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In-rich InAlN films were grown directly on Si (111) substrate by RF-MOMBE without any buffer layer. InAlN films were grown at
various substrate temperatures in the range of 460–540∘Cwith TMIn/TMAl∼3.3. Structural properties of InAlN ternary alloys were
investigated with X-ray diffraction, scanning electron microscopy, and transmission electron microscopy (TEM). It is shown that
the deposited In

0.8

AlM
0.2

N (0001) films can be in epitaxy with Si (111) substrate with orientation relationship of [2110]InAlN//[110]Si.
Also, the growth rate around ∼0.25 𝜇m/h almost remains constant for growth in the temperature range from 460 to 520∘C. Cross-
sectional TEM from InAlN grown on Si (111) at 460∘C shows that the epitaxial film is in direct contact with Si without any interlayer.

1. Introduction

The technological importance of group III nitrides GaN, InN,
and AlN, particularly for the light-emitting and laser diodes
operating in green and blue spectral regions, has stimulated
the study of Al

𝑥
Ga
1−𝑥

N, In
𝑥
Ga
1−𝑥

N, and In
𝑥
Al
1−𝑥

N alloys.
The hexagonal InAlN alloy offers various unique properties
which may improve the performance of electronic and
optoelectronic devices. InAlN has a direct gap that can be
tuned in the range from 6.2 eV for AlN to 0.7 eV for InN
[1]. In particular, In-rich InAlN is a promising material for
multijunction tandem solar cells [2]. For growth of InAlN in
large area at low cost, deposition on Si (111) is of great interest.
However, it is difficult to grow In-rich InAlN of single phase,
and its epitaxy on Si substrate is also a challenge due to large
lattice mismatch. Although reports of InAlN-based devices
have been published [3–5], the growth mechanism of InAlN
on Si substrate is still unclear.

Previous studies of InAlN growth indicated that the con-
stituent binary components AlN and InN have very different
lattice parameters (13.5% mismatch for the a-parameter)

and very different optimum growth temperatures (600∘C for
InN and 1100∘C for AlN for metalorganic chemical vapor
deposition (MOCVD)). Also, Koide et al. and Zhao et al.
indicated the parasitic reaction may prohibit incorporation
of Al content and deteriorate the material quality [6, 7]. Par-
ticularly, Guo and coworkers [8] fabricated the high quality
Al
𝑥
In
1−𝑥

N films with 𝑥 being from 0 to 0.14 in the low-Al
composition regime using metalorganic vapor phase epitaxy.
Due to the difficulties of growth, In-rich In

𝑥
Al
1−𝑥

N layers
often exhibit poor crystalline quality. The presence of com-
position fluctuations and surface hillocks has been reported
[9, 10].

Also, silicon is a very promising substrate material for
the growth of III-nitride materials. Compared with Al

2
O
3
,

silicon has good thermal conductivity which is especially
important for high-power electronic applications [11] and
light emitting diodes (LEDs) applications [12]. Various
methods have been used to fabricate InAlN films, such
as radio-frequency plasma-assisted molecular-beam epi-
taxy [13], metalorganic chemical vapor deposition [14],
pulsed laser deposition [15], and magnetron sputtering [16].
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Figure 1: (a) 𝜃–2𝜃 XRD patterns of InAlN films deposited on Si (111) at different temperatures showing varied indium compositions.
(b) 𝜔-scan XRD profile of (0002) InN at 460 to 520∘C.

However, few studies reported In-rich InAlN thin films
growth on Si substrate using radio-frequency metal-organic
molecular-beam epitaxy (RF-MOMBE). Compared with the
MOCVD growth method, the RF-MOMBE technique gen-
erally has the advantage of a low growth temperature for
obtaining epitaxial nitride films [17, 18].

In this work, In-rich InAlN/Si (111) heteroepitaxy by RF-
MOMBE is studied. Crystalline and surface morphology are
characterized by high-resolution X-ray diffraction (XRD),
transmission electronmicroscopy (TEM), and scanning elec-
tron microscopy (SEM).

