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The interplay between band gap renormalization and band filling (Burstein-Moss effect) in n-type wurtzite
GaN is investigated. For a wide range of electron concentrations up to 1.6x 10%° cm~3 spectroscopic ellipsometry
and photoluminescence were used to determine the dependence of the band gap energy and the Fermi edge
on electron density. The band gap renormalization is the dominating effect up to an electron density of about
9% 10' cm~3; at higher values the Burstein-Moss effect is stronger. Exciton screening, the Mott transition, and
formation of Mahan excitons are discussed. A quantitative understanding of the near gap transition energies on
electron density is obtained. Higher energy features in the dielectric functions up to 10 eV are not influenced by

band gap renormalization.
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I. INTRODUCTION

Layers exhibiting high carrier densities are the basis of
any electrically driven semiconductor device in electronics
or optoelectronics. The wide band gap semiconductor GaN
has gained importance as a material basis for both types of
devices. As examples, we only name nitride high-electron
mobility transistors and blue light emitting or laser diodes.
Despite the successful application of GaN, the fundamental
understanding of basic physical properties induced by high
electron concentrations is still insufficient.

In this paper we discuss one of the most important
semiconductor material parameters, namely the fundamental
band gap and related transition energies as a function of free
electron concentration due to doping. It has been well known
for decades that an increase in carrier density leads to filling of
states in the band, thus shifting the absorption onset to higher
energies. This effect was independently found by Moss [1] and
Burstein [2] in 1954 and is called Burstein-Moss shift (BMS).
It is strongest in narrow band gap semiconductor materials
because the effective mass increases with increasing band gap
roughly asm™*/mgy o< Eg/20eV, and the density of states D(E)
is proportional to m**/? in three-dimensional material. A larger
band gap thus leads to a larger density of states which is only
filled for higher electron concentrations, which are on the other
hand harder to achieve for larger band gap materials.

In contrast, band gap renormalization (BGR) [3] decreases
the fundamental band gap energy Eg with increasing carrier
density due to electron-electron and electron-ion interaction.
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Because both BGR and BMS affect the semiconductor simul-
taneously, the absorption onset is found by superposition of
both energy shifts. In a certain carrier density regime BGR and
BMS have very similar magnitude, yielding a nearly constant
absorption onset which is discussed in detail below.

For lower band gap semiconductors, these effects were
identified and discussed decades ago. An excellent early re-
view is provided by Ref. [4]. Few years later, Mahan discussed
from theoretical point of view the different participating energy
terms in renormalization vs Burstein-Moss shift [5]. His results
still hold today; he, however, treated the more complicated
case of the indirect semiconductors Si and Ge having several
equivalent conduction bands.

BGR and BMS are of major importance for understanding
GaN already within technically relevant electron doping
ranges. Surprisingly enough, only little attention was paid
to BMS and BGR in GaN. The BMS in GaN was observed
already in 1994 [6] but then only scarcely investigated later [7].
Recently this subject is moving back to the focus of scientific
research [8] partly due to the success of germanium doping up
to electron concentrations of 102 cm™3 [9,10]. For BGR in
GaN there are earlier studies investigating the renormalization
effects due to intense optical excitation [11-13], but only little
work is done on BGR due to unipolar doping [14—-18] which
of course concerns the BMS as well.

Due to great improvements in sample quality mirrored
by the increasing availability of GaN pseudo-substrates,
substrates [19], and, e.g., the high-electron density doping of
GaN by germanium [9,10] we extend the current knowledge
to a quantitative understanding of the interplay between BMS
and BGR in wurtzite GaN which has not been achieved so
far. Earlier studies relied on empirical descriptions of BGR
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TABLE I. Summary of samples and collection of lattice parameters, electron concentration as determined by Hall effect measurements and
infrared ellipsometry, and secondary ion mass spectroscopy data where available.

Sample Growth method Dopant Apan (cm™3) nrse (cm™3) [Si,Ge] (cm™3) Wiy (cm?/Vs) a(A) c(A)
A HVPE 1.4x10"? 368 3.1892 5.1854
B HVPE Si 8.7x 10" 1x 10" 400 3.1887 5.1856
C HVPE Si 1.8x10'® 1.5x10"8 2x 10" 320 3.1898 5.1854
D HVPE Si 3.3x10'8 3.8x10'8 4x10'8 260 3.1892 5.1854
E HVPE Si 7.3%x10'8 6.5x10'8 8 x 10'8 220 3.1889 5.1855
F HVPE Si 1.4x10" 1.4x10"Y 1.6 x 10" 204 3.1890 5.1855
G MOCVD Ge 3.4%x10" 3.9%x10" 125 3.1835 5.1892
H MOCVD Ge 4.9%10" 5.6x10" 5% 10" 112 3.1829 5.1902
1 MOCVD Ge 1.6x10%° 1.3%x10% 3.5 x 10% 105 3.1844 5.1886

[14—18]. Furthermore we expand the investigated free electron
concentration range to an upper limit of n = 1.6x10% cm™3
including a detailed analysis of near band gap features of
the imaginary part of the dielectric function. There we show
the transition from Wannier-Mott to Mahan [20] excitons for
increasing electron density both in absorption (ellipsometry)
and emission (photoluminescence). Furthermore, we briefly
discuss higher energy features in the dielectric functions of
doped GaN with respect to a possible BGR effect and show
that it is not observable up to a photon energy of 10 eV.

