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We report ab initio, self-consistent calculations of the dielectric function of wurtzite indium nitride
�w-InN�. Our calculations employed a local density approximation �LDA� potential, a linear
combination of atomic orbital basis set, and the Bagayoko-Zhao-Williams �BZW� method. Our
findings agree very well with recent measurements up to photon energies of 6 eV. This excellent
agreement shows the correct description, by the LDA-BZW method, of the relative separations
between upper valence bands and low-lying conduction bands, in general, and corroborates our
previous result of 0.88 eV for the intrinsic, fundamental band gap of w-InN, in particular. We also
report results of simulations of the effect of high electron doping on the optical properties of InN.
© 2007 American Institute of Physics. �DOI: 10.1063/1.2435802�

I. INTRODUCTION AND MOTIVATION

Wurtzite indium nitride �w-InN� has attracted much at-
tention recently due not only to its numerous, potential ap-
plications but also to the recently measured band gaps,
0.7–1.0 eV, depending on temperature and particularly free
carrier concentrations. Bagayoko and Franklin1 provided an
overview of two groups of experiments that reported differ-
ent values of the band gap of w-InN. Experiments in group I,
mostly before 2000, reported gaps of 1.9–2.0 eV, while the
ones in group II found gaps of 0.7–1.0 eV, depending on the
free carrier concentrations. Samples studied by group II,
mostly grown by molecular beam epitaxy, were believed to
be of much higher quality than those of group I that mostly
investigated polycrystalline films. Bagayoko and Franklin1

also discussed recent experimental reports where the band
gaps of wurtzite InN are smaller than 0.7 eV, for very low
free carrier concentrations �at or below 1018 cm−3�, and
greater than 1 eV, for very high concentrations �i.e.,
1022 cm−3 or higher�.

Bagayoko and Franklin obtained a theoretical band gap
of 0.88 eV for w-InN. Their ab initio, zero temperature, non-
relativistic, self-consistent calculations established that a
band gap below 1 eV is an intrinsic property of w-InN, in
agreement with experiments in group II. Their calculations
employed density functional theory �DFT� potentials and the
Bagayoko-Zhao-Williams �BZW� method that rigorously
avoid a basis set and variational effect inherent to all calcu-
lations employing a linear combination of atomic orbitals
�LCAOs� in variational calculations of the Rayleigh-Ritz
type. The agreement between experiment and the calculated
electron effective mass at the bottom of the conduction band
at the � point indicates the correct description of the curva-
ture of the band, at least in the vicinity of the conduction
band minimum.

As in the case of the band gap, there exist two sets of
experimental measurements for the optical properties of w-
InN. Understandably, dielectric functions from the first set

show no features below 1 eV and exhibit a clear indication
of an absorption edge around 2 eV,2–4 in accordance with the
findings of the experimental group I for the band gap. In
contrast, the second set5–10 of experiments not only shows
the onset of absorption below 1 eV but also shows no fea-
tures around 2 eV. A motivation for this work is to resolve
the above discrepancy between two sets of experimental
measurements of the dielectric functions �i.e., imaginary and
real parts� of the w-InN. The above excellent results of the
DFT-BZW approach, for the band gap and the effective
mass, portend its capability in resolving this second contro-
versy surrounding the optical properties of w-InN by com-
paring the calculated dielectric function, obtained with the ab
initio, self-consistent, DFT-BZW bands, to experimental
measurements. While the results of these calculations of the
optical properties of w-InN are expected to show an
absorption-edge-type feature around 0.8 eV, it is not a priori
known whether or not they will also exhibit another feature
around 2 eV, as suggested by the first set of measurements.

While the above discrepancy amply points to the need
for this work, this need is further exacerbated by the fact that
previous calculations entailed either fittings11 to models of
the dielectric function or a scissors-type approximation to
adjust the calculated imaginary part of the dielectric
function12 or the calculated band gaps.13–16 The modeling
work of Djurišić and Li11 and the calculations of Abbar et
al.13 generally agreed with the first set of measurements, i.e.,
with an absorption onset around 2 eV, as per the imaginary
part of the dielectric function. Furthmüller et al.15 and Bech-
stedt et al.,16 following scissors-type adjustments to 0.81 eV
of their otherwise negative, calculated band gap, reproduced
dielectric functions in general agreement with the results of
the second set of measurements.

