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Abstract: Photoluminescence, HR-XRD,and Raman scattering spectra of InGaN/GaN MQWs and InGaN/AlGaN
on sapphire and membranes with no substrate fabricated by laser lift-off are studied. In contrast to the emission
peak from the membrane samples of InGaN/GaN MQWs, which blue-shifts after annealing at 700°C ,a red-shift of
the PL peak position in the InGaN/AlGaN MQW membrane sample is observed,showing different strain effects in
these MQWs. In Raman scattering spectra,the InGaN/GaN MQW film without sapphire substrate has a lower E,
mode frequency (567. 5cm™ ') than that of the films with substrate (569. lcm™ '), which indicates that the com-
pressive stress in the films is released partially when the sapphire substrate is taken off.
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1 Introduction

[ll-V nitride semiconductors have been wide-
ly applied in the fabrication of optoelectronic de-
vices in a wide range, from green to ultraviolet.
The active parts of these devices are usually In-
GaN/GaN and AlGaN/GaN multiple quantum
wells (MQWs) , which are epitaxially grown on
sapphire, SiC, or Si substrate with MOCVD
growth technology. Sapphire is the most common-
ly used substrate in the growth of GaN-based ma-
terials. However, the mismatches of thermal ex-
pansion coefficients and lattice constants between
GaN and AL, O;,and the different lattice parame-
ters of layers in quantum wells, result in strain in
GaN, InGaN/GaN, and InGaN/AlGaN MQW
films. It is well known that the quantum-confined
Stark effect (QCSE) due to the strong piezoelec-
tric field in GaN-based materials greatly influ-
ences the luminescence process in GaN-based
quantum wells,and many researchers have studied
the strain effects on structural and optical proper-
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ties of GaN,InGaN/GaN MQWs,and InGaN/Al-
GaN MQWs" | Since it is difficult to identify
clearly the mechanism of strain effect on the
properties of the films of multiple layers, many
efforts have been made to observe differences in
properties by changing the stress in samples. Chen
et al. studied InGaN/GaN Raman and PL spectra
with different electric fields™' . Johnson et al. re-
ported the TAXRD and XTEM analysis of strain
in InGaN/GaN MQWs on different GaN template
layers"® . Raman shifts of the E, and A, (LO)
peaks of InGaN/GaN MQWs with different In
contents were observed in Ref.[7].

In this work, we prepared InGaN/GaN
MQWs and InGaN/AlGaN MQWs of similar indi-
um content and well and barrier widths,in which
the degree of strain should be different. Samples
were grown on sapphire by MOCVD, and then
they were transferred onto Si substrate by lift-off
technology with a KrF pulsed excimer laser. With
a comparative study of the photoluminescence
(PL), Raman scattering spectra,and high resolu-
tion X-ray diffraction (HRXRD) of MQWs on
sapphire and free-standing membranes, we discuss
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the strain effect in InGaN/GaN and InGaN/Al-
GaN MQWs structures.

2 Experiment

Five-period InGaN/GaN MQW and InGaN/
AlGaN MQW structures over a 2um Si-doped GaN
layer were grown by LP-MOCVD on 300m sap-
phire that was polished on one side. A 0. 1pm Mg-
doped GaN layer was grown on top of the MQWs.
The structures were confirmed to be of good qual-
ity by high resolution transmission electron mi-
croscopy (HRTEM). After a Si (111) wafer was
bonded to the top of the InGaN/GaN MQWs and
InGaN/AlGaN MQWs, the film of epilayers was
separated from the sapphire substrates by KrF ex-
cimer pulsed laser irradiation. The wavelength and
pulse width of KrF laser were 248nm and 25ns,re-
spectively,and the incident energy density of the
laser beam was about 600mJ/cm”. Following the
laser processing,the film was transferred onto an-
other Si wafer after removing the Si wafer on the
top of the film,creating a membrane sample with
p-GaN on top. The as-grown wafer and mem-
branes were divided into pieces to go through
thermal treatment processes at 700C in nitrogen
ambient for 20min. Photoluminescence (excitation
wavelength of 325nm from a HeCd laser, maxi-
mum power of 30mW) and Raman spectra in the
backscattering configuration along the ¢ axis (ex-
cited by 514. 5nm from an Ar"® laser,4mW, Ren-
ishow 2MR-1000) were measured at room temper-
ature. High resolution synchrotron XRD was car-
ried out for characterizing the changes of struc-
tures in InGaN/GaN and InGaN/AlGaN and thus
investigating the strain effects in the samples.

