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A survey of most recent studies of optical absorption, photoluminescence, photoluminescence ex-
citation, and photomodulated reflectance spectra of single-crystalline hexagonal InN layers is pre-
sented. The samples studied were undoped n-type InN with electron concentrations between
6 � 1018 and 4 � 1019 cm––3. It has been found that hexagonal InN is a narrow-gap semiconductor
with a band gap of about 0.7 eV, which is much lower than the band gap cited in the literature. We
also describe optical investigations of In-rich InxGa1––xN alloy layers (0.36 < x < 1) which have
shown that the bowing parameter of b � 2.5 eV allows one to reconcile our results and the litera-
ture data for the band gap of InxGa1––xN alloys over the entire composition region. Special atten-
tion is paid to the effects of post-growth treatment of InN crystals. It is shown that annealing in
vacuum leads to a decrease in electron concentration and considerable homogenization of the
optical characteristics of InN samples. At the same time, annealing in an oxygen atmosphere leads
to formation of optically transparent alloys of InN–In2O3 type, the band gap of which reaches
approximately 2 eV at an oxygen concentration of about 20%. It is evident from photolumines-
cence spectra that the samples saturated partially by oxygen still contain fragments of InN of
mesoscopic size.

Introduction InN and InxGa1––xN alloys have not been investigated thoroughly enough
because of difficulties encountered in the growth of compounds with large size differ-
ences between cation and anion [1]. Recent progress in the growth techniques has
made it possible to obtain perfect single-crystalline InN layers. Optical measurements
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have revealed that the fundamental absorption edge of these layers lies in the range
from 0.9 to 1.1 eV and that there is a strong PL band in the range from 0.73 to 0.9 eV
[2–4]. In this work we argue that the PL bands of nominally undoped InN samples
show the typical features of the interband recombination in heavily doped n-type III–V
crystals. Analysis of the PL band shape is used to show that the band gap of hexagonal
InN crystals is close to 0.7 eV, which is lower than the value reported in the literature
[5]. The influence of the Burstein-Moss effect on the optical absorption edge is studied.
PL data of In-rich InxGa1––xN alloys are presented. We also discuss the influence of
post-growth treatment of InN crystals in order to reveal possible mechanisms of trans-
formation of the crystal structure and the band gap variation.

Characterization of Samples Undoped InN epilayers were grown on (0001) sapphire
substrates by different epitaxy methods [6–8]. A set of InxGa1––xN layers (0.36 < x < 1)
was grown by plasma assisted molecular beam epitaxy [3]. The composition and crystal-
line structure of the samples were characterized by a number of techniques. As evidenced
by X-ray analysis, all the samples possess hexagonal symmetry and no traces of other
polymorphes were detected. From symmetric (0002) and asymmetric ð11�224Þ Bragg reflec-
tions, lattice parameters c and a were found to be c ¼ 5.7039 �A and a ¼ 3.5365 �A, respec-
tively. In the most perfect InN samples, the full widths at half maximum (FWHMs) for w
and q-2q scans at the (0002) reflection were typically in the ranges 250–300 arcsec and
50–60 arcsec, respectively. Polarized Raman spectra of InN and related alloys showed
good agreement with the selection rules for the hexagonal symmetry. The phonon line
widths of InN samples corresponded to that of a well-ordered crystal lattice. Atomic force
microscopy measurements did not reveal any pronounced column structure of the sam-
ples studied. According to the Auger spectroscopic and Rutherford backscattering data,
the oxygen concentration in the samples was about 1%. The Hall concentration of elec-
trons n, ranged from 6 � 1018 to 4 � 1019 cm––3, and the highest electron mobility m was
found to be �1900 cm2V––1 s––1 (for InN with n ¼ 8 � 1018 cm––3).

Luminescence and Absorption of Crystals with Large Electron Concentration The high
energy PL band in heavily doped semiconductors of n-type results from recombination of
degenerate electrons with photoholes near the top of the valence band. The shape of this
PL band has two characteristic features. The first one is a high-energy wing of the band
which exhibits an exponential decrease in the region of (�hw –– EG(n)) � EF due to a
decrease in the electron population in accordance with the Fermi function

f ð�hw� EGðnÞ � EFÞ ¼ 1=½exp ð�hw� EGðnÞ � EFÞ=kTf g þ 1� :

