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We present the imaginary part of the dielectric function of n-type wurtzite GaN measured by spectroscopic
ellipsometry in the spectral range of 3.2–4.5 eV at room temperature for electron concentrations from 1
�1016 to 2.3�1019 cm−3. The observed behavior is consistent with the Mott density of about 2
�1018 cm−3. The comprehensive line-shape analysis demonstrates the importance of excitonic effects over the
whole doping range. For low electron concentrations, we observe contributions from discrete excitons, Cou-
lomb enhanced band-to-band �BB� optical transitions, and transitions into exciton-phonon complexes �EPCs�.
For degenerate GaN, along with the BB transitions, we identify Fermi-edge excitons as well as a significant
enhancement of the optical response due to EPCs. States with different numbers of phonons �from one to
approximately ten� are active in such optical transitions in heavily doped GaN.
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I. INTRODUCTION

The concept of excitons plays an extremely important role
in the understanding of the linear and nonlinear optical re-
sponses of semiconductors.1 The linear response is described
by the dielectric function �DF�, ��E�=�1�E�+ i�2�E�, where
E is the photon energy. In the present work we analyze the
imaginary part of the DF of n-type wurtzite GaN close to the
fundamental absorption edge. In this spectral range �1 is sig-
nificantly larger than �2, and the �2�E� spectrum bears great
qualitative resemblance to the absorption spectrum.
Throughout the whole paper the word�s� exciton �excitonic
effects� will be used to point out the enhancement of the
absorption rate of photons due to the Coulomb interaction
between the photogenerated conduction-band electron �e�
and valence-band hole �h� as compared with the
independent-particle approximation, when the Coulomb e-h
attraction and related effects are neglected. Of course, the
usual meaning of the word exciton to denote a Coulomb-
coupled e-h pair is also kept.

At low temperatures, the excitonic effects in samples of
high crystal quality and low free-carrier concentration can be
well described in the framework of Elliott’s model.2 As the
temperature is increased, the discrete exciton lines become
broadened and, in general, the excitonic contribution to the
absorption decreases due to interactions between excitons
and phonons. This lowering of the exciton oscillator strength
was accounted for by a phenomenological factor fx that de-
pends on the ratio �p /ax, where �p is the phonon mean-free
path and ax is the exciton Bohr radius.3 For GaN, it was
estimated that fx=0.97 at room temperature, i.e., only a small
decrease in the spectrally integrated excitonic absorption oc-
curs in a temperature range of 0–300 K, though the broad-
ening of optical transitions increases significantly.3

Much experimental and theoretical work was performed
to understand free-carrier effects on the absorption edge of
�i� optically excited semiconductors, �ii� quantum well struc-
tures, and �iii� bulk-doped semiconductors. Key aspects with

relevance to the present paper are as follows:
�i� As the density of photoexcited carriers increases, the

continuum edge moves downward on the energy scale �band-
gap shrinkage�, whereas the energy of the main excitonic
peak remains almost unchanged until the bound exciton state
merges with the continuum at a certain carrier density nM
which is called Mott density.4–6 As revealed by extensive
calculations,7,8 the nM value does not deviate very much
from that calculated via

RSM = 0.84ax. �1�

Here, RSM is the screening length corresponding to the
insulator-metal �Mott� transition in an excitonic system,
provided the effective e-h potential of �−e2 / �4��0�sr�
�exp�−r /RS�� �Yukawa potential� is assumed, where e is the
elementary charge, �0 is the electric constant, �s is the static
dielectric constant, and r is the e-h spacing. For this poten-
tial, the bound e-h states exist only if the screening length RS
is larger than RSM.9 It is essential that the oscillator strength
of the bound exciton state is not much reduced until disap-
pearing into the continuum.7,10 Moreover, as revealed by
experiments,5,11 considerable enhancement of interband con-
tinuum transitions remains even at carrier concentrations
well above the Mott density, though the sharp peak associ-
ated with excitons is no longer observed.

�ii� Realization of quantum well structures allowed for a
comprehensive study of a dense two-dimensional electron
gas, when the Fermi level is placed well above the
conduction-band edge. Since the first experimental observa-
tion of the strong increase in photoluminescence intensity
toward the electron Fermi energy for InGaAs-InP quantum
wells by Skolnick et al.,12 there have been numerous reports
on the enhancement of optical transitions involving states
near the Fermi level known as the Fermi-edge singularity
�FES� or Mahan excitons �see, e.g., Refs. 13 and 14 for
quantum wells based on III-V and II-VI semiconductors, re-
spectively, and references therein�. It was predicted by

PHYSICAL REVIEW B 79, 045201 �2009�

1098-0121/2009/79�4�/045201�11� ©2009 The American Physical Society045201-1

http://dx.doi.org/10.1103/PhysRevB.79.045201


Mahan15 for metals that, due to the Coulomb interaction be-
tween the photogenerated electron and hole in the final state
of the optical transition, the onset of the absorption spectrum
should exhibit a power-law divergence. The underlying
physics is that whenever the potential is switched on, the
many-electron system responds by making a large number of
elementary excitations with small excitation energies, which
strongly affects the optical response. The role of temperature
and finite lifetime of photogenerated e-h pairs is to broaden
and suppress the edge anomaly.16

�iii� Experimental studies of the optical response of doped
bulk semiconductors are in qualitative agreement with the
results above. For example, according to Casey et al.,17 the
sharp excitonic peak which is observable in the absorption
spectrum of high-purity GaAs disappears when an electron
concentration of 5�1016 cm−3 is reached. At electron con-
centrations higher than �6�1017 cm−3, the Burstein-Moss
shift due to the filling of the conduction band �CB� by free
electrons becomes the dominant effect. There are also several
reports in which peculiar features in optical spectra of
n-type-doped InAs bulk crystals,18 as well as ZnO �Ref. 19�
and InN �Ref. 20� epitaxial layers, were attributed to the
FES.

