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InN films have been grown by plasma-assisted molecular beam epitaxy (PAMBE) and characterized by

various technologies. It was found that the structural, optical and electrical properties can be drastically

improved by raising growth temperature from 440 to 525 1C. Grainy morphology was found in the grain

size was found in atomic force microscope images. The large grain size was about 360 nm for a film

grown at 525 1C. These films exhibited Wurtzite structure with a c/a ratio ranging from 1.59 to 1.609.

The dislocation densities estimated by X-ray diffraction techniques closely agreed with those analyzed

by plan-view transmission electron microscopy. Photoluminescence (PL) studies confirmed near band-

to-band transitions and the narrowest low-temperature PL peak width was found to be 24 meV at

0.666 eV. Carrier concentrations decreased from 1.44�1019 to 1.66�1018 cm�3 and Hall mobility

increased from 226 to 946 cm2 V�1 s�1 as the growth temperature is progressively increased from 440 to

525 1C. Raman spectra also indicated improved crystal quality as the growth temperature was raised.

& 2009 Elsevier B.V. All rights reserved.
1. Introduction

The epitaxial growth of InN is difficult because of low
dissociation temperature and lack of suitable lattice-matched
substrate materials. InN can decompose rapidly in vacuum as low
as 430 1C [1]. The preferred high growth temperature to crack
ammonia precursor for the growth of InN by metal organic vapor
phase epitaxy (MOVPE) conflicts with the lower substrate
temperature required to prevent dissociation. MOVPE growth of
InN is not as successful as the growth of AlN and GaN. A much
lower growth temperature is utilized by plasma-assisted mole-
cular beam epitaxy (PAMBE) because of the use of nitrogen
plasma. PAMBE has the advantage over MOVPE of employing
lower growth temperature. The absence of a native substrate for
the growth of InN requires a foreign substrate. Sapphire and
silicon are commonly used for InN heteroepitaxy. It has been
ll rights reserved.

; fax: +886 4 7211283.

).
found that the initial treatments prior to the MBE growth of InN
including AlN and low-temperature InN (LT-InN) buffer layer
deposition play an important role in the quality of InN films [2,3].
The effects of buffer layer thickness, growth temperature, and flux
ratio have been explored by many research teams [4–8].

Nevertheless, InN is a novel material for applications in future
photonic and electronic devices. The band-gap energy of InN has
been found to be around 0.7 eV according to optical characteriza-
tion results [9–11]. It extends the operation wavelength of the III-
nitride-based light-emitting devices to cover the spectrum range
from near-infrared to ultraviolet (0.7–6.2 eV). InN is also a
promising material for applications in high-speed devices such
as high electron mobility transistors (HEMTs). It demonstrates
highest peak drift velocity of all nitride semiconductors under
high electrical field [12], and its relatively higher mobility
(�2000 cm2 V�1 s�1) and lower concentration (�1017 cm�3) were
measured at room temperature [13,14].

Important material parameters such as lattice constants, stress,
constitutional material composition, grain size and crystalline
direction can be analyzed by X-ray diffraction (XRD) [15,16].
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Recently, a lot of research groups have employed rocking curve
analysis by high-resolution X-ray diffraction (HRXRD) to estimate
the density of threading dislocations [15–19]. Lu et al. [20] and Liu
et al. [21] investigated the optimized growth temperature of InN
by measuring electrical, optical and XRD characteristics. This
paper presents an investigation on the growth of InN layers on
Si(111) substrates by plasma-assisted molecular beam epitaxy
using different growth temperatures. We have examined the
morphological, structural, electrical and optical characteristics to
assess crystal quality of grown InN thin film.
2. Experimental procedure

The growth of InN films was conducted in an Oxford
CLUSTERLAB 600 MBE system with a base pressure of 3�10�11