Here, EG(n) is a carrier-concentration-dependent parameter which approaches the band
gap EG(n)! EG at vanishing concentration n ! 0, EF is the Fermi energy of the degen-
erate electrons. The second feature is a low-energy wing of the PL band at �hw < EG(n),
which typically shows the Urbach tail. This tail can overlap with the PL bands related
to recombination of electrons with holes in deeper localized states.
Figure 1 shows the experimental and calculated luminescence bands in GaAs, InN,

and GaN crystals with free electron concentrations of about 1 � 1019 cm––3. The va-
lence-conduction band diagram given in Ref. [9] leads to the following shape of the PL
band in the energy region �hw > EG(n)

Ið�hwÞ � ½�hw� EGðnÞ�g=2 f ð�hw� EGðnÞ � EFÞ ; ð1Þ
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where g ¼ 1 if only vertical interband transitions are allowed, and g ¼ 4 if the momen-
tum conservation law is completely broken as a result of the influence of defects and/or
impurities on the hole or electron states. The experimental band shape in GaAs can be
described well with g ¼ 1, whereas for GaN crystals g equals 4. For InN g increases
from 2 to 4 with increasing concentration of free carriers.
High doping levels lead to changes in the interband absorption coefficient due to the

Burstein-Moss effect. In analogy with Eq. (1), the interband absorption coefficient can
be expressed as

að�hwÞ � ½�hw� EGðnÞ�g=2 ½1� f ð�hw� EGðnÞ � EFÞ� : ð2Þ
The absorption coefficient a(w) for InN samples measured at 300 K rapidly reaches
values of the order of a(w) > 4 � 104 cm––1 at the photon energy close to 1 eV. This
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Fig. 1. Experimental and calculated luminescence bands in heavily doped GaAs (a), InN (b), and
GaN (c) crystals with charge carrier concentrations of 1.1 � 1019, 0.9 � 1019, and 0.9 � 1019 cm––3,
respectively. Points, experimental; curves, calculated
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Fig. 2. a) Experimental and calculated luminescence bands and absorption coefficients in InN
(n ¼ 6 � 1018 cm––3) at T ¼ 300 K. Experimental and calculated luminescence bands at 77 (curves
1) and 300 K (curves 2): b) in InN (n ¼ 6 � 1018 cm––3) and c) in GaAs (n ¼ 4.3 � 1018 cm––3).
Points, experimental; curves, calculated



high value of the absorption coefficient is typical of an interband absorption in direct-
band-gap semiconductors.
The experimental luminescence spectrum and absorption coefficient of the InN sam-

ple with n ¼ 6 � 1018 cm––3 at T ¼ 300 K are presented in Fig. 2a together with corre-
sponding curves calculated with Eq. (1) and Eq. (2). The same parameters are used in
both expressions. It is seen that there is a good agreement between experimental and
calculated data. Therefore, it can be concluded that the optical absorption and lumines-
cence bands of InN crystals clearly have characteristics typical of interband transitions.
Note that at large electron concentrations the absorption edge is well above the funda-
mental band gap (approximately by the value equal to the Fermi energy).

Temperature Dependence of the Luminescence Band Shape Modifications of the lu-
minescence band shape with varying temperature are caused by redistribution of elec-
trons over the energy levels in accordance with the Fermi function and also by the
temperature shift of EG(n). The PL bands of InN and GaAs at 77 and 300 K are pre-
sented in Figs. 2b and 2c. A comparison of experimental spectra with calculated shapes
allows us to find the temperature variation of parameter EG(n). The obtained tempera-
ture shift of EG(n) for GaAs crystal is about 70 meV, which agrees well with the band
gap narrowing in this temperature interval. For the InN crystal, the shift is about
23 meV, which can also be related to the temperature-dependent band gap narrowing.
Any anomalous temperature behavior of the PL band similar to that described in
Ref. [4] was not observed in our experiments. The temperature shift of EG(n) for GaN
crystals is consistent with literature data.

Concentration Dependence of PL Band and Absorption Coefficient The PL bands
obtained at 77 K for the samples with different electron concentrations and the fitting
curves obtained from Eq. (1) are shown in Fig. 3a. According to Hall measurements,
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Fig. 3. a) Semilog PL spectra of InN layers with different charge carrier concentrations:
6 � 1018 cm––3 (1), 9 � 1018 cm––3 (2), 1.1 � 1019 cm––3 (3), and 2.2 � 1019 cm––3 (4). Points, experi-
mental; curves, calculated. b) PLE spectrum measured at the PL band maximum on one of the
samples, together with the PL and absorption spectra. c) PL and photomodulated reflectance spec-
tra obtained on one of the InN samples



the free carrier concentrations in samples 1–4 are 6 � 1018, 9 � 1018, 1.1 � 1019, and
2.2 � 1019 cm––3, respectively. The temperature estimated from the exponential slope of
the high-energy wing of the PL band is close to the measured temperature, except for
InN sample 4. This discrepancy is probably due to the large layer inhomogeneity for
the sample with the highest carrier concentration.
The Fermi energies EF estimated from these PL spectra are 95, 147.5, 167.5, and