II. EXPERIMENT

For this study (0001) oriented wurtzite GaN samples with
different electron densities were selected. When possible,
bulk-like GaN crystals grown by hydride vapor phase epitaxy
(HVPE) were used to reduce strain and decrease detrimental
influences of buffer layers and foreign substrates on ellipso-
metric data analysis. However, for highest doping concentra-
tions and thus free electron densities, heteroepitaxially grown
GaN thin films were used.

The unintentionally doped (UID) sample A and the GaN:Si
samples B-F were grown by HVPE in a vertical AIXTRON
reactor on GaN seed layers deposited by metal organic
vapor phase epitaxy (MOVPE) on c-plane sapphire substrates.
Spontaneously separated large layer pieces with thickness of
about 1 mm were cut into samples by wire-saw, afterwards
double side-polished, and inductively coupled plasma (ICP)
etched for subsequent optical characterization. More details
are described in Ref. [21].

GaN:Ge samples G-I were grown by MOVPE in a
single-wafer Aixtron AIX 200/4 RF-S reactor on sapphire
substrates. An AIN/AlGaN seed and buffer layer was deposited
on the sapphire before around 1.1 pum undoped GaN was
grown. Finally, GaN:Ge was grown with a thickness of
about 800 nm. More details about growth parameters can be
found elsewhere [10]. These layers proved useful because of
extremely smooth surfaces.

High-resolution x-ray diffraction was performed on all sam-
ples to determine lattice parameters. Measurement accuracies
were £0.0001 A and £0.0002 A for the ¢ and a lattice pa-
rameters, respectively. For unstrained GaN we adopted lattice
parameters of cp = 5.18523 Aand ap = 3.18926 A [22]. These
values were used as reference to calculate the strain values for
all analyzed samples. A summary of key parameters from all

samples is presented in Table I. The lattice parameters and
the strain values are visualized in Fig. 1. The strain values
were used to correct for strain-induced band gap energy shifts.
These shifts are A Egypin < 2 meV for samples A-F but reach
values between 11 and 14 meV for samples G—I. Within the
framework of the current study, the strain-dependent energy
corrections are calculated as [23]

AEstrain = Szz(aH - Dl - D3) + 28xx(aL - D2 - D4), (1)

where a, | are the anisotropic deformation potentials of the
conduction band, D; (i =1, ...,4) are deformation potentials
of the valence bands, and ¢,, is the strain along the [0001]
axis, while £,x = &yy is the in-plane strain. Here, we use defor-
mation potentials as determined by Ishii et al. [24], namely
ay—Dy=—-65¢V,a, —D,=—-112 eV, D3 =49 eV,
and Dy = —5.0 eV. Resulting A Egy,j, are summarized in
Table II

The concentrations of Si and Ge for most of the samples
were investigated by secondary ion mass spectroscopy (SIMS)
with an uncertainty of 10%. The carrier density was measured
both by Hall effect in van der Pauw geometry (uncertainty of
5%) and independently by infrared spectroscopic ellipsometry
(IRSE) using a Woollam ellipsometer (300-6000 cm™!). The
dielectric function in the visible and ultraviolet spectral range
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FIG. 1. (Color online) Experimentally obtained lattice parame-
ters for the samples investigated. Hydride vapor phase epitaxy grown
samples are marked blue, metal organic vapor phase epitaxy grown
samples red. The strain values are given on the additional axes. All
samples are labeled according to Table 1.
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TABLE II. Summary of characteristic energies E and energy
shifts of the samples at room temperature. Characteristic energy
values are exciton transition energies (samples A-F) or the onsets
of the exciton continuum (samples G-I).

NHall E AE‘slrain AE‘BMS AE‘BGR AE‘Stokes
Sample (cm™) (V) (meV) (meV) (meV) (meV)
A 1.4x10'> 3.414 0 0 0 0
B 8.7x10'7 3.409 1 0 —45 7
C 1.8x10'® 3406 -2 8 —56 3
D 3.3x10'® 3.427 0 20 —69 25
E 7.3x10'8 3437 1 47 —91 32
F 1.4x10" 3.470 0 83 —115 68
G 3.4x10" 3548 14 200 —153 98
H 49%x10" 3.592 14 254 —177 115
1 1.6x10° 3.693 11 512 —286

was obtained by sophisticated multilayer modeling [25] of
variable angle spectroscopic ellipsometry data recorded by a
Woollam VASE (0.5-6.5 eV). For ellipsometric data in the
vacuum ultraviolet up to 10 eV samples B—I were analyzed
by a dedicated VUV ellipsometer installed at the U125/2-
NIM synchrotron beamline at the Berlin electron storage ring
for synchrotron radiation (BESSY II). There, the angle of
incidence was fixed to 67.5° [26]. All ellipsometric data were
recorded at room temperature.

