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a b s t r a c t

We present a study of high quality (1 1̄ 0 1) GaN films and the InGaN/GaN multiple quantum wells

(MQWs) using epitaxial lateral overgrowth (ELO) technique by atmospheric pressure metal organic

chemical vapor deposition (MOCVD). The smooth coalescence of the stripes and surface morphology was

measured by scanning electron microscope (SEM) and atomic force microscopy (AFM). Due to reduction

in internal electric field, semipolar InGaN/GaN MQWs have higher radiative recombination rate from

time-resolved photoluminescence (TRPL) measurement. In addition, from degree of polarization (DOP)

measurement, we observed higher polarization ratio attributed to the induced anisotropic compressive

strain.

& 2010 Published by Elsevier B.V.
1. Introduction

GaN semiconductor has been widely used for electronic and
optical devices [1–3]. However, the conventional c-plane quantum
wells suffer the quantum-confined Stark effect (QCSE) as a result of
the existence of spontaneous and piezoelectric polarization fields
parallel to [0 0 0 1] c direction [4]. This effect restricts the carrier
recombination efficiency, reduces oscillator strength, and induces
red-shift photon emission. So it is natural to expect that the
quantum wells grown on semipolar GaN, such as {1 1̄ 0 1} GaN
[5] and {1 1 2̄ 2} GaN [6], can exhibit lower QCSE, and the
luminescence efficiency and wavelength stability are expected to
be better [7,8].

Because of the difficulties to growth pure GaN substrates, most
of GaN-based epitaxial wafers were grown on sapphire, or SiC, or
pure silicon wafers. Although sapphire touts low cost of production
and it is the most widely used substrate material, the low thermal
and electrical conductivities make it less perfect as a substrate for
the GaN epilayers. While the high price and some mechanical
defects hinder SiC substrate’s acceptability in the LED market,
silicon has been considered as an alternative substrate due to its
Elsevier B.V.

.tw (S.-C. Ling),
low manufacturing cost, large size, and good thermal and electrical
conductivities [9].

However, there are still several problems using Si substrate for
GaN the epilayer. The lattice mismatch between GaN and Si is
almost 17% which lead to high threading dislocation densities
(TDDs) (around 109–1011 cm�2) in the GaN epilayer. Another
major problem is that the thermal expansion coefficient difference
between two materials is as large as 56%, which induces a high
tensile stress during the cooling process and often results in cracks
and damages of epilayers [10]. Without resolving these two
problems, GaN growth on Si is not practical enough for commercial
success. One approach to mitigate these problems is to use
patterned silicon wafers for selective area growth (SAG) and
ELO. To obtain SAG of GaN, Mao et al. [11] and Marchand et al.
[12] have used predeposited GaN/AlN on (1 1 1) Si and predepos-
ited AlN on (1 1 1) Si as substrates, respectively. Also, Kobayashi
et al. [13] have demonstrated SAG of GaN using AlOx /(1 1 1)Si
substrates. Following a similar thought, Nagoya University also
demonstrated that by using SiO2 nano mask and SAG, great quality
of semipolar GaN film can be grown on Si substrate [14–16], and
great progress has been presented in terms of the reduced density
of the threading dislocation in GaN grown on Si substrate. Never-
theless, the optical properties of semipolar InGaN/GaN multiple-
quantum wells (MQWs) grown on (1 1̄ 0 1) GaN/ tilt degrees off
axis (0 0 1) Si substrate have not been reported yet. In this work, we
investigate the growth evolution of GaN on tilt degrees off axis
(0 0 1) Si substrate. Moreover, the dynamic optical property of the
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semipolar (1 1̄ 0 1) InGaN/GaN MQW grown on the (1 1̄ 0 1) GaN
templates are investigated and compared to those of the polar
(0 0 0 1) InGaN/GaN MQW grown on (0 0 0 1) GaN/(1 1 1) Si. From
the experimental results, we can demonstrate that superior quality
of semi-polar InGaN/GaN film was achieved by this specialized
patterned silicon substrates.
2. Experiment procedure

The schematic growth process is shows in Fig. 1 (a)–(c). First, we
prepared a (0 0 1) silicon substrate, whose o0 0 14 axis tilts 7
degrees toward the o1 1 04 direction, followed by the deposition
of 70-nm-thick SiO2 film as the etching mask. Then, stripe masks
parallel to the o 1̄ 1 04 of the Si substrate with a period of 2 mm
(window)/1 mm (stripe) were made by conventional photolitho-
graphy. Subsequently, the samples were immersed into 30% KOH
solution at 60 1C for 2 min to obtain 1-mm-depth patterned
grooves. The (1̄ 1̄ 1) facet of the groove sidewalls was passivated
by SiO2 deposition and (1 1 1) facet was exposed to air for the GaN
growth as shown in Fig. 1(a). Thereafter, the patterned Si substrate
was loaded into atmospheric pressure metal organic chemical
vapor deposition (MOCVD) chamber for epitaxial growth. The GaN
was grown selectively on a (1 1 1) facet via an AlN buffer layer.
As the heat treatment prior to the deposition of the AlN buffer
layer, TMA (5.52 mmol/min) was supplied for 30 s at 1000 1C.
Then an AlN buffer layer was deposited at 1150 1C by supplying
(TMA:NH3)¼(5.52 mmol/min:2.5 slm) for 4 min, and the estimated
thickness is 100 nm. After the formation of the AlN buffer layer, the
SAG of GaN was deposited at 1100 1C for 50 min by supplying
(TMG:NH3)¼(18.3 mmol/min:2.5 slm). At high growth tempera-
ture, micro-meter size GaN pyramidal structure was formed on the
(1 1 1) Si surface as shown in Fig. 1(b). When more materials were
added on the seed layer, GaN between the adjacent patterned
stripes would coalesce and finally a uniform (1 1̄ 0 1) GaN film is
show in Fig. 1(c).

Next, we deposited the InGaN/GaN MQWs structure on this
semi-polar GaN template by MOCVD. During the growth, tri-
methylgallium (TMGa), trimethylindium (TMIn) and ammonia
(NH3) were used as gallium, indium, and nitrogen sources, respec-
tively. Hydrogen (H2) and nitrogen (N2) were used as the carrier
gases. In the full LED epitaxial layer structure, we have 6 pairs of
InGaN/GaN quantum wells on the semi-polar GaN template. Two
different growth temperatures (1100 1C, and 1030 1C) were used to
find out their correlation to crystal quality. On the other hand, the
same InGaN/GaN active layer structure was also grown on planar
(1 1 1) Si substrate for comparison, denoted as conventional LEDs.

In the subsequent experiments, we used AFM, CL, and various PL
technologies to examine our grown InGaN/GaN film. The AFM was
performed right after seed GaN layer finished its coalesce such that
we could check the surface morphology of epitaxial layer. The
spatially resolved CL imaging was obtained by scanning electron
microscope (JEOL-7000F SEM system) with a fixed viewing scale.
The temperature dependent PL measurements were done by a
Fig. 1. Schematic fabrication process in the EL
325 nm He-Cd laser at 25 mW excitation power and the emitted
luminescence light was collected through a 0.32 m spectrometer
with a charge-coupled device detector. The focused spot size of the
laser was estimated to be about 200 mm in diameter. Low tem-
perature TRPL measurements were performed at 10 K using the
385 nm line of a tunable Ti: sapphire laser, which provides a laser
pulse width of 200 fs and the repetition rate is 76 MHz, as the
excitation source. The luminescence spectrum was measured by a
0.55 m monochromator and detected by a microchannel plate
photomultiplier tube (MCP-PMT tube). The temporal resolution is
88 ps in our measurement.
3. Results and discussion

The growth of the nano-facet is similar to self-organized one on
substrates with periodic patterns designed for quantum dot growth
[17] in which the two-dimensional growth of preferred crystalline
orientation can be achieved by strain-balance in the layer. In
current situation, a smooth (1 1̄ 0 1) GaN face could be formed
when substrate’s Si o0 0 14 axis tilts 7 degrees toward the Si
o1 1 04 direction. This tilt angles off axis (0 0 1) Si substrate is
very important. Fig. 2 show cross-section SEM image of the GaN
film on patterned Si substrate. The appearance of the step like
structure was mainly determined by the other degrees off axis
angle as well as the direction of the stripe mask on the Si substrate
is shown in Fig. 2(a). We can obtain a smooth (1 1̄ 0 1) GaN surface
when the substrate is 7 degrees off axis (0 0 1) Si as shown in
Fig. 2(b). By this procedure, we achieved a platelet of (1 1̄ 0 1) GaN
based on the coalesced GaN stripes is shown inset of Fig. 2(b).

The quality of the film can be evaluated by its surface roughness.
After the undoped GaN (u-GaN) layer was deposited, the surface
morphology was measured by atomic force microscopy (AFM), as
shown in Fig. 3(a) and (b). The root mean square (RMS) value of the
surface roughness is about 5.9 nm and 0.7 nm on the 6.5 degrees off
axis and 7 degrees off axis angle, respectively. It indicates high
surface quality and excellent coalescence of the stripes is very
orientation-sensitive

In addition to surface morphology, the quality of InGaN
quantum wells on this semi-polar GaN surface is of the same
importance. We tried two different growth temperatures as men-
tioned before (1100 1C and 1030 1C). Cathodoluminescence was
applied to judge epitaxial quality. Different dislocation densities
can exhibit different CL intensity, either locally or globally [18,19].
The radiative efficiencies of both band-edge (BE) and yellow band
(YB) emission in CL spectrum can be directly related to the densities
of threading dislocations in the film [19]. Fig. 4 (a) displays the
cathodoluminescence (CL) spectra with a 10 kV accelerating vol-
tage at room temperature. The MQWs peak wavelength was
432 nm under two different growth on semipolar GaN film
temperature (1100 1C and 1030 1C). As we can see, the CL peak
intensity grows 3.7 times higher in 1100 1C sample as compared to
the 1030 1C sample. This means better crystalline quality of semi-
polar GaN film at growth higher temperature [20]. Even though
O of (1 1̄ 0 1) GaN on (0 0 1) Si substrate.
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high temperature is preferred to acquire good quality material,
we also noticed that the Ga melt etching happened from SEM top
view image (Fig. 4(b)). It can be attributed to diffusion of Ga atoms
and their interaction with Si atoms leading to Ga meltback etching
[21]. This characteristic puts an upper limit for epitaxial growth
temperature.

After InGaN/GaN structure was fully grown, several optical
tests were performed to analyze the properties of InGaN quantum
wells. The PL spectrum as a function of the excitation power for
semipolar InGaN/GaN MQWs structure at room temperature is
Fig. 2. Cross-section SEM image of the other degrees off axis (0 0 1) Si substrate

(a) and the 7 degrees off axis (0 0 1) Si substrate (b). Inset in Fig. 2(b) shows a platelet

of (1 1̄ 0 1) GaN of the coalesced GaN stripes cross-section SEM image.

Fig. 3. AFM images of the other degrees off axis (0 0 1) Si subs
shown in Fig. 5(a). We obtained almost unshifted PL peaks with
the increasing excitation power. It means the InGaN/GaN MQWs
grown on (1 1̄ 0 1) GaN/7 degrees off axis (0 0 1) Si substrate have
very low internal piezoelectric field and this leads to the decrease of
QCSE [22]. The integrated PL intensity was fitted based on the
relation I�Pa [23], where I is the integrated PL intensity, P is the
excitation power density, and a is the power index. The fitting
result is shown in Fig. 5(b). The close-to-one power index of our
sample (a¼1.07) indicates that the radiative recombination domi-
nated the optical transition [24]. From above results, it is suggested
that the QCSE is extremely small or absent in our InGaN/GaN
MQWs grown on (11̄01) GaN/7 degrees off axis (0 0 1) Si substrate.
trate (a) and the 7 degrees off axis (0 0 1) Si substrate (b).

Fig. 4. (a) CL spectra of semipolar InGaN/GaN MQWs at room temperature;

(b) top-view SEM image of (1 1̄ 0 1) GaN film which deposition temperature is

1100 1C.



Fig. 5. (a) PL spectra as functions of the excitation power and (b) (Color online) The

relation between PL intensity and excitation power density for semipolar InGaN/

GaN MQWs at room temperature.

Fig. 6. Low-temperature TRPL of the {1 1̄ 0 1} InGaN/GaN MQW and {0 0 0 1}

InGaN/GaN MQW.
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Time-Resolved PL can be a powerful tool to study carrier
recombination dynamics. From previous research, the shorter
the lifetime is, the higher the radiative recombination rate will
be. The low temperature TRPL decay for both samples was shown in
Fig. 6. Because the measurement was carried out at 10 K, the
influence of the nonradiative recombination process could be
excluded [25]. The TRPL results can be fitted by a biexponential
decaying function [26]:

IðtÞ ¼ I1ð0Þexp �
t

t1

� �
þ I2ð0Þexp �

t

t2

� �
ð1Þ

where I(t) is the PL intensity at time t ; t1 and t2 represent the
characteristic lifetimes of the carriers. The fast decay time constant
(t1) usually represents the radiative recombination of excitons and
the relaxation of QW excitons from free or extended states toward
localized states [26,27]. Our fitting shows t1¼0.2 and 1.1 ns for
semipolar and c-plane, respectively. The slow decay time (t2)
accounts for communication between localized states and localized
excitons [26,27]. Its fitting shows t2¼0.7 and 3.8 ns for semipolar
and c-plane, respectively. In both fast and slow constants, semi-
polar’s lifetime is generally shorter than c-plane’s at low tempera-
ture. Typically, the reduction in PL decay time could be attributed to
the reduction in internal electric field that leads to increase
electron-hole pair recombination probability [28]. This strongly
suggests that the highly efficient radiation is more likely in
semipolar sample than c-plane sample.

Due to the low crystalline symmetry of the (1 1̄ 0 1) plane and
the anisotropic compressive strain induced by the lattice mismatch
between GaN and InGaN, the PL emitted from semipolar MQWs
should exhibit polarization anisotropy [29]. As we expected, the
PL intensity varied with angular orientation of the polarizer.
The degree of polarization (DOP) is defined as [30]:

r¼ Imax�Imin

Imaxþ Imin
ð2Þ

where Imax is the intensity of light with polarization parallel to the
Si stripes (corresponding to o1 1 2̄ 04GaN) and Imin is the
intensity of light with polarization perpendicular to the Si stripes.
By utilizing the above-mentioned equation, the DOP was calculated
to be 61.2% as shown in Fig. 7 (a). Compared to its c-plane GaN
counterpart, which exhibits more isotropic emission (DOP¼3.7%)
in Fig. 7(b), the difference is quite significant and comply with the
previous report [29].
4. Conclusion

In summary, the high quality InGaN/GaN MQWs structure is
successfully grown on (1 1̄ 0 1) GaN/7 degrees off axis (0 0 1) Si
substrate. The smooth coalescence of the stripes and surface
morphology was measured by SEM and AFM. The CL spectrum of
semipolar InGaN/GaN MQWs shows better crystalline quality of
epitaxial layer under higher growth temperature of semipolar GaN
film. No obvious emission peak shift is observed from power-
dependent PL measurement, which is the evidence of the mini-
mized QCSE. We can further find out semipolar InGaN/GaN MQWs
have higher radiative recombination rate due to reduction in
internal electric field from TRPL measurement. In addition, it has
higher polarization ratio attributed to anisotropic compressive
strain due to this semi-polar material.



Fig. 7. Variation of PL intensity with angle orientation of the polarizer for growth

InGaN/GaN MQWs on (a) semi-polar (b) c-plane Si substrate.
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