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Abstract
Due to an increasing demand of developing III-nitride optoelectronics on silicon substrates, it is
necessary to compare the growth and optical properties of III-nitride optoelectronics such as
InGaN based light emitting diodes (LEDs) on silicon substrates and widely used sapphire
substrates. GaN-on-silicon suffers from tensile strain, while GaN-on-sapphire exhibits
compressive strain. This paper presents a comparative study of InGaN/GaN multiple quantum
wells (MQWs) grown on a silicon substrate and a sapphire substrate under identical conditions.
It has been found that GaN strain status has a significant influence on the growth and the optical
properties of InGaN/GaN MQWs. Photoluminescence measurements indicate the InGaN/GaN
MQWs grown on a silicon substrate exhibit significantly longer wavelength emission than those
on a sapphire substrate. Detailed x-ray diffraction measurements including reciprocal space
mapping measurements confirm that both indium content and growth rate in the InGaN MQWs
on the silicon substrate are enhanced due to the tensile strain of the GaN underneath compared
with those on the sapphire substrate. This work also presents an investigation on strain evolution
during the InGaN MQWs growth on the two different kinds of substrates. A qualitative study
based on in-situ curvature measurements indicates that a strain change on the silicon substrate is
much more sensitive to a growth temperature change than that on the sapphire substrate. It is
worth highlighting that the results provide useful guidance for optimising growth conditions for
III-nitrides optoelectronics on silicon substrates.

Keywords: InGaN/GaN quantum well, substrate, sapphire, silicon, strain

(Some figures may appear in colour only in the online journal)

∗

Author to whom any correspondence should be addressed.

Original content from this workmay be used under the terms
of the Creative Commons Attribution 4.0 licence. Any fur-

ther distribution of this work must maintain attribution to the author(s) and the
title of the work, journal citation and DOI.

1361-6463/22/444003+7$33.00 Printed in the UK 1 © 2022 The Author(s). Published by IOP Publishing Ltd



J. Phys. D: Appl. Phys. 55 (2022) 444003 C Zhu et al

1. Introduction

It is ideal to employ a homo-epitaxial growth technique
to obtain III–V compound semiconductors with high crys-
tal quality, while hetero-epitaxy potentially generates lattice-
mismatch induced strain, the most fundamental challenge
which substantially complicates a growthmode and thus affect
the optical properties of III–V semiconductors. Home epitaxy
has been widely used in the growth of III–V compound semi-
conductors, leading to a great success in the fabrication of II–V
semiconductor optoelectronics with high performance in the
last few decades, in particular GaAs and InP based on opto-
electronics for use in telecom applications [1–8]. However,
the growth on III-nitride semiconductors are mainly based on
lattice-mismatched hetero-epitaxy due to the lack of affordable
native substrates. Sapphire and silicon are the two major sub-
strates for the hetero-epitaxial growth of III-nitride semicon-
ductors. The huge lattice-mismatch between either sapphire
or silicon and GaN poses a great challenge in obtaining GaN
with reasonably good crystal quality. GaN on sapphire suf-
fers compressive strain due to the huge lattice mismatch of
∼16%, while GaN on silicon exhibits tensile strain as a res-
ult of the large difference in thermal expansion coefficient
between GaN and Si (∼54%) in addition to the huge lattice
mismatch between GaN and silicon (∼17%) [9–14]. It is well-
known that the growth of GaN on either silicon or sapphire
requires a high temperature of above 1000 ◦C. Such a high
growth temperature makes the growth of GaN on silicon more
challenging, as the large thermal expansion coefficient differ-
ence between GaN and Si makes GaN on silicon suffer tensile
strain, thus leading to severe cracking issues [9–14]. Further-
more, due to the well-known melt-back issue (i.e. gallium can
chemically react with silicon at a high temperature) [11–14],
the classic two-step growth method which has led to a great
success in growing GaN on sapphire cannot be applied in the
growth of GaN on silicon. Therefore, a different approach,
where an initial AlN buffer and then a strain engineering layer
have to be utilised, has been developed to growGaN on silicon,
which further complicates the strain status of GaN on silicon.
Any further device structures, such as InGaN/GaN multiple
quantum wells (MQWs) normally acting as an active region
are then grown.

It has been understood that stress modifies the vapour-
solid thermodynamic equilibrium, reducing the solid-phase
epitaxial composition towards lattice-matched conditions and
thus limiting indium incorporation into GaN [15, 16]. In
another word, an indium incorporation rate into GaN depends
on the strain status of the GaN underneath. Normally, tensile
stress enhances an indium incorporation rate into GaN, facil-
itating the growth of higher indium content in GaN which is
crucial for achieving III-nitride emitters with a long emission
wavelength such as green or yellow. This will help mitigate
the well-known ‘green/yellow gap’ issues.

As mentioned above, GaN on sapphire is subjected to com-
pressive strain. In contrast, GaN on silicon exhibit tensile
strain. Therefore, it is expected that the InGaN MQWs grown
on GaN-on-sapphire will be different from those grown on

GaN-on-silicon even under identical growth conditions. In
recent years, great progresses have been achieved on III-nitride
optoelectronic devices on silicon substrates [17–19]. Espe-
cially, there is an increasing demand of developing microLED
based microdisplays, where Si-CMOS is normally used as
an electronic driver [9–14], which requires transferring the
mature growth technologies for III-nitride emitters on GaN-
on-sapphire to those on GaN-on-Si. However, so far, there is
almost an absence in reporting a comparative study on the
growth of InGaN MQWs on GaN-on-sapphire and GaN-on-
silicon. This is the main purpose of our work presented in this
paper.

2. Experimental

In this paper, both standard GaN-on-sapphire templates and
standard GaN-on-Si templates were initially prepared by a
standard metalorganic chemical vapour deposition (MOCVD)
technique. Both templates were then loaded into a multiple
wafer MOCVD chamber for further growth of InGaN/GaN
MQWs simultaneously, meaning that the InGaN/GaN MQWs
have been grown under identical conditions. An initial n-
GaN layer was grown, followed by the growth of 30 pairs of
In0.05Ga0.95N: 4.2 nm/GaN: 2.5 nm superlattice layers (SLs)
as a pre-layer and then 5 periods of InGaN/GaN MQWs as
an emitting region. Finally, a 20 nm p-AlGaN acting as an
electron blocking layer and then a 200 nm p-GaN layer were
grown. For simplicity, the sample grown on the GaN-on-Si
template is denoted as Sample A, while the sample grown
on the GaN-on-sapphire template is labelled as Sample B.
In order to demonstrate reproducibility, such a comparative
growth in the same growth run has been repeated by growing
a second set of LEDs on a GaN-on-Si template and on a GaN-
on-sapphire template, respectively.

Photoluminescence (PL) and detailed x-ray diffraction
(XRD) measurements have been carried out on both samples,
demonstrating a significant difference in both structure and
optical properties. The InGaN/GaN MQWs on the GaN-on-
sapphire exhibit an emission in the blue spectral region, while
the InGaN/GaN MQWs on the GaN-on-silicon show a green
emission. The detailed XRD measurements have confirmed
that the indium content in the MQWs on the GaN-on-silicon is
greater than its counterpart on the GaN-on-sapphire. It has also
been found that the growth rate of the InGaN MQWs between
the two samples is different.

Meanwhile, in-situ monitoring curvature measurements
have been conducted, demonstrating that the sample on the
GaN-on-Si exhibits significant tensile stress that is sensitive
to a change in growth temperature, while the compressive
stress that the sample on the GaN-on-sapphire exhibits is much
less sensitive to a growth temperature variation. The stress for
both samples has also been studied qualitatively. The results
demonstrate that extra attention will have to be paid when the
growth conditions which have been optimised for III-nitride
optoelectronics on sapphire substrates are transferred to those
on silicon substrates.
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Figure 1. Schematic illustration of GaN-on-silicon template (a) and GaN-on-sapphire template (b).