Torr. Active nitrogen was supplied by an Oxford Applied Research
HD-25 radio frequency (RF) plasma source. Aluminum and indium
fluxes were supplied by standard thermal effusion cells. Substrate
temperature was measured by an SVT Associates In-Situ 4000
process monitor based on emissivity-corrected pyrometry. The
emissivity was calibrated by the eutectic point of Si/Al alloy at
577 1C. Chamber pressure during growth was in the range of low
10�5 Torr. Si(111) substrates were ultrasonically cleaned using
solvents. They were etched at 80 1C for 10 min in
NH4OH:H2O2:H2O ¼ 1:1:5 base solution to remove inorganic
impurities followed by 10 min etch in HCl:H2O2:H2O ¼ 1:1:6 to
remove metal ions. Substrates were dipped in buffered oxide etch
(BOE) solution for 1 min to remove native oxide before loading
into growth chamber. Immediately after being introduced into the
growth chamber, the substrates were heated to 930 1C for 30 min
to remove native oxide. A clean surface was confirmed by the
appearance of Si(111) 7�7 reconstructed reflection high-energy
electron diffraction (RHEED) patterns when the substrate
Fig. 1. Surface morphology of the AFM image (2.79�2.79mm2) of InN
temperature was reduced to around 750 1C. Prior to high-
temperature InN (HT-InN) growth, an AlN buffer layer was grown
at 850 1C for 7 min near stoichiometric flux condition. The
aluminum beam equivalent pressure (BEP) was 3.3�10�7 Torr,
and the plasma source was operated at 0.7 sccm nitrogen flow rate
and 240 W RF power. The substrate was then lowered to 300 1C to
grow a 20-nm-thick low-temperature InN buffer layer. The plasma
source was operated using 0.5 sccm nitrogen flow rate and 200 W
RF power. Higher temperatures (440, 475, 500 and 525 1C for
sample A, B, C and D, respectively) were employed to grow HT-InN
epilayer. The deposition rate was approximately 0.32mm/h and
the total thickness was �0.5mm. The indium BEP was 8.9�10�7

Torr, and the plasma source was operated at 1 sccm nitrogen flow
rate and 240 W RF power to maintain flux ratio slightly nitrogen
rich. Aluminum, indium and nitrogen fluxes were characterized
by AlN and InN growth rates obtained by cross-sectional SEM
images under metal-limited and nitrogen-limited growth condi-
tions, respectively.

Surface morphology and roughness were measured by an NT-
MDT Solver P47 AFM using the non-contact operation mode. A
Siemens D5000 high-resolution X-ray diffraction system was used
to determine the structural quality of grown films. A JEOL JEM-
2010 TEM system was used for plan-view transmission electron
microscopy (TEM) analysis. Phonon properties were characterized
by Raman spectroscopy. Photoluminescence spectra were excited
by a solid-state 532 nm laser.
3. Results and discussion

Fig. 1 shows the surface morphology of all samples. Surfaces
reveal grain features of various sizes for samples grown at higher
temperatures. The grain feature cannot be observed for sample A
grown at 440 1C. The grain size of other samples increased when
layers: (a) sample A; (b) sample B; (c) sample C and (d) sample D.
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Fig. 2. Rocking curve FWHMs of plane sets with various inclination angles and

their fitting curves.

Fig. 3. Williamson–Hall plots of InN samples.
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the growth temperature was raised. The largest grain size was
360 nm observed on the sample grown at 525 1C. In our system,
further increasing growth temperature to 535 1C introduced InN
dissociation and thus led to poor crystal quality accompanied by
indium droplet formation. The dependence of grain size on
growth parameters is listed in Table 1. Increased diffusion length
of species on the growth front could facilitate the formation of
larger grains. Faceted pits locating at grain boundaries are evident,
which are commonly observed on InN grown under nitrogen-rich
condition. Surface root mean square roughness measured are 2.76,
5.43, 28.29 and 15.06 nm for samples A, B, C and D, respectively.
Deep trenches of 10–20 nm in depth separated grains. The depth
of the faceted pits is over 50 nm. The higher surface roughness of
samples C and D is contributed by deep trenches and pits. The
automic force microscope (AFM) morphology and its line scan
profiles indicated a smooth surface with terrace-type features on
top of grains.