II. METHOD AND COMPUTATIONAL DETAILS

We calculated the imaginary part �2��� of the complex
dielectric function ����=�1���+ i�2���, using the Kubo-
Greenwood formula.17 We utilized Kramers-Kronig relation
to obtain the real part from the imaginary one. Our ab initio,
self-consistent electronic structure computations were non-
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relativistic and they employed a local density approximation
�LDA� potential,18,19 the linear combination of atomic orbital
formalism, and the BZW method.1,20,21 Our program package
requires, for optical property calculations, the same number
of orbitals for the description of respective atomic states �i.e.,
s , p ,d, etc.� present at the sites of the elemental species �i.e.,
In and N� that form the solid. Consequently, we started with
ab initio, self-consistent calculations for In1+ and N1−. The s,
p, and d orbitals for both In1+ and N1− were expanded by
using even-tempered Gaussian functions including 20, 20,
and 18 orbitals for the s, p, and d states, respectively. The
Gaussian orbitals resulting from these calculations were em-
ployed in the solid computations. BZW implementation of
the LCAO formalism led to an optimal basis21 comprising
1s2s2p3s3p3d4s4p4d5s5p functions for In1+ and 1s2s2p for
N1−. The low temperature, experimental lattice constants uti-
lized in this work are22 a=3.544 Å, c=5.718 Å, and u
=0.3790.

The computational error for the valence charge was
about 0.000 62 for 72 electrons. The self-consistent poten-
tials converged to a difference of 10−5 after about 13 itera-
tions. Since the optical property calculations require a dense
k-space mesh points, we used 4335 k-points. The calculated
results for �2��� and �1��� were smoothed by averaging ev-
ery data point with its eight adjacent neighboring points.

III. RESULTS: CALCULATED DIELECTRIC
FUNCTIONS

The calculated �2��� for wurtzite InN was resolved into
two components, i.e., �2xy��� and �2z���, that are the aver-
ages of the spectra for polarizations perpendicular and paral-
lel to the c axis, respectively. Figures 1�a� and 1�b� show
�2xy��� and �2z���, respectively, along with recent experi-
mental data of Goldhahn et al.6 The peak positions, shapes,
and intensities of our calculated �2���, in both polarization
directions, are found to be in agreement with experiment up
to photon energies of 6 eV, especially for the component in

the xy plane. The calculated dielectric functions exhibit the
anisotropy revealed by experimental measurements. The first
peaks at 0.88 eV, for �2xy���, and at 0.85 eV, for �2z���,
indicate the onset of band edge absorption. They are mea-
sures of the direct optical band gap. Our minimum calculated
band gap is 0.75 eV, which is lower than the actual theoret-
ical minimum of 0.88 eV.1 This difference is due to the rela-
tively large number �i.e., 20� of Gaussian orbitals utilized to
describe the s and p states on N1−. Bagayoko and Franklin,1

from the results of the atomic calculations, only needed 13
orbitals for these states on N1−. As noted above, our optical
property calculation software requires that we utilize the
same numbers of orbitals for s and p states, respectively, for
both In1+ and N1−. The above value of 0.75 eV still falls
within the range of 0.7–1.0 eV, as per the experimental
group II noted above. While the above agreement of our
calculated results with experiment is expected in the vicinity
of the calculated band gap, the absence of features indicative
of absorption, around 2 eV, is an important result. It partly
settles the debate between experiments in set I and set II by
establishing that high quality w-InN, in the absence of high
free carrier concentrations, behave as per the findings of ex-
periments in set II. Calculated and experimental peak posi-
tions of the imaginary part of the dielectric function, along
with the possible optical interband transitions, are listed in
Table I. Besides the gap structure, �2xy��� shows six peaks
which are related to critical points of the band structure
�CPBSs�, while �2z��� exhibits three CPBSs. The possible
optical transitions corresponding to these CPBSs, as identi-
fied from calculated results, are listed in the last two columns
of Table I.

As noted above, we obtained the calculated values of the
real part of the dielectric function, �1���, from those of �2���
by using the Kramers-Kronig relation. Figures 2�a� and 2�b�
show the components of �1��� in the directions perpendicu-
lar and parallel to the c axis, respectively. Again, both com-
ponents of our calculated �1��� agree well with experimental
values up to 6 eV, in terms of peak shape, positions, and
intensities. The anisotropy discussed for the imaginary part
naturally carries over to the real part.

