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Abstract
GaN growth on Si(111) substrate typically routes to the initial high dislocation density and cracks because of
the large discrepancy of lattice constant and thermal expansion coefficient between GaN and Si. This article
reports the use of plasma-assisted molecular beam epitaxy (MBE) to grow crack-free InGaN on Si(111)
substrate using an optimized GaN/AlN buffer layer. X-ray diffraction revealed that monocrystalline InGaN
was obtained. To assess the morphology of the sample, scanning electron microscopy (SEM) and atomic
force microscopy (AFM) have been employed. A layer-cracking problem was not observed in our samples.
The root–mean–square (rms) roughness value of the surfaces sample is 10.34 nm on a 10 µm × 10 µm scan
area. The film is then characterized by photoluminescence (PL) spectroscopy. PL measurement exhibits a
sharp and intense band edge emission of InGaN with yellow luminescence (YL), red luminescence (RL) and
near infrared luminescence (NIRL) peaks. To date, no approaches have been reported that YL is observed
in samples grown by MBE.
© Koninklijke Brill NV, Leiden, 2011
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1. Introduction

GaN-based materials display a great deal of promise when used at various con-
centrations due to their potential applications for optoelectronic devices operating
in the whole visible spectral range and in electronic devices, for example in high
power, high temperature and high frequency transistors. The wide band-gap nitride
semiconductors, such as InN, GaN, AlN have direct band-gaps of 0.7 eV (near IR),
3.4 eV (mid UV) and 6.2 eV (deep UV), respectively. Band-gaps that are variable
from 0.7 eV to 6.2 eV can be realized through proper alloy combinations in the

* To whom correspondence should be addressed. E-mail: chuahleesiang@yahoo.com

© Koninklijke Brill NV, Leiden, 2011 DOI:10.1163/092764410X539262



38 L. S. Chuah et al. / Composite Interfaces 18 (2011) 37–47

alloy system (InGaN, InAlN and AlGaN) starting from which quantum wells may
be formed.

InGaN has been particularly intensively investigated amongst the ternary com-
pounds of Group III-nitride materials. InGaN-based compounds have been recog-
nized as being one of the utmost significant and important materials applied for the
fabrication of light emitters. InN is viewed to be an extremely promising mater-
ial for the forthcoming photonic and electronic devices as a result of its prominent
material properties, like smallest effective mass, highest peak, largest mobility and,
smallest direct band-gap. In spite of the recent notable advance in InGaN technol-
ogy, nevertheless, the basic physics related to the InGaN materials has not been
well developed. Some of the physical and chemical properties are still adjudged
based on GaN and InN, for example, lattice parameters, elastic constants, the band
structure, electron density of states and other properties [1].

In addition, the band-gap energy of InN has been experimentally measured indi-
cates that the fundamental band-gap is around 0.7 eV [2–7]. However, there is still
debate on the correct fundamental band gap. Several groups [8–10] have suggested
that the InN band gap is between 1.1 and 1.5 eV and have presented experimen-
tal data to substantiate their claim. Recently, the basic characteristics of GaN have
been well documented, and there are many significant abstract papers about GaN
and related materials, as can be discovered from the literature (see Refs [11–18].
Following a discussion of the structural properties of these materials, their electri-
cal and optical properties have been described in detail. By contrast, the study of
InN is still at a very early stage. This make the study of InGaN much more complex
[1, 19–21].

The use of MBE for the growth of GaN-based materials, in fact, has a number of
advantages as compared to metal organic chemical vapour deposition (MOCVD).
For instance, low temperature growth, precise control of thickness and composi-
tion, in situ characterization capability, ultra-high vacuum (UHV) environment, and
the use of high-purity materials, which minimize the presence of contaminants in
the grown layers, in particular carbon, oxygen and hydrogen. However, the growth
rate of MBE, was 0.1–0.20 µm/h, is the principal weak point compared with other
growth methods [22, 23].