The lattice constant of InN thin film was measured by (0 0 0 2)
and (10 1̄2) 2y/o scans. There was no indium-related peaks found
in the scans. X-ray diffraction measurements showed that the c

and a lattice parameters of InN were 5.70170.003 Å and
3.56570.021 Å, respectively. The resulted c/a ratios are 1.609,
1.602, 1.593 and 1.590 for samples grown at 440, 475, 500 and
525 1C, respectively. The decreasing c/a ratio indicated that films
grown at higher temperature sustain relatively higher tensile
strain.

The mosaic structure is usually characterized by its in-plane
and out-of-plane components of the mosaic misorientation.
Srikant et al. [22] determined the tilt and twist angles of mosaic
structures from the full-width at half-maximum (FWHM) of
symmetric and asymmetric o-scans (rocking curves). The broad-
ening of symmetric rocking curves, which is used to calculate tilt
angle, includes the contribution from grain size effect. Therefore,
the deduced tilt angle will be over-estimated. To separate the
broadening from tilt and grain size, symmetric reflections of
different reciprocal vector length were used by Williamson and
Hall [23]. As the scattering order increases, the broadening in
reciprocal space due to tilted planes also increases. However, the
broadening contributed by grain size remains constant while the
scattering order increases. Fig. 2 shows the rocking curve FWHMs
of different plane sets with various inclination angles and their
fitting curves following the procedures described in Ref. [22]. The
twist angle can be extracted from the parameter of the fitting plot.
Fig. 3 illustrates Williamson–Hall plots of InN epilayers and their
linear fits. The tilt angle can be deduced from the slope of the plot.
By assuming random dislocation distribution, edge-type
dislocation density (NE) and screw-type dislocation density (NS)
can be calculated by the following formula [24]:

NE ¼
a

4:35b2
e

(1)

Ns ¼
b2

4:35b2
s

(2)

where a is the twist angle, b the tilt angle, be the length of edge-
type Burgers vector and bs the length of screw-type Burgers
Table 1
The dependence of grain size on growth parameters for all samples.

Sample A B C D

Grain size – �80 �250 �360

HT-InN growth temperature (1C) 440 475 500 525

RF power 240 W

Nitrogen flow 1 sccm
vector. Table 2 lists the calculated twist angles, tilt angles, edge
and screw dislocation densities. The results indicate that about
90% of the dislocations are pure edge type or mixed type
containing in-plane [112̄ 0] Burgers vectors. Fig. 4 shows the
plan-view TEM images of samples C and D taken under
g ¼ [112̄ 0] two beam condition. Only pure edge-type or mixed-
type dislocations containing Burgers vectors [11 2̄ 0] can be
observed. Pure screw-type dislocations with b ¼ [0 0 0 2] are
invisible because g . b ¼ 0. The edge-type dislocation densities of
samples C and D are 2.4 and 1.76�1010 cm�2, respectively. These
values are smaller than those (3.3 and 2.27�1010 cm�2) estimated
by XRD. AFM, XRD and TEM data all indicate that increasing HT-
Table 2
Screw-type and edge-type dislocation densities of all samples.

Sample A B C D

Tilt angle (deg.) 0.634 0.492 0.311 0.304

Twist angle (deg.) 1.544 0.995 0.769 0.637

Screw-type dislocation density (�109 cm�2) 8.653 5.215 2.082 1.973

Edge-type dislocation density (�1010 cm�2) 13.33 5.542 3.304 2.27
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Fig. 4. Plan-view TEM images of (a) sample C and (b) sample D. The threading dislocation densities are 2.4 and 1.76�1010 cm�2, respectively.
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Fig. 5. Power-dependent PL spectra of sample B at 15 K. The near band-to-band

transition is confirmed by the observation that the integrated luminescence

intensity increases linearly with excitation power. A 7 meV blue shift in

luminescence peak is observed as the excitation power is increased over two

orders as shown in the inset. The quick increase of transition energy at low

excitations is due to the Urbach tail.
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InN growth temperature results in larger grain size and lower
threading dislocation density.