IV. DISCUSSIONS

Wu et al.9 and Ahn et al.8 have studied the effects of
electron concentration on the optical properties of w-InN.
Wu et al.9 reported a continuous variation of the band gap
from 0.7 to 1.7 eV with increasing free carrier concentration.
The latter value was for a concentration of 4.5�1020 cm−3.
Wu et al.23 found a zero temperature band gap of 0.883 eV
for the intermediate concentration of 1.2�1019 cm−3. In-
ishima et al.24 also reported a gap of 0.89 for a concentration
of 5�1019 cm−3. The above significant Burstein-Moss shift
seems to explain the disagreement between experiments in
group I �with a gap around 2 eV� and those in group II �with
gaps as low as 0.7 eV�. For instance, the growth techniques
that utilized sputtering, as was the case for several experi-
ments in group I, are known to lead to high electron concen-
trations. In order to shed some light on the above explanation
for relatively large band gaps, we performed a series of op-

FIG. 1. The imaginary part of the dielectric function of wurtzite InN for
polarizations �a� perpendicular ��2xy���� and �b� parallel ��2z���� to the c
axis. The full lines represent our calculated results while the open squares
represent experiment measurements �Ref. 6�.
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tical property calculations for InN, with the Fermi level in-
creased to various locations within the conduction band. We
aimed to simulate the effect of the electron concentration on
the optical properties of w-InN. By increasing the Fermi en-
ergy to conduction band, we obtained blueshifted �2���
spectra. A typical calculation result is shown in Fig. 3. We
depict the calculated �2��� in the two polarization directions,
along with the results of an experiment2 in set I, in panels
3�a� and 3�b�, respectively.6 The optical absorption edge of
1.9 eV, the previous band gap, was obtained when we in-
creased the Fermi level from the top of valence band �TOV�
to 1.85 eV above the TOV. The solid lines, in Figs. 3�a� and
3�b�, represent the results of the simulation. Experiment and
simulation appear to agree reasonably for photon energies up
to 5 eV.

V. SUMMARY

In summary, our ab initio, self-consistent, DFT-BZW
calculations have practically reproduced the experimental
values of the dielectric function of wurtzite InN for photon
energies up to 6 eV. DFT-BZW calculations are fundamen-
tally for the description of the ground state. Hence, the dis-
agreement between DFT-BZW results and experiments, for
high photon energies, was expected. Given that the work
functions of many semiconductors are around or below 6 eV,
the above disagreement for high photon energies may not be
a serious handicap for InN. For other semiconductors, a key
issue consists of the determination of the photon energy up to
which DFT-BZW and experiment agree. For photon energy
above 6 eV, the CPBSs still agree fairly with experiment, as

TABLE I. Peak positions �in eV� of the imaginary part of the dielectric function �2��� for InN.

Expt.a

�2xy

Expt.a

�2z

Calc.b

�2xy

Calc.b

�2z

Optical
transition

Energy
�eV�

4.88c 4.72 �4,5v-�2c 4.62
5.35 5.38 5.54 5.54 M1v-M1c 5.64
6.05c 6.16 6.62 L1,2v-L1,2c 6.09

L3,4v-L1,2c 6.18
M2v-M1c 6.52

A5,6v-A1,2c 6.57
7.87 7.63 8.33c M2v-M2c 7.94

M3v-M2c 8.49
8.60 8.85 8.95 �4,5v-�3c 8.60

A1–4v-A3,4c 8.72
K1v-K1c 8.87

K1v-K2,3c 8.91
9.44 9.51c 9.90 L3,4v-L3,4c 9.34

M4v-M2c 9.52

aExperiment: spectroscopic ellipsometry on MBE grown InN film �Ref. 6�.
bOur calculation results.
cShoulders.

FIG. 2. The real part of the dielectric function of wurtzite InN for polariza-
tions �a� perpendicular ��1xy���� and �b� parallel ��1z���� to the c axis. The
full lines represent our calculated results while the open squares represent
experiment measurements �Ref. 6�.

FIG. 3. The calculated imaginary part of the dielectric function for polar-
izations �a� perpendicular ��2xy���� and �b� parallel ��2z���� to the c axis,
when the Fermi level was raised into the conduction band and was set at
1.1 eV above the bottom of the conduction. The full lines represent our
calculated results while the plus symbols represent experiment measurement
�Ref. 2�.
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per the values in Table I. The optical absorption edge of
1.9 eV was simulated by increasing the Fermi level into the
conduction band. The agreement between the results of this
simulation and optical properties measurements of w-InN
samples with a large band gap �i.e., around 2 eV� appears to
confirm that the increased Fermi level, as a result of high
electron doping, is responsible for the large band gaps.
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