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We report photoluminescence �PL� studies of InN epilayers grown by plasma-assisted molecular
beam epitaxy with free-electron concentration ranging from 5.9�1017 to 4.2�1018 cm−3. X-ray
diffraction measurements are used to determine strains, which are best described as a combination
of hydrostatic and biaxial. The PL energy is affected by both strains along with free-carrier
concentration through band filling. PL spectra are used to estimate the dependence of the Fermi level
on free-carrier concentration, taking strain into account. The fundamental energy gap is found to be
�0.70 eV. PL broadening is well described based on band filling. © 2008 American Institute of
Physics. �DOI: 10.1063/1.2899941�

The energy gap of InN has been the subject of contro-
versy due to the large range of reported values. These have
ranged from �0.7 �Refs. 1 and 2� to 2 eV.3 Variations in the
literature have been attributed to deviations in the In compo-
sition as a result of cluster formation.4 An alternative expla-
nation for the range of optical gaps of InN, which is gaining
broad acceptance, interprets the observations based on free-
carrier concentration and the consequent band filling.2,5 In
the latter interpretation, the fundamental energy gap of InN is
found to be 0.7 eV. This interesting development potentially
extends the group-III-nitride semiconductors to span from
the deep ultraviolet into near infrared wavelength range.

InN is generally grown on foreign substrates such as
sapphire and buffer layers or template substrates are com-
monly used to initiate epitaxy. The mismatches between lat-
tice constants and thermal expansion coefficients of InN and
substrates lead to residual strains which are generally consid-
ered biaxial. The presence of dense extended or point defects
may result in internal strains which are described as
hydrostatic.6,7 Thus, in general, the strain state must be con-
sidered as combined hydrostatic8 and biaxial.9

In this paper, we consider the effects of residual stress
and free-electron concentration on the observed photolumi-
nescence �PL� spectrum of InN with low free-carrier concen-
tration, 5.9�1017–4.2�1018 cm−3, and implications for the
associated optical and fundamental energy gaps. We find that
the strains are best described as a superposition of biaxial
and hydrostatic and that the PL spectrum is affected by both
of these strains along with carrier concentration.

InN was grown using plasma-assisted molecular beam
epitaxy. A 300 nm thick buffer layer of GaN was first grown
at 720 °C on sapphire substrates. The wafer temperature was
reduced to the growth temperature, from 460–590 °C, and
�1 �m thick InN layers were grown. InN was characterized
using x-ray diffraction �XRD�, PL, and free-carrier concen-
trations determined by room temperature �RT� Hall measure-
ments. More details may be found in Ref. 10. As-grown InN
exhibits unintentional n-type conductivity. Recent work at-
tributes this to the combined effects of surface electron ac-

cumulation, background donor density from
impurities, and the nitrogen vacancy associated with
dislocations.11

XRD symmetric �0002� and asymmetric �101̄5� reflec-
tion measurements were performed to evaluate the RT lattice
constants a and c. Representative diffraction patterns of
InN with electron concentration of 9.8�1017 cm−3 are
shown in Fig. 1. Measured a and c lattice constants differ
from the a0=3.538 Å and c0=5.703 Å of relaxed InN.12

Strains are determined using ea= �a−a0� /a0 and ec= �c
−c0� /c0. The in-plane strains are generally biaxial compres-
sive and ea�10−3 in magnitude are primarily attributed to
thermal strain induced by the sapphire substrate when cool-
ing from growth temperature to ambient. Values of the Pois-
son ratio �, obtained using XRD measurements and ec /ea

=2� / �1−��, vary between 0.06 and 0.18. This suggests that
the strain states are not solely biaxial and are better described
as a superposition of hydrostatic and biaxial strains.13

The stress tensor � is related to the strain tensor e
through �=Ce, where C is the elastic stiffness tensor.13,14