A qualitative picture of excitonic effects as sketched
above is more or less accepted at present.1 However, many
important details, for instance, the dynamics of screening,6,21

exciton formation,22 or conditions for the observation of
FES,13 are not completely clear and remain a subject of cur-
rent research. No simple model for the absorption process
exists.23 Unlike high optical excitation when a nonequilib-
rium electron-hole plasma is formed or quantum wells where
free carriers and dopants are usually spatially separated from
each other, in a bulk-doped semiconductor free carriers and
ionized impurities coexist in comparable amounts. This may
affect, e.g., the screening of the Coulomb interaction be-
tween photogenerated electrons and holes because the free
carriers are distributed inhomogeneously to provide the
screening of ionized impurities.24 A further aspect, which has
been frequently ignored by calculations and interpretations
of the optical response, is the enhancement due to optical
transitions into exciton-phonon complexes �EPCs�.25 This
mechanism is especially important for polar wide-band-gap
semiconductors, such as GaN and ZnO, and is expected to be
dependent on doping.

In this work we measured and analyzed the imaginary
part of the DF of n-type wurtzite GaN up to an electron
concentration of ne=2.3�1019 cm−3. The motivation for
this analysis is to stress the importance of excitonic effects
for the optical response of impure GaN, including heavy
doping. The crucial point of our approach is the line-shape
analysis allowing for the separation and quantifying of vari-
ous contributions.

The paper is organized as follows. In Sec. II, GaN:Si
samples and measurements of the DF by spectroscopic ellip-
sometry �SE� are described. Section III addresses first a
qualitative consideration of the measured �2 spectra as a
function of electron concentration. Then a model is intro-
duced which allows an explicit analysis. Section IV de-
scribes details of band-to-band �BB� transitions for doped
GaN at the specific carrier concentration of ne=3.7

�1018 cm−3. It will be demonstrated that the nonparabolic-
ity and nonsphericity of the valence band �VB� as well as the
wave-vector-dependent probability of transitions into the CB
are three important factors to determine the shape of the
absorption edge due to BB transitions. Section V presents
results of the line-shape analysis and their discussion. From
the doping dependence of the measured �2 spectra, the Mott
density of about 2�1018 cm−3 was derived. For degenerate
GaN, in addition to the Coulomb-enhanced BB transitions,
we identified Fermi-edge excitons and observed a significant
enhancement of the optical response due to exciton-phonon
complexes. Section VI gives a brief résumé of main results
of this work. Throughout the paper we use parameters of
wurtzite GaN summarized in Ref. 25. All calculations and
discussions refer to the ordinary wave.

II. SAMPLES AND EXPERIMENTAL DETAILS

GaN:Si layers studied in this work are the same as in Ref.
26. For their growth, first a 25 nm GaN low-temperature
nucleation layer followed by a 2 �m nominally undoped
GaN buffer layer were deposited by low-pressure metal-
organic vapor-phase epitaxy on c-plane sapphire substrates.
The buffer layer was n type with a background electron con-
centration of about 1�1016 cm−3. Then the GaN:Si layer
was grown with five different Si doping concentrations NSi
ranging from 6.0�1017 to 2.3�1019 cm−3 �see Table I�.
Hall and secondary-ion mass spectrometry measurements
showed that all Si atoms are on donor sites and are ionized at
room temperature, i.e., ne=NSi. In addition, it was observed26

that the surface depletion region is formed, with the surface
potential Us and the width of the depletion layer w0 depend-
ing on the Si concentration. In Table I, we show w0 values
determined in Ref. 26, as well as the electric-field strength at
the sample surface Fs. The latter is estimated by Fs
=2Us /w0 using the Schottky model according to which the
electric-field strength decreases linearly within the depletion
region.

The doping with Si should change the spectrum of BB
transitions due to the band-gap narrowing �a redshift�, the
Burstein-Moss shift of the absorption edge �a blueshift�, and
the broadening of optical transitions. There are many reasons

TABLE I. Characteristics of samples: the electron concentration,
the Fermi energy counted from the conduction-band bottom, the
expected broadening parameter due to fluctuation of the doping
density, the width of the depletion layer, and the electric-field
strength at the sample surface.

ne

�1018 cm−3�
�F

�meV�
�

�meV�
w0

�nm�
FS

�MV/cm�

0.01 −133.9 2.0 425 0.08

0.60 −27.1 11.1 52 0.59

1.1 −9.5 14.3 27 0.61

3.7 32.9 23.6 9.2 0.67

9.2 78.9 34.5 4.3 0.79

23 153.3 50.6 3.4 1.1
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for the reduction in the band gap �see, e.g., Ref. 24�. The
most important phenomena which influence the renormalized
band gap at high-enough densities of doping donors are the
following: the exchange energy of electrons due to their fer-
mionic nature, the attractive interaction between free elec-
trons and charged donors, the exchange energy for holes, the
repulsive interaction between holes and charged donors, the
correlation energy of a hole due to rearrangement of electron
density in its vicinity, and the band tailing caused by fluctua-
tion of the doping density. To approximate the redshift with
doping, in this work we use a simple empirical relation
where the reduction in the band gap is assumed to be pro-
portional to ne

1/3 �see Sec. V�. The Burstein-Moss shift of the
absorption edge is observed when the Fermi level moves
from the band gap into the CB. This results in a widening of
an optical band gap. The effect depends on the position of
the Fermi level �F with respect to the CB edge. �F values for
the studied samples were calculated, taking into account the
nonparabolicity of the CB of wurtzite GaN,25 and are given
in Table I. Regarding the broadening, the root-mean-square
�rms� impurity potential �0= ��e4NtRS� / �8��0

2�s
2��1/2 is of

importance,27–29 where Nt is the total concentration of ion-
ized impurities and their random distribution in the crystal is
assumed. To incorporate the broadening into calculated �2
spectra, we use the Gaussian line-shape function
F�E ,E0 ,��= �2����−1 exp�−�E−E0�2 / �2��2�, where E0 is
the central �resonance� energy and E is the energy of an
absorbed photon. In these notations, the full width at half
maximum �FWHM� is equal to 4�ln 2�. The broadening pa-
rameter � due to fluctuation in the density of charged impu-
rities is related to the rms impurity potential �0 by �
=�0 /�2. Provided Nt=ne, � values quoted in Table I are
obtained. If a correlated spatial distribution of impurities did
exist at the growth temperature and this was “frozen in” dur-
ing the cooling of the sample, the broadening observed by
optical experiments at room or lower temperatures can be
significantly smaller.28 At present it is unclear whether such
correlations in impurity distribution may occur because the
growth temperature is low compared with the melting point
of GaN.30

