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Unintentionally degenerately doped n-type hexagonal wurtzite InN samples were studied by using Fourier-
transform photoluminescence spectroscopy and reflectivity measurements. We found in luminescence overlap-
ping band acceptor �e ,A0� transitions related to two different acceptors with a strong enhancement of their
intensities close to the Fermi energy of the electrons recombining with the localized holes. Our explanation is
in terms of a Fermi-edge singularity of the electrons due to strongly increased electron-hole scattering.
Electron-hole pairs with such resonantly enhanced oscillator strengths have been referred to as Mahan excitons.
Temperature-dependent reflectivity measurements confirm this interpretation.
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I. INTRODUCTION

The increased availability of high-quality wurtzite InN
has recently triggered much research on this technologically
interesting material. Many basic problems of the material are
now well understood whereas others have remained vague.
The most fundamental parameter of a semiconductor is the
band gap energy, which in the case of InN has been contro-
versially discussed. Early research had yielded a band gap of
about 1.9 eV in polycrystalline InN samples.1,2 Based on
investigations of single-crystalline layers, this value was
later corrected to be much lower, amounting to only
�0.7 eV.3 This value was, in turn, recently called into ques-
tion, suggesting that the observed infrared luminescence
band underlying the interpretation was not due to a band-to-
band transition, as supposed, but rather to metallic indium
clusters. Instead, a new value of 1.4 eV was postulated4 but
was also not widely accepted in the community.5 A very
recent study of spectroscopic ellipsometry and photoreflec-
tivity finds the zero-density band gap to be Eg=0.68 eV at
room temperature.6 We feel that many of the problems in
interpreting the luminescence spectra of InN can be
traced back to the fact that either a very high-doped
�n�1019 cm−3� material was investigated or—even in the
case of lower doping �n�1018 cm−3�—the samples were
still degenerate.

In the present study, we report detailed photolumines-
cence �PL� and reflectivity experiments on single-crystalline
InN epitaxial layers with intermediate carrier concentrations
�1018 cm−3�n�1019 cm−3�. In this range of electron den-
sities, the samples are still degenerate but the Burstein-Moss
shift, owing to the conduction band filling, begins to over-
compensate the band gap renormalization due to the electron
exchange interaction.

II. EXPERIMENT

The InN layers used in this study were all grown by mo-
lecular beam epitaxy on sapphire substrates with nucleation

and thin intermediate layers. Sample 1 was grown at Cornell
University, Ithaca, New York.7 The InN layer is about 500
nm thick and has an In-polar surface. Samples 2 and 3 were
grown at Chiba University, Japan.8 They are both about
2.3 �m thick and have N-polar surface. The lattice constants
of all samples were determined by x-ray diffraction measure-
ments. The in-plane lattice constants of a=3.5280, 3.5302,
and 3.5295 Å were obtained for samples 1, 2, and 3, respec-
tively. These values are lower than the strain-free value of
a=3.5377 Å.9 The in-plane strain of all samples was also
confirmed by Raman measurements. The in-plane compres-
sive strain of �xx�−2.7�10−3 �sample 1�, −2.1�10−3

�sample 2�, and −2.3�10−3 �sample 3� causes a blueshift10,11

of the band gap energy of 15 �sample 1�, 11 �sample 2�,
and 12 meV �sample 3�, in comparison to strain-free material
�Eg=0.68 eV at room temperature�. PL studies for differ-
ently strained films with similar carrier densities confirm the
band gap shifts.12 Hall measurements revealed carrier con-
centrations of n=1�1018, 3.5�1018, and 3.4�1018 cm−3

for samples 1, 2, and 3, respectively. Due to the surface
accumulation layer, the carrier density in the bulk of the
samples is lower than the value determined by the Hall
measurements.10,13,14 Therefore, infrared spectroscopic el-
lipsometry �IR-SE� studies were carried out to determine
the plasma frequency ��p� from which the bulk electron
concentration is obtained by a self-consistent analysis of
the effective mass change related with the band gap
renormalization.15 The transition energy at the Fermi edge at
room temperature results from fitting the dielectric function
in the energy region around the gap by a method described in
detail in Ref. 6. For the PL measurements, the samples were
mounted in a variable-temperature liquid-helium bath cry-
ostat and excited by the 514.5 nm line of an Ar+ laser with a
typical power of 100 mW. The collected light was analyzed
by a Fourier-transform spectrometer Bomem DA8 with a
liquid-nitrogen cooled InAs diode having a cutoff wave-
length of 3.12 �m. The reflectivity measurements were car-
ried out in the same setup. A quartz-halogen lamp was used
as a broadband light source while a gold-coated silicon wafer
served as a reference mirror.
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III. RESULTS AND DISCUSSION