3. Results and discussions

Two different kinds of GaN templates (i.e. GaN-on-sapphire
templates and GaN-on-Si templates) have been prepared by a
standard 3× 2′′ closed-coupled showerhead flip-top MOCVD
system. For the GaN-on-sapphire templates, standard (0001)
c-plane sapphire substrates were initially subjected to a high-
temperature annealing process in H2 ambience at 1150 ◦C,
followed by the growth of a 25 nm thick low-temperature nuc-
leation layer at 620 ◦C. Subsequently, the growth temperat-
ure was decreased to 1120 ◦C to carry out the growth of a
nominally undoped GaN layer with a thickness of approx-
imately 1.5 µm and finally a 300 nm silicon doped n-GaN
layer. The GaN-on-Si templates were grown by using a step-
graded AlN/AlGaN buffer approach to overcome a cracking
issue which typically takes place during the cooling process
[12–14, 20]. Standard (111) silicon substrates were initially
annealed at 1350 ◦C for 10 min in H2 ambience to thermally
remove any native oxides. Subsequently, the temperature was
reduced to 1000 ◦C and a trimethylaluminum pre-flow is then
conducted without any NH3 flowing for 40 s, followed by a
thin low-temperature AlN layer and then a high-temperature
AlN layer grown at 1290 ◦C. The total AlN thickness is around
200 nm. Afterwards, a 260 nm Al0.35 Ga0.65N layer and then
a 440 nm Al0.17Ga0.83N layer were grown as a step-graded
AlGaN buffer, which aims to generate extra compressive strain
to compensate for tensile strain which takes place during the
cooling process after the subsequent growth of a thick GaN
layer. A 1.5 µm GaN layer and then a 300 nm silicon doped

n-GaN were grown at 1120 ◦C. Figure 1 schematically illus-
trates these two kinds of GaN templates in detail.

Subsequently, the two templates were then reloaded into
the multiple-wafer MOCVD chamber simultaneously for the
further growth of a standard InGaN MQW LED structure in
a same run under identical conditions. It is worth highlight-
ing that the growth conditions which have been optimised for
InGaN/GaNMQWs grown on sapphire but not on silicon have
been chosen to use for such a comparative study.

PL measurements have been carried out using a 375 nm
diode laser as an excitation source, which is directed by two
aluminiummirrors with high reflectivity and then focused on a
sample by an ultraviolet lens. The emission is introduced into a
monochromator (Horiba SPEX 500M) by a pair of lenses and
then detected by a thermoelectrically cooled charge-coupled
device detector.

XRD measurements have been conducted by using a
Bruker D8 x-ray diffractometer system, which is typically
equipped with a copper (Cu) based anode generating the
Cu Kα x-ray with a wavelength of 1.5418 Å. Along with
a commercial Bruker RADS software for fitting and simu-
lation, XRD measurements conducted in a ω-2θ scan mode
have been used to determine the indium content and the layer
thickness in the InGaN/GaN MQW region. Reciprocal space
mapping (RSM) measurements have been carried out by per-
forming an asymmetric scan along the (10–15) direction as
usual [9, 21–27].

Figure 2 shows the PL spectra of both samples measured
under identical conditions at room temperature, indicating that
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Figure 2. Photoluminescence spectra of Sample A and Sample B
measured under identical conditions at room temperature.

Sample B exhibits a strong emission at 444 nm, while a green
emission peak centred at 512 nm has been observed for Sample
A. Furthermore, the emission peak from Sample B is much
narrower than that from Sample A, while the emission intens-
ity from Sample A is weaker than that from Sample B. As
mentioned above, the growth conditions which were chosen
for the growth of Sample A and Sample B simultaneously are
optimised for InGaN/GaN MQWs grown on sapphire but not
on silicon. Figure 2 clearly demonstrates that there exists a sig-
nificant difference between Sample A and Sample B in terms
of optical characterisation although their InGaN/GaN MQWs
were grown in the same run under identical conditions. In
order to make a further confirmation, PL measurements were
performed on the second set of InGaN LEDs grown on a GaN-
on-Si template and on a GaN-on-sapphire template, respect-
ively, also showing very similar results, namely, the emission
wavelength from the InGaN/GaN MQW sample grown on the
GaN-on-sapphire template is much shorter than that on the
GaN-on-Si template.

