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Morphological, electrical, and optical properties of InN grown by hydride
vapor phase epitaxy on sapphire and template substrates
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We report studies of the morphological, electrical, and optical properties of InN grown by hydride
vapor phase epitaxy. The layers have been grown on c-plane sapphire substrates and epitaxial GaN,
Al0.7Ga0.3N, and AlN templates grown on sapphire. InN properties are found to depend on template
type with improvement of crystal structure in the template substrate order AlN→AlGaN→GaN.
X-ray studies reveal InN layers grown on template substrates to be relaxed with lattice constants
a=3.542 Å and c=5.716 Å. The Raman spectra and optical gaps of the InN layers, vary with
free-carrier concentration in agreement with previous studies. We obtain a value of 2.5±0.2 for the
index of refraction of InN. © 2006 American Institute of Physics. �DOI: 10.1063/1.2201856�
Recently, there has been considerable interest in InN as a
prospective narrow band gap semiconductor1 with an intrin-
sic energy gap to be �0.7 eV.2–4 The energy gap of InN has
been the subject of controversy. Recent work has interpreted
the range of values based on free-carrier concentration and
band filling;5 alternative explanations rely on deviations in
the In composition as a result of cluster formation.6

The growth of high-quality InN remains challenging.
One general difficulty in growing III-nitrides is the necessity
to use foreign substrates which the lattice constant are not
well suited to epitaxy. The mismatch between InN and sap-
phire is even worse than for either AlN or GaN.

We report the physical properties of InN grown by hy-
dride vapor phase epitaxy �HVPE� on sapphire and on epi-
taxial layers of GaN, AlN, and Al0.7Ga0.3N, each grown on
sapphire substrates. HVPE has been demonstrated for grow-
ing materials with low defect concentrations and with rapid
deposition rates.7–9 However, there are few papers exploring
HVPE as a growth method for InN.10–12

The growth processes are carried out at atmospheric
pressure in a hot-wall quartz tube reactor with a resistively
heated furnace. Commercial 2 in. �0001� c-plane sapphire,
along with GaN, AlN, and Al0.7Ga0.3N layers grown by
HVPE on identical sapphire wafers, is used as substrates.
Properties of the templates have been described
elsewhere.13,14 The template epilayers are around 1 �m thick
and InN layers are �200 nm thick. Growth temperature of
the InN is varied from 500 to 600 °C. Deposition time var-
ies from 20 to 30 min.

We study surface morphology by scanning electron mi-
croscope �SEM� and crystal structure by x-ray diffraction
�XRD�. For continuous InN layers we have also studied the
room-temperature properties by Hall measurements and op-
tical spectroscopy. Micro-Raman spectra were measured us-
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ing the argon ion 488.0 nm laser line as excitation. Optical
reflectance and transmittance measurements were carried out
across the wavelength range of 200–900 nm.

Hall measurements show all samples to be heavily con-
ducting with resistivity of �10−4 � cm. The electron con-
centrations range from �1020 to �1021 cm−3 with corre-
sponding mobilities from 105 to 12 cm2/V s. The high
electron concentration is due to a combination of intentional
and unintentional dopings.

In Fig. 1 we show SEM images illustrating the two ex-
treme cases of InN morphology. Figure 1�a� shows InN
grown directly on sapphire and having the microcolumnar

FIG. 1. SEM images of InN grown directly on the sapphire substrate �a� and

on the GaN template �b�.
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structure. The diameters and heights of these columns vary
from 200 to 350 nm and from 500 nm to several microns,
respectively. Typical lateral and vertical growth rates for
these InN columns are �15 and �18.5 nm/min, respec-
tively. XRD measurements in � scanning geometry show the
full width at half maximum �FWHM� of the �0002� peak to
be �110 arc sec, indicating very good crystalline quality of
InN columnar material.

The SEM image in Fig. 1�b� shows the InN grown on the
GaN epitaxial layer. Clearly seen is layer surface morphol-
ogy following that of the substrate. From XRD measure-
ments the lattice constants of the InN grown on GaN are a
=3.542 Å and c=5.716 Å.15 For InN grown on the AlN and
AlGaN templates, lattice constants agree with these same
values with standard deviations of 0.002 and 0.006 Å for a
and c, respectively. The InN layers grown on GaN exhibited
the smoothest surface morphology.

