the GaN-based LED

	4. Conclusions
	Acknowledgements
	References


