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The authors report the structural, optical, and transport properties of high quality InN epitaxial films
grown on GaN substrates by plasma-assisted molecular beam epitaxy. They have found a strong
correlation between the structural quality and the measured carrier mobilities. Comparison of
temperature-dependent Hall data with a theoretical transport model indicates that the electron
mobility in state-of-art InN is limited by charged dislocation scattering. The model predicts that an
order-of-magnitude increase in electron mobilities can be achieved by the reduction of dislocation
densities in InN. © 2006 American Institute of Physics. [DOI: 10.1063/1.2364456]

In recent years, InN has been extensively investigated
for its electrical and optical properties because of its poten-
tial applications in high speed electronic devices and optical
devices in the infrared (IR) region.l’4 InN has a small elec-
tron effective mass [0.05m, (Ref. 5)] and high electron mo-
bility. Monte Carlo simulations of the electron transport
properties predict that the electron mobility in InN could
reach 14 000 cm?/V s at room temperature and a peak drift
velocity as high as 5 X 107 cm/s can be achieved.® The trans-
port properties of electrons in InN are far superior to those in
GaN; this stems from the narrow band gap, similar to InAs
and InSb in the other III-V families. In recent work, it has
been reported that the fundamental band gap of InN is
around 0.7 eV,7 and thus the III-V nitrides semiconductor
family is the only material system whose band gaps span
from the ultraviolet (UV) (AIN at 6.2 V) through the visible
to the IR (InN at 0.7 eV) region. Since the their band gaps
can cover the entire solar spectrum and they have been
proven to be radiation hard,® they can be used for high effi-
ciency photovoltaic applications with environment-friendly
nontoxic elements, both for terrestrial and space applications.

The many applications mentioned above require high
quality crystalline InN with a high degree of structural integ-
rity, and good optical and electrical properties. However, the
growth of InN presents a challenge because of its low disso-
ciation temperature, the high equilibrium vapor pressure of
nitrogen molecules, and the lack of a suitable substrate.* Re-
cently, high quality InN has been grown on sapphire sub-
strates by both metal organic chemical vapor deposition
(MOCVD) and molecular beam epitaxy (MBE).'"™!" How-
ever, few groups have reported a relation between the struc-
tural, optical, and transport properties of InN on GaN
substrates.

In this work, we have studied the MBE growth of InN
directly on GaN substrates. The structural quality of grown
InN has been characterized by reflection high energy electron
diffraction (RHEED), x-ray diffraction (XRD), transmission
electron microscope (TEM), and atomic force microscopy
(AFM). We have also measured the transport properties of
carriers in InN by temperature-dependent Hall measurements
and extracted the scattering mechanisms limiting the mobil-
ity. Optical properties have been characterized using photo-
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luminescence spectroscopy. Finally, we find a strong corre-
lation between the structural and transport properties of the
as grown InN layers, and identify charged dislocation scat-
tering as the dominant scattering mechanism.

A Veeco Gen 930 MBE system with a Veeco UNI-Bulb
rf plasma source configured for the growth of III-V nitrides
was used for the growth of InN. Commercially available
semi-insulating GaN-on sapphire templates were used in this
work as the substrate. A two-step growth process was used:
an thin InN buffer layer (about 60 nm) was grown at a low
substrate temperature (360 °C), followed by an epitaxial InN
layer at a higher substrate temperature (510 °C). During the
growth, in situ RHEED was used to monitor the evolution of
the surface morphology of the InN film. After the growth, the
samples were examined under an optical microscope to de-
termine if there were excess indium metal droplets on the
sample surface; if present they were removed by HCI treat-
ment. Four InN samples were grown at different indium
fluxes (Table I). Sample A was grown in the nitrogen-rich
regime (ITI/V ratio <1) and no metal droplets were observed
on the surface after growth. Sample B was grown in a
slightly In-rich regime and only a few In droplets were ob-
served. Samples C and D were grown at higher indium flux
and after growth there were In droplets left on the surface.
Surface morphology of InN sample was characterized by
AFM. The root-mean-square (rms) surface roughnesses of
the four InN samples for a 2 X 2 um? scan are listed in Table
I. All four samples were grown for 2 h with a total thickness
of 710 nm.