3 Results and discussion

Photoluminescence (PL) spectra from the In-
GaN/GaN and InGaN/AlGaN as-grown samples
and membrane samples are shown in Figs. 1(a)
and (b).The photoluminescence peak (412nm) of
the InGaN/GaN MQW membrane sample was lif-
ted off redshifts slightly from 410nm, which is the
PL peak from the as-grown sample,but that of the
membrane blueshifts obviously to 404nm after an-
nealing at 700C . Strain in the MQWs is reduced
after removing the sapphire substrate or after

thermal treatment, and the strong piezoelectric
field in the InGaN/GaN MQWs decreases. There-
fore,the photoluminescence peak should shift to a
shorter wavelength™ . Considering the 2 ~ 5nm
variation in the luminescence peak that is caused
by fluctuation of the indium content in the wafer,
the small difference in luminescence peak position
(2nm) in Fig.1(a) may not just be a result of
strain relaxation in the membrane samples since
the obvious change of stress is not observed in this
case. Our other InGaN/GaN MQWs with differ-
ent In compositions (less than 20%) show blue-
shifts of the PL peak position when the sapphire
is taken off,and the greater the indium content in
InGaN,the larger the PL peak blueshifts are.
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Fig.1 (a) PL spectra of InGaN/GaN MQWs; (b) PL
spectra of InGaN/AlGaN MQWs

Figure 1 (b) shows quite different lumines-
cence properties of InGaN/AlGaN MQWs. The
peak position (402nm) of the membrane samples
redshifts 10nm from that (392nm) of the as-
grown samples,indicating different changes of the
strain effect in InGaN/AlGaN MQWs and In-
GaN/GaN MQWs. The layers in both the InGaN/
AlGaN and InGaN/GaN structures are under
compressive stress after epitaxial growth on Al,O,
substrates. The stresses in the layers change dif-
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ferently when the substrate is taken off. The lumi-
nescence peak position shifts correspond to the
variations of the piezoelectric field in the InGaN
well layers. In contrast to the blueshift of the peak
position in the photoluminescence spectra and less
compressive strain in the InGaN/GaN MQW
membrane, the obvious redshift in the InGaN/Al-
GaN MQWs implies that the piezoelectric field in
the InGaN well layer becomes stronger after the
laser lift-off process. This means that the changes
of stresses in the InGaN well layers in InGaN/Al-
GaN MQWs and InGaN/GaN are different. With
a small lattice parameter, AlGaN layers in In-
GaN/AlGaN MQWs compensate part of the com-
pressive strain from the substrate during growth,
but make InGaN well layers more compressive
when the substrate is taken off. This is verified by
the changes in the HRXRD profiles, which will be
discussed later. Therefore, the effect of compres-
sive strain on the InGaN layer can be observed
more clearly in the membrane samples of InGaN/
AlGaN MQWs than those of InGaN/GaN MQWs.
In fact, the photoluminescence of GaN-based
MQWs involves much more complicated processes
than photo excitation and recombination,and in-
teraction between the piezoelectric field, defect
localization field, and carriers. Thus changes of
photoluminescence result from the colligation of
these effects when the substrate was taken off.
Raman scattering spectra were excited in the
back-scattering geometry along [ 0001 ], with
514. 5nm radiation of an Ar” laser. Figure 2 shows
the Raman spectra of the wafer samples and
membranes of InGaN/AlGaN MQWs. The E,
mode and the A, (LO) mode were detected in all
of the samples. The spectra of the membrane sam-
ples are distinguished by the Si peak around
521cm™ ', and no peaks of sapphire at 418cm™'
(A;,) and 750cm ' (E,) were observed. Similar
behavior of the E; mode was observed in the Ra-
man spectra of the InGaN/GaN and InGaN/Al-
GaN samples. As shown in the inset of Fig.2,the
E; mode frequency of GaN shifts lower because
the membrane samples have a lower value of
567.5cm ™! than 569. lcm™! in films on sapphire
substrate. The A, (LO)
735. 0cm ™' in both the membranes and the wafers
with AL O; of InGaN/AlGaN samples, but a
0.8cm™! greater redshift occurs in the membrane