The surface morphology and structural properties of the
samples were studied by atomic force microscopy �AFM�
and high-resolution x-ray diffraction �HRXRD�. In a 50
�50 �m2 AFM scan the rms surface roughnesses were 2.4
nm for an undoped sample and 1.9 nm for a 9.2

�1018 cm−3 Si-doped sample. Although these values are
quite similar, the slightly reduced surface roughness may be
attributed to a decrease in threading dislocations by the Si
doping.31 From the HRXRD the undoped sample shows twist
and tilt of 1000 and 300 arc sec, respectively. Quite similar
values are found for the doped sample which shows twist
and tilt of 1250 and 500 arc sec, indicating a comparable
good structural quality of the doped and undoped samples.
Optical studies confirmed this also. For example, the
FWHMs of the discrete exciton line at room temperature are
23 and 31 meV for ne=1�1016 cm−3 and ne=1.1
�1018 cm−3 samples, respectively �see �X parameters in
Table II�. The high structural and optical quality of the
samples studied has the deciding significance regarding the
determination of reliable data for the DF.

The DF was measured at room temperature by SE in a
range of 3.2–4.5 eV with spectral resolution of about 5 meV.
First, the DF of nominally undoped GaN buffer layer mate-
rial was determined. These data were then used without
change as the DF of the buffer layer in analyzing SE spectra
of Si-doped samples. For each electron concentration, three
samples with different thicknesses of the GaN:Si layer rang-
ing from 150 nm to 1.5 �m were measured. The DF was
obtained by a multiple-sample fit. Surface nonidealities
�roughness and possible contamination� were modeled using
a 50%/50% air/GaN Bruggeman effective medium. Since the
c axis is normal to the sample surface, the procedure used
yields the so-called isotropic DF. However, at room tempera-
ture and in the spectral range considered in this work, the
isotropic DF is very close to the ordinary DF, as revealed by
simulations considering the band structure of wurtzite GaN
and typical geometry of SE measurements.25,32 Therefore,
the measured DF will further be treated as the ordinary one.
The effect of the surface depletion layer will be discussed in
Sec. V.

III. ε2 SPECTRA AND MODEL

Figure 1�a� shows the measured �circles� �2 spectrum of
nominally undoped GaN with electron concentration ne=1
�1016 cm−3. The spectrum is very similar to that reported
earlier for epitaxial layers with low electron concentration.32

Analysis in Ref. 25 has revealed three contributing mecha-
nisms: discrete excitons �X�, Coulomb-enhanced BB transi-
tions, and EPCs. Their partial contributions are shown in Fig.

TABLE II. Parameters of X-like and EPC-like bands determined from fits: magnitudes �AX, AEPC�, energy positions �EX, EEPC�,
broadening parameters ��X, �EPC�, as well as the average energy of phonons ��E0� which are active in optical transitions into exciton-
phonon complexes. For the meaning of quantities f0, b, and Nm, please see the text.

ne

�1018 cm−3� AX

EX

�eV�
�X

�meV�
�EPC

�meV� f0 b
�E0

�meV�
EEPC

�eV� AEPC Nm

0.01 1 3.441 7.0 20 0.13 0.29 87 3.534 0.18 3.8

0.60 0.72 3.426 9.0 12 0.24 0.32 52 3.480 0.35 4.1

1.1 0.63 3.426 9.3 18 0.34 0.36 62 3.493 0.53 4.4

3.7 0.59 3.439 14 22 0.47 0.59 48 3.503 1.14 7.6

9.2 0.53 3.456 18 25 0.50 0.77 37 3.525 2.16 14.4

23 0.54 3.484 23 35 0.77 0.71 47 3.567 2.69 11.4
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1�a� by the thin solid, dashed, and dotted lines, respectively,
while the thick solid line represents the fit to the experimen-
tal data. The inset of Fig. 1�a� shows the absorption coeffi-
cient 	 determined from the measured DF. As mentioned in
Sec. I, there is a qualitative resemblance between 	 and �2
spectra in a region close to the band gap. However, explicit
quantitative details of the absorption spectrum depend also
on the spectrum of the real part of the DF.

In Fig. 1�b� we reproduce the experimental �2 spectrum
for nominally undoped material and show the results �solid
lines� for five different electron concentrations. For clarity,
curves for GaN:Si are vertically displaced downward with a
step of 0.5. As seen, the effect of doping is to change the
shape of the absorption edge, as well as to shift it slightly to
the low-energy side and then to higher energies, when the
electron concentration exceeds �3�1018 cm−3.

Our quantitative analysis of this behavior is based on the
experimental finding that the �2 curves for doped samples
approach the ne=1�1016 cm−3 curve at photon energies
above 4 eV, i.e., �2 values in this spectral range are indepen-
dent of the electron concentration within an experimental
error of 
3%. This important feature is illustrated in the
inset of Fig. 1�b� by comparison of 3.7�1018 and 2.3
�1019 cm−3 samples to undoped GaN. A similar observation
was made for the absorption coefficient of doped GaAs in
the above-band-gap spectral region.17,33,34 This means that,
despite large changes in the optical response immediately at
the absorption edge, the Coulomb enhancement of BB tran-
sitions persists.

As mentioned previously it follows that the free-carrier
screening of the Coulomb attraction between the photoex-
cited electron and hole in the final state of the optical BB
transition is negligibly small even if the free-carrier concen-
tration is in excess of the Mott density. The observation of no
�or low� screening may be qualitatively explained as follows.
In a doped n-type semiconductor, for each ionized donor
there is exactly one electron in the CB �we assume no com-
pensation�. The electrons are distributed about the donors to
provide a steady-state screening. If a new photoexcited e-h
pair arises, a certain time is required for the electron-donor
system to respond. When a photon of energy E is absorbed,
the electron and hole are created with kinetic energy E−Eg,
where Eg is the band-gap energy. If this kinetic energy is
small, the particles move slowly and the electron-donor sys-
tem reacts instantaneously to the electron-hole position, i.e.,
the e-h interaction will be screened. However, for fast par-
ticles there is insufficient time to screen their electric field
and the Coulomb e-h attraction is not changed from its un-
screened value. Hence, the Coulomb enhancement of optical
transitions persists. Similar observations were also reported
for highly �above the Mott density� photoexcited GaAs �Ref.
11� and Ge.5

