
Stress relaxation in GaN by transfer bonding on Si substrates
S. C. Hsu, B. J. Pong, W. H. Li, Thomas E. Beechem III, Samuel Graham, and C. Y. Liu 

 
Citation: Applied Physics Letters 91, 251114 (2007); doi: 10.1063/1.2821224 
View online: http://dx.doi.org/10.1063/1.2821224 
View Table of Contents: http://scitation.aip.org/content/aip/journal/apl/91/25?ver=pdfcov 
Published by the AIP Publishing 
 
Articles you may be interested in 
Stress-relaxed growth of n-GaN epilayers 
Appl. Phys. Lett. 100, 181904 (2012); 10.1063/1.4710561 
 
Bonding of GaN structures with Si(100) substrates using sequentially deposited NiAu metal layers 
Appl. Phys. Lett. 92, 124105 (2008); 10.1063/1.2903149 
 
Resonant Raman scattering in strained and relaxed InGaN  GaN multi-quantum wells 
Appl. Phys. Lett. 86, 061905 (2005); 10.1063/1.1861496 
 
Stress and its effect on optical properties of GaN epilayers grown on Si(111), 6H-SiC(0001), and c-plane
sapphire 
Appl. Phys. Lett. 83, 677 (2003); 10.1063/1.1592306 
 
Stress relaxation in Si-doped GaN studied by Raman spectroscopy 
J. Appl. Phys. 83, 5787 (1998); 10.1063/1.367501 

 
 

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:

163.13.36.187 On: Mon, 06 Oct 2014 01:50:56

http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/1077920811/x01/AIP-PT/APL_ArticleDL_1014/AIP-2293_Chaos_Call_for_EIC_1640x440.jpg/47344656396c504a5a37344142416b75?x
http://scitation.aip.org/search?value1=S.+C.+Hsu&option1=author
http://scitation.aip.org/search?value1=B.+J.+Pong&option1=author
http://scitation.aip.org/search?value1=W.+H.+Li&option1=author
http://scitation.aip.org/search?value1=Thomas+E.+Beechem+III&option1=author
http://scitation.aip.org/search?value1=Samuel+Graham&option1=author
http://scitation.aip.org/search?value1=C.+Y.+Liu&option1=author
http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://dx.doi.org/10.1063/1.2821224
http://scitation.aip.org/content/aip/journal/apl/91/25?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/100/18/10.1063/1.4710561?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/92/12/10.1063/1.2903149?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/86/6/10.1063/1.1861496?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/83/4/10.1063/1.1592306?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/83/4/10.1063/1.1592306?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/83/11/10.1063/1.367501?ver=pdfcov


Stress relaxation in GaN by transfer bonding on Si substrates
S. C. Hsua�

Department of Chemical and Materials Engineering, National Central University, Jhongli City, Taiwan

B. J. Pong
Center for Measurement Standards, Industrial Technology Research Institute, Hsinchu 300, Taiwan

W. H. Li
Department of Physics, National Central University, Jhongli City, Taiwan

Thomas E. Beechem III and Samuel Graham
G. W. Woodruff School of Mechanical Engineering, Georgia Institute of Technology, Atlanta, Georgia, USA

C. Y. Liu
Department of Chemical and Materials Engineering, Institute of Materials Science and Engineering,
National Central University, Jhongli City, Taiwan

�Received 20 July 2007; accepted 13 November 2007; published online 20 December 2007�

The stress state of GaN epilayers transferred onto Si substrates through a Au–Si bonding process
was studied by micro-Raman scattering and photoluminescence techniques. By increasing the Au
bonding thickness from 1 to 40 �m, the high compressive stress state in GaN layer was relieved. A
10 �m Au bonding layer thickness is shown to possess the maximum compressive stress relief and
also the deformation potential of the quantum well was found to be �85 meV. A nonlinear parabolic
relation between luminescent bandgap and the biaxial stress of the transferred GaN epilayer in the
compressive region was observed. © 2007 American Institute of Physics.
�DOI: 10.1063/1.2821224�

GaN-based semiconductors have attracted great attention
for application in solid-state lighting due to its robustness
and the tenability of emission wavelengths and characteris-
tics. Metal-organic chemical vapor deposition �MOCVD�
GaN light emitting diode �LED� epilayers are typically
grown on sapphire substrates due to cost. However, several
drawbacks to this architecture are encountered, especially
when considering the need for optimizing heat dissipation,
limiting defects in the device, and improving light output. On
the other hand, thin-GaN LED architectures have proven to
possess better electrical and optical properties over the tradi-
tional wire-bonded GaN on sapphire LED schemes. To
achieve thin-GaN LEDs for the general illumination, the ini-
tially grown GaN epilayer is transferred onto other substrates
with lower thermal conduction resistances. Many different
approaches can be utilized to transfer the original MOCVD
GaN epilayer onto the thermally conductive substrates. Of
these methods, the most promising one for GaN epilayer
transfer involves wafer bonding followed by laser lift-off
techniques.1–4