Finally, photoluminescence spectra were recorded at vari-
able temperatures at two different setups. All samples were
measured between 7 K and room temperature at different
temperatures. The samples were mounted inside a helium-
cooled cryostat and excited by the 325 nm line of a HeCd
laser. The laser power of about 10 mW was focused on the
sample yielding a circular spot size of about 1 mm (Fig. 10).
Samples B-F were measured additionally at 10 K and at room
temperature in a different setup where about 20 mW of HeCd
laser power was focused down to a circular spot of around
40 pum in diameter (Fig. 11). The emitted light was detected
by a grating monochromator with high focal length to which
a liquid-nitrogen-cooled charge coupled device camera was
mounted. The highest spectral resolution selected for this work
was 180 ueV at 3.5 eV used for detecting the fine structure in
the spectra of sample A at 7 K (Fig. 10).

III. RESULTS AND DISCUSSION

A. Infrared dielectric response

Infrared spectroscopic ellipsometry is sensitive to infrared
active phonons. In our case phonons allowed for E L ¢ are
observable of which the E{(T O) and the E{(LO) modes
are of special interest. The latter one couples to plasmons
stemming from the high free electron concentration, and yields
a free carrier density dependent longitudinal phonon-plasmon
coupled (LPP) mode split into two branches. The high energy
branch, called LPP, is easily accessible in our spectral range
and allows the determination of carrier concentrations for
approximately n > 10'® cm~. When neglecting damping, the
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TABLE III. List of parameters for GaN as determined from
sample A and taken from Ref. [27]. The static dielectric constants
es were determined by using the Lyddane-Sachs-Teller relationship.

Elc Ellc
m* 0.239m, 0.216m,
fon 5.16 530
£s 9.06 10.04
w10 559.1 cm™! 533.6cm™!
Lo 741.0 cm™! 734.5 cm™!

energy position of the LPP mode is given by

2 2 2 2\ 2
win + o Wi+ w
wIZ_PP+ = 0=+ J(%) - a)%oa)}%, 2

2

using the squared plasma frequency

}’l€2

3

2
@p = EoofoM*
In Egs. (2) and (3), wro and wro are the zero carrier
density frequencies of the £ longitudinal (LO) and transversal
optical (TO) phonon frequencies. These parameters were taken
from our measurement results from sample A. n is the free
electron concentration, e the elementary charge, € is the
high frequency limit of the dielectric constant, &y the vacuum
dielectric constant, and m™ the effective electron mass which is
a constant input parameter here [27]. Parameters are tabulated
in Table III.

Spectra were measured at different angles of incidence for
every sample. Example results recorded at 60° and 72° are
shown in Fig. 2 for the HVPE grown crystals. A detailed
model of the ellipsometric parameters W and A yields wypp+
which can in turn be used to calculate wp. By Eq. (3) the
free electron concentration is finally obtained. More details

2000 500 1000 1500 2000
Wavenumber (cm™)

500 1000 1500
Wavenumber (cm™)

FIG. 2. (Color online) Infrared ellipsometry results (V) for two
selected angles of incidence (60° and 72°) and corresponding model
fits for samples A—F. The symbols represent the experimental results,
the red continuous lines the model fits. Resonance frequencies of the
upper coupled phonon-plasmon mode (LPP.) are marked by blue
vertical arrows and yield the carrier densities nrsg in Table L.
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FIG. 3. (Color online) Carrier concentrations of samples C-I as
obtained by infrared spectroscopic ellipsometry (IRSE) as a function
of carrier concentrations determined by Hall effect measurements.
The line represents equality. The effective electron mass is found to
be constant at least up to a value of n = 10% cm™3.

about the method can be found elsewhere [27]. Results are
summarized in Table I as ngsg.

Free electron concentrations obtained by spectroscopic
ellipsometry are compared to the values obtained by Hall
effect measurements and agree very well (Fig. 3). This means
the effective electron mass is constant within the doping range
investigated here. For sample I a slight deviation from the linear
behavior can be observed which is the beginning of conduction
band nonparabolicity, similar to that discussed in earlier
work [27]. The dopant atom concentration as determined by
SIMS leads us to the conclusion that nearly all dopants are
ionized at room temperature and the compensation ratio is
low. Only for sample I with ny,; = 1.6 10%° cm—3 do we
observe that less than half of the germanium atoms have
released their electron into the conduction band. The same
trend was observed earlier [10] and could be explained by
self-compensation, gallium vacancy creation, or by placing
dopant atoms not substitutionally on gallium sites but in
clusters or complexes at the highest dopant concentrations,
depending on the exact growth conditions [28].