For InN layers grown on GaN templates, the FWHM for
x-ray rocking curves measured using �-scanning geometry is

about 400 and 1600 arc sec for the �101̄2� and �0002� reflec-
tions, respectively. Figure 2�a� shows the x-ray reciprocal
space map �RSM� of the InN epilayer along the symmetrical
�0002� axis. Well-defined Bragg peaks indicate the single
crystalline nature of the sample. The two peaks are aligned
along �=0, confirming that the InN layer grows in plane
with the underlying GaN layer. The broadening in the �
direction indicates an angular spread of the mosaic blocks.
The RSM results indicate inhomogeneous strain which we
attribute to the InN/GaN interface region. For the same

sample we measured the RSM close to the �112̄4� reflection

FIG. 2. X-ray RSM of InN grown on GaN template: �a� is for �0002� and �b�
is for �112̄4�.
with grazing angle of incidence of the x-ray beam in rocking
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curve mode, Fig. 2�b�. The elliptical nature is consistent with
the mosaic morphology of the InN. The mosaic block sizes
and tilt produce diffuse scattering.16,17 For this sample, we
obtain a lateral correlation length of 106 nm and a micro-
scopic tilt of 0.17°. We note that the InN layers grown on
AlGaN and AlN templates have similar XRD line shapes, but
the FWHM increases in the order GaN→AlGaN→AlN. We
tentatively attribute this rising trend to increasing lattice con-
stant mismatch between the InN and epitaxial template and
to the presence of native aluminum oxide islands.18

The Raman spectrum for the InN/GaN sample is given
in Fig. 3. Spectra from the other samples grown on AlN and
AlGaN templates were consistent with the one shown. Two
features are observed at 489 and 584 cm−1 corresponding to
the E2

2 and A1�LO� symmetry-allowed zone-center phonons
in backscattering along �0001�. Previous measurements of
epitaxial InN identify the E2

2 phonon ranging from
488 to 490 cm−1 in energy,19,20 with one report of
495 cm−1.21 The E2

2 phonon is commonly used in GaN and
AlN to determine stress induced by the substrate.22,23. The
InN phonon energies were all within ±1 cm−1 indicating that
all layers studied are relaxed in agreement with the XRD
results.

The Raman feature at 584 cm−1 is related to the A1�LO�
phonon. The bare LO phonons are not expected in heavily
doped material due to the plasmon-phonon interaction.
Rather, two phonon-plasmon coupled modes are expected
above and below the LO and TO vibrational energies, re-
spectively. In GaN, heavy doping completely quenches the
intensity of the A1�LO� feature.24 In our measurements on
InN, we observe neither a shift nor a decreased intensity with
higher values of carrier concentration. The presence of rela-
tively intense A1�LO� scattering in heavily doped InN have
recently been attributed to a charge density fluctuation scat-

20

FIG. 3. Raman spectrum of InN grown on GaN template. The asterisk
indicates argon ion laser plasma lines.
tering mechanism at finite wave vector.
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Figure 4 presents optical measurements of the InN layer
grown on epitaxial GaN. Panel �a� shows transmittance �T� at
normal incidence and panel �b� exhibits the reflectance �R� at
5° external angle of incidence. The transmission is high be-
low photon energy �1.8 eV, above which it decreases as the
InN becomes opaque. The reflectance exhibits Fabry-Pérot
fringes in the transparent range. The energy at which these
fringes are quenched by the onset of high absorption is a
measure of the optical energy gap.25 Using the method pre-
sented by Poruba et al.,26 the spectra are used to obtain the
absorption coefficient ��� and index of refraction. For tran-
sitions across direct band gap semiconductors, the absorption
depends on photon energy according to

����� � ��� − Eg, �1�

above the optical gap Eg. In Fig. 4�c� we graph �2 versus
photon energy. Extrapolating the linear fit of �2 versus pho-
ton energy data to �2=0 provides an estimate for Eg. For the
InN/GaN structure illustrated, we obtain optical gap of Eg

=1.78±0.05 eV. The magnitude of � is in agreement with
previous work on InN.27

The reflectance and transmittance analysis was also car-
ried out for all InN samples grown on AlN and AlGaN tem-
plates. We obtain optical energy gaps in the range of
1.44–1.78 eV, for samples with carrier concentrations of
�1020 and �1021 cm−3, respectively. Variations in the opti-
cal gap of InN have been attributed to band filling through
the Burstein-Moss effect.5 We have examined the effect of
band filling on the optical gap of InN using Kane’s two-band
model with nonparabolic conduction band dependence and
adopting the value of 0.7 eV for the band gap of undoped
InN.3 We find basic agreement with the trend of our data.
However, improvements in the agreement are obtained by
taking into account conduction band renormalization effects

FIG. 4. Transmittance �a� and reflectance �b� spectra of InN grown on GaN
template. Square of the absorption coefficient is shown in �c� obtained from
reflectance and transmission measurements.
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from electron-electron correlation and electron-ionized im-
purity interactions.28 Our optical analysis results in a value of
the index of refraction for InN of 2.5±0.2 for photon ener-
gies below the optical energy gap and independent of carrier
concentration over the range �1020–1021 cm−3.

In conclusion, we have examined InN grown by HVPE
on sapphire and epitaxial GaN, AlGaN, and AlN templates.
Under identical growth conditions, the InN morphology is
found to vary from columnar, when grown on sapphire, to
continuous layers, when grown on the epitaxial templates.
The electron concentrations measured by Hall method range
from �1020 to �1021 cm−3 with corresponding mobilities
from 105 to 12 cm2/V s. The optical gap is found to be in
the 1.4–1.8 eV range and vary with free-carrier concentra-
tion.
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