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Bulk properties of InN are determined by combining experimental and theoretical studies. In this work, we
produced high quality InN film deposited on GaN templates by a modified ion beam assisted deposition

InN technique confirmed by low temperature photoluminescence and absorption. The density of states, real and

Photoluminescence
Ion beam deposition
Density functional theory

imaginary parts of the complex dielectric function and the absorption coefficient are calculated by means of
first-principles beyond density-functional theory. The quasi-particle aspect is described in the framework of
a quasi-particle method (the GW approximation). The calculated band-gap energy is ~0.8 eV whereas

significance in the optical absorption occurs at ~ 1.2 eV, which are consistent with both luminescence and
absorption results. The Bethe-Salpeter equation is utilized to model the two-particle exciton interactions,
revealing a strong excitonic peak just below the absorption edge of InN.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

The optical and electronic properties of InN have drawn
intensive research, mostly because of their potential applications
for optoelectronic and electronic devices [1]. Fundamental proper-
ties of the material, such as its band-gap energy, are still not well
established [2]. To date, there is an increasing interest in devel-
oping deposition techniques to yield high quality InN films for the
fabrication of Ill-nitride based high-efficiency multi-junction solar
cells, and high-frequency and high-power devices. However, there
are major roadblocks preventing the full realization of these envi-
sioned devices. In addition to the high concentration of extended
defects, typical for heteroepitaxial deposition, challenges still
remain due to the low In dissociation temperature, high incor-
poration of oxygen, and lack of conductivity type control [3].
Therefore, alternative deposition techniques to reduce these tech-
nical difficulties are highly desirable.

Theoretical studies of InN are usually based on density functional
theory (DFT) [4-6], but there is uncertainty regarding the band gap
values. It is well known that local density approximations (LDA) or
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generalized gradient approximations (GGA) severely underestimates
the fundamental band gaps of semiconductors. For example, the
reported band gap energies of InN with DFT/LDA or DFT/GGA are
between 0.0 and —0.3 eV [4,5]. Quasi-particle corrections to the LDA
change the bandgap to values between 0.6 and 0.8 eV [5,6].

We used the projector augmented wave (PAW) method within
the DFT and in conjunction with Green's function and the screened
Coulomb interaction approximation (GWy) to obtain accurate band
gap energies. In addition, the Bethe-Salpeter equation (BSE) is
employed to analyze the two-particle exciton effect of the optical
spectra. Combined investigations of experimental and theoretical
studies reveal that the fundamental band-gap energy is ~0.8 eV.
However, since the density of states (DOS) at the conduction band
edge is small, the absorption is small in the energy region 0.8—1.2 eV
and a clear onset to absorption occurs at ~ 1.2 eV. The BSE calculation
reveals a strong excitonic peak just below the absorption edge of InN.
Our theoretical results are compared with photoluminescence (PL)
and absorption spectra for InN deposited on GaN templates by a
modified ion beam assisted deposition (IBAD) technique.

2. Experimental details

Thin InN films were deposited at room temperature, 250 °C, or
395 °C by the modified ion beam assisted deposition (IBAD) on
GaN/sapphire template substrates. The IBAD system consists of an
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electron-beam evaporator and a Kaufmann-type nitrogen ion gun
in a vacuum chamber evacuated by a cryopump at base pressures
below 10~ “Pa. The nitrogen ion energy of 100eV and the
evaporated 99.99% In metal reach simultaneously the substrate
with an arrival rate ratio ARR(N/In) of 1.0, 1.5, 2.0, 2.5, or 3.0. ARR
(N/In) is defined as the ratio of the flux of incident atomic nitrogen
particles in the ion beam relative to the flux of evaporated indium
atoms transported to the substrate. The thickness of the deposited
films varied from 50 to 180 nm. Low temperature PL measure-
ments were carried out using the 532 nm line of a doubled
frequency Nd:Yag laser as the exciting source.