B. Spectroscopic ellipsometry around the band edge

Absorption characteristics of the bulk-like GaN samples
and the thin films were investigated by spectroscopic ellipsom-
etry. From ellipsometric data the ordinary dielectric functions
were extracted. Their imaginary parts ¢, are shown in Fig. 4
around the absorption onset. For all samples, ¢, = 0 below
the absorption onset, while at around 4 eV the value of ¢, is
increasing from 1.6 for sample A up to 2 for sample I. The same
effect was very recently found in theoretical calculations of
heavily doped ZnO [29] and experimentally in highly Ge doped
nonpolar (1120) GaN [30]. It is thought to stem from intra-
conduction-band transitions. An even more prominent feature
is the energy shift of the absorption onset (steep increase in &;).
This onset is found at higher energies for increasing electron
concentration. Finally, the fine structure of the imaginary parts
of the dielectric functions undergoes a remarkable change
with increasing doping level. While sample A with the lowest
free carrier concentration shows a strong excitonic resonance,
visible as a sharp peak at the absorption onset, for increasing
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FIG. 4. (Color online) Imaginary parts of the ordinary dielectric
functions of all samples around the band edge. The different spectra
are vertically shifted by 0.5 for clarity.

electron density all features broaden significantly. In samples
G-I no different contributions can be distinguished anymore.
The increasing broadening of these features as a function of
electron density is due to the occupation of the conduction
band and increasing disorder with higher doping levels.

A quantification of the discussed changes of the shape of
& is done by line shape fitting of the different contributions
adding to the imaginary part of the dielectric function. The
fitting procedure is very similar to earlier published works
in ZnMgO [31] and AIN [32] and contains basically Elliot’s
model [33] expanded for the treatment of exciton-phonon
complexes [34]. To facilitate analysis we take into account
only one exciton resonance representing free excitons with
holes from both A and B valence bands and one weaker exciton
resonance for the C exciton. All excitons are assumed to be
broadened by Gaussian distributions; excited exciton states are
neglected. However, the exciton continuum is of course taken
into account. Finally, we allow for an exciton-phonon complex
contribution which is included for samples A—C only. For
electron concentrations higher than n &~ 3x10'8 cm ™ the free
carriers screen the exciton-phonon interaction effectively [35].
We use this analysis scheme for all presented samples even for
those where the free carrier contribution is higher than the
exciton Mott density which will be discussed below in detail.
Indeed, for line shape analysis of ¢, around the absorption
onset we divide the excitonic contributions into Wannier-Mott
and Mahan excitons below and above the exciton Mott density.
The binding energy of Mahan excitons is set to zero while
that of Wannier-Mott excitons is dependent on carrier density
[see Eq. (11)]. Using luminescence data recorded at low
temperatures we will refine this rough estimate to a more
realistic continuous transition from the limiting cases of
Wannier-Mott and Mahan excitons (Sec. IV).

Figure 5 presents results for the line shape analysis of &,
of samples A-F. All fitted line shapes show a close-to-perfect
agreement with the measurement results. The resulting energy
positions of the characteristic energies are discussed at the end
of the following section. Note that the contribution from the
C valence band (in analogy to cubic material frequently called
split-off valence band) is increasing in relative intensity with
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FIG. 5. (Color online) Line shape analysis of the imaginary parts
of the dielectric functions from samples A—F in the region around
the fundamental absorption edge. The spectra are shifted vertically
by 2 for better visibility. Open circles represent the experimental
&, the lines are from the model. Black continuous lines represent
Wannier-Mott or Mahan excitons with holes from the A and B valence
bands, black dashed lines mean holes from the C valence band. Blue
lines are the contributions from the exciton continuum, magenta are
exciton-phonon complexes, and red is the sum of all contributions to
the model.

increasing electron concentration. We want to stress that this
is in agreement with kp theoretical calculations [34] when the
wave vector k is increased.

C. Theoretical modeling

To describe the band gap renormalization (BGR) [3], we
first have to define several basic terms. BGR is a lowering
of the fundamental band gap energy of a semiconductor
and is expected to be dominated by two contributions [4],
namely electron-electron interaction (A E.) and electron ion
interaction (A Eg),

AEBGR = AEee + AEeia (4)

with AEpgr the overall change of the band gap energy.
Both AE.. and AEj. can be approximated analytically. The
electron-electron interaction is given by

2k, %k 4 k
AE.. = — e L 1 — Zarctan | —— , 5
2mlepes  8mepes T ktr

while electron-ion interaction is approximated by

8271

AEy; = —————. 6
° 8085a§_k%}: ©)

PHYSICAL REVIEW B 90, 075203 (2014)

] —

—rm 500
40 F 3 400
30 1300 =

20 :_ AEBM? -AEEG? _: 200

Energy shift (meV)
i
EFT'I
Energy shift (meV)

—_
o
T
|

1100

10" 10" 107 10" 10" 10% 1o210
n (cm®)

o

FIG. 6. (Color online) (Black) Exciton binding energy Eyx as a
function of electron concentration. The exciton Mott transition is
approximated as the point, where E,x = 0. (Red) Burstein-Moss
shift A Egys and (blue) band-gap renormalization —A Epgr due to
increasing free electron density. It can be clearly seen that, at around
9% 10" cm™3, the effect of BMS overcomes that of BGR.