The low-temperature PL spectra of all three samples are
exhibited in Fig. 1 together with their corresponding re-
flectivity measurements. All of the samples show a strong
luminescence signal in the infrared region between 600 and
750 meV photon energy with no further luminescence at
higher energies up to the photon energy of the exciting
laser beam �2.41 eV�. The �low-temperature� Fermi energy
EF was determined by the reflectivity spectra. Due to the
conduction band filling, the absorption and reflectivity edges
are located at higher energies than the renormalized band
edge Eren, which is, in turn, downshifted from Eg due to the
exchange interaction of the electrons in the high-density
electron plasma. The low-temperature Fermi energies are
obtained from the reflectivity onsets in the spectra. In our
case, the values are EF= �0.69�0.02� eV �sample 1� and
�0.75�0.01� eV �samples 2 and 3� with experimental uncer-
tainties due to the broadening of the reflectivity edges.

In PL, sample 1 shows a single transition peaking at 0.676
eV with a line shape typical for degenerate doping: The low-
energy edge of the spectrum is determined by the combined
density of states washed out by the conduction band tail
arising from the high doping and the high-energy edge is
given by the sharp cutoff of the Fermi occupation function
convolved with a Lorentzian determined by lifetime broad-
ening.

Equivalent spectra, showing the same trend for different
carrier densities, were recently observed in similarly or lower
doped samples.11,16–18 Based on the line-shape analysis, they
were explained as being due to the conduction band-to-
acceptor transitions involving shallow acceptors with bind-
ing energies between 5–18 and 50–85 meV. In the following

sections, we will also perform line-shape analyses and show
that the luminescence in our samples is also due to electron-
acceptor �e ,A0� transitions, however, in our case resonantly
enhanced at the electron Fermi edges. To simplify this dis-
cussion, we plot in Fig. 2 three relevant optical transitions:
�1� electrons at the Fermi edge in the degenerate plasma
recombine with localized holes at acceptors while the k
spread of the acceptor hole wave function allows for transi-
tions up to high k values; �2� electron-hole recombination
between the bands obeying the k conservation and, thus, be-
ing possible only with low k values since no excited hole
states are occupied; and �3� low-energy transitions from the
electron states close to the renormalized gap Eren to acceptor-
bound holes.

In Fig. 3, the temperature dependence of the single tran-
sition of sample 1 is displayed shifting from 0.676 eV �peak
position� at 10 K to 0.647 eV at 290 K. Also, the high-energy
edge is significantly washed out, reflecting the softening of
the Fermi function at room temperature. Assuming that the
transition is due to an �e ,A0� recombination process, we are
concerned with a line shape of the form

I�	�� � �	� − �Eren − EA��1 + exp
	� − EF

e

kbT
�−1

. �1�

Owing to the degeneracy of the sample, the Fermi probabil-
ity function enters Eq. �1�, where EF

e is the electron Fermi
level in the initial quasiequilibrium state of the transition and
EF

e �EF in thermal equilibrium, as the photocreated excess
electron density is small compared to the doping density. In
the spectra of sample 1, a second spectral component is
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FIG. 1. �Color online� Low-temperature �4.2 K� photolumines-
cence �full line� and reflectivity �dashed line� spectra, showing the
near band gap region. The arrows mark the position of the Fermi
energy.
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FIG. 2. �Color online� Schematic of the optical transitions in the
degenerate InN: �1� Recombination of an electron close to the
Fermi edge EF with a hole localized at an acceptor with an en-
hanced transition probability due to the Fermi-edge singularity �Ma-
han exciton�, �2� band-to-band transition at low k, and �3� band-to-
acceptor transition.
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weakly visible �72 meV below the main transition due to
the coupling of LO phonons. This satellite was taken into
account modeling it by a band of the form of Eq. �1� shifted
by the LO-phonon energy and having a temperature-
dependent intensity. It is found that the tail of the conduction
band can be well modeled by a Gaussian distribution with a
width of 15 meV due to the high doping concentration. Fi-
nally, I�	�� was convolved with a Lorentzian accounting for
lifetime broadening. The fits to the experimental spectra are
exemplarily shown in Fig. 3 for 10 and 290 K. The thermally
induced band gap shrinkage was taken into account by the
expression given by Viña et al.19 in the form

Eren�T� = Eren�0� − EA −

�

exp �/T − 1
. �2�

We extracted the parameters Eren�T=0�−EA=0.654 eV,
�=681 K, and 
=0.4 meV /K from the fits. At room
temperature, we find Eren�RT�−EA=0.622 eV. If we use
the room-temperature band gap energy Eg=695 meV, as
determined by spectral ellipsometry, we can calculate the
sum of the acceptor ionization energy EA and the band gap
renormalization energy, amounting to 695 meV–622 meV
=73 meV. Because the band gap renormalization Eg−Eren
=44 meV is known from model calculations,6 we obtained
an acceptor ionization energy of EA=29 meV in sample 1.
The thermal variation of the band gap energy amounts to
�Eg�0→290 K�=32 meV, being in agreement with the
value of �33 meV reported in Ref. 20. This line-shape

analysis confirms our earlier assumption that the PL spec-
trum of sample 1 is due to �e ,A0� recombination. A sum-
mary of the energy values of all three samples is given in
Table I.

