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The influence of substrate polarity on the properties of InN layers grown by high-pressure chemical
vapor deposition has been studied. The 2�-� x-ray diffraction scans on InN layers deposited on
polar GaN epilayers revealed single-phase InN�0002� with a full width at half maximum �FWHM�
of around 200 arc sec. InN layers grown on N-polar GaN exhibit larger FWHMs. Rocking curve
analysis confirmed single-phase InN for both growth polarities, with FWHM values for �-RC�002�
at 2080 arc sec for InN grown on Ga-polar templates. The A1�LO� Raman mode analysis shows
higher free carrier concentrations in InN grown on N-polar templates, indicating that polarity affects
the incorporation of impurities. © 2008 American Institute of Physics. �DOI: 10.1063/1.2840192�

The optimization of InN and indium-rich group III-
nitride alloys is of crucial importance for indium-rich group
III-nitride alloys in advanced device structures for solid-state
lighting, photovoltaics, spintronics, and terahertz1 applica-
tions utilizing the large spectral tunability and multifunction-
ality of group III-nitride alloys. The embedding of InN and
indium-rich group III-nitride alloys into wide band gap
group III-nitride compound semiconductors �e.g., GaN and
AlN� is essential for the successful fabrication of spectral
tunable light sources and highly efficient photovoltaic
converters.2 A key issue is to understand and establish the
physical properties of InN and how they relate to indium-rich
group III-nitride alloys since some properties still vary
strongly with the process conditions applied.3 At present, the
large thermal decomposition pressure of InN and indium-rich
group III-nitride limits the growth temperatures to below
650 °C for low-pressure metal organic chemical vapor depo-
sition �MOCVD� and molecular beam epitaxy growth pro-
cesses. However, the integration of indium-rich group III-
nitride layers into Ga1−xAlxN alloys strongly depends on the
existence of overlapping processing windows as well as on
the precise control of the thermal decomposition pressures
and stoichiometry of indium-rich alloys at the optimum pro-
cessing temperatures.

To overcome thermodynamic constraints—formulated
for equilibrium processes—clever off-equilibrium processes
that allow the stabilization of indium-rich group III-nitride
alloys at low pressures and result in improved optical and
structural qualities of the layers have been developed.4 How-
ever, these approaches are problematic due to large thermal
decomposition pressure at the optimum growth temperature,
creating conflicting material properties. Moreover, the inte-
gration of indium-rich alloys with wide band gap group III-
nitride alloys remains an unsolved problem, restricting the
development of potential advanced device structures. Surface
stabilization data have shown that InN can be grown at much
higher temperatures if stabilized at high nitrogen pressures,5,6

evoking the development of the high-pressure chemical va-
por deposition �HPCVD� system,7,8 capable of operating at
reactor pressures up to 100 atm. This approach provides a
control of vast constituents with different partial pressures,
which may enable the fabrication of indium-rich group III-
nitrides. The details of the HPCVD system has been de-
scribed elsewhere.9

The InN layers were grown by HPCVD, employing am-
monia �NH3� and trimethylindium �TMI� as precursors. A
pulsed injection scheme utilizing pulse width, precursor
pulse separation, and cycle sequence time as control param-
eters was followed in order to control the gas phase and
surface chemistry kinetics. For the layers described below,
the reactor pressure was 15 bars, the total gas flow 12 slm
�standard liters per minute�, the precursor molar ratio ammo-
nia to TMI 600, and the growth temperature 850 °C. The
different polar GaN layers were grown by low-pressure
MOCVD on sapphire substrates to a thickness of 1.5 �m.
The growth and identification procedure has been described
elsewhere.10,11 The GaN templates did not receive any fur-
ther treatment prior to the InN layer growth. No buffer layer
was used for the growth of InN on the Ga- and N-polar
templates.

Crystallographic characterization was performed by ac-
quiring on- and off-axis high-resolution x-ray diffraction
�-rocking curves and 2�-� scans using a Philips X’Pert
MRD with a copper x-ray source. An open slit on the detec-
tor side in the double axis configuration was used for the
�-rocking curves, while a triple axis configuration was used
for the 2�-� scans perpendicular to the sample surface. The
full widths at half maximum �FWHMs� of the �002� symmet-
ric reflection and the �302� skew-symmetric reflection for the
N-polar GaN were 774 and 1395 arc sec, respectively, and
those for the Ga-polar GaN were 410 and 1386 arc sec, re-
spectively. The observed difference between the FWHMs of
the �-rocking curves of the two films is attributed to the
absence of the low-temperature AlN nucleation layer on the
N-polar films, following the polarity control scheme.

Figure 1 shows a 2�-� scan for the InN film grown on
Ga-polar GaN �209L� that includes three Bragg peaks corre-
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sponding to the InN�002�, GaN�002�, and sapphire �006� re-
flections. Figure 2�a� shows the InN�002� Bragg peak, along
with the peaks resulting from a deconvolution procedure us-
ing Gaussian peaks. The Bragg peak is composed of two
peaks, a sharp dominant peak corresponding to InN and a
secondary peak at a lower angle with an area ratio and a
height ratio between the main peak and the secondary peak
of 1.3 and 3.2, respectively. The �-rocking curves for the
InN symmetric �002� and skew-symmetric �103� and �302�
reflections are shown in Fig. 2�b�. The FWHMs of these
curves are summarized in Table I, along with other pertinent
crystallographic information. The x-ray diffraction �XRD�
analysis for the symmetric and skew-symmetric reflections
indicates that InN grew in a single phase and epitaxially on
the GaN template.