The abbreviations in Eqgs. (5) and (6) are the Fermi vector
kg = 3mn)'/? and the estimated inverse Thomas-Fermi
screening length krgp = 2,/kp/(maf_). We neglect crystal
anisotropy here, introducing a small error in our calculations,
since an exact treatment would require numerical methods
which we want to avoid. The screened Bohr radius also known
as effective Bohr radius of the electron is

2
. drepesh

Apn_- =
B x 0
mp.e

= 2.15 nm. @)

&g is the static dielectric constant of GaN. We use the weigthed
geometric mean value of

g = ,3/ 8§J_8S|| = 938, (8)

my, is the density-of-states mass which has to be used instead
of the electron effective mass m} due to the degenerate electron
concentrations populating the entire three-dimensional density
of states. We obtain

mhe = (mimi ' = 0.231my 9)

for electron effective masses as given in Table III. The
calculated downward shift of the fundamental band gap of
GaN with increasing electron concentration is demonstrated
in Fig. 6 as —A Egr.

The Burstein-Moss shift is an upward shift of the absorption
edge of highly doped material. The idea of BMS is successive
population of band-states by carriers which relax to the lowest
available energy. Due to Pauli-blocking this energy increases
with increasing carrier density, making a semiconductor
transparent up to the degenerate Fermi energy level. BMS
in the conduction band follows the law

AEpvs = . (10)

Because optical absorption of a photon is a direct momentum
conserving transition (neglecting the momentum of the pho-
ton) also the valence band energy at kg has to be considered.
The polarization direction of the electric field vector is mainly
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perpendicular to [0001] in all cases investigated here, i.e.,
E L c, thus for the valence band dispersion only the effective
hole mass for E L ¢ has to be used. To obtain the absorption
onset, we only have to take into account the mass of the valence
band with the highest energy, which is my | = 0.57mg [36].
The simplest way to include this effect is to use a reduced
effective mass ugys = (mp.my )/ (mp, +my ) = 0.16mq
replacing mj,, in Eq. (10). The reduced effective mass accounts
for both masses of electron and hole and therefore already
contains the curvatures of conduction and valence bands which
both contribute to the blue shift of the absorption onset. In
Fig. 6 the overall dependence of AEgys for E L ¢ is shown
including the contribution arising from the valence band.

A third very important effect when considering the energy
of the absorption onset especially at lower carrier densities
is the Wannier-Mott exciton binding energy which is also
dependent on the free carrier density. A high density of charge
carriers screens the Coulomb interaction between electrons
and holes successively. A possible criterion to define the Mott
density is thus to use the electron density when the exciton
binding energy is approaching zero. This value is then called
the exciton Mott density. The reduction of the free exciton
binding energy can be estimated by the exchange energy.
For our case the absolute value of the Wannier-Mott exciton
binding energy is therefore

2 202.2\1/3
e 3e“(3m
_ 3BT s

(4m)eoes

an

Evx =
8 pesaf

However, the effective electron mass entering ag. in Eq. (11)
is the reduced effective mass, this time averaged over the
three-dimensional density of states both in the conduction
and in the valence bands. For the highest valence band
miy, equals 0.87m [36], the reduced effective mass is u* =
(mpempy,)/(mpy, + mp,) = 0.18my, the screened exciton Bohr
radius amounts to ap, = 2.76 nm, and the calculated zero
density exciton binding energy, defined by the first term
in Eq. (11), is 28 meV, in excellent agreement with more
sophisticated calculations [37]. The exciton Mott density
according to this definition is nyeq = 1.5x10' cm™3. The
functional dependence of Eyx on the charge carrier density is
shown as well in Fig. 6.

Instead of the concept of an exciton Mott transition, a
continuous transition between Wannier-Mott excitons below
and Mahan excitons [38] above the exciton Mott density would
be more appropriate [39]. For the line shape fits of room
temperature ¢, data (Fig. 5), it is sufficient to set the Mahan
exciton binding energy to zero. This holds because measured
energy shifts are dominated by other effects especially BMS
and BGR for higher carrier concentrations and by Wannier-
Mott exciton screening at lower carrier densities. Note, that
the exciton binding energy roughly follows an exponential
decrease for increasing free carrier density as shown for ZnO
in Ref. [39]; however, no closed analytical expression seems
to be available yet.