2. Experimental

In-rich In
𝑥
Al
1−𝑥

N alloys were directly grown on p-type Si
(111) substrates by RF-MOMBE at different substrate temper-
atures. Trimethylindum (TMIn : In (CH

3
)
3
) and trimethyla-

luminum (TMAl : Al (CH
3
)
3
) were used as In and Al sources

without carrier gas. TMIn/TMA molar ratio was fixed to
3.3. Nitrogen source was supplied from a RF plasma source
(13.56MHz) with 400W and the N

2
flow rate of 1 sccm. Prior

to loading in the vacuum chamber, the Si (111) substrates
were cleaned in a wet bench using Radio Corporation of
America processes. Also, the substrate was further wet-
etched in buffered oxide etch for 30 s and then dried with
N
2
, followed by loading into the growth chamber for InAlN

deposition. Prior to InAlN growth, the Si (111) substrate was
heated at 900∘C for 30min and base pressure of 8 × 10−9

Torr for thermal cleaning of the surface with oxide removal.
The substrate temperature was then decreased to 460, 490,
520, and 550∘C for growth of In-rich InAlN films. During
the deposition, the substrate temperaturewasmonitoredwith
a thermocouple (in contact with heater backside). In the
very early stage of deposition both TMIn and TMAl were
simultaneously injected into the growth chamber. Nitrogen
partial pressure in the growth chamber was stabilized during
the growth of In

𝑥
Al
1−𝑥

N films at approximately 1×10−5 Torr.
XRD measurements were carried out in a Bruker D8

systemusingCu-K𝛼 radiation.The surfacemorphologies and
cross-sectional the In

𝑥
Al
1−𝑥

Nfilmswere analyzed using a FE-
SEM (Hitachi S-4300) microscope. The detailed microstruc-
ture of the InAlN films with interface was investigated
by using transmission electron microscopy (TEM) in cross
section (Philips Tecnai 20). High-angle annular dark field
(HAADF) images were obtained from a JEOL 2010F micro-
scope in scanning transmission electronmicroscopy (STEM)
mode.

3. Results and Discussion

Figure 1 plots 𝜃–2𝜃XRDpatterns for InAlN films grown on Si
(111) at various substrate temperatures. The Si (111), Si (222),
InAlN (0002), and InAlN (0004) reflections are observed in
the patterns, suggesting that the InAlN films may consist of
single phase of wurtzite structure. Also, it is seen that the
InAlN (0002) peak appears at lower 2𝜃 angle with increasing



ISRN Nanomaterials 3

0 50 100 150 250 300200 350

In
te

ns
ity

 (a
.u

.)

InAlN (1011)

phi-scan (deg)

[0001]InAlN //[111]Si

Figure 2: (1011) phi-scan of In
0.8

Al
0.2

N films for 460∘C growth.

245nm

1𝜇m

245nm
1𝜇m

1𝜇m

1𝜇m

245nm
1𝜇m

1𝜇m

1𝜇m

550∘C520∘C

490∘C460∘C

15nm

500nm

Figure 3: Cross-sectional SEM images of In
𝑥

Al
1−𝑥

N films grown on Si (111) with different In compositions. The inset shows surface
morphology.

the substrate temperature from 460 to 520∘C, whereas it shifts
to higher angle for 540∘C. Vegard’s law has been applied to
determine the average In composition of the ternary alloy
films via measurement of lattice parameters from HRXRD
[19]. The In composition in the deposited In

𝑥
Al
1−𝑥

N films is
accordingly determined to be 𝑥 = 0.80 for 460∘C, 𝑥 = 0.82
for 490∘C, 𝑥 = 0.89 for 520∘C, and 𝑥 = 0.42 for 550∘C.
Also only the (0002)/(0004) peaks are observed without
any other reflections for all In

𝑥
Al
1−𝑥

N films, indicating that
these films are preferentially grown along the c-axis direction.
The reason for In increase with growth temperature from
460 to 520∘C might be due to enhanced reaction of TMIn
with nitrogen, while Al incorporation into the films is not
significantly different at such low temperature from the point
of view of AlN formation. However, when the growth of

temperature is raised above 520∘C, the InN may start to
decompose because of its low thermal stability. For growth
at 550∘C which was close to decomposition temperature of
InN [20], lower indium composition was then obtained. For
growth above 550∘C, InAlN exhibits an extremely weak and
broad (0002) peak, suggesting that the crystallinity is poor.