MOCVD GaN epilayers on the sapphire substrates are
known to have a high compressive stress due to the large
lattice mismatch and process-induced thermoelastic effects
from the coefficient of thermal expansion mismatch between
sapphire substrate and GaN.5,6 The compressive stress will
cause the distortion of energy bandgap and the charge sepa-
ration in the quantum wells. During the operation of GaN
LED devices, the internal piezoelectric field is also normal to
the quantum well plane and induces quantum-confined stark
effects �QCSE�. As a result of intrinsic stresses and QCSE,
two effects are seen which can impact the performance of the
transferred GaN devices. The first effect is a redshift in emit-

ted light at increasing forward current injection. The second
effect is the degradation of external quantum efficiency.7 We
believe that the distortion of the GaN energy band structure
from induced stresses will strongly affect the LED device
performance such as the recombination efficiency, emission
peak wavelength, and threshold current. In this work, we
explore the impact of the stress state in transferred GaN de-
vices on the performance of thin-GaN LED devices to better
elucidate the impact of the transfer process on device
behavior.

AlInGaN multiple quantum wells �QWs� LED epilayer
structures were grown on a sapphire substrate by MOCVD.
Then, a Ni /Au p-GaN contact layer was deposited on the
p-GaN layer by e-beam process and followed by an anneal-
ing process to achieve a low-resistance contact. The anneal-
ing temperature was 500 °C for 2 min in air. To facilitate the
thin-GaN structure, a reflective layer of Al was utilized to
reflect the downward emitting light through the top p-type
contact. After the Al reflection layer deposition, the bonding
metallization, Ni /Au, was deposited on the top of the Al
layer. Ni serves as an adhesion and barrier layer and the Au
layer is used for the Au–Si wafer bonding.

A bonding Au layer was deposited on the transferring Si
substrate. The thickness of Au layer varied from 1 to 40 �m.
A heavy doped �111� Si �P+, 10−3 � cm, 525 �m� was used
to bond with the GaN wafer. The Si wafer was cleaned by
standard acid solutions to ensure the cleanliness of the Si
bonding surface. To perform the wafer bonding process, a
commercial wafer bonder �EVGroup, model 501� was used.
The bonding temperature and pressure were 420 °C and
5 MPa, respectively. The bonding time was 20 min.

After the GaN /Si bonding, a KrF excimer laser �JPSA-
IX120i, 248 nm, 25 ns� was used to strip the initial sapphire
substrate through the laser lift-off method. The laser pulsea�Electronic mail: s1344008@cc.ncu.edu.tw.
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was focused onto the interface of the GaN and sapphire sub-
strate with high enough energy to induce a thermal decom-
position reaction in the GaN near the interface. By scanning
the GaN-sapphire interface, the GaN epilayer was separated
from the sapphire substrate and transferred onto the Si sub-
strate. During the wafer bonding process, the GaN epilayer
remained connected to the sapphire and under compressive
stress. At the bonding temperature �over 400 °C�, a eutectic
Si /Au liquid alloy formed at the bonding interface. There-
fore, the Si substrate has no influence on the stress state of
GaN on sapphire at the bonding temperature. While the tem-
perature cooled below the solidification point of the eutectic
Au–Si composition �363 °C�, the effect of transferring to the
Si substrate started showing its influence on the stress state
of GaN on sapphire. As the temperature cooled to room tem-
perature, the difference in thermal expansion coefficients and
elastic properties of the Si and GaN have to be taken into
account in order to predict or understand the final stress state
of GaN on sapphire. To experimentally evaluate the biaxial
stress state of GaN, Raman spectroscopy was used to analyze
the transferred GaN epilayer on Si substrate. A Renishaw
InVia Raman microscope with 180° backscattering geometry
and 488 nm Ar+ laser was used for all measurements in this
study. With a spectrometer focal length of 250 mm and a
diffraction grating of 3000 lines /mm, a spectral dispersion of
0.46 cm−1 /pixel was obtained at a slit width of 50 �m. This
provided a resolution able detect Stokes peak shifts within
±0.057–0.1 cm−1 from Voigt fits of the isolated Si Raman
line. A 50� objective with a numerical aperture of 0.5 was
used to focus the probe laser beam and collect the Raman
signature of the samples. By analyzing the Raman shift �E2
mode�, the stress level of the transferred GaN epilayer were
obtained.

Figure 1 shows the Raman peak position of the trans-
ferred GaN epilayer with various Au bonding thicknesses
ranging from 7 to 40 �m. The Raman peak position of the
MOCVD GaN layer on sapphire is 568.61 cm−1. We found
that the Raman peak position of the transferred GaN epilayer
has a redshift to the short wavenumber region. In addition,
with the increasing Au thickness, the larger redshift of the
Raman peak position was observed. The redshift of the Ra-
man peak position implies the release of the compressive
stress state in the GaN epilayer. Kozawa et al. calibrated the
effect of biaxial stress levels in GaN with the measured Ra-
man shift ����, showing the following relationship: ��

=6.2�GaN.5 By using this relationship, the stress state of the
GaN epilayer can be obtained directly from the shift in the
peak of the Raman Stokes signal, provided that the Stokes
peak position under no stress is known. This value is typi-
cally considered to be 567 cm−1 for unstressed GaN. Figure
2 shows the magnitude of the stress relaxation versus the Au
bonding thickness. The maximum compressive stress relief
in the transferred GaN thin film occurred at the largest Ra-
man peak position shift of 10 �m Au layer �redshift in the
Stokes peak of 1.79 cm−1�. The maximum compressive stress
relief is observed to be around 290 MPa. Remarkably, as the
thickness of Au bonding layer increases over 10 �m, the
tensile stress level of the transferred GaN epilayer starts de-
creasing slightly.