From line shape analysis of the imaginary part of the
dielectric functions we obtained exciton transition energies.
These values were corrected for the measured strain values of
each sample as explained before (values are given in Table II),
and are shown in Fig. 7. The theoretical calculated exciton
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FIG. 7. (Color online) Transition energy values of the Wannier-
Mott or Mahan exciton of the samples as a function of free electron
concentration as determined by Hall effect measurements (symbols).
The shown data points are already shifted to correct for strain.
The continuous line demonstrates E(n) resulting from our model
calculations as described in the text and in Eq. (12). This is the sum
of the three contributions shown in Fig. 6.

energy is also shown as continuous line using
E(n) = Egp — Epx + AEBGr + AEBMs (12)

with Eg,, = 3.437 eV [40]. The exciton binding energy term
is only included up to nye according to Eq. (11). The overall
agreement of the model with the experimentally found energy
values is excellent, confirming on the one hand the accuracy
of the line shape analysis and on the other hand the quality
of even the highly doped samples. Explicit values for A Eggr
and A Egys of all samples are summarized in Table II.
Finally, the current data provides insight in a further
subject of absorption features around the band edge, namely
transitions from the C valence band to the conduction band
at the Fermi wave vector (Fig. 5). In a simplified picture,
the exciton consisting of an electron and a hole from the
C valence band will be screened in the same way as an
A or B exciton. Therefore, the distance between the C
valence band related absorption to the A/B valence band
one yields an estimate for the valence subband splitting. A
detailed analysis can be performed for samples A-F only
as the spectra from heteroepitaxially grown samples G-I do
not allow definite deconvolution into different contributions.
These results as a function of the estimated Fermi wave vector
kg are presented in Fig. 8. For comparison we show as well two
quadratic valence bands according to E(k) = —h*k> /(2m})
with constant effective hole masses representing the A/B
valence bands and the separated C valence band. The effective
masses used are mZ/B’h = 0.92mo and m¢ ;, = 0.31mq [36]
neglecting additional fine structure, crossings, anticrossings,
and so on. Besides these simplifications we find a nice
agreement, allowing the conclusion that we do in fact observe
C valence band related absorption here and that the effective
hole mass mah is indeed close to 0.31m as predicted [36].

D. High energy features

Recently, it was discussed whether band gap renormal-
ization also occurs in higher energy conduction bands or if
the effect is limited to the lowest conduction band only [29].
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FIG. 8. (Color online) Valence band structure of GaN from the
I' point in the direction of the M or K point. Symbols represent
measured energy differences between absorption from A/B and C
valence band related features, continuous lines stand for a simplified
quadratic valence band structure with constant effective hole masses.

To make a step forward to clarify this issue experimentally,
we have measured spectroscopic ellipsometry up to 9.7 eV.
Results for samples B-I are presented in Fig. 9. It is obvious
that the high energy contributions do not shift markedly. Only
for the heteroepitaxially grown samples G-I is a small but
constant shift to lower energies observable, which is apparently
related to the different set of samples rather than to BGR.
The changed intensity ratio of the high energy features could
be linked to different roughness. A BGR shift of the order
of 115 meV for sample F or even 286 meV for sample I
(see Table II) would be easily detectable in our experiment.
This means, BGR does not cause a rigid shift of all conduction
bands towards lower energies leading to decreased transition
energies.

The prominent high energy features falling within our
spectral range are labeled E(B) (at around 7 eV), E(C) (at
7.9 eV), and E; (at 9.2 eV) according to Ref. [26]. They are
identified with interband transitions far from the center of the

600 400 200

Energy (eV)

FIG. 9. (Color online) Imaginary parts of the ordinary dielectric
functions of samples Bl in the energy region up to 9.7 eV. The spectra
are normalized to the amplitude of E,(B) and shifted vertically for
clarity to facilitate the comparison of energy positions.
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FIG. 10. High resolution excitonic photoluminescence spectrum
of sample Aat T =7 K.

Brillouin zone, namely between M and L point [ E{(B)], at the
M point [E((C)], and at the K point (E;). The next transition
occurring at the I" point; i.e., at k = 0, would be E() expected
at around 13 eV, which is beyond the spectral range of this
study. The possibility that £} exhibits renormalization effects
remains unresolved here.

IV. PHOTOLUMINESCENCE

A. Sample A

The unintentionally doped GaN sample A shows the
expected very sharp and intense photoluminescence features.
The spectrum shown in Fig. 10 presents a dominant shallow
neutral donor bound exciton at 3.4723 eV. The corresponding
two-electron satellite (TES) at 3.4508 eV identifies this donor
as silicon-on-gallium site. At our temperature 7 = 7 K the
dominant TES transition is the one related to the 2 p, state of
the donor, the distance between Si’X and the TES peak of
21.5 meV then yields a one-particle donor binding energy
of Epsi = 29.3 meV by the formalism presented by Paskov
and coworkers [41]. Note that the small low energy shoulder
of the donor bound exciton can be identified by the shallow
donor bound exciton at the oxygen-on-nitrogen site, yielding
Ep.o =323 meV by comparing its TES energy position
at 3.4472 eV. The strength of the silicon related line in
comparison to the one related to oxygen may be explained
by the intentional use of silicon as a dopant in this HVPE
reactor, and an oxygen background below 2x10'® cm=3 [21].