245 meV in samples 1 to 4, respectively. Assuming an isotropic electron band, EF as a
function of electron concentration n/n0 (n0 ¼ 1 � 1018 cm––3) is given by

EF ¼ 3:58 ðm0=m*Þ ðn=n0Þ2=3 meV : ð3Þ
Comparison of the Fermi energies of GaAs, InN, and GaN crystals (see Fig. 1) leads to
the conclusion that the electron effective mass in InN lies between those in GaAs and
GaN. The electron concentrations calculated from the Fermi energies based on the
assumption of an effective mass of m* ¼ 0.1 m0 are in good agreement with the Hall
data. The shift of the optical absorption edge due to the Burstein-Moss effect for the
same samples is shown in the inset of Fig. 3a. It is seen that the shifts are considerable
in this concentration range due to the large values of EF.
As it follows from Eq. (1) the low energy onset of the PL fitting curves defines

EG(n). It has been found that EG(n) is weakly dependent on the electron concentration
and close to 0.65 eV.

Photoluminescence Excitation and Photomodulated Reflectance Spectra The PLE
spectrum measured at the PL band maximum together with the PL and absorption
spectra for one of the samples are shown in Fig. 3b. It can be seen that the PLE spec-
trum behaves similarly to the absorption spectrum up to some energy. However, at the
energy �hwmax, far from the absorption saturation, it displays an abrupt kink, and its
intensity starts to fall. Such a behavior of the PLE spectrum can be understood if one
takes into account that at energies E < �hwmax the photons create holes in the localized
states, and at E > �hwmax the production of mobile holes dominates. When two mobile
particles –– an electron and a hole –– are produced, the probability of formation of a
separated e–h pair and, hence, the probability of nonradiative relaxation of each parti-
cle increases sharply. As a result, the PLE efficiency substantially decreases. The PLE
results are correlated with those of absorption and PL. The three spectroscopies give
nearly the same gap energy.
Figure 3c displays the PL and photomodulated reflectance (PR) spectra obtained

for one of the InN samples. The zero point of the PR spectrum is close to the energy
(�hw –– EG(n)) ¼ EF, and the shape of the PR spectrum indicates that the Fermi distri-
bution of electrons is affected by photomodulation.

Concentration Dependence of EG(n) EG(n) as a function of charge carrier concentra-
tions for GaAs, InN, and GaN crystals given in Fig. 4. It shows a nearly linear depen-
dence on n1/3 where n was estimated from Eq. (3).
In this case the shift of EG(n) (DEG(n)) can be explained by a decrease in the ex-

change interaction energy [10], which in the framework of perturbation theory can be
written as

EexðnÞ ¼ �e2=2
P

s;p; p0 � pF

Ð
d3r

Ð
d3r0w�

s;pðrÞw�
s;p0ðrÞws;pðr0Þws;p0 ðr0Þ= r� r0j j :
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In the effective mass approximation, for an isotropic electron band, the shift is

DEGðnÞ ¼ � 81
p

� �1=2 e2n1=3

2
¼ �106ðn=n0Þ1=2 meV ;

where e and s are the charge and spin of an electron. The value of DEG(n) in this
approximation is a universal function of the electron concentration. The individual
characteristics of a crystal appear only if the Bloch wave functions like
1=

ffiffiffiffi
V

p
us;pðrÞ exp ðiprÞ are used in calculations of the exchange energy. As a conse-

quence of structure of the Hartree-Fock exchange energy, the overlapping integrals of
Bloch factors u*s; pðrÞ us;p0 ðrÞ

� �
appear in calculations. These integrals are less than unit

and, therefore, the effective mass approximation gives an upper limit of DEG(n).
The slopes of the experimental curves in Fig. 4 are smaller than the theoretical value

of 106 meV and are equal to 54, 84, and 17 meV for GaAs, GaN, and InN crystals,
respectively. The observed behavior of EG(n) of InN largely deviates from the theoreti-
cal value obtained in the effective mass approximation and, hence, its description has to
be improved.
An extrapolation of EG(n) to n ! 0 gives the estimate of the true band gap of InN

EG ¼ 0.69 eV. The value of EG � 0.69 eV is slightly smaller than that suggested by cal-
culations [11].

Optical Spectra of InxGa1––xN Layers The InN band gap can also be estimated from
optical spectra of InxGa1––xN alloys in the limit x ! 1. Figure 5a shows the PL and ab-
sorption spectra for some In-rich alloys (0.36 < x < 1). It is seen that the PL bands
and the absorption edge shift toward higher energies as x decreases. Like in InN,
the maximum of the PL band in alloys is redshifted from the absorption edge by
the value of about one half of the FWHM of the PL band. This shift is consistent
with the estimate of the Burstein-Moss effect in our alloys with electron concentra-
tions in the 4–7 � 1019 cm––3 range. A considerably larger Stokes shift of the PL bands
in In-rich alloys was observed in Ref. [15].
Similar to InN, analysis of the PL band shape using Eq. (1) gives the value of EG(n) for

alloys. Figure 5b depicts EG(n) for In-rich alloys studied in this work as a function of alloy
composition. The composition was estimated, according to the Vegard’s law, from the
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lattice constant c obtained from X-ray measurements. This figure also presents the posi-
tion of the PL band maxima taken from the literature for Ga-rich InxGa1––xN alloys. The
experimental points in Fig. 6b are fitted by a smooth curve EG ¼ 3.493 –– 2.843 x –– b x
(1––x) with the bowing parameter b ¼ 2.5 eV. Indeed, the data obtained from PL spectra
of In-rich InxGa1––xN layers confirm the small value of the InN band gap.

The Wide-Gap InN-Based Samples In attempts to understand the reasons for the
striking discrepancy between our data on the band gap with those cited in the litera-
ture, we studied several samples, which were claimed to be hexagonal InN with band
gaps in the region of 1.8–2.1 eV. The samples were grown by different techniques on
different substrates but all the samples have some common features. The transmission
spectra of these samples are strongly affected by plasma reflection in the IR region
pointing to very high charge carrier concentrations, up to 6 � 1020 cm––3. The samples

have a polycrystalline structure as deduced from
very wide X-ray rocking curves. The broad fea-
tures of Raman spectra reproducing the phonon-
density-of-states function (DOS) are observed in
contrast to the sharp polarized lines in our single
crystalline samples. Therefore, both the X-ray and
Raman data suggest the presence of structural de-
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fects in high concentrations. The chemical composition analysis by Auger spectroscopy
and Rutherford backscattering technique revealed very high oxygen contents in wide-
gap samples, up to 20 at%, much higher than in our samples. It can be assumed that it
is oxygen that is responsible for a high concentration of defects. In this case an increase
of the band gap in wide-gap samples can be caused by formation of oxynitrides, which
have much larger band gaps than that of InN. The Burstein-Moss effect in polycrystal-
line samples with high charge carrier concentrations may also be responsible for sizable
changes in the band gap.

Post-Growth Treatment of InN Samples Some of the samples were subjected to an-
nealing at 490 �C for 5 hours in vacuum. As can be seen from Fig. 6, the treatment
results in a substantial decrease in the PL band FWHM and increase in the high-energy
wing slope. This transformation suggests that the electron concentration decreases, and
the distribution of the electron density over the sample becomes more homogeneous.
Hall measurements revealed that the annealing results in a decreasing charge carrier
concentration, too.
Annealing in an oxygen environment leads to formation of optically transparent oxy-

nitrides whose band gap depends on the oxygen concentration in the sample and ap-
proaches 2 eV at oxygen concentrations of about 20%. The adsorption and lumines-
cence spectra in such samples demonstrate a wide Urbach-like tail of localized states
spreading over the entire region below the band edge. X-ray and Raman measurements
revealed the formation of alloys of the InN–In2O3 type. From the luminescence spectra
it is evident that the samples saturated partially with oxygen still contain InN fragments
of mesoscopic size. The InN PL band in such samples is slightly shifted towards high
energies, which can be attributed to the size quantization effect. The final stage of oxy-
dation is the formation of In2O3 crystals.

Summary To summarize, analysis of optical absorption, PL, PLE and photoreflectivity
data obtained on single-crystalline hexagonal InN leads to the conclusion that the true
band gap of InN is EG � 0.7 eV. This finding is supported by optical studies of In-rich
InxGa1––xN alloys. Our studies of InN samples with EG of 1.8–2.0 eV revealed that the
increased band gap may be due to the formation of oxynitrides, which have much lar-
ger band gaps than that of InN.
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