3. Computational details

All the calculations are performed using DFT by employing the
PAW method as implemented in the Vienna ab initio simulation
package (VASP) [7]. The atomic structure of InN is modeled by a
fully relaxed wurtzite structure of 4 atoms (Cg,—P63mc: space
group number 186). The In-4d electrons are treated as valence
electrons. The structure is relaxed using the local density approx-
imation (LDA) with a 10 x 10 x 8 k-mesh, until forces on the atoms
were less than 12 meV A~!. The energy cut-off was taken to be
400 eV. The LDA with an on-site Coulomb correction (LDA-+U)
over s states of nitrogen, Us(N)= —3 eV is used to open the gap.
The DOS, as well as the optical properties such as the frequency
dependent dielectric function &(@) and the absorption coefficient
a(w), are obtained with the use of a quasi-particle method (self—
consistent GWy) [8].

The dielectric functions were obtained from a partially self-
consistent GW, approach using LDA wave functions, where
Green's function G is updated iteratively, whereas the screened
Coulomb potential, W, is kept fixed. The imaginary part &;(w) of
the dielectric function is calculated from the joint DOS and the
optical momentum matrix in the long wave length g=Ik'—ki=0
limit from the equation below [9]:
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where e is the electron charge, €2 is the primitive cell volume, wy is
the weight of k-points, e, and eg are the unit vectors for the three
Cartesian directions. Indices ¢ and v refer to CB and VB states
respectively. Ej. is the single-electron energy state of band j at
wave vector Kk, and ujy is the cell periodic part of the Bloch wave
function corresponding to the eigenvalue E The real part &;(w) of
the dielectric function is obtained from the Kramers-Kronig
transformation [9]:
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where P is the principal value and 7 is an infinitesimal number.
The absorption coefficient a(w) is obtained directly from the
dielectric function by [9]
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where c is the speed of light.

It is important to note that the description of the excited
particles, electron and hole, as quasi-particles is not sufficient.
Therefore, the corresponding BSE [10] for the macroscopic polar-
ization function is solved by applying the Tamm-Dancoff approx-
imation [11], which is reliable in describing excitonic effects [12].
We follow standard computational procedures based on LDA-+
GW) self-consistent calculation as a base to solve the two-particle
Schrodinger equation. The four valence and six conduction bands
along with 10 x 10 x 8 k-point grid is used to obtain the imaginary

part &;(w) of the dielectric function from the BSE [11] as

167e?

&) =—_"5

YIA T 1028w — (Ec—Ey)).

N
where A =X/|A| is the polarization vector of the light, while
v =i/n[H, 7] is the single-particle velocity operator, v and ¢ are

valence and conduction states.

4. Results and discussion
4.1. Photoluminescence

Luminescence measurements were carried out at 4.2 K using
the 532 nm line of a doubled frequency Nd:Yag laser. The sample
emission was dispersed and analyzed by a double spectrometer
fitted with 1 um blazed gratings and a LN,-cooled Ge detector and/
or with an InSb detector. Intense and sharp single emission bands
were observed from all measured samples. Fig. 1 shows the PL
spectra of three InN films, with thicknesses of 50 and 80 nm,
deposited at 250 and 395 °C. One can see that the full width at
half-maximum and the peak position are between 31 and 36 meV
and 0.76 and 0.77 eV, respectively. These results indicate that this
technique can reproducibly deposit high quality thin films. Note
that the Sample-c, deposited at 395 °C, has relatively larger peak
intensity. This is consistent with lower background concentration
of non-radiative recombination centers.

4.2. Density of states

The total and partial density of states for wurtzite InN is shown
in Fig. 2. The N p-states are the ones which have higher contribu-
tion in the valence band region. Nevertheless, the conduction band
is formed by comparable contributions from all the In and the N
states. Our calculated direct band gap of 0.75 eV with LDA+U/
scGW, scheme is in good agreement with reported experimental
measurements [2]. Similarly to GaN, the cation-d states play an
important role in InN. LDA underestimates the self-interaction of
the localized d-states, and in InN the LDA binding energy of the
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Fig. 1. Photoluminescence spectrum of three InN films deposited with ARR(N/In)=
2.0 on GaN/sapphire substrate at 395 °C. Samples “a” and “b” were deposited at
250 °C while sample “c” was deposited at 395 °C.
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d-states is ~3-4 eV, which is too small when compared to photo-
emission experimental results. As a result, the LDA error affects the
calculated hybridization between In-3d and N-2s in InN. Moreover,
the cation-d anion-s hybridization creates an additional N-2p-like
state within the In-d band [13]. The DOS at the conduction band edge
is small, and this has an impact on the optical properties of InN.