Assuming the strain tensor to be diagonal, it may be written
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FIG. 1. Representative XRD symmetric �0002� and asymmetric �101̄5� re-
flections for free-carrier concentration of 9.8�1017 cm−3.
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e = �ea − �ea�T�
ea − �ea�T�

ec − �ec�T�
� , �1�

where6

�ea�c��T� =
�RT

T ��a�c�
sub �T�� − �a�c�

film�T���dT�

1 + �RT
T �a�c�

film�T��dT�
�2�

describes the induced thermal strain when deviating from
reference RT to temperature T, and �a�c� are temperature-
dependent thermal expansion coefficients perpendicular and
parallel to c axis, respectively. Strains are determined from
RT XRD measurements. The associated stress is expressed as

� = − P�1

1

1
� + �b�1

1

0
� , �3�

where P is the hydrostatic pressure and �b is the biaxial
stress. We use published data for the temperature dependent
thermal expansion coefficients of InN �Ref. 15� and
sapphire16 and elastic stiffness constants of InN.17 Measured
values of ea and ec allow us to estimate both the hydrostatic
pressure P and the biaxial stress �b of our InN at RT. Using
Eqs. �1�–�3�, we also obtain the stress at T=20 K relevant to
our PL measurements. The values of �ea and �ec at T
=20 K are 6�10−5 and 2�10−5, respectively. These values
are small, �1 /20 of the measured strains.

The PL spectra were obtained with the samples mounted
in a closed-cycle cryostat, excited using light from a Kr-ion
laser �647.1 nm� and detected using a cooled InAs photode-
tector. Figure 2 shows low temperature �T=20 K� PL spectra
of InN films with several electron concentrations. Each spec-
trum exhibits a single strong emission near 0.7 eV attributed
to the near band edge emission.9 The PL spectra �Burstein–
Moss� blueshift with increasing electron concentration as the
Fermi level �EF� moves into the conduction band �CB�.2 The
inset of Fig. 1 shows the RT PL spectrum of InN with elec-
tron concentration of 9.8�1017 cm−3. The band edge emis-

sion redshifts by �33 meV and broadens with increasing
temperature, which is attributed to lattice expansion and
electron-phonon interaction.18,19

Compressive biaxial stress decreases the band gap ac-
cording to �Eb=kb�b, where kb=−55 meV /GPa is the stress
coefficient.9 Hydrostatic pressure also influences the band
structure of InN.8 For our samples, with free-electron con-
centration of �1018 cm−3, we use �EP=kHP with kH
=25 meV /GPa.8 To remove the effects of stress and obtain
the dependence of the band gap on the free-electron concen-
tration, we use strains obtained from XRD measurements
and Eqs. �1�–�3� to obtain P and �b. In our samples, the
hydrostatic stresses vary from −0.04 to −0.29 GPa, where
P�0 implies tensile, with corresponding band gap redshifts
of 1–7 meV. Our values for �b range from −0.05 to
−0.52 GPa, producing blueshifts from �3 to 29 meV for the
band gap. PL peak positions, corrected for the strain-induced
shifts, are plotted in Fig. 3�a� as a function of free-electron
concentration.

Band filling and band gap renormalization contribute to
the observed variation in PL peak position with changing
free-electron concentration. In heavily doped n-type semi-
conductors, band filling may move EF inside the CB. PL
emission at low pump intensity may involve any of the oc-
cupied CB states, i.e., those below EF, and the top of the
valence band. Thus, as band filling causes EF to shift higher
into the CB, the PL peak blueshifts, as seen in Figs. 2 and
3�a� and broadens as in Figs. 2 and 3�b�. Because the PL
peak position is a convolution of density of states, occupa-
tion factor, and the matrix elements between the participating
electron and hole states, it serves only as an estimate of the
band gap and EF. A better approach is to use the uppermost
energy of the PL band, which should approximate EF. Esti-

FIG. 2. �Color online� PL spectra �20 K� obtained for various free-carrier
concentrations. The inset shows the corresponding RT measurement for
free-carrier concentration of 9.8�1017 cm−3.