It is well recognized that the structural, optical, and electrical characteristics of
InGaN alloys could be vitally influenced by the growth conditions. An understand-
ing of the end-use applications of InGaN is of enormous significance, because a
small modification of the development parameters can produce a large difference in
the quality of the InGaN thin film [1].

Because of the large differences in lattice constant and thermal expansion coef-
ficient, the quality of GaN epitaxial layers on Si has been poorer if compared with
that of sapphire and silicon carbide, and the trend of silicon to form an amorphous
silicon nitride layer when exposed to reactive nitrogen sources. Since Si has a dia-
mond structure, there are three commonly used faces of Si substrates with directions
of (001), (011) and (111). In the choice between (001) and (111) faces for Si sub-
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strates, it is the latter that are usually used for GaN epitaxy. In addition, Si itself
displays resistivity up to 104 � cm, which is significantly less than the resistivity
value of sapphire, SiC or GaN, and this could lead to parasitic capacitance effects
in the middle of a high frequency operation. In nearly all cases, the Si(111) face is
selected due to its trigonal order favouring epitaxial growth of the GaN(0001) face.

This article reports the use of plasma-assisted molecular beam epitaxy (MBE)
to grow crack-free InGaN on Si(111) substrate using an optimized GaN/AlN buffer
layer. To assess the optical and morphology of samples, X-ray diffraction (XRD),
scanning electron microscopy (SEM), atomic force microscopy (AFM) and photo-
luminescence (PL) spectroscopy have been employed.

2. Experimental

The growth of the InGaN/GaN/AlN film on Si(111) substrate was performed in
a Veeco Gen II MBE system. High purity material sources, for example aluminum
(6N5), gallium (7N) and indium (7N), were used in the Knudsen cells. Nitrogen (7N
purity) was channeled to RF source to create reactive nitrogen species. The plasma
was operated at typical nitrogen pressure of 1.5 × 10−5 Torr under a discharge
power of 300 W at 13.56 MHz radio frequency (RF).

The growth of Group III-nitrides on 3-inch Si(111) substrate starts with the stan-
dard cleaning procedure by using a standard Radio Corporation of America (RCA)
cleaning method prior to loading into MBE load lock chamber. In the preparation
chamber, the substrates were outgassed for 10 min at 400◦C prior to growth.

After evacuation of the preparation chamber, the substrate was transferred into a
growth chamber which was maintained at high vacuum and had provision for both
growth and analysis. The growth chamber was equipped with a cryopump and the
base pressure of the growth chamber was in the range of 10−11 Torr. The cryop-
ump, drifted by a helium compressor with a water-cooling system, was commonly
maintained at 10 Kelvin and the pressure of the growth chamber was maintained in
the range of 10−11 Torr.

In the growth chamber, Si substrate was heated at 840◦C, and then a few mono-
layers of Ga were deposited on the substrate for the purpose of removing the SiO2
by formation of GaO2. A RHEED reconstruction with prominent Kikuchi lines is
then observed, that turns into clean Si(111) surfaces at 840◦C. Then a few atom
monolayer of Al is deposited on silicon prior to the AlN buffer layer growth. A way
to avoid the amorphous SixNy layer formation is to start the growth with an AlN
buffer layer, because the bond formation between Al and N atoms prevails over the
Si–N one. It is well known that this buffer layer plays a critical function in deter-
mining the crystalline quality of the thin film. To grow the AlN buffer layer, the
substrate temperature was heated up to 845◦C, and both of the Al and N shutters
were opened simultaneously for 15 min.

Subsequently, a GaN epilayer was grown on top of the AlN buffer layer for
20 min with substrate temperature set at 845◦C. Immediately after the growth of
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the GaN epilayer, the substrate temperature was ramped down to 700◦C to make it
ready for the growth of the InGaN epilayer. To grow InGaN, the effusion cells of In,
and Ga were heated up to 1000◦C and 1030◦C, respectively. The growth duration
for this InGaN epilayer was about 45 min.