The energy position of Si°X in our sample is 1.4 meV higher
than that of the donor bound exciton reported in Ref. [42] while
our acceptor bound exciton is located at 3.4668 eV which is
2.5 meV higher than in Ref. [42]. The distance between Si%x
and O°X is around 800 ueV [43]. However, it was mentioned
that the GaN layer grown by MOVPE on a bulk GaN sample
in Ref. [42] showed a tensile in-plane strain of about 3 x 1074,
which corresponds roughly to this energy shift of 2.5 meV. In
this case, we can identify the donor bound exciton in Ref. [42]
as O°X.
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FIG. 11. (Color online) Photoluminescence spectra of samples
B-H (from bottom to top) at low temperature (left) and at room
temperature (right). Experimental spectra are plotted by open sym-
bols, a model luminescence line shape taking into account free carrier
emission (i.e., band-to-band emission and phonon replica) is shown
as continuous lines. All spectra are offset vertically for clarity. The
energy positions of Egy, + AEpgr and Egy, + AEpgr + A Epys are
marked by red and blue short vertical lines, respectively.

B. Intentionally doped samples B-H

The photoluminescence spectra of the doped samples
(Fig. 11) undergo characteristic changes with increasing
electron density mirroring BGR and BMS. At first, the sharp
features related to the excitonic recombinations disappear at
T =10 K, and the photoluminescence starts to broaden at
the low energy wing. The energy of the intensity maximum
remains almost constant up ton = 7.3x 10'® cm™3 (sample E).
Continuously increasing broadening starts to develop for
higher carrier densities as seen for samples F (GaN:Si) and
G and H (GaN:Ge). The tiny features on top of the 10 K
spectra from samples G and H at around 3.49 eV and 3.50 eV
stem from buried undoped but heavily strained GaN buffer
layers. They are most likely excited by the PL signal of the
doped top layer which is in turn transparent for the lower
energy bands from the buried film. This assignment is further
evidenced by HRXRD results yielding also lattice parameters
of the buffer layers, and independently by measured exciton
energies of bare buffer layers. The film with the highest doping
level (I) did not show luminescence from the doped layer by
excitation with HeCd laser light and is therefore omitted here.
The general PL line shape can be approximated satisfactorily
by textbook models where electrons in the conduction band
recombine with holes localized at the valence band maximum
as described earlier for highly doped GaN [44]. As the
high doping concentrations needed for the corresponding free
electron densities create band tails in the band gap, these band
tails must be taken into account as well.

The high energy wing of the PL signal in all samples
is found approximately at the position of the Fermi energy

PHYSICAL REVIEW B 90, 075203 (2014)

measured from the valence band maximum, unlike in ellip-
sometry, where the valence band dispersion up to the Fermi
vector also adds up to the absorption onset. This means the
photoluminescence process in our highly doped GaN samples
does not fulfill Ak =0, thus most probably a remarkable
valence band tailing must occur to mediate between kg in
the conduction band and the I" point in the valence band. The
slope of this high energy wing is governed by the Fermi-Dirac
distribution. At very low temperatures, the carrier temperature
for modeling had to be increased by some ten Kelvin to
achieve sufficient agreement, similar to earlier studies [13,44].
The position of the Fermi energy represented by Eg,, +
A Eggr + A Egys measured from the valence band maximum,
and of the renormalized band gap given by Eg., + A EgGr,
are marked by vertical lines in Fig. 11; AEggr, AEgMms,
and the carrier densities are assumed to be independent of
temperature.

The modeled luminescence line shapes shown in Fig. 11
consist basically of a Kane density of states for the con-
duction band [45] multiplied by the Fermi-Dirac distribution
accounting for the population probability, very similar to
the approach described in Ref. [44]. For calculating the line
shapes, only the renormalized band gap energy, the Fermi
energy, and a characteristic parameter G describing the band
tailing are needed. Here, we do not calculate G from the
impurity potential fluctuations but we derive G from fitting
to the PL line shapes. Finally, longitudinal optical phonon
replica are added. While the energies are already known from
the calculations above (verified by the excellent agreement
with ellipsometry results), G is the only fitting parameter.
We summarize resulting values for G in Fig. 12. Note that
the values for samples B—F are similar to the values found
in Ref. [44] for a parabolic conduction band (compare with
Fig. 3 there). However, our values for the thin films are larger,
possibly due to further sources of local potential fluctuations
introduced by heteroepitaxy. Comparing the line shape models
to the measured PL spectra, we find an overall good agreement
with certain inaccuracies especially at the low energy wings.
However, it is well known that the Kane density of states
overestimates the number of states in the band tail [46], and,

300 ———rrrr———rr—

250 F —— Ref. 43
: GaN:Ge

200 |

° 10" I 10'® 10" 10%°
n (cm'3)

FIG. 12. (Color online) Band tailing parameter G as a function
of free carrier concentration as obtained from model fits of the
photoluminescence line shape to the measured spectra (symbols) in
comparison to calculated results for a parabolic conduction band from
Ref. [44] (continuous curve).
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on the other hand, our empirical estimate for G is expected
to introduce a certain error as well. Nevertheless, the main
features of luminescence are well reproduced by our approach.
A more detailed analysis of the band tail line shape is beyond
the scope of this study.