Figure 1(b) shows (0002) X-ray rocking curves (XRC) for
InAlN films from which the full-width at half maximum
(FWHM) is about 108 arcmin for 460∘C, 195 arcmin for
490∘C, and 161 arcmin for 520∘C, respectively. The higher
residual stress in all samples, grown at higher temperature,
should be relaxed accomplished with higher defect densities
as compared with the InAlN growth at 490∘C.

The phi-scan for InAlN (1011) reflections from the film
grown at 460∘C is presented in Figure 2. The diffraction
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Figure 4: (a) Cross-sectional bright field TEM image, (b) the corresponding SAD pattern, (c) HRTEM image, and (d) STEM-HAADF image
from In

0.8

Al
0.2

N/Si (111).

peaks from the {1011} plane of InAlN are observed at 60∘
interval, suggesting that the InAlN film is in epitaxy with
Si and part epitaxy with Si. The epitaxial relationship can
be deduced from the pattern as (0002)InAlN//(111)Si and
[2110]InAlN//[110]Si. Similar results were obtained for 490∘C
and 520∘C.

Figure 3 shows top-view and cross-sectional SEM images
of the InAlN films grown on Si (111). As estimated from cross-
sectional SEM images, the averaged thickness of all the InAlN
films grown in the range of 460–520∘C is 250 nm from which

∼0.25 𝜇m/h is for the growth rate. Though the growth rate
is almost unchanged for growth at temperature in the range
of 460–520∘C, the film thickness of InAlN grown at 550∘C
is shown to be ∼15 nm, which gives a much lower growth
rate probably due to low adsorption and high evaporation
of In-related species at temperature ≥550∘C [21]. The SEM
images also reveal that the surface morphology is rough for
the substrate temperature ≤520∘C. The surface morphology
in the insets of top-view images shows 3D grain feature,
suggesting that the films are grown in island growth mode.
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Figure 4 shows a bright field TEM image of In
0.8
Al
0.2
N

film (460∘C growth temperature) taken from the electron
beam direction along the [0110]InAlN. The surface mor-
phology of the InAlN film exhibits rough shape as SEM
observation. No extra phases appear in the Si substrate or at
the interface, implying that In and Al have no reaction with
Si as GaN on Si. The corresponding selected-area diffraction
pattern (SADP) in Figure 4(b) shows that the main diffrac-
tion spots are in the [0110]InAlN zone axis pattern which is
parallel to [1 12]Si one. From the SADP, one can see that
(0002)InAlN diffraction spot is aligned with (111)Si one and
(21 10)InAlN with (220)Si. Thus, (0001)-oriented hexagonal
InAlN has epitaxial relationship with the Si (111) substrate
which is the same as observed for AlN and GaN on Si (111)
[22, 23]. However, some additional InAlN diffraction spots
in the SADP have been observed at locations with deviation
angle of approximately 8∘ from the [21 10], suggesting that
some InAlN grains are slightly misoriented. Since a large
fraction of the film is in epitaxy with Si, it HRTEM images are
easily observed as shown in Figure 4(c). From the HRTEM
image, the InAlN/Si interface is smooth without interlayer.
Also, from lattice fringes of the HRTEM image with the
corresponding Fourier transform pattern, the same epitaxial
relationship as shown in SADP can be obtained. Further
verification for the interface can be obtained from the STEM-
HAADF image in Figure 4(d) which shows a sharp interface
between the InAlN and Si, illustrating that no reactions occur
between them. From the Z contrast in the STEM-HAADF
image, the intensity in the InAlN film exhibits no significant
variation, implying that the indium concentration may have
good uniformity in this sample.

4. Conclusions

Direct growth of In-rich InAlN film on Si (111) substrate with-
out any buffer layer by RF-MOMBEhas been attempted in the
temperature range from 460 to 550∘C. All the grown InAlN
(0002) films are of single phase and are highly oriented in c-
axis. The growth rate is almost constant at the substrate tem-
perature in the range of 460–520∘C above which it is reduced.
HRTEMshows image that epitaxial In

𝑥
Al
1−𝑥

Ncan be directly
grown on Si (111) at about 460∘C without any interfacial
reactions.The epitaxial relationship is (0001) InAlN//(111) Si
with [2110]InAlN//[0110]Si and [0110]InAlN//[1 12]Si.
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