Based on the persistence of the Coulomb enhancement, as
discussed above, we calculate the contribution of BB transi-
tions for doped GaN in the same manner as it was done for
GaN with low electron concentration in Ref. 25. The only
modification needed is to take into account the occupation of
CB and VB states by introducing a factor �f�Ev�v

�k��
− f�Ec�k���, where f is the Fermi-Dirac distribution function,
k is the wave vector of the photogenerated electron and hole,
Ec�k� is the CB dispersion relation, and Ev�v

�k� is the dis-
persion relation for holes belonging to the valence subband v
�v=A, B, or C� with the spin variable �v=
. As mentioned
in Sec. II, the ordinary imaginary part of the DF is calculated
and compared with experiment in this work. Then, according
to Eq. �1� of Ref. 25, the contribution of BB transitions is
expressed as follows:

FIG. 1. �a� Measured �circles� imaginary part of the DF of un-
doped GaN and fit �thick solid line�. Lines denoted by X, BB, and
EPC show contributions of discrete excitons, band-to-band transi-
tions, and transitions into exciton-phonon complexes, respectively.
The inset presents the absorption coefficient determined from the
measured DF. �b� Measured �solid lines� imaginary part of the DF
for different electron concentrations. Curves are vertically dis-
placed, for clarity. Numbers on the right indicate the electron con-
centration in units of 1018 cm−3. The X and EPC bands of undoped
GaN �solid arrows� are transformed into broader X-like and EPC-
like bands for high electron concentrations �open arrows�. For the
meaning of dashed and dotted lines, see the text. In the inset, �2

spectra of 3.7�1018 �dotted� and 2.3�1019 cm−3 �circles� samples
are compared to the spectrum of undoped GaN �thin solid line�.

SHOKHOVETS et al. PHYSICAL REVIEW B 79, 045201 �2009�

045201-4



�2,BB
� �E� =

A0m0EP
�

16�2E2 	
v,�v



BZ

�1 + fx�Sv − 1���f�Ev�v
�k��

− f�Ec�k���Fv�v

� �k���Ec�k� − Ev�v
�k� − E�dk ,

�2�

with

Sv = �2�/��v�/�1 − exp�− 2�/��v�� , �3�

where the superscript � denotes quantities related to the or-
dinary wave, A0= ��2e2� / ��0m0

2�, � is the Planck constant, m0
is the free-electron mass, EP

� is the interband momentum
matrix element in energy units, Sv is the Sommerfeld factor,
Fv�v

� �k� is the relative transition probability,25 �v= �E
−Egv� /Ebv, Egv is the energy gap between the CB and the VB
v at k=0, and Ebv is the exciton binding energy of the exci-
ton series belonging to the VB v.

The dashed line in Fig. 1�b� shows the calculated contri-
bution of BB transitions for the highest electron concentra-
tion studied, with the band-gap energy being taken to be the
same as for undoped GaN. As seen, the calculated absorption
edge is placed much higher than the measured one, indicat-
ing a considerable band-gap narrowing. Reducing the band
gap by 0.15 eV results in the dotted curve. Comparison to the
experimental �2 spectrum reveals that the shape of the ab-
sorption edge cannot be accounted for by the Coulomb-
enhanced BB transitions alone. Additional contributions are
evident, which are indicated by open arrows and will further
be called X-like and EPC-like optical transitions.

Now we introduce the model for the line-shape analysis
of �2 spectra of doped GaN. The contribution of BB transi-
tions is calculated by Eqs. �2� and �3�. We will assume that
the energy spacings between the A, B, and C VBs as well as
the dispersion relations in the CBs and the VBs are doping
independent. Then, only the band-gap energy EgA is an ad-
justable parameter to be derived by comparison with experi-
ment. X-like and EPC-like transitions are modeled in terms
of two line-shape functions which were used in Ref. 25 for
GaN with low electron concentrations to describe discrete
excitons and exciton-phonon complexes. The former line-
shape function consists of contributions from ground and
excited states of the A, B, and C excitons �see Eq. �2� of Ref.
25�. In undoped GaN with low electron concentration, the
position of discrete exciton lines with respect to the band gap
Egv is specified by the exciton binding energy Ebv. It is easy
to see in Fig. 1�b� that the X-like band does not follow the
continuum edge as the electron concentration increases.
Therefore, for the sake of describing X-like transitions, we
reformulate Eq. �2� of Ref. 25 by introducing an additional
parameter EGv that plays the role of an effective optical band
gap to which the X-like band is coupled in doped GaN. It is
assumed that the energy spacing between EGv values �v=A,
B, or C� is identical to that for Egv regardless of the electron
concentration. Then, the contribution of X-like transitions is
expressed as follows:

�2,X
� �E� = AXfx

A0m0EP
�

2E2 �8��0�s

e2 �3

	
v

	
n=1



Fv�
DX�Ebv

n
�3

���E − EGv +
Ebv

n2 � , �4�

where AX is the normalized magnitude of the X-like band
�i.e., AX=1 by definition for undoped GaN�, Fv�

DX is the rela-
tive oscillator strength of excitons belonging to the VB v for
undoped GaN,25 and n is the principal quantum number as-
sociated with a given excitonic transition. Note that, accord-
ing to Eq. �4�, the relative oscillator strength of A, B, and C
excitons which form the X-like band is given by the product
AXFv�

DX, with the dependence on doping being carried over
the parameter AX to be deduced from fits to experimental
data �see Table II for the determined AX values�. For low
electron concentrations, EGv=Egv is fulfilled, whereas EGv
�Egv should be expected for doped GaN. In the latter case,
EGA and EgA values are treated as independent adjustable
parameters to be determined from comparison of calculated
and measured �2 spectra. After having calculated the contri-
bution of X-like transitions, the effect of EPC-like transitions
is modeled as multiphonon �N=1,2 ,3 , . . .� replicas of the
X-like contribution scaled by a factor �f0 /AX�bN−1 and
shifted to higher energies by N�E0, where �E0 corresponds
to a phonon energy. Quantities f0 and b are discussed in Sec.
V and their values are provided in Table II.