mode frequency is

samples than the wafer of InGaN/GaN. We be-
lieve that the decreases of the E, mode frequency
and the A, mode frequency result from the residu-
al stress change when the sapphire substrate is
taken off. The E, mode phonon frequency is more
sensitive than the A, mode to biaxial strain in the
c-plane because the atomic displacement of the E,
mode is in the c-plane,but that of the A, phonon
mode is parallel to the c-axis®'. According to
Ref. [10], hydrostatic stress is the main part in
our InGaN/GaN samples, and the stress decrease
is about 0.5 ~ 0. 6GPa during the laser lift-off
process. Furthermore, the different behaviors of
the A, (LO) frequency imply that InGaN/AlGaN
may have different kinds of strain from InGaN/
GaN, which is in accordance with the PL results in
Fig.1.
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Fig.2 Raman spectra of InGaN/AlGaN MQWs

Figure 3 shows HRXRD profiles of a 20 scan
in the (0002) of the AlIGaN/InGaN MQW struc-
ture. Thin membrane samples may bend under dif-
ferent strains in the top and bottom parts, so
measurements of the same membrane were per-
formed by X-ray incidence from p-GaN and n-
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Fig.3 HRXRD profiles of (0002) reflection of the
InGaN/AlGaN MQWs
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GaN,respectively. The refraction angles of GaN
are about 0. 02" greater in the membrane than the
values of the wafer with sapphire. This means that
the lattice along the ¢ direction of GaN is com-
pressed after the laser lift-off process,and the lat-
tice in the plane stretched at the same time. This
lattice relaxation of GaN layers can be observed
when measuring both p-GaN top and n-GaN top.
The very little difference (less than 0. 0017) in the
GaN diffraction angle means that the membrane
sample of AlIGaN/InGaN MQWs is nearly flat. On
the other hand, XRD profiles of InGaN/GaN ob-
viously shifted when measured by ways of p-GaN
top and n-GaN top, which means that the mem-
brane was bent under different strains in p-GaN
and n-GaN after laser lift-off. As discussed above,
AlGaN layers of small lattice parameters may
compensate part of the compressive strain during
growth on sapphire substrate and introduce more
compressive stress in InGaN well layers. As a re-
sult, AlIGaN barrier layers make InGaN/AlGaN
MQWs more rigid than InGaN/GaN MQWs.

4 Conclusions

In summary, photoluminescence from In-
GaN/GaN and InGaN/AlGaN MQWs on sapphire
substrate and membranes fabricated by laser lift-
off have been observed. In contrast to the emis-
sion peak from the membrane samples of InGaN/
GaN MQWs, which blueshifted after annealing at
700C ,a red-shift of the PL peak position in the
InGaN/AlGaN MQW membrane sample was ob-
served, showing different strain effects in these
MQWs. AlGaN layers in InGaN/AlGaN MQWs
compensate part of the compressive strain from
the substrate during growth but make the layers
more compressive when the substrate is taken off.
The E, and A, mode frequencies in Raman scat-

tering spectra decreased. and HRXRD analysis
confirms that residual stress in the films of In-
GaN/AlGaN MQWs and InGaN/GaN MQWs are
changed differently after laser lift-off.
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