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Influence of the free-electron concentration on the optical properties
of zincblende GaN up to 1 × 1020 cm−3
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We analyze the optical properties of zincblende gallium-nitride in the infrared and ultraviolet spectral range
(≈27 meV–6.5 eV) experimentally by spectroscopic ellipsometry and provide a quantitative description of these
results by k · p perturbation theory. Free-electron concentrations above 1020 cm−3 are achieved by introducing
germanium as a donor. We determine the dielectric function as well as band filling effects like the Burstein-Moss
shift and band gap renormalization. The Kane model for the band structure of semiconductors near the �-point
allows to calculate the effective electron mass and to determine the nonparabolicity of the conduction band. At
the same time, these results can be used to derive the free-electron concentration all-optically. The combination of
Kane’s model, Burstein-Moss shift, and band-gap renormalization can be used to expertly describe the measured
transition energies up to ≈3.7 eV dependent on the carrier concentration, yielding an averaged hole mass of
≈0.61 me for the contributing valence bands.
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I. INTRODUCTION

Zincblende III-nitrides possess some properties that are
believed to be advantageous over those of wurtzite nitrides,
such as the absence of spontaneous and piezoelectric polar-
ization [1,2]. However, zincblende nitrides are metastable [3],
making their preparation more challenging than that of their
wurtzite counterparts. Consequently, defect control is an im-
portant issue for cubic nitrides [4,5] and high defect densities
are most likely a major obstacle preventing their usage in
devices.

On the other hand, several breakthroughs concerning the
control and quality of zincblende GaN [6–8] were reported
very recently. For certain applications, like quantum-dot-
based functionalities [2,9–19], a replacement of wurtzite by
cubic nitrides seems possible in the near future. However,
the band structure of zincblende GaN remains scarcely re-
searched, despite the fact that, compared to wurtzite GaN, it
is simpler due to its higher symmetry [20].

The knowledge of the exact shape of its conduction band
is especially essential for understanding the technically most
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relevant highly n-type doped material [18,21–23]. There-
fore, this study reports on the energy-dependent effective
electron mass of zincblende GaN, i.e., sheds light onto its
very significant nonparabolicity. To achieve this goal, de-
generately doped GaN thin films are investigated, where the
Fermi energy is pushed high into the conduction band. The
highest electron concentrations are reached by substituting
the standard donor silicon by germanium [24,25], similar
to wurtzite GaN [26–29]. For carrier concentrations up and
above 1020 cm−3, many-body interactions become increas-
ingly important and must be considered correctly.

Here we perform optical investigations to study the plas-
monic properties of highly doped cubic GaN and provide a
quantitative description of its conduction band structure in
the framework of Kane’s model [30]. Considering band fill-
ing [31,32] and renormalization effects [33], our model also
succeeds in describing the energy position of the interband
absorption onset.

II. EXPERIMENT

For this study, cubic zincblende GaN (c-GaN) samples
were grown by plasma-assisted molecular beam epitaxy
(MBE). The c-GaN layer is deposited on a 3C-SiC/Si sub-
strate and doped by Ge or Si [25]. One unintentionally doped
sample is present for reference. A description of the different
dopants in c-GaN can be found elsewhere [34–36]. Impor-
tant properties of the samples like layer thicknesses, source
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TABLE I. Growth properties as measured by Hall-effect,
secondary-ion mass spectrometry (SIMS) and reflectometric interfer-
ence spectroscopy: Ge or Si effusion cell temperature (TGe,Si), thick-
ness of the c-GaN layer measured by SIMS (dSIMS) and reflection
(drefl), free-carrier concentration measured by Hall-effect (nHall) and
corresponding Hall-mobility (μHall). Sample D is the unintentionally
doped reference.

TGe,Si dSIMS drefl nHall μHall

Sample Doping (◦C) (nm) (nm) (cm−3) (cm2/Vs)

A Ge 1000 365 363 3.7 × 1020 63
B Ge 900 437 460 8.7 × 1019 90
C Ge 800 617 543 2.7 × 1018 105
D – – 612 612 – –
E Si 1100 – 564 3.8 × 1019 74
F Si 1050 – 611 7.6 × 1018 77

temperatures, or results of Hall-measurements, are summa-
rized in Table I.