It is interesting to contrast the results from the InN layer
grown on a Ga-polar template with those obtained from a
layer grown on a N-polar GaN template �207L�. Similar to
209L, the 2�-� scan performed on the layer grown on a
N-polar template does not show any other reflections besides
those already listed. Comparing the positions of the InN�002�

Bragg peaks, a shift of the peak corresponding to 207L to-
ward lower angles was observed. Also, as the InN layer
grown on the Ga-polar template, the Bragg peak is composed
of two peaks with an area ratio and a height ratio between the
main peak and the secondary peak of 0.95 and 2.4, respec-
tively. Although this secondary peak is more prominent in
the layer grown on the N-polar template than in the layer
grown on the Ga-polar template, its nature is difficult to as-
sess. The secondary peak may represent a secondary phase,
or a strain state due to biaxial stresses, the presence of native
point defects, or impurity incorporation.

In addition, the FWHMs of the 207L �-rocking curves
are twice those for 209L, suggesting a decrease in the crys-
talline quality of the sample with respect to the layer grown
on a Ga-polar GaN template. InN layer etching using 3M
KOH solution at 65 °C for 10 min shows no selective etch-
ing of the surface, which would suggest an In-polar surface.
Further etching with a stronger 10M KOH solution revealed
nonselective etching; however, the etched features for the
InN layer grown on N-polar GaN were much larger in num-
ber and size. This could be due to the either different starting

FIG. 1. �Color online� 2�-� XRD scan in triple crystal geometry for InN
layer 209L-B grown on Ga-polar GaN/sapphire template. The inset shows a
section of the InN sample and the location analyzed.

FIG. 2. �Color online� �a� The InN peak deconvolution indicates an asymmetric lower shoulder, which might be due to impurities. �b� Rocking curve analysis
of the higher order InN peaks: �i� �-RC�002�, peak position �=15.7725° with FWHM=2082 arc sec; �ii� �-RC�103�, peak position �=28.5241° with
FWHM=2857 arc sec; and �iii� �-RC�302�, peak position �=53.2070° with FWHM=3501 arc sec.

TABLE I. Structural data for InN layers grown on N- and Ga-polar GaN
templates.

Sample 207L
InN on N-polar

GaN

Sample 209L
InN on Ga-polar

GaN

XRD: 2�-InN�002� position 31.311° 31.345°
2�-InN�002� FWHM 295 arc sec 202 arc sec
�-RC�002� FWHM 4243 arc sec 2082 arc sec
�-RC�103� FWHM 5000 arc sec 2857 arc sec
�-RC�302� FWHM 6100 arc sec 3501 arc sec

Raman: E2�high� position 487.7 cm−1 486.3 cm−1

E2�high� FWHM 9.4 cm−1 8.3 cm−1

A1�LO� position 593.1 cm−1 591.9 cm−1

A1�LO� FWHM 20.8 cm−1 18.2 cm−1

�� �via A1�LO� simulation� 7.9 7.8
Free carrier concentration
�via A1�LO� simulation� 4.3�1018 2.5�1018

dInN �from transmission� 470 nm 470 nm
Absorption band edge 1.23 eV 1.21 eV
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surface morphology or the higher defect incorporation.
Figure 3 shows the Raman spectra for the InN layers

grown on N-polar and Ga-polar GaN/sapphire substrates in
the energy range of 200–900 cm−1. The spectra are taken in
the backscattering geometry z�¯�z using an excitation en-
ergy of 2.33 eV at room temperature. The observed E2�high�
and A1�LO� peak positions are in good agreement with pre-
dicted phonon frequencies of 486 and 591 cm−1, respec-
tively, as reported by Davydov and Klochikhin.12 To analyze
the structural quality as well as the free carrier concentration
in these layers, the two optical phonon modes of hexagonal
InN, E2�high� and A1�LO�, have been analyzed in more de-
tail. Due to the nonpolar character of the E2�high� mode,
there is no interaction of this mode with the conduction-band
electrons.13 On the other hand, the A1�LO� mode strongly
interacts with the conduction-band electrons, and the magni-
tude of this interaction depends on the free electron
concentration.14,13

In order to calculate the free carrier concentration quan-
titatively, the line shape of A1�LO� was simulated using the
Linhard–Mermin dielectric function, taking into account fi-
nite wave-vectors, for the deformation potential electro-optic
scattering mechanism. The effective mass meff was kept con-
stant at 0.14m0, noting that this will slightly underestimate
the free carrier concentration.15 The best-fit approximation
for sample 209L is presented in Fig. 4, with the correspond-
ing simulation results summarized in Table I. The band gap
energy of the InN layers has been obtained from optical
transmission measurements. The transmission spectra have
been fitted by applying a modified model sielectric
function.16 The best-fit parameter values provide the param-
eters for thickness, high-frequency dielectric constant, and
optical absorption edge.

In conclusion, we have analyzed the structural properties
of InN layers grown by HPCVD on polarity controlled GaN/
sapphire substrate templates. The XRD analysis revealed ep-

itaxial, single-phase InN�0002� layers with hexagonal sym-
metry and a FWHM of the 2�-� scan of around 200 arc sec
for layers deposited on Ga-polar GaN epilayers. The FWHM
increases for InN layers grown on N-polar GaN templates,
using the same growth conditions. The free carrier concen-
trations in these InN layers were estimated by A1�LO� line
shape analysis and determined in the low 1018 cm−3. The
results suggest that the polarity of the substrate surface af-
fects the defect incorporation during the growth and the sub-
sequent structural and electrical properties of the InN layers.
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FIG. 3. �Color online� Raman spectra for InN layers 207L and 209L grown
on N-polar and Ga-polar GaN/sapphire templates, respectively.

FIG. 4. �Color online� Analysis of E2�high� and A1�LO� modes in Raman
spectrum for InN layer 209L grown on Ga-polar GaN/sapphire template.
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