The broadening is incorporated into calculated �2 spectra
using the Gaussian line-shape function �see Sec. II�. Fits to
experimental data revealed that BB, X-like, and EPC-like
transitions are described by different broadening parameters
�BB, �X, and �EPC, respectively. As Fig. 1�a� shows, discrete
states of individual excitons are not resolved at room tem-
perature and a slightly asymmetrical band results for X-like
transitions with the peak at some photon energy EX between
A and B excitons. The asymmetry is mainly caused by the
reduced oscillator strength of B and C excitons compared to
the A exciton. Note that for the extraordinary wave, the
shape of an X-like band would be different. The contribution
of EPC-like transitions is small for undoped GaN �see the
dotted line in Fig. 1�a��. However, it is strongly enhanced in
degenerately doped GaN, with the EPC band becoming quite
broad and strongly asymmetric �see �2 spectrum for ne=2.3
�1019 cm−3 sample in Fig. 1�b��. As Secs. IV and V will
demonstrate, the procedure presented above provides an ac-
curate description and quantifying of doping effects on the
optical response in a uniform manner over the whole range
of electron concentrations.

Finally we quote the fitting parameters. These are the
band-gap energies EgA and EGA, the magnitude AX of the
X-like band, the quantities f0, b, and �E0 to describe the
EPC-like band, as well as the broadening parameters �X and
�EPC for X-like and EPC-like transitions, respectively. Note
that EGA is a formal parameter in our model, and only EX
values will be discussed below. The Fermi energy is taken
from Table I. To achieve good fit to experimental data at
photon energies above 4 eV, a slight adjustment of the mo-
mentum matrix element EP

� was needed for different
samples. However, the EP

� variations are well within experi-
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mental uncertainty of �2 values in this spectral range. As for
the broadening of BB transitions for doped samples, fits al-
lowing �BB to vary resulted in values close to � in Table I.
Therefore, �BB=� was taken for GaN:Si samples. Only for
undoped GaN, the � value is significantly smaller than the
observed broadening, and �BB was set to be equal to �X �see
Sec. V for more details�.

IV. LINE-SHAPE ANALYSIS

Figure 2 shows the band structure of wurtzite GaN in the
energy range responsible for the fundamental absorption
edge. The lowest conduction band is doubly spin degenerate.
Each of the three highest VBs �A, B, and C� is splitted into
two subbands �except for the wave-vector direction parallel
to the c axis�. These subbands correspond to two possible
values of the spin variable and are referred to as the upper
valence subband and the lower valence subband �see Ref. 25
for more details�. Owing to small values of the crystal-field
and spin-orbit energies, all six valence subbands of wurtzite
GaN are strongly nonparabolic and nonspheric near the zone
center �see Fig. 2� and, in general, one might expect a non-
trivial and concentration-dependent shape of the absorption
edge due to direct BB transitions in doped crystals. In Fig. 2,
short open and filled arrows indicate wave vectors of free
electrons at the Fermi level for electron concentrations of
3.7�1018 and 2.3�1019 cm−3. The long open arrows denote
direct optical transitions from the VBs to the CB Fermi-level
states for the former concentration. Note, for reference, that

the �F=0 position of the Fermi level would correspond to
ne=1.5�1018 cm−3. Below we address effects of different
VBs on the shape of the absorption edge by an example of
ne=3.7�1018 cm−3. The inset of Fig. 2 shows that the ab-
sorbed photon energy via transitions into the Fermi-level
states of the CB is different for different valence subbands.
Within each subband, there is a dependence on the angle �
between the wave vector and the optic �c� axis. This should
result in smearing absorption edges belonging to different
valence subbands. In addition, as Fig. 3 demonstrates, the
transition probability depends very much on both the direc-
tion and the length of the wave vector, which is caused by a
strong mixing of VB states at nonzero wave vectors. Thus,
considering Figs. 2 and 3, one can conclude that, in general,
contributions to the DF from different VBs and different k
points of the Brillouin zone are very different. The essential
point is, therefore, that the transition probability and the VB
structure are to be treated together in order to calculate the
actual shape of the absorption edge due to BB transitions.

In Fig. 4�a�, contributions from A, B, and C VBs are
shown by thin solid lines. Note that the Fermi surface is not
sharply defined at room temperature. There are empty states
even near the CB bottom. Applying the Coulomb enhance-
ment results then in a steplike onset of the absorption at the

FIG. 2. Band structure of wurtzite GaN. The kt �kz� axis corre-
sponds to wave vectors perpendicular �parallel� to the optic axis.
Upper and lower valence subbands �Ref. 25� are shown by solid and
dotted lines, respectively. Short open and filled arrows indicate
wave vectors of free electrons at the Fermi level for electron con-
centrations of 3.7�1018 and 2.3�1019 cm−3, respectively. Long
open arrows denote direct optical transitions from the valence band
into the conduction-band Fermi-level states for the electron concen-
tration of 3.7�1018 cm−3. The inset shows that, for each valence
subband, the absorbed photon energy is a function of the angle
between the wave vector and the optic axis.

FIG. 3. Relative probability of direct optical transitions from A
�top�, B �middle�, and C �bottom� valence bands into the conduction
band for the ordinary wave as a function of the wave-vector length
for three angles between the optic axis and the wave vector: squares
for 0°, circles for 45°, and triangles for 90°. Solid lines superim-
posed on the symbols refer to upper valence subbands, while dotted
and dashed lines stand for lower valence subbands �Ref. 25�.
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relevant band gaps. For clarity, filled and open arrows in Fig.
4�a� indicate the band-gap energy EgA and an average photon
energy for transitions from the VB A to the CB states at the
Fermi level �see also Fig. 2�. The dotted line in Fig. 4�a�
denoted by BB is the sum of the A, B, and C contributions.
Features due to the B and C VBs become hardly identifiable
on this scale. Incorporating the broadening caused by fluc-
tuations in distribution of impurities, which is quite large
�see the � parameter in Table I�, results in the thick solid line
which is practically structureless. Comparison to the experi-
mental spectrum �circles� clearly demonstrates the existence
of X-like and EPC-like transitions. The solid line in Fig. 4�b�
is the fit to the experimental data using the model introduced
in Sec. III. Contributions of partial mechanisms are also pre-
sented. Along with fitting parameters described in Sec. III,
additionally the peak energy EEPC of the EPC-like band, as
well as the spectrally integrated strength of the X-like and
EPC-like transitions were determined from this line-shape
analysis. The spectrally integrated strength normalized to the
spectrally integrated strength of discrete excitons for un-
doped GaN is given by AX and AEPC= f0	N=1

 bN−1 for X-like
and EPC-like bands, respectively.

V. RESULTS AND DISCUSSION

Our main focus in this section is to discuss the electron-
concentration dependence of the X-like and EPC-like bands
and to explain their origin. First, however, remarks on the
effect of the surface depletion layer on the measured DFs
should be made. The magnitude of the absorption coefficient
of GaN close to the absorption edge �see inset of Fig. 1�a��
implies that the penetration depth d0 of light during SE ex-
periments is slightly larger than 100 nm. This is considerably
less than the width w0 of the depletion region for nominally
undoped GaN with ne=1�1016 cm−3 �see Table I�, which
means that the electric-field strength does not change much
within the penetration depth of light. Using FS and w0 values
for this electron concentration from Table I as well as the d0
value mentioned above, we see that the measured �2 spec-
trum corresponds to approximately 70 kV/cm which is below
the ionization electric-field strength for excitons in GaN
��85 kV /cm �Refs. 35 and 36��. Under such conditions, a
slight shift to lower photon energies and field-induced broad-
ening of discrete excitonic lines is expected as compared to
the zero-field limit. Indeed, we observed for nominally un-
doped GaN that the broadening of X-like transitions �X sig-
nificantly exceeds the expected broadening � due to ionized
impurities �compare Tables I and II�. Note, however, that
interactions with phonons are important at room temperature
which can also be responsible for the observed �X value.

For ne�3.7�1018 cm−3, the inequality d0�w0 is ful-
filled and the existence of a thin surface depletion layer may
be ignored. Hence, the measured �2 spectra are characteristic
of heavily doped GaN with nominal electron concentrations
given in Table I.

With regard to ne=6�1017 and 1.1�1018 cm−3 samples,
the surface electric field is strong, while d0 and w0 are com-
parable, with d0 being larger than w0 �see Table I�. As a
result, high-, low-, and zero-field regions will contribute to
the reflection and there are considerable spatial variations in
the DF within the penetration depth of light. Generally
speaking, a multilayer formalism35 should be employed to
extract the zero-field DF from the experimental SE data for
these two electron concentrations. However, it would require
a much more complicated analysis because electric-field ef-
fects on the DF of GaN can be treated only numerically.36 In
this work, we have not tried to take the presence of the
depleted layer into a quantitative consideration.

Figure 5�a� presents the determined band-gap energy EgA
�squares� as well as peak positions EX �triangles� and EEPC
�circles� of X-like and EPC-like bands as a function of elec-
tron concentration. The normalized spectrally integrated
strength of X-like and EPC-like transitions is shown in Fig.
5�b�. Other parameters determined from fits are given in
Table II and in the inset of Fig. 5�b�. The observed band-gap
narrowing is described by EgA�ne�=EgA�0�−Kne

1/3 with
EgA�0�=3.478 eV and K=4.98�10−8 eV cm �solid line in
Fig. 5�a��. K values from 1.3�10−8 to 5.7�10−8 eV cm
have been reported from various experiments.37–40 The dis-
crepancy can be related to different experimental methods,
crystal quality, and doping range studied. Peculiarities of Si
incorporation and doping-dependent defect microstructure of
samples also play a significant role.39,41

FIG. 4. �a� Contributions to the imaginary part of the DF due to
band-to-band optical transitions from A, B, and C valence bands
�thin solid lines�, their sum without broadening �dotted line� and
with incorporated broadening �thick solid line�. The electron con-
centration is 3.7�1018 cm−3. Filled and open arrows indicate the
band-gap energy EgA and an average photon energy for transitions
from the VB A to the CB states at the Fermi level. For comparison,
experimental data are shown by circles. �b� Fit �thick solid line� to
the experimental data �circles�. Three contributing mechanisms are
caused by band-to-band �dashed line�, X-like �thin solid line�, and
EPC-like �dotted line� optical transitions.
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The X band for undoped GaN with ne=1�1016 cm−3 lies
19 meV below the band gap �continuum edge� and, accord-
ing to Ref. 25, is related to discrete excitons. The energy
spacing between the X and EPC bands is close to the LO-
phonon energy, and the EPC band is interpreted as optical
transitions into exciton-phonon complexes. Parameters of the
X and EPC bands for ne=1�1016 cm−3 are given in Table

II. They are in close agreement with those in Ref. 25. As the
electron concentration is increased, there is initially a shift of
the X-like band by 15 meV to the low-energy side for 6
�1017 and 1.1�1018 cm−3 samples �see Fig. 5�a� and Table
II�. As discussed in Sec. I, an approximately unchanged en-
ergy of excitonic resonance should be expected below the
Mott density. We do not believe that the main reason for the
observed decrease in peak energy of the X-like band is the
presence of the depletion layer, although the Stokes shift of
discrete exciton lines �which, however, does not exceed
�4 meV �Ref. 36�� and possible interference effects caused
by electric-field inhomogeneities could affect peak positions
and line shapes.35 It is rather the effect of Si incorporation
and related changes in the crystal microstructure �local
strain, extended defects, etc.� that resulted in a noticeable
redshift of the X-like band for 6�1017 and 1.1
�1018 cm−3 samples with respect to undoped GaN. Note,
however, that the energy gap between the X-like band and
the continuum edge diminishes because the latter lowers
more rapidly �see Fig. 5�a��. When the electron concentration
exceeds �2�1018 cm−3, the X-like band moves into the
continuum. The spectrally integrated strength of X-like tran-
sitions is the largest one for undoped GaN and gradually
decreases as the doping density is increased �see Fig. 5�b�
and Table II for the normalized strength which is equal to
AX, as discussed in Sec. IV�. In addition, the X-like optical
transitions become progressively broader with increasing
electron concentration �see �X parameters in Table II�.

The observed behavior of the X-like band with increasing
electron concentration agrees well with what should be ex-
pected for excitonic effects from studies of other semicon-
ductors, as discussed in Sec. I. From this point of view, the
free-electron concentration of �2�1018 cm−3 should be re-
ferred as the Mott density for wurtzite GaN at room tempera-
ture. Below we show that this value is close to the expected
one from criterion �1�. Assuming that the screening of the
Coulomb attraction between photoexcited electrons and
holes is caused by free electrons, the screening length is
calculated by RS= ��e2 /�0�s��dne /d�F��−1/2, where �F is the
Fermi energy �see, e.g., Ref. 42�. The result for 300 K is
presented in Fig. 5�c� by the solid line. For comparison, two
commonly used approximations, known as the Debye-
Hückel and Thomas-Fermi screening lengths, are shown by
the dotted and dashed lines, respectively. As seen, both mod-
els underestimate the actual screening length in the interme-
diate range of electron concentrations and are only valid for
low-density and high-density limits, respectively. With
known screening length as a function of electron concentra-
tion, the Mott density nM is derived by applying criterion �1�.
To calculate the temperature dependence of nM shown in the
inset of Fig. 5�c�, the static dielectric constant, the exciton
binding energy, and the exciton Bohr radius were linearly
interpolated between their low-temperature ��s=9.14, Eb
=26.0 meV, and ax=2.97 nm� and room-temperature ��s
=9.60, Eb=23.6 meV, and ax=3.12 nm� values. The elec-
tron effective mass at the CB bottom �me0=0.183m0� and
coefficients of the CB nonparabolicity were assumed to be
independent of temperature. More details about the param-
eters of wurtzite GaN can be found in Ref. 25. The calcula-
tion yields nM =3.0�1018 cm−3 for 300 K which is in satis-

FIG. 5. �a� Band-gap energy �squares� and peak positions of
X-like �triangles� and EPC-like �circles� bands as a function of elec-
tron concentration. The solid line is a fitting curve for the observed
band-gap narrowing. The dotted line represents the expected
doping-dependent one-particle absorption edge �see the text�. �b�
Electron-concentration dependence of the normalized spectrally in-
tegrated strength of X-like �triangles� and EPC-like �circles� bands.
Solid lines are guide for the eyes. The inset shows two branches
�solid lines� due to the plasmon-phonon coupling. Horizontal dotted
lines indicate the energy of LO and TO phonons for undoped wurtz-
ite GaN. Circles are the determined average energies of phonons
that participate in optical transitions into exciton-phonon com-
plexes. �c� Calculated screening length as a function of free-electron
concentration for n-type wurtzite GaN at room temperature �solid
line�. Two commonly used approximations, Debye-Hückel and
Thomas-Fermi screening lengths, are shown by dotted and dashed
lines, respectively. The inset presents the temperature dependence
of the Mott density calculated by applying criterion �1�.

SHOKHOVETS et al. PHYSICAL REVIEW B 79, 045201 �2009�

045201-8



factory agreement with the experimental data of Fig. 5�a�.
From high-excitation photoluminescence studies at low

temperatures, Binet et al.43 reported on significantly larger
nM values. Extrapolation of their data to room temperature
would result in nM �1�1019 cm−3. Note, however, that
those data correspond to a threshold in the luminescence in-
tensity on the high-energy side of the spectrum, and their
physical meaning is different from that defined by criterion
�1�.

The dotted line in Fig. 5�a� is the expected one-particle
absorption edge corresponding to direct optical transitions
from the VB into the CB states at the Fermi level for ne
�1.5�1018 cm−3. As Fig. 4�a� shows, the contribution of
the C VB to the DF is small compared to the A and B VBs.
Therefore, considering a relatively small energy separation
between the A and B VBs over the whole electron-
concentration range studied �see Fig. 2� as well as smearing-
out effects due to the VB nonsphericity, blurring of the Fermi
surface at room temperature, and the broadening of optical
transitions �see Sec. IV�, we estimate the one-particle absorp-
tion edge by Eedge=Ec�kF�− �EA�v

�kF�+EB�v
�kF�� /2, where

kF c was taken to calculate the dotted curve in Fig. 5�a�.
Note that valence A and B subbands are spin degenerate for
this k direction and states with k directions near the optic
axis dominate in optical transitions for the ordinary wave
�see Fig. 3�. The most striking feature of the X-like band is to
follow the “classical” one-particle absorption edge for de-
generate GaN. This is a strong argument for the interpreta-
tion of the observed enhancement of optical transitions �the
X-like band� as Fermi-edge excitons, as first predicted by
Mahan.15 As seen in Fig. 5�b�, the spectrally integrated
strength of optical transitions due to Fermi-edge excitons
shows only a weak doping dependence and amounts to ap-
proximately one-half of that for discrete excitons in undoped
GaN.

In the following we address the EPC-like band which we
account for by optical transitions into exciton-phonon com-
plexes. This band is always well separated from and is con-
siderably broader and asymmetrical than the X-like band �see
Table II, as well as Figs. 1, 4, and 5�a��. For example, the
width of the high-energy side of the EPC band for ne=9.2
�1018 cm−3 is approximately twice the width of the low-
energy side. In contrast to the X-like band, the spectrally
integrated strength of the EPC-like band increases with in-
creasing electron concentration �see Fig. 5�b��. For degener-
ately doped GaN, the spectrally integrated contribution of
EPC-like transitions even exceeds that of discrete excitons
for undoped GaN. Below we interpret these features using
the model described in Sec. IV. Within this model, the quan-
tity �E0 has a meaning of an average energy of phonons
which participate in the coupling between the lattice and
excitons. The quantity f0bN−1 yields the normalized spec-
trally integrated strength of transitions via which a photon
creates simultaneously exciton and N phonons, with f0 being
the normalized strength of the N=1 �one-phonon� transitions.
The total normalized spectrally integrated strength of the
EPC-like band is expressed as AEPC= f0	N=1

 bN−1. These
quantities can also be understood in terms of an exciton sur-
rounded by a cloud of virtual phonons. In this case, the
�f0 /AEPC�bN−1 value is interpreted as the partial contribution

of a state with N phonons to a statistically averaged steady
state of exciton-phonon complexes �see Ref. 25 for more
details�. For instance, Table II shows that, in contrast to un-
doped GaN, contributions of X-like transitions and EPC-like
one-phonon transitions are comparable in degenerately
doped GaN �compare AX and f0 values�. The b parameter is
a measure for the asymmetry of the EPC-like band, with a
larger b resulting in a more asymmetrical band. The deter-
mined b value increases, while the ratio f0 /AEPC decreases
with increasing electron concentration, which clearly demon-
strates an enhanced role of multiphonon states in the optical
response of heavily doped GaN.

For a given electron concentration, the quantity bN−1 rep-
resents the relative contribution of a N-phonon replica with
respect to that of the one-phonon replica. Since b�1 �see
Table II�, the contribution of multiphonon replicas decreases
with increasing N. An estimation of the maximum number of
phonons Nm to be effective in optical transitions into the
EPCs can be obtained by setting bNm−1=0.03, i.e., the
Nm-phonon replica is considered to make a 3% contribution.
The latter is an experimental error in the determination of the
DF �see Sec. III�. All N�Nm replicas are neglected. As seen
in Table II, the determined Nm significantly increases with
increasing electron concentration of up to ne=9.2
�1018 cm−3. Afterward, there is an indication of a maxi-
mum �or saturation�.

From polaron theory, where the interaction of electrons
with lattice via LO phonons is assumed to be dominant, the
average number of phonons in the cloud surrounding an elec-
tron is known to increase as the electron energy is
increased.44,45 Moreover,46 a singularity �infinite average
number of phonons in the polaron cloud� is expected when
the kinetic energy of the electron approaches the LO-phonon
energy ���LO=91.5 meV for wurtzite GaN �Ref. 25��. If the
electron kinetic energy exceeds ��LO, the electron can emit a
phonon, i.e., the interaction between the lattice and carriers
changes drastically. Actually, the interaction of LO phonons
with plasmons in a doped semiconductor leads to the split of
the LO resonance into two branches ��+ and ��− given by47

�

2 =

1

2
��LO

2 + �p
2� 


1

2
���LO

2 + �p
2�2 − 4�p

2�TO
2 , �5�

where ��TO is the TO-phonon energy, �p
= ��nee

2� /�0�me�1/2 is the plasmon frequency, � is the high-
frequency dielectric constant, and me is the electron effective
mass. The result is shown in the inset of Fig. 5�b� by solid
lines. �We used the momentum effective mass at the Fermi
level as me for degenerate GaN.25� In consequence of the
plasmon-phonon coupling, electric fields of LO phonons will
be screened at large electron concentrations, and the phonon-
like mode has a frequency �TO, not �LO. Then, having in
mind the average number of phonons in the polaron cloud,
the peculiar electron concentration is achieved if the Fermi
energy is equal to ��TO �67.7 meV �Ref. 25��. This would
correspond to ne=7.6�1018 cm−3, which is somewhat lower
than what the experiment yielded �see Table II�. So far, how-
ever, we have not considered the second member of the pho-
toexcited e-h pair—the photoexcited hole. On the one hand,
the Fröhlich coupling constant of holes with the lattice in
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GaN is larger than that of electrons.25 As a result, a slow hole
polaron has more phonons in its phonon cloud as compared
to a slow electron polaron. On the other hand, owing to
different effective masses, the kinetic energy of the hole be-
longing to an e-h pair created by a high-energy photon is
significantly smaller than the kinetic energy of the electron.
Then, considering an exciton-phonon complex as a sum of
an electron polaron and a hole polaron, we expect that the
peculiarity in the Nm dependence will be shifted to higher
electron concentrations, in agreement with the experimental
observation. This consideration indicates also that the rising
role of exciton-phonon complexes in degenerate GaN is re-
lated to an enhanced coupling of a photoexcited e-h pair with
the crystal lattice in the final stage of optical transition due to
a high-energy photon. Owing to the increased kinetic energy
of the photocreated electron and hole, states of the phonon
cloud with different numbers of phonons �from 1 to �Nm�
can be formed, which results in an increasing number of final
states for the relevant optical transitions.

The above arguments account for the role of EPCs in the
optical response of doped wurtzite GaN only in a qualitative
manner. For example, it is unclear whether the phonon cloud
of an exciton created by a high-energy photon may be treated
as being made up of independent electron-polaron and hole-
polaron clouds. In a rigorous presentation, all electrons and
holes near the band edges should be replaced by polarons.
Nonresonant and resonant polaron effects due to the interac-
tion with optical phonons should be considered in a way
similar to studies of GaAs and InP in an external magnetic
field �see, e.g., Ref. 48 and references therein�. Strong non-
parabolicity and nonsphericity of the VB should also be of
importance. A further complexity may arise from changes in
the structure of the phonon cloud around the exciton as dop-
ing increases. To illustrate this, �E0 values from Table II are
shown in the inset of Fig. 5�b�. For undoped GaN, �E0 is
close to the LO-phonon energy. At intermediate electron con-
centrations, �E0 values may be explained as being due to the
mixture of ��+ and ��− modes. For degenerate samples,
�E0 is somewhat less than ��TO. The latter can be attributed
to a large average number of phonons in the phonon cloud
around the exciton �see Table II�. As a result, all long-
wavelength optical phonons may be assumed to be involved
in the coupling between the lattice and excitons. The effec-
tive average phonon energy will then be smaller as compared

to the energy of screened LO phonons. A similar complicated
structure of the phonon cloud around the exciton was also
observed for ZnO.25

VI. SUMMARY

We measured the imaginary part of the DF of n-type
wurtzite GaN with electron concentration from 1�1016 to
2.3�1019 cm−3 in the spectral range of 3.2–4.5 eV at room
temperature. The comprehensive line-shape analysis showed
that excitonic effects on the optical response are important in
the whole doping range. For low electron concentrations, we
observe contributions from discrete excitons, Coulomb en-
hanced BB optical transitions, and transitions into EPCs. In
degenerate GaN, along with the Coulomb enhanced BB tran-
sitions, we identify Fermi-edge excitons and observe a sig-
nificant enhancement of the optical response due to EPCs.
The doping dependence of the measured �2 spectra indicates
the Mott density of about 2�1018 cm−3.

The Fermi-edge exciton band follows the classical one-
particle absorption edge which would result from direct op-
tical transitions from the valence band into the Fermi-level
states of the conduction band. The broadening of the Fermi-
edge exciton band increases with increasing free-electron
concentration, while its spectrally integrated strength shows
only a weak doping dependence and amounts to approxi-
mately one-half of the strength for discrete excitons in un-
doped GaN.

The EPC contribution is small at low electron concentra-
tions. However, it is strongly enhanced for degenerately
doped GaN. In addition, the EPC band becomes highly
asymmetric. Our analysis of this behavior showed that states
with different numbers of phonons �from one to approxi-
mately ten� are active in optical transitions into the EPCs in
heavily doped GaN.
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