4.3. Dielectric function of InN

The complex dielectric function e(w) is the main optical
characteristic for a semiconductor. Fig. 3(a) shows the real &(w)
and imaginary part &;(w) of the dielectric function calculated with
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Fig. 2. The total and partial density of states for wurtzite InN. Inset shows some
sharp peaks well below 15 eV from VBM.
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the scGW, approximation. A high frequency dielectric constant of
£.,=06 is estimated, which is close to values found in the literature
(€.6=38) [12]. On the other hand, the imaginary part shows a
threshold in the energy around 1 eV. Fig. 3(b) shows the imaginary
part of the dielectric function &;(w) obtained from scGWq and BSE
methods respectively. One can observe a strong excitonic peak
Eex~0.65 eV just below the absorption edge. This is in good
agreement with literature values (~0.65eV) reported for InN
[12]. It is worth to notice that many details from the BSE spectra
cannot be identified and moreover, it is not as smooth as the
scGWo spectra. This occurs because a very large k-mesh is
required to properly calculate the dielectric constant under this
approximation, which is computationally too costly.

4.4. Absorption coefficient of InN

Fig. 4 shows the absorption coefficient a (w) of InN. The
absorption spectra in the range from 0 to 10 eV calculated with
the scGWO method is shown in Fig. 4a. Here, we present the
average polarization-independent absorption. Fig. 4(a) shows that
absorption occurs at ~1.2 eV, and the intensity increases in the
low energy region. Inset shows a graph of (a x E)2 vs. energy, in
the band gap region. Its linear behavior indicates a direct valence
band to conduction band transition.

The experimental absorption coefficient as a function of energy
was obtained from a 160 nm InN film deposited on a 4.3 pm thick
GaN/Sapphire template, by optical spectroscopy. As the surface of
the sample was rough, only transmission spectra covering the
range of 300 nm to 2200 nm were obtained. In order to remove
the interferences resulting from multiple reflections inside the
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Fig. 3. Dielectric function e(w) of InN, (a) Calculated real e;(w)and imaginary part e;(w) of dielectric functions from scGWq approximation, (b) comparative behaviors of
imaginary part &,(w) calculated with scGW, and BSE methods. One can observe a strong excitonic peak Ecx ~0.65 eV just below the absorption edge.
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Fig. 4. The optical absorption coefficient « (@) of InN. Calculated spectra from single particle interaction (scGWO0) in the range from 0 to 10 eV, inset figure shows a graph of
(a x E)? vs. energy to estimate the gap value, which is 0.79 eV. (b) Experimental absorption coefficient of an InN sample fabricated by IBAD compared with the calculated
spectra in the range from O to 3.5 eV. One can notice a good agreement between experiments and theory.
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GaN film, a model of these interferences was used to subtract their
contribution to the experimental spectra. Fig. 4(b) shows a
comparison between experimental and theoretical absorption
spectra. The agreement is fairly good as the experimental gap is
found around 1 eV, close to the theoretical gap. The two spectra
reveal a similar profile and the absorption coefficients are found
very close, up to 2.5 eV.

5. Summary

In conclusion, we present optical properties of InN within the
framework of experimental measurements and theoretical calcu-
lations. The modified ion beam assisted deposition technique was
used to grow high quality thin InN film. The DOS, absorption
coefficients, and the real and imaginary parts of the dielectric
functions of InN are studied theoretically by employing the
projector augmented wave (PAW) method within the scGWj
approximation. Combined investigations of experimental and
theoretical studies reveal that the fundamental band-gap energy
is ~0.8 eV whereas a clear onset to absorption occurs at ~1.2 eV.
The BSE calculation reveals a strong excitonic peak just below the
absorption edge of InN.
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