A cross-section TEM specimen of sample C was pre-
pared by mechanical wedge polishing and ion milling at
2 keV with liquid nitrogen cooling. TEM investigation was
carried out using a JEOL 2010 system with 200 kV acceler-
ating voltage. A high resolution TEM lattice image of InN is
shown in Fig. 1(b). The c-lattice constant measured from the
lattice image is 5.63 A. The bright field image shown in Fig.
1(a) was taken near g=0002, which would put edge-type
threading dislocations with Burgers vectors b=a out of con-
trast. The observed threading dislocations are thus of screw
type (b=c) or mixed (b=c+a). These are observed to origi-
nate at the InN/GaN interface and propagate towards the
surface. The total dislocation density is estimated to be about
4% 10" ¢m™2, and the average distance between each dislo-
cation is about 16 nm.
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TABLE 1. Structural and electrical characterizations of samples A-D grown at different In fluxes: surface
roughness (rms) measured by AFM, FWHM of (0002) peak in w scan, room temperature and 77 K mobility
(), sheet carrier concentration (n,), and effective carrier volume concentration (n,). The effective carrier
volume concentration is calculated considering a surface charge of 2.4X10'3 cm™ near the InN surface
(Ref. 12).

In flux rms FWHM RT mobility RT n, n, 77 K mobility 77 K ny
Sample 1077 torr (nm) (deg) (cm?/Vs) (X10%cem™) (X108 cm™)  (cm?/Vs)  (X10%cm™)
A 3.1 9.52 0.4623 943 3.11 4.04 1009 3.02
B 3.2 6.64 0.5749 782 3.12 4.06 809 3.07
C 3.29 0.82 042 1054 3.02 3.92 1154 2.89
D 3.39 2.53 0.4612 984 3.08 4.00 1036 2.99
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High resolution x-ray diffraction (HRXRD) was used to
characterize the epitaxial film quality and to measure the
c-axis lattice constant. The HRXRD measurements were
taken with a Panalytical X’pert Pro MRD system. Figure 2
shows the (0002) w/26 scans of InN grown on GaN. A
wurtzite structure InN (0002) peak is clearly observed. Tak-
ing the lattice constant (¢ axis) of GaN to be 5.186 A, the
lattice constant (¢ axis) of InN is calculated to be 5.694 A.
This is close to the reported value of 5.693 A (Ref. 13) and
slightly higher than estimated from the TEM lattice image.
The insert in Fig. 2 shows the ¢ scan of the (012) plane of
InN. It shows six peaks separated by 60°, confirming the
sixfold symmetry of the wurtzite structure. In the w scan, the
XRD peak is broadened due to the mosaicity, lateral incoher-
ence, dislocations, and sample curvature. We compare the
full width at half maximum (FWHM) of (0002) w rocking
curve scans for the four samples in Table I to characterize the
structural quality. Sample C is observed to have the smallest
peak broadening. Thus from AFM and XRD analyses, it is
clear that sample C has the best structural quality, followed
by samples D, A, and B.

To investigate the role of structural defects and uninten-
tional impurities on electron transport properties in bulk InN,
Hall measurements were performed. The samples were cut
into square pieces, and indium dots were used to form Ohmic
contacts in the van der Pauw geometry. A magnetic field of
0.3 T was used. Room-temperature (RT) measurements
were performed on all samples; the measured low-field mo-
bilities and the sheet carrier concentrations are shown in
Table I. The carrier mobilities lie in the 780—1050 cm?/V s
range at RT and improve marginally to 800—1150 cm?/V s
range at 77 K, while the integrated sheet carrier concentra-
tion stays around 7, ~ 3 X 10'%/cm? for all samples (this cor-
responds to a free-electron volume density of roughly
n,~4x10"%/cm? neglecting the surface accumulation
layerlz). It is evident that there is a strong correlation be-
tween the structural quality (the FWHM values in Table 1
and the measured carrier mobilities. Sample C with the low-
est FWHM in the w scans along the (0002) axis demonstrates
the highest mobility, followed by samples D, A, and B. This

(a) (b)

FIG. 1. (a) Bright field cross-section TEM image of InN on GaN. (b) High

resolution TEM lattice image of InN.
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observation hints that dislocations might be important in de-
termining the nature of electron transport in InN. To investi-
gate the role of various scattering mechanisms on the elec-
tron mobility, temperature-dependent Hall measurements
from 8 to 300 K were performed in a closed-cycle cryostat.
All four samples exhibited similar behavior; the results for
sample D are discussed here.