In samples B-E one can see a luminescence peak (in
10 K spectra) approximately at the position of the Fermi
energy which is not reproduced by the model. It is stronger
in intensity for lower doped samples. Temperature dependent
luminescence studies show that these peaks merge with the
broad band-to-band recombination at elevated temperatures
(~80 K). These contributions cannot be identified by donor
bound or classical Wannier-Mott free excitons due to their
energy position at the Fermi energy and not below the
renormalized band gap energy. Therefore, these bands are
identified as Mahan excitons, as found earlier for differ-
ent material systems in luminescence [38,47]. To be more
accurate, these exciton resonances are identified with free
excitons whose binding energy is partially screened by free
carriers.

From the peak energy of these excitons (visible clearly in
samples B—E) and the position of the corresponding calculated
Fermi energies, the exciton binding energies are extracted.
The values for the exciton binding energies are all below
2 meV, namely 1.9 meV (sample B), 0.3 meV (C), 1.0 meV
(D), and 1.8 meV (E). We note that our estimate for the
screened Wannier-Mott exciton binding energy [Eq. (11)]
yields larger values in the range from 8 to 18 meV for
the given electron densities. However, we expect the real
dependence of the exciton binding energy on free carrier
density to be a continuous transition from Wannier-Mott to
Mahan excitons [39]. A more refined theory might yield better
agreement to experiment. Furthermore, to extract the exciton
binding energy we used the calculated position of the Fermi
energy, whose accuracy might be an issue.

For the line shape fits to ¢, (Fig. 5) we have set the Mahan
exciton binding energy to zero and the room temperature
Wannier-Mott exciton binding energy according to Eq. (11),
which is completely justified by the low experimental values of
Mahan exciton binding energies. Nevertheless, more research
on this subject is needed.

We find that neither PL peak position nor its FWHM can
be used to directly estimate the doping concentration in GaN.
The same holds for the so-called Stokes shift. The Stokes shift
is defined by the energetic separation of the Wannier-Mott
or Mahan exciton as determined from the dielectric function
and the intensity maximum of the PL band at the same
temperature. It increases from zero (sample A) up to 68 meV
(sample F) for the GaN:Si HVPE crystals. The GaN:Ge
films reach even higher values. Detailed results are given
in Table II. Therefore, it is not possible to accurately deter-
mine doping concentrations alone from simple spectroscopic
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features of photoluminescence spectra, such as FWHM or
Stokes shift.

V. SUMMARY

The influence of high electron densities on the absorption
and emission characteristics of wurtzite GaN was investigated
in detail. The absorption properties were represented by
imaginary parts of the ordinary dielectric functions obtained
from spectroscopic ellipsometry data. Line shape fits to these
dielectric functions were performed to model the carrier
dependent absorption behavior around the band gap. Discrete
exciton transitions around the I' point of the Brillouin zone
dominate in the low electron density regime. For slightly
larger n, exciton screening is observed. At very high carrier
concentrations, the absorption edge is shifted from the I" point
of the Brillouin zone to the Fermi wave vector. The data
are quantitatively discussed in terms of exciton screening,
band gap renormalization (A Eggr), and Burstein-Moss shift
(A Egyms). Renormalization and Burstein-Moss effect nearly
cancel each other out for low free electron concentrations.
The Burstein-Moss effect exceeds the gap shrinkage for
n > 9x10' cm=3 yielding a net blue shift of the absorption
onset. The sample with the highest free carrier concentration
(npan = 1.6 x 10%° cm ™) yields AEggr = —286 meV and
AFEgys = 512 meV. In contrast, transitions related to high
energy critical points of the band structure do not show
renormalization effects. Moreover, we determined the effective
mass of the C valence band by observation of direct transitions
at the Fermi wave vector from the C valence band to the Fermi
energy. Photoluminescence spectra from highly doped samples
show recombination from the filled conduction band to the
valence band maximum at the I" point. The Fermi energy is
visible in the spectra as steep decrease at the high energy of
the emission bands while the renormalized band gap energy
determines the low energy onset of emission. Additionally,
band tail states have to be considered to quantitatively describe
photoluminescence spectra. Close to the Fermi energy the
Mahan exciton recombination was identified at low temper-
atures, yielding an estimate for the screened exciton binding
energy.
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