The samples were investigated by spectroscopic ellip-
sometry on two different instruments. A Woollam IR-VASE
based on Fourier-transform infrared spectroscopy was em-
ployed from 300–6000 cm−1, while a Woollam VASE (a scan-
ning variable-angle spectroscopic ellipsometer on a grating
monochromator) operated in the range from 0.5–6.5 eV. Both
instruments have overlapping spectral ranges. The infrared
spectroscopic ellipsometry measurements were performed
with a resolution of 4 cm−1 while the ultraviolet measure-
ments were done with a step size of 10 meV. Spectroscopic
ellipsometry yields to the so-called ellipsometric angles � and
�, which yield the complex reflection coefficient ρ [37]. All
measurements were performed at different angles of incidence
�. In this study, � was chosen to be 50◦, 60◦, and 70◦,
respectively. The reflection coefficient in combination with
the angle of incidence can be used to determine a so-called
pseudodielectric function 〈ε〉:

ρ = Rp

Rs
= tan(�)ei�,

〈ε〉 = sin2(�)

[
1 + tan2(�)

(
1 − ρ

1 + ρ

)2
]
. (1)

Here Rp and Rs are the Fresnel reflection coefficients for p-
and s-polarized light.

The measured ellipsometric angles � and � were analyzed
by constructing a multilayer model, which represents the
layout of the samples consisting of c-GaN, 3C-SiC, and Si
from surface to substrate. For the infrared spectral range, the
c-GaN layer was characterized by a model for the dielectric
function (DF) as described in Sec. III A, while a general
oscillator model was used to fit the line shape of the measured
data in the visible and ultra-violet spectral region. The applied
models were fitted to the experimental data (� and �) by
numerically minimizing mean squared error values using a
Levenberg-Marquardt algorithm. The resulting model DF was
used as a starting point to perform a point-by-point (pbp) fit,
which numerically changed the value of the DF wavelength-
by-wavelength until the best agreement with the experimental
data was achieved [38,39]. Then, the resulting pbp-DF was

again line-shape fitted by the model described in Sec. III A
for the IR to extract the characteristic parameters. In contrast,
in the UV spectral range, the pbp-DF comprised our final
result because we only needed the value of the transition
energy which was derived as described below. A more detailed
description of the analysis can be found elsewhere [40–42].
The final results of our spectroscopic ellipsometry analysis
are DFs (model and pbp fitted) for the differently high doped
c-GaN layers. The substrate was already thoroughly investi-
gated earlier [43–47].

Additionally, Hall-, Raman, reflectometric interference
spectroscopy, and secondary-ion mass spectrometry measure-
ments were performed. For the Hall-effect measurements, the
van der Pauw geometry was used. A 532-nm laser (output
power 100 mW) was used to perform the Raman measure-
ments and was focused on the samples by a microscope. The
signal was analyzed by a monochromator with 750-mm focal
length and a grating density of 2400/mm, and was recorded
by an attached charge coupled device camera.

III. THEORY

In this section, we introduce the model for the DF in the
infrared spectral range, which describes contributions due to
phonons and free carriers. Furthermore, a model description
for the band structure is presented, which is valid in the
vicinity of the �-point of the Brillouin zone, for example,
close to the onset of the interband absorption.

A. Infrared dielectric function

The dielectric response of any system can be described by
the complex DF

ε(ω) = ε1(ω) + iε2(ω). (2)

In the infrared region, for the DF, phonon and plasmon
contributions have to be considered, which account for lattice
oscillations and the response of free carriers, respectively [42].
In the simplest case, the phonon contribution can be described
by the Lorentz model, which considers the electrons bound to
the nuclei in much the same way as a small mass can be bound
to a large mass by a spring. Harmonic oscillations arise. On
the other hand, the plasmon contribution is described by the
Drude model, which derives directly from the Lorentz model
without a restoring force [48]. The infrared DF can then be
written as:

ε(ω) = ε∞ +
∑

l

Slω
2
TOl

ω2
TOl − ω2 − iγTOlω

− ω2
P

ω2 + iγPω
. (3)

Here, Sl is the amplitude, γTOl the broadening and ωTOl

the resonance frequency of the l-th transverse optical (TO)
phonon. ε∞ is the dielectric limit, representing contributions
from higher energy oscillators and is reported to be 5.31 [49].

The plasma frequency ωP in the Drude term is of particular
importance for the analysis of doped samples since ