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ABSTRACT

Non-polar (a-plane) InGaN/GaN multiple quantum wells (MQWs) on the GaN nanorod epitaxially lateral overgrowth
templates with different nanorod height have been fabricated. The average in-plane strain in the InGaN MQWs has been
determined from 2.73x102 to 2.58x107 while the nanorod height in templates increases from 0 to 1.7 pum. The
polarization ratio of the emission from InGaN MQWs varies from 85 % to 53 % along with the increase of the GaN
nanorod height. The reduction of polarization ratio has been attributed to the partial strain relaxation within the epitaxial
structures as a result of growth on the GaN nanorod templates and the micro-size air-voids observed in the nanorod
templates.
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1. INTRODUCTION

Conventional c-plane InGaN/GaN multiple quantum wells (MQWs) structure suffers from the quantum confinement
stark effect (QCSE) due to the existence of spontancous and piezoelectric polarization fields, leading to spatial
separation of the electron and hole wave functions and to reduce the electron-hole recombination rate [1]. Growth along
the non-polar [2], [3] and semi-polar [4], [5] oriented direction has been proved to be an effective approach to ease or
eliminate the influence of polarization field in nitride-based materials. On the other hand, if growth direction rotates from
c-plane to the non-polar orientation, the in-plane biaxial strain will change from isotropic to anisotropic situation. Due to
the anisotropic in-plane strain in the non-polar (In, Ga)N material system, the original |[X + ;Y > valence band states are
not degenerate any more [6]. |[Z >-like and |Y >-like states will split larger to enhance the polarization ratio of light. The
|Z >-like state transition is expected to be z-polarized light (¢//c), similarly the |Y>-like state transition is expected to be y-

polarized light (eLc). The strong polarized light emission, resulted from the different energy state transitions, can be
measured.

Under the influence of the strong in-plane strain, the valence-band states will separate large enough to raise the emission
polarization ratio. Recently, an inherent polarized light for non-polar orientation (In, Ga)N material system have been
discussed to apply in the display back-lighting system, which may potentially reduce the fabrication cost [7]. Some
features in a-plane InGaN-based MQWs, such as the phase segregation within InGaN layers, carrier localization effect,
have also been shown to influence the emission polarization discussed by the theoretical simulations and experimental
measurements [8]-[10]. However, most of studies on optical polarization effects of InGaN-based MQWs were generally
under the different indium composition or different well thickness conditions. In this study, we grew the a-plane
InGaN/GaN MQWs on the high crystal quality GaN nanorod epitaxially lateral overgrowth templates. Under defined
parameters (the identical indium composition and well thickness) of a-plane InGaN-based MQWs, the optical
polarization properties grown on the different nanorod height templates with different strain-induced effects were
investigated and compared with the as-grown MQWs structure.
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2. EXPERIMENTS

Fig. 1 (a) shows the sketch of the InGaN/GaN MQWs structure grown on a-plane GaN nanorod epitaxial lateral
overgrowth templates. The detailed processes for a-plane GaN nanorod template have been described elsewhere [11].
The diameter of the nanorod is about 300-500 nm and the nanorod density is estimated to be around 6x10%cm’
according to the scanning electron microscope (SEM) image shown in Fig. 1 (b). In order to understand the relationship
between the optical polarization ratio from the MQWs structure and the nanorod height, the GaN nanorod height was
varied from 0 pm, 0.2 pum, 0.7 pm, 1.2 pm, to 1.7 pum. All of the samples within this study possess the same MQWs
structural parameters, consisting of 6 pairs of 7 nm Iny,GaygN wells and 20 nm GaN barriers. The cross sectional SEM
image of the InGaN/GaN MQWs grown on GaN nanorod epitaxial lateral overgrowth templates exhibits a few micro-air-
voids induced by the incomplete lateral overgrowth as shown in Fig. 1(c). For optical measurements, the polarization
dependent photoluminescence (PL) was carried out at room temperature. The excitation source was a 325 nm He-Cd
laser with an excitation power of 30 mW and the luminescence was collected using a polarizer in front of the
spectrometer (Triax 320) with a photomultiplier tube (PMT) for ultraviolet-visible wavelengths. The light polarization is
measured at the surface normal direction with a collection angle of 8 degrees. The linear polarizer for visible wavelength
was set in front of the light collection fiber to examine the polarization property. The numerical aperture (N.A.) of the
optical measurement system is about 0.15. In the case of the a-plane sample, a polarized angle of 0 degrees is defined to

be parallel to the c-axis (¢//c) while the 90 degrees is along m-axis (¢Lc). Raman spectroscopy was employed to

determine the strain variation in the MQWs structure grown on the different GaN nanorod template. The dispersed
Raman spectra were detected by a focal length 500 mm spectrograph (Acton SP 2500) with the 1800 grooves/mm
grating, and the spectral resolution of around 1 cm™ was achieved at the exciting source of 532 nm.
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Fig. 1. (a) The sketch of a-plane InGaN/GaN MQWs structure grown on GaN nanorod templates. (b) The SEM image
of the GaN nanorod template fabricated by self-assembled Ni nanomasks and coupled plasma reactive-ion etching. (c)
The cross-sectional SEM image of InGaN/GaN MQWs grown on the GaN nanorod epitaxially lateral overgrowth
templates.

3. RESULTS AND DISCUSSION

In order to clarify the evolution of the polarization ratio and the energy peak AE difference in the GaN nanorod template
with the different nanorod heights, the polarization dependent PL spectra for InGaN/GaN MQWs grown on the different
GaN nanorod height in templates as 0 (as-grown), 0.2, 0.7, 1.2 and 1.7 um have been carried out. It can be seen that the

PL intensity increases with polarization angle from 0° (&//c) to 90° (eLc), implying that polarized light emitted from the
a-plane as-grown and the nanorod template samples. Figure 2 shows the integrated PL intensity with the different
polarization angles. The polarization ratio p is defined as (/.-,)/( 1.+I,) using the integrated PL intensity for two

orthogonal polarization directions, /. and /. The polarization ratio appears an obvious reduction for InGaN/GaN MQW:s

grown on GaN nanorod template, and decreases from 85 % to 53 % with the increase of the GaN nanorod height. The
polarization ratio seems to be influenced by using the nanorod template in contrast with the as-grown sample. The

observable peak energy shift (AE) can be found between the emissions polarized to &//c (0°) and to eLc (90°), where AE

is defined as (E,. - E...). Compared with the nanorod epitaxial lateral overgrowth MQWs, the spectra for as-grown
MQWs revealed a larger peak shift (about 32.1 meV).
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Fig. 2. The integrated PL intensity of these two different MQWs samples at different polarization angles. The
polarization-dependent PL spectra with the polarization angle ranging from 0° (c-axis [0001]) to 90° (m-axis [1100])

at room temperature for the a-plane InGaN/GaN MQWs grown on the 0 pm (as-grown) and 1.7 um GaN nanorod
template have been achieved.

Figure 3 summarized the polarization ratio (p) and the peak energy shift (AE) as a function of the GaN nanorod height in
templates. Both the values of polarization ratio and the peak energy shift exhibit a decreasing tendency with increasing
the GaN nanorod height in templates. It is well known that the non-polar InGaN/GaN MQWs structure suffers from
anisotropic in-plane compressive strain, breaking the original valence band states. The peak energy shifts resulted from
the splitting valence subbands could be raised with the increase of in-plane strain [12]. Once the strain is decreased,
subband splitting would be smaller and, in turn, lead to the reduction of the polarization ratio [13], [14]. Thus we infer
that the as-grown sample could be under the stronger in-plane strain; and the in-plane strain may be reduced with
increasing the GaN nanorod height in templates.

1'0 L} L} L) L} L} L) L} L} L) L}
o.g-i {50 _
>
08" ® 2
I a0 =
o 07F L= '-<l-|l
g f Jey g
< osf® o I A s 1P°E
2 os} - &
© [ /———‘\ >‘
T 04f e 120 B
5 I -l Fy g
S o3l L i
I 410 «
0.2} o
L o

01} do
.I 1 'l 1 1 'l 1 1 'l 1

U i i i i i i i i i
0.0 0.2 04 06 0.8 1.0 1.2 1.4 1.6 1.8
GaN Nanorod Height in Template (um)

Fig. 3. The polarization ratio (p) and the peak energy shift (AE) plotted as a function of the GaN nanorod height in
templates.

Figure 4 (a) shows Raman spectra measured at room temperature, and the principal phonon modes are labeled at the
corresponding peaks. E»(High) mode has the strongest intensity among all of the phonon modes. Since £,(High) mode is
an in-plane vibration mode and sensitive to strain, it is usually used to probe the in-plane strain. According to the Raman
polarization selection rules, the A(TO), E;(TO), and FE,(High) modes can be observed by using the

x(y, y+z); scattering configuration, where the assignments follow as x = a = [1120], y = m = [1100], and z = ¢ =
[0001]. In contrast with free standing a-plane GaN (568 cm™) [15], the E»(High) mode frequency shift is associated with
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the induced compressive strain within a-plane GaN layers. The GaN template on the sapphire substrate is typically under
compressive in-plane strain because of their differences in lattice mismatch and thermal expansion coefficient. Once
compressive strain is introduced into GaN layer, the InGaN active layers are more strained by the virtue of
heteroepitaxial growth on GaN layers [16]. The strain variation of InGaN active layers could be estimated via the
analysis of E,(High) mode of GaN layers. The evolution of the phonon mode frequency as a function of the GaN
nanorod height in templates is shown in Fig. 4 (b). All phonon modes generated from GaN layer exhibit the red-shift
trends with increasing the GaN nanorod height in templates. The frequency of £,(High) mode shifts slightly from 572 to
570 cm™, that implied the in-plane strain was reduced after the GaN growth on nanorod templates. This strain reduction
could be partly attributed to the strain relaxation via the occurrence of the micro-air-voids in GaN nanorod epitaxially
lateral overgrowth templates [Fig. 1(c)] [17]. Besides, the evolution trend of in-plane strain measured by Raman spectra
is consistent with the variation of polarization ratio shown in Fig. 3.
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Fig. 4. (a) The room temperature Raman spectra of the InGaN/GaN MQWs grown on the GaN nanorod template with
different nanorod height. (b) The frequency shift of the phonon modes as a function of the GaN nanorod height in
templates.
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Fig. 5. (a) The values of the average in-plane strain of InGaN active layers plotted as a function of GaN nanorod height
in templates. (b) The polarization ratio as a function of the average in-plane strain of InGaN active layers.

We employed the reference phonon mode frequency of 568 cm™ and the linear proportionality factor of 2.7 cm™-GPa™
with the basal plane elastic modulus Cj; to determine the in-plane biaxial strain further [15]. According to the strain
evolution of GaN layers, the values of average in-plane strain in InGaN active layers were also calculated, and plotted as
a function of the GaN nanorod height in Fig. 5(a). The average in-plane compressive strain of 3.11x107 (the stress of 1.5
GPa) in the as-grown sample have been obtained. When the variation of nanorod height reaches to 1.7 um, the
compressive strain almost reduces to half (about 1.53x107). An obvious reduction of the average in-plane compressive
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strain of InGaN active layers can be observed, and it is decreased from 2.73x107 to 2.58x107 for the nanorod height
varying from 0 to 1.7 pm. Based on these experimental results, the variation of in-plane strain has been analyzed in our
a-plane InGaN/GaN MQWs samples grown on the GaN templates with different nanorod height. The strain relaxation in
the regrown layer including MQWs structure by using the nanorod template is believed to be one of the reasons for
obtaining better crystal quality in terms of the narrow X-ray rocking curves [11]. Furthermore, the correlation between
the average in-plane strain in the InGaN active layer and the polarization ratio is summarized, as shown in Fig. 5 (b). The
polarization ratio depends on the variation of in-plane strain is obtained. It is believed that the decrease of the in-plane
strain could diminish the valence subband splitting, leading to the reduction of the polarization ratio. On the other hand,
when the GaN nanorod height in templates is increased, more micro-air-voids are observed in the template. These micro-
size air-voids would lead to the reduction of polarization ratio to a certain extent.

4. SUMMARY

In conclusion, a-plane InGaN/GaN MQWs structures grown on the GaN nanorod templates with different nanorod
height have been investigated. We have demonstrated that the growth on nanorod templates can reduce the in-plane
compressive strain within the samples in comparison to the as-grown sample by performing the polarization-dependent
PL and Raman scattering spectra, respectively. The polarization-dependent PL reveals that the polarization ratio
decreases with increasing the GaN nanorod height in templates due to the reduction of strain and appearance of micro-
size air-voids.
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