Figure 3 presents the XRD spectra of both Sample A and
Sample Bmeasured in aω-2θ scanmode, where both the satel-
lite peaks from the 30 pairs of the InGaN/GaN SLS and the
5 periods of InGaN/GaN MQWs have been clearly observed.
These satellite peaks with different orders have also been
marked. The indium composition, the InGaN quantum well
thickness and the GaN barrier thickness of the InGaN/GaN
MQWs in these two samples have been determined by combin-
ing the utilisation of the commercial Bruker RADS software
for a simulation and the PL results. Table 1 lists the indium
content, the InGaN quantum well thickness and the GaN bar-
rier thickness for both Sample A and Sample B. Sample B
shows the InGaN quantum wells with 13% indium content
and a thickness of 2.3 nm and the GaN barriers with a thick-
ness of 10.5 nm, while the indium content, and the InGaN
quantum well thickness and the GaN barrier thickness of
Sample A are 21%, 2.6 nm and 15.1 nm, respectively. Similar
results have been obtained for the second set of samples. These

Figure 3. XRD spectra measured in a ω-2θ scan mode for
Sample A (a) and Sample B (b). In each case, the satellite peaks
from the InGaN/GaN SLS as a standard pre-layer and the five
periods of InGaN/GaN MQWs as an active region have been clearly
observed. The detailed fitting has been obtained by using the
commercial Bruker RADS software and considering the PL results
and the results from our RSM measurements shown in figure 4.

results mean that InGaN/GaN MQWs grown on a GaN-on-Si
template exhibit higher indium content and a faster growth rate
than that on a GaN-on-sapphire template. It has been reported
that stress can change vapour-solid thermodynamic equilib-
rium, reducing the solid-phase epitaxial composition towards
lattice-matched conditions and thus limiting indium incorpor-
ation into GaN [7, 12, 20, 28–30]. The higher indium content
for InGaN/GaN MQWs on the GaN-on-Si template indicates
that the tensile strain of the GaN underneath helps enhance the
indium incorporation rate into GaN and the growth rate, due
to the changes in thermodynamic limitations caused by strain
differences in the template layers [31].

Please note that detailed RSM measurements have also
been performed along the (10–15) orientation [9, 32] on both
samples to determine the strain of the InGaN/GaN MQWs in
both cases, one of the important parameters for our simula-
tion to accurately determine the indium content and the InGaN
quantum well thickness. Figure 4 shows the RSM results of
Sample A and Sample B measured in an asymmetric diffrac-
tion scan along with the (10–15) orientation, demonstrating
that the InGaN/GaN MQWs grown on the GaN-on-sapphire
template are fully strained since all the satellite peaks from the
InGaN/GaN MQW align with the vertical line which passes
through the GaN peak, while it is not the case for Sample
A. For the InGaN/GaN MQWs on the GaN-on-Si template
(i.e. Sample A), a clear strain relaxation has been observed
on the InGaN/GaN MQWs since the satellite peaks from the
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Table 1. Indium content in the InGaN QW; InGaN QW thickness and GaN barrier thickness determined from the XRD results and the PL
results.

Sample no.
Emission

wavelength (nm)
Indium

Content (x)
InGaN well

thickness (nm)
GaN barrier

thickness (nm)

Sample A 512 0.21 2.6 15.1
Sample B 444 0.13 2.3 10.5

Figure 4. RSM measured along the asymmetric (10–15) diffraction
for Sample A (a) and Sample B (b).

InGaN/GaN MQWs inclines towards the relaxing direction.
Detailed relaxation can be calculated by using equation (1)
given below [21–27]:

R=
(

aInGaNmeasured − aGaNmeasured

)

/
(

aInGaNreference − aGaNreference

)

(1)

Figure 5. In-situ curvature measurements during the growth
process for Sample A and Sample B.

where aInGaNmeasured and a
GaN
measured are the measured in-plane lattice

constants, respectively; and aInGaNreference and a
GaN
reference are the in-

plane lattice constants in a fully relaxed situation, respectively.
Based on equation (1) and the RSM results, 5% relaxation

has been determined for Sample A and this figure has been
used for our XRD simulation/fitting discussed above.

The strain evolution of Sample A and Sample B during
the growth process has been investigated by using a commer-
cial Laytec EpiCurve TT system which is equipped with the
MOCVD system. Two parallel laser beams with a wavelength
of 635 nm are introduced into a measured wafer through
the optical port of the MOCVD and are then reflected back
through the optical port. The curvature of the wafer can be
determined from the distance between the two reflected laser
beams. Figure 5 shows the results of the in-situ curvature
measurements during the growth of Sample A and Sample B.
A positive value indicates that a wafer is in a concave shape,
meaning that the wafer is under tensile stress, while a negat-
ive value represents a convex shape meaning that the wafer
is under compressive stress. Figure 5 shows that Sample A
exhibits positive curvature values before and after the growth
process, indicating that the GaN on the silicon substrate is
under tensile stress at room temperature. In contrast, Sample B
exhibits a little bit convex shape, which indicates that the GaN
on the sapphire substrate is under compressive stress at room
temperature. Furthermore, during the growth process of the
InGaN/GaN MQW, Sample B is constantly under compress-
ive stress, while Sample A experiences a variation in tensile

5
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stress which is due to a growth temperature change between
the InGaN quantum wells and the GaN barriers. This means
that the strain variation that occurred to Sample B is much
less sensitive to a growth temperature change compared to
Sample A.

The Stoney formula given below [33, 34] is further used
to estimate stress (labelled as σ) of the GaN on silicon or sap-
phire and the stress of Sample A and Sample B after the InGaN
MQWs growth,

σ =
κEst2s

6tf (1−ϑs)
(2)

where tf and ts represent the thickness of a film on a substrate
and the thickness of the substrate, respectively; Es and ϑs are
Young’s modulus; and the Poisson’s ratio, respectively. The
thicknesses ts of the silicon substrate and the sapphire sub-
strates are 430 µm and 330 µm, respectively, which are about
100 times thicker than the thickness of the epilayer of either
Sample A or Sample B. Based on equation (2), the stress that
the GaN layers of Sample A and Sample B suffer is−0.34 GPa
and 0.35 GPa, respectively. Their stress during the growth of
InGaN/GaNMQWs for Sample A and Sample B is−0.35 GPa
and 0.17 GPa, respectively.

The thermal stress (labelled as σth), which are generated
during a cooling process, can be estimated by equation (3)
provided below [32, 35],

σth =
Efilm

1− vfilm
(α1 −α2)(T1 − T2) (3)

where T1 and T2 are the growth temperature and room tem-
perature, respectively; α1 and α2 are the thermal expansion
coefficients of the substrate and the epilayer, respectively.
Efilm and νfilm are Young’s modulus and the Poisson ratio of
the epilayer, respectively. Based on equation (3), the thermal
stress of Sample A and Sample B is−0.78 GPa and 0.55 GPa,
respectively, which are consistent with the stress obtained
from the in-situ curvature measurements.

4. Conclusion

In summary, a systematic study on the influence of differ-
ent substrates on the growth and the optical properties of
InGaN/GaN MQWs has been carried out by simultaneously
growing InGaN/GaN MQWs on a GaN-on-Si template and
a GaN-on-sapphire template in a same growth run. Our res-
ults demonstrate amajor difference between them. TheMQWs
grown on the GaN-on-Si template shows significantly longer
wavelength emission than those on the GaN-on-sapphire tem-
plate. Detailed XRD measurements confirm that the MQWs
grown on the GaN-on-Si template exhibit an enhancement in
both indium content and growth rate than those on the GaN-
on-sapphire. These major differences can be attributed to the
changes in thermodynamic limitations, caused by the tensile
strain that the GaN-on-Si suffers. In-situ curvature measure-
ments during the MQWs growth suggest that more attention
will have to be paid to a temperature change during growth

on the GaN-on-Si template than on the GaN-on-sapphire tem-
plate, as the strain for the growth on the GaN-on-Si template
is much more sensitive to a temperature change compared to
the GaN-on-sapphire case.
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