To determine the exact orientation relationship and the content of the sample,
high-resolution PANalytical X’Pert Pro MRD XRD system with a Cu Kα1 radia-
tion source (λ = 1.5406 Å) was used. The XRD pattern was scanned using the slow
scan technique in the 2θ range of 20–80◦, with a scan interval of 0.01◦ and step
time of 1 s. The surface morphology of the samples was investigated by scanning
electron microscopy (SEM) and atomic force microscopy (AFM). The optical qual-
ity of the film was investigated by photoluminescence (PL) at room temperature
by using the Jobin Yvon HR800UV system, which is an integrated confocal micro
photoluminescence spectrometer with He-Cd laser 325 nm as excitation source.

3. Results and Discussion

The rigorous control of the conditions necessary for growing InGaN materials is
a distinguishing feature as potentially there are many problems that could arise,
such as the large inter-atomic spacing between GaN and InN which yields ascent
to a solid phase miscibility gap [24, 25] and the comparatively high vapor pressure
of InN [26]. Furthermore, the dissimilarity of enthalpies of formation for InN and
GaN effect a hardy indium cover segregation on the growth front [20]. These barri-
ers, still could be decreased by optimizing the growth parameters, for example, the
usage of high V/III flux ratio, low growth rate and low growth pressure [1].

Figure 1 shows how the RHEED pattern changes during buffer layer (AlN)
growth. Figure 1(a) shows a typical RHEED image at a few monolayers of Al.
Figure 1(b)–(d) shows the RHEED images with 90 s, 5 and 15 min of AlN buffer
layer growth. After 15 min of AlN buffer growth, a stable pattern which is different
from Si(111) was formed. In this work, the sample was grown under Ga-stable con-
ditions (Ga/N flux ratio greater than 1) that results in GaN growth. Growth of GaN
by MBE utilizing high temperature buffer layer on Si(111) substrate nearly always
produces a Ga-polar material. It is difficult to do experiments on both polarities of
GaN using MBE, as in this study, when it is only conceivable to nucleate one polar-
ity. Figure 2 shows a RHEED image of the InGaN layers. The films were found to
be of good crystallinity as indicated by the streaky RHEED pattern, which indicates
an atomically smooth surface.

Figure 3 shows the 2θ XRD spectra of the sample grown by MBE. The XRD
measurement confirmed that the Group III-nitrides were epitaxially grown on
Si(111). The intensity data were collected in two dimensions by performing an
ω–2θ scan at a range of different values. These can be seen from the presence
of the peaks at 34.48◦,35.99◦,72.84◦ and 76.47◦, which represent to GaN(0002),
AlN(0002), GaN(0004) and AlN(0004), respectively. Besides that, a weak peak ap-
pears at 32.83◦ that can be attributed to InGaN(0002). The positions of the peaks
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Figure 1. (a) Typical RHEED image at few monolayers of Al before AlN buffer layer growth.
(b)–(d) Show the RHEED images with 90 s, 5 and 15 min of AlN layers.

Figure 2. RHEED image of the InGaN layers.

and the similar crystal planes as well as the relative intensity are put together in
Table 1. The modeling of the ω/2θ XRD spectra showed that the thicknesses of
the AlN, GaN and InGaN were 200, 250 and 50 nm, respectively; in addition, the
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Figure 3. XRD spectra of the InGaN/GaN/AlN/Si sample by performing ω (sample angle) — 2θ

(detector angle) scan.

Table 1.
The 2θ XRD peak positions of different crystal planes and their
relative intensity

2θ peak position (◦) Crystal plane Relative intensity (%)

28.36 Si(111) 100.00
32.83 InGaN 0.05
34.48 GaN(0002) 33.74
35.99 AlN(0002) 3.53
58.81 Si(222) 0.04
72.84 GaN(0004) 1.22
76.47 AlN(0004) 0.06

simulated result also revealed that the indium molar fraction of InGaN epilayer was
0.26.