Low temperature photoluminescence �PL� spectra were
obtained by a PL system with 325 nm He–Cd laser as exci-
tation light source. PL measurement is then used to analyze
the luminescent bandgap change with various stress level in
the transferred GaN epilayer on Si. The relationship between
bandgap and stress relaxation level of the transferred GaN
epilayer are shown in Fig. 3. As expected, the energy band-
gap increases due to the relief of the compressive stress. By
the study of Takeuchi et al.,8 the built-in piezoelectric field

FIG. 1. �Color online� The Raman peak position vs Au bonding layer
thickness.

FIG. 2. The stress relaxation vs Au bonding layer thickness.

FIG. 3. �Color online� The relation between Energy bandgap and stress
relaxation of the transferred GaN epilayer.

251114-2 Hsu et al. Appl. Phys. Lett. 91, 251114 �2007�

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:

163.13.36.187 On: Mon, 06 Oct 2014 01:50:56



will lead to QCSE and a smaller effective bandgap. Accord-
ing to their calculation that the strain-induced piezoelectric
field in the case of the 13% indium content induces a redshift
of about 240 meV for the 5 nm thick quantum well, i.e., the
deformation potential of GaN �the relation between the pi-
ezoelectric field parallel to the c axis and the bandgap en-
ergy� was found to be 240 meV. In our case, 85 meV was
estimated to be the largest blueshift observed as the internal
strain was relieved. It is expected that this blueshift will con-
tribute to the decrease in QCSE. By controlling the stress
state in the transferred GaN thin film, we can change the
built-in piezoelectric field and alleviate the QCSE to further
improve the lighting performance. Unlike the linear relation
in the tensile region of the GaN layer reported by Zhao et
al.,6 we found a nonlinear parabolic dependence of the
QW bandgap with the stress level Eg=2.56+0.8�
−1.84�2 �eV�. A linear relationship with a linear coefficient
of 21.1±3.2 MeV /GPa was reported in their experiments.
This effect will compete with the blueshift phenomena in-
duced by piezoelectric field change.

In summary, the transferred GaN epilayer on Si sub-
strates was characterized by Raman spectroscopy measure-
ments to determine its impact on the state of stress in the thin
GaN structure. The transfer of GaN films to Si substrates
resulted in a favorable relief in biaxial compressive stresses
which were present from the growth on sapphire substrates.
A parabolic relationship between the energy bandgap and the

stress state of the transferred GaN epilayer was observed,
and the relation was expressed by Eg=2.56+0.8�
−1.84�2 �eV�. These results show that the thermoelastic
stress effects in thin GaN LED devices can be controlled
through transfer processing methods and can result in an im-
pact on overall device performance and efficiency.

This work was supported by the Ministry of Economy of
the Republic of China, under project title Development of
New Generation Solid-State Lighting Technology and Con-
tract No. 94-EC-17-A-07-S1-043. Partial support for this
work was also provided by a NSF CAREER Award CTS-
0448795.

1W. S. Wong and T. Sands, Appl. Phys. Lett. 77, 2822 �2000�.
2C. F. Chu, F. I. Lai, J. T. Chu, C. C. Yu, C. F. Lin, H. C. Kuo, and S. C.
Wang, J. Appl. Phys. 95, 3916 �2004�.

3D. S. Wuu, S. C. Hsu, S. H. Huang, and R. H. Horng, Phys. Status Solidi
A 201, 2699 �2004�.

4S. C. Hsu and C. Y. Liu, Electrochem. Solid-State Lett. 9, G171 �2006�.
5T. Kozawa, T. Kachi, H. Kano, H. Nagase, N. Koide, and K. Manabe, J.
Appl. Phys. 77, 4389 �1995�.

6D. G. Zhao, S. J. Xu, M. H. Xie, S. Y. Tong, and Hui Yang, Appl. Phys.
Lett. 83, 677 �2003�.

7S. Chichibu, T. Azuhata, T. Sota, and S. Nakamura, Appl. Phys. Lett. 69,
4188 �1996�.

8T. Takeuchi, C. Wetzel, S. Yamaguchi, H. Sakai, H. Amano, I. Akasaki, Y.
Kaneko, S. Nakagawa, Y. Yamaoka, and N. Yamada, Appl. Phys. Lett. 73,
1691 �1998�.

251114-3 Hsu et al. Appl. Phys. Lett. 91, 251114 �2007�

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:

163.13.36.187 On: Mon, 06 Oct 2014 01:50:56