Optical property of InN samples was characterized by photo-
luminescence. The PL setup consisted of a 532 nm solid-state laser
and its maximum power was about 130 mW. InN grown at higher
temperature showed stronger luminescence intensity and in-
creasingly narrower peak width. The sample with highest growth
temperature showed best optical performance and its low-
temperature (15 K) PL spectrum peak position was at 0.666 eV
with 24 meV FWHM fitted by Gaussian function. There was no
luminescence feature found near 1.9 eV.

The exciting power was changed from 0.5 to 98 mW to study
power-dependent photoluminescence of sample B at 15 K. The
integrated PL intensities under various excitation levels are
plotted in Fig. 5. They are found to vary linearly with the
excitation intensity without saturation over more than two orders
of magnitude, which is consistent with the direct band-to-band
emission nature [25]. As shown in the inset of Fig. 6, the transition
peak shifted from 0.65 eV at low excitation to 0.657 eV at high
excitation. Both band-filling effects introduced quasi-Fermi level
increase in conduction band [26], and the effect of Urbach tail
slightly above valence band [27] can lead to blue shift in transition
peak. Because PL peak position quickly increased by 4 meV with
pumping intensity increased from 0.17 to 4.71 mW and then it
gradually increased and saturated at high excitation, we attribute
the increase of transition energy as the effect of low-density
Urbach tail near valance band.

Temperature-dependent photoluminescence has been done in
the temperature range from 12 to 300 K to explore the
temperature dependence of excitonic transition energy of sample
A. The result is plotted in Fig. 6. The energy peak initially shows a
blue shift and then reaches a maximum value followed by a red
shift when the temperature is further lowered. If the temperature
is further decreased, the peak energy shows blue shift again. The
rate of blue shift at high- and low-temperature ranges is
�0.2 meV/K, which is consistent with the rate of bandgap
shrinkage due to temperature change. The s-shaped peak position
versus temperature is illustrated in the inset of Fig. 6. The highest
transition peaks occurred at 225, 150, 125 and 110 K for samples A,
B, C and D, respectively. Since both morphology and XRD analysis
data indicate that larger grains, less grain boundaries and lower
dislocation densities are associated with films of better quality,
we speculate the unusual phenomenon might be related to
defects at grain boundary. Detailed optical analysis is currently
under study to clarify the mechanism.

The temperature-dependent Hall mobility and carrier density
were determined by Hall measurements with van der Pauw
configuration. As illustrated in Fig. 7, carrier concentration
decreases and Hall mobility increases as the HT-InN growth
temperature is progressively increased from 440 to 525 1C. The
best results are obtained on sample D with a carrier concentration
of 1.74�1018 cm�3 and a mobility of 946 cm2 V�1 s�1 at room
temperature.

Raman spectrum was conducted by using a 532 nm excitation
source. The experiment was done using a ZðXXÞZ̄ geometry. Z is
parallel to the sample surface plane normal. Only E2 and A1(LO)
modes can be observed in this configuration. The peak position
corresponding to InN E2

high was close to 489 cm�1 and it was near
587 cm�1 for A1(LO). These values agreed with previously
reported results [28]. The amount of Raman shift and the
associated peak width of InN are plotted in Fig. 8. The
improvement in E2

high peak width confirmed that an
improvement in crystalline quality can be achieved by raising
the growth temperature of HT-InN [29].
4. Conclusions

The growth temperature influence on the structural, morpho-
logical, electrical and optical characteristics of InN thin films have
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been studied. Higher growth temperature resulted in better
material quality, as evidenced by increased grain size, lower
defect density, narrower luminescence and Raman shift peak
width. As growth temperature was increased from 440 to 525 1C,
Hall mobility increased from 226 to 946 cm2 V�1 s�1 while carrier
concentration decreased from 1.44�1019 to 1.66�1019 cm�3. PL
measurement indicated near band-to-band transition nature and
the low-temperature band-edge transition of InN grown at 525 1C
was 0.666 eV. Both XRD and plan-view TEM studies confirmed
that the dominating threading dislocation was edge type. The
edge-type dislocation density for samples grown at 500 and
525 1C were 2.24 and 1.44�1010 cm�2, respectively.
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