The morphology of the InGaN films was characterized by plane-view scanning
electron micrographs (SEM). As seen in Fig. 4, the surface of the sample consists
of uniform, oriented grains that coalesce well into each other. Because of the lower
deposition temperature in comparison to MOCVD, layer-cracking issues were not
obtained in our samples. The surface roughness of InGaN sample was measured by
AFM (Fig. 5). The root–mean–square (rms) roughness value of the surfaces sample
is 10.34 nm on a 10 µm × 10 µm scan area.

We found that this optimized GaN/AlN buffer layer conditions are the best
growth conditions to get crack-free InGaN on Si(111) substrate. In order to optimize
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Figure 4. SEM image of the crack-free InGaN thin film.

the AlN buffer layer, the growth temperature and stoichiometry have to be carefully
considered. Lower growth temperatures lead to an increasing surface roughness. If
the buffer layer were too thin (<100 nm), the buffer action would not be very effec-
tive and the InGaN film becomes polycrystalline. On the other hand, if the buffer
layer was somewhat thicker, the orientation correlation between the InGaN and the
Si substrate could not be established.

PL spectroscopy is a good characterization tool to identify the appearance of
defect related levels or defect induced luminescence in the sample. Figure 6 shows
the room temperature PL spectrum (330–1000 nm) of InGaN on Si(111) substrate
using an optimized GaN/AlN buffer layer. From Fig. 6, a strong near band edge
emission for the sample is observed at 504.89 nm which is attributed to the band
edge emission of InGaN. The PL spectra are dominated by an intense and sharp
peak at 362.65 nm [27] which is attributed to the band edge emission of GaN and
three defect-related luminescence peaks namely, yellow luminescence (YL), red
luminescence (RL) and near infrared luminescence (NIRL) peaks. These defects
induced luminescence peaks that are respectively observed at 556.19, 727.19 and
993.79 nm. To date, no investigations have reported that YL is observed in samples
grown by MBE. This most probably is contaminated by residual Si (from the Si
substrate). In addition, nitrogen vacancies (NGa site) and gallium vacancies (GaN site)
are also two common defects in the GaN films [24, 25]. This led to the suggestion
that the InGaN films contained these defect-related levels in the band-gap that may
be the source of radiative recombination centres and leading to below band gap
optical emission.

Vegard’s law is commonly used to estimate the composition of ternary materials.
The energy gap of InxGa1−xN is given by the composition-weighted average of the
GaN and InN gaps, and can be approximated by

Eg(x) = xEg(InN) + (1 − x)Eg(GaN), (1)
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Figure 5. AFM micrograph of the InGaN thin film: (a) 2D and (b) 3D.

where the band-gap of wurtzite GaN and InN at 300 K are Eg(GaN) = 3.42 eV,
Eg(InN) = 0.77 eV, respectively. Accuracy can be improved using this standard
equation, in which a third term with a ‘bowing’ parameter, b, is added in:

Eg(x) = xEg(InN) + (1 − x)Eg(GaN) − bx(1 − x) (2)

and the bowing parameter, b = 1.43 eV [1, 28]. Therefore, equation (2) becomes

2.46 = −4.08x + 3.42 + 1.43x2,

from which we obtain x = 0.26. This means that the percentage of In is about 26%
and better described as In0.26Ga0.74N. This is in good agreement with the results of
the XRD simulated result.
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Figure 6. Room temperature micro-PL spectrum of InGaN sample together with Lorentzian model
fits.

4. Conclusions

The growth of InGaN/GaN/AlN on Si(111) substrate has been performed using
plasma-assisted molecular beam epitaxy. The optical property of the thin film has
been analyzed by PL. The structural quality of the thin film is comparable to the
values reported in the literature. Sharp and intense band edge emission of InGaN is
observed in the PL measurement with yellow band emission.
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