FIG. 3. �Color online� Low temperature �20 K� InN PL peak energy and
Fermi level �a� and PL linewidth �b� as a function of the free-electron con-
centration. The solid curve in �a� is a theoretical fit. The dashed curve in �a�
is a guide to the eye. The solid curve in �b� is calculated based on lumines-
cence intensity function taking into account band filling effect.
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mates of the obtained EF values are summarized in Fig. 3�a�.
Wu et al. have examined the shift in the InN absorption

edge with carrier concentration and have applied Kane’s k ·p
model to describe the dependence.2 Carrier concentration de-
pendent effective masses are used to calculate EF and the
lowest CB of InN is found to be nonparabolic. Neglecting
spin-orbit and crystal field splitting, along with higher order
perturbations from remote bands, the CB dispersion is

EC�k� = EG +
�2k2

2m0
+

1

2
	
EG

2 + 4Ep
�2k2

2m0
− EG� , �4�

where EG is the band gap and Ep is related to the momentum
matrix element Ep=2 /m0�
S�px�X��2, where �X� and �S� are
wave functions of the valence and CB states, respectively.2

CB renormalization describes interactions between elec-
trons �electron-electron� and between electrons and ionized
point impurities. The magnitude of the CB shift stemming
from the electron-electron interactions is.2

�Ee−e =
2e2kF

	
s
�1 +

�	

2kF
−

�

kF
tan−1	 kF

kTF
�� , �5�

where kF= �3	2n�1/3 is the Fermi wavevector, kTF= �2 /
	�
��kF /�B�1/2 is the Thomas–Fermi screening wavevector, 
s

is the static dielectric constant, and �B=0.53
Sm0 /m
e
* is the

Bohr radius in Å. The n-dependent electron effective mass
m

e
* is taken from Ref. 2. The magnitude of the CB shift

resulting from electron-ionized impurity interaction is

�Ee−i =
4	ne2

aB
skTF
3 . �6�

Combining these interactions, EF shifts according to EC�kF�
−�Ee−e−�Ee−i.

Using Eg and Ep as fitting parameters, we obtain the
solid curve in Fig. 3�a�. Fit parameters Eg�0.70 eV and
Ep�10.9 eV produce good agreement with the EF results.
The fit parameters agree with previously reported values of
0.7 and 10 eV based on absorption edges2 and effective
masses.20 We note that applying the band filling and renor-
malization approach to the PL peak positions results in a
slightly lower Eg, as expected, and a very low Ep�4 eV.
The small Ep value is due to the shallower free-carrier de-
pendence seen in the PL peak energy when compared with
the Fermi level. The shallow dependence arises because the
spectrum is a weighted average of the states between the CB
minimum and EF and not a direct measure of either quantity
for free-electron concentrations in this range and higher.

At high free-electron concentration band filling is impor-
tant in determining the PL spectrum. The emission spectrum
can be derived using Fermi’s rule, taking into account den-
sity of states, occupation factors, and matrix elements. As-
suming the latter is a slowly varying function, the intensity
can be approximated by21

I�E� � �E − EG�1/2�1 + exp� m
h
*

m
e
* + m

h
*

E − EG

kBT
−

EC�kF�
kBT ��−1

,

�7�

where m
h
* is the hole effective mass and kB is the Boltzmann

constant. In Eq. �7�, m
e
* and kF depend on carrier concentra-

tion. Comparison of calculated and measured linewidth as a
function of free-electron concentration, shown in Fig. 3�b�,

produces good agreement. This suggests that band filling is
the dominant mechanism responsible for the PL broadening
observed in the InN investigated in this work.

In conclusion, the low temperature PL spectra of InN
epilayers have been studied for low free-electron concentra-
tions. Values of the Poisson ratio, obtained using XRD, vary
between 0.06 and 0.18, indicating a superposition of hydro-
static and biaxial strains in the InN. Hydrostatic stresses
range from −0.04 to −0.29 GPa, with corresponding band
gap redshifts of 1–7 meV. The biaxial stresses range from
−0.05 to −0.52 GPa, resulting in blueshifts from
�3 to 29 meV for the band gap. These shifts are comparable
in magnitude to the shifts attributed to carrier concentrations
in the range studied here and must be taken into account in
order to determine the band gap of InN. Values for EF are
estimated from the uppermost energy of the PL. The free-
electron concentration dependence of EF, corrected for the
strain-induced shifts, is well described by Kane’s k ·p model
and CB renormalization. The PL linewidth broadening is
well described by the band filling.
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