Figure 3(a) shows the measured Hall mobility and sheet
carrier density over the temperature range. Considering the
small electron effective mass in InN and the low conduction
band density of states, the Fermi level in InN is expected at
an energy E F—Ec=ﬁ2k,2v/ 2m" =~ 180 meV above the conduc-
tion band edge E. [here kp=(37’n,)'” is the Fermi wave
vector and n,, is the measured volume density of electrons]. It
is evident from the measurement that the free-electron den-
sity changes little with temperature, demonstrating that the
carriers are degenerate. Therefore, one can make the assump-
tion that the Hall mobility and drift mobility are identical,"
since the Hall coefficient for degenerate carrier transport is
Ry=1. Using this approximation, we calculate the contribu-
tions of various scattering mechanisms to the total mobility;
the results are shown in Fig. 3(b) along with the measured
values. Details of the calculation will be published in a sepa-
rate work; here we mention our main observations.

Polar optical phonons, acoustic phonons (both deforma-
tion potential and piezoelectric modes), ionized impurities,
and charged dislocation scattering are considered in the cal-
culation, and their individual contributions to the total mo-
bility are shown in Fig. 3(b). A dislocation density of N
=7.8X10'/cm? was used with a filling fraction f=1, and
the charge-neutrality condition was used for estimating the
unintentional acceptor density N, =~ 6 X 10'7/cm? for the best
fit to the measured data. It is clear that not all the dislocations
imaged by TEM can be charged; a similar observation was
made by Look ef al. based on charge neutrality conditions in
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FIG. 2. XRD (002) w-26 scan of InN grown on GaN/sapphire substrate. The
insert shows the ¢ scan of (012) plane in InN.
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FIG. 3. (Color online) Temperature-dependent Hall data of InN. (a) Mobil-
ity and integrated electron sheet density vs temperature for sample D. (b)
Comparison of measured mobility with a theoretical transport model.
Charged dislocation scattering is identified as the dominant mobility-
limiting scattering mechanism. If dislocation densities and background ion-
ized impurity densities could be reduced, RT mobilities as high as
10 000 cm?/V s can be achieved.

an earlier work."”” From the calculations, we conclude that
dislocation scattering is the dominant scattering mechanism
in our samples over the entire temperature range, followed
by ionized impurity scattering. The strong correspondence of
transport properties with the measured structural quality
(FWHM in x ray) supports this conclusion. It can safely be
predicted that in dislocation-free InN, at an ionized impurity
density of N,=5X10"/cm*> RT mobilities approaching
10 000 cm?/V s. limited intrinsically by polar optical pho-
non scattering can be achieved, as shown in the theoretical
plot in Fig. 3(b). This offers a major motivation for improv-
ing the epitaxial quality of InN, aimed at reduction of dislo-
cation densities for the various device applications men-
tioned earlier.

The InN layers grown were optically characterized using
photoluminescence spectroscopy. All InN samples grown by
MBE were visibly dark, and the surfaces were mirror-like
and shiny. The photoluminescence spectrum of InN was
measured using a single-grating monochromator and a PbS
detector, which has a band gap of 0.41 eV. The InN sample
was pumped by an Ar* laser at 514 nm with power intensity
of 100 W/cm? At room temperature, we observed an InN
peak at 0.68 eV, which is close to recently reported
work.'®!” To measure the low-temperature photolumines-
cence spectra, the sample was held in a closed-cycle He re-
frigerator. Temperature dependent photoluminescence spec-
tra are plotted in Fig. 4. As the temperature increased from
9 K to room temperature, the photoluminescence intensity is
observed to decrease by about 20 times. The peak positions
slightly shift to shorter wavelength as the temperature de-
creases (insert of Fig. 4). No peaks around 1.9 eV have been
observed from 8 to 300 K, corroborating earlier observations
that the fundamental band gap of InN is ~0.69 eV.

In conclusion, high quality InN epitaxial layers grown
on GaN substrate by MBE were demonstrated. A close cor-
relation was found between the structural quality of InN and
the electron transport properties. The mobility of electrons in
state-of-the-art InN epilayers was found to be limited by
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FIG. 4. (Color online) Temperature dependent photoluminescence spectra of
InN (sample C). Insert: photoluminescence peak positions at different
temperatures.

charged dislocation scattering by a combined experimental
and theoretical analysis. The optical band gap was found
to be ~0.69 eV, and little variation with temperature
(8—300 K) was observed. It is predicted that with improve-
ments in epitaxial growth techniques resulting in reduction
of dislocation densities, room temperature electron mobilities
as high as 10 000 cm?/V s can be achieved for InN, making
the material extremely attractive for a member of device
applications.
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