Our higher doped samples 2 and 3 show more compli-
cated PL spectra. At first sight, there seem to be two different
contributions to the spectra in Fig. 1: a weak low-energy
band extending down to �600 meV photon energy and a
much stronger overlapping band with a maximum in the
range of 730 meV. For sample 3, this latter band itself obvi-
ously consists of two components. The temperature-
dependent PL measurements �Figs. 4 and 5� demonstrate that
the high-energy band has indeed two closely spaced compo-
nents in both samples. Our analysis below shows that for
either sample the whole spectrum is undividedly a band-to-
acceptor transition whose intensity is strongly enhanced at
the Fermi-energy edge of the electrons and where the two
close-lying high-energy components arise from the participa-
tion of two different acceptors.

A quantitative line-shape analysis similar to that of
sample 1 is not possible for samples 2 and 3 due to the strong
intensity enhancement at �730 meV �10 K� far above the
low-temperature band edge. Observing the following quali-
tative features, we assign the PL spectra to �e ,A0� transitions:
In both samples �Figs. 4 and 5�, the weak low-energy com-
ponent with a maximum at around 650 meV �10 K� mono-
tonically shifts to lower energies with increasing sample tem-
perature. Furthermore, a phonon replica at �72 meV lower
energy shows up for T
150 K shifting with it. The strong
transition at the Fermi energy at around 720 meV �10–70 K�
shows an S-shaped energy shift with increasing temperature
and becomes successively weaker relative to the low-energy
portion of the band-acceptor spectrum. Also, the above men-
tioned second high-energy component is fairly well observ-
able at �30–40 meV higher energy.

The energy spacing of the two high-energy components of
�35 meV is consistent with the energy difference of the two
acceptor states in Refs. 16 and 18, corroborating our spec-

TABLE I. Summary of characteristic values of the investigated
samples. The energy values are all in meV. �p is the plasma fre-
quency with values expressed as wave numbers and nH �nopt� is the
carrier density determined by Hall measurements �IR-SE�. The low-
temperature energy values are determined by PL, 300 K values by
IR-SE and corresponding calculations. The theoretical curves in
Fig. 7 are consistent with these values within reasonable error.

Sample 1 2 3

nH �1018 cm−3� 1.0 3.5 3.4

� �cm2 V−1 s−1� 1000 1380 1450

�̄p / �2�� �cm−1� 362 705 692

nopt �1018 cm−3� 0.8 3.1 3.0

Eg �290 K� 695 691 692

Eren �290 K� 651 618 619

EF �290 K� 682 725 724

Eren �10 K� 683 650 651

EF �10 K� 690 750 750
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FIG. 3. �Color online� Normalized photoluminescence spectra
of sample 1 as a function of temperature. The spectra are vertically
shifted for clarity. For 10 and 290 K, the line-shape fits are exem-
plarily shown.
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trum interpretation of samples 2 and 3 in terms of two dif-
ferent but overlapping �e ,A0� transitions. However, we can-
not exclude the possibility that these two high-energy bands
are due to a Mahan exciton bound to the same acceptor
found in sample 1 �EA=29 meV� and to a Mahan exciton
consisting of an electron at the Fermi edge directly recom-
bining with a free hole from the valence band. The energy
spacing of �35 meV would be consistent with this alterna-
tive interpretation, which we nonetheless consider to be less
probable since the occupation probability of holes at the
Fermi edge is vanishingly low while the intensity of this
band at higher temperatures is still significant. In either case,
the spectral enhancement of the luminescence band far above
the band gap cannot be explained by conventional band-to-
acceptor or by band-to-band transitions.

We interpret the high-energy components of the spectrum
in terms of “Mahan excitons.”21 A Mahan exciton can be
thought of as a localized hole interacting with all the elec-
trons in the whole electron Fermi sea. The exclusion prin-
ciple suppresses multiple electron-hole scattering processes
as long as the electron energy is smaller than EF

e and, conse-
quentially, only a weak, broad �e ,A0� spectrum is emitted
�transition �3� in Fig. 2	. At the Fermi edge, the scattering
rates are strongly enhanced, leading to a singularity and con-
comitantly strong enhancement of the optical matrix ele-
ment. The hole of the Mahan exciton needs to be localized to
provide a sufficiently large spread in k space so that
k-preserving transitions from the high-energy �and high-k�
electron states are possible �transition �1� in Fig. 2	. A band-
to-band Mahan exciton transition is basically also possible

but should be much weaker in intensity due to the vanish-
ingly small number of holes in the valence band at the Fermi
vector kF. The band-to-band transition at k�0 �transition �2�
in Fig. 2	 should be even weaker, presumably by the same
factor as the Mahan exciton compared to the �e ,A0� band.
The electric dipole transitions of the Mahan exciton at the
Fermi edge should show resonant behavior in its emission,
absorption, and reflectivity. A Fermi-edge singularity was
first observed in the luminescence of a two-dimensional elec-
tron gas in InGaAs-InP by Skolnick et al.22 Later, it was also
found in bulk semiconductors apparently for the first time in
InAs by Fuchs et al.23

The interpretation of our spectra as being due to Mahan
exciton recombination is strongly supported by the observed
“thermalization” behavior of the Fermi-edge singularity. The
strength of the optical matrix element at the Fermi energy
critically depends on the sharpness of the Fermi edge being
smeared out at increasing temperature.24 The reflectivity
spectra of sample 1 in Fig. 6 show the expected resonant
enhancement of the signal at the Fermi edge at low tempera-
tures, which goes over into the usual reflectivity step at in-
creasing temperatures. The resonance with a maximum posi-
tion at 673 meV �4.2 K� has its characteristic energy at the
Fermi energy of EF= �0.69�0.02� eV. The model
calculations6 predict a low-temperature Fermi edge of 714
meV for the same sample, which is in reasonable agreement
with the value observed.

Experimentally, the observation of the reflectivity reso-
nance and its disappearance in Fig. 6 was possible since
sample 1 is wedge shaped, preventing Fabry-Pérot oscilla-
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FIG. 4. Normalized photoluminescence spectra of sample 2 as a
function of temperature. The spectra are vertically shifted for
clarity.
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FIG. 5. Normalized photoluminescence spectra of sample 3 as a
function of temperature. The spectra are vertically shifted for
clarity.
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tions, as seen in the reflectivity spectra of samples 2 and 3.
We expect the Mahan excitons to play a role in many of the
optical data published on moderately degenerate InN
samples although they were not explicitly discussed in the
corresponding analysis of the data. The unusual line shapes
of the low-temperature PL spectra in Refs. 12, 17, and 25,
for example, might hint to the participation of Mahan exci-
tons.

In Fig. 7, literature data of room-temperature PL peak
energies and absorption edges26 versus the carrier densities
are displayed. For comparison, calculated energies of the
renormalized band gap and the Burstein-Moss shift as a
function of carrier density are shown. The band gap renor-
malization due to the electron-electron exchange and
electron–donor core interactions were calculated by the ap-
proach presented in Ref. 27. The effective electron mass in
the renormalization terms was taken as an average of the
masses over the occupied conduction band states. The
energy-dependent masses of the electrons filling the conduc-
tion band states from the renormalized gap up to EF were
calculated from the dispersion relation obtained from kp-
perturbation theory, taking the threefold valence band into
account. As in a previous work,6 we used in the correction
term 2
P�2 / �Erenm0� to the reciprocal electron mass a value
of 
P�2 /m0=10 eV. Owing to the energy-dependent electron
mass, the renormalization only roughly follows a n1/3 depen-
dence while the band filling proceeds with a Fermi energy
approximately proportional to n2/3. Adding these two energy
correction terms to the strain-free fundamental zero density
energy gap, Eg=0.68 eV at room temperature,6 we obtain

the transition energy at the Fermi edge as a function of the
electron concentration. At increasing electron densities, a
band-to-acceptor or a band-to-band transition should mirror
the energy shift of the renormalized gap at the low-energy
onset of the luminescence. In contrast, a Mahan exciton
should spectroscopically slowly approach the Fermi energy
since its binding energy goes to zero for high electron
densities.21,24 The localized holes are needed for a Mahan
exciton to exist; hence, we expect the transition energy of the
Mahan exciton in InN to be lower than the Fermi edge by the
amount of the acceptor ionization energy and the �very
small� binding energy of the Mahan exciton. It was already
mentioned that Arnaudov and co-workers16 have identified at
least two optically active acceptor states in a relatively low-
doped InN. Our data also give clear evidence for two accep-
tors in samples 2 and 3 being responsible for the two over-
lapping high-energy peaks in the 700–750 meV spectral
region and enabling Mahan exciton recombination at these
two acceptors.

IV. CONCLUSION

In conclusion, we have consistently explained the lumi-
nescence spectra in our wurtzite InN samples as governed by
Mahan excitons. The interpretation was based on PL and
reflectivity measurements with further data necessary for the
discussion coming from spectroscopic ellipsometry. An in-
complete review of literature data shows that the PL peak
energy positions are shifted in agreement with the band gap
renormalization and band filling, suggesting that in these
cases also, the peaks are due to the recombination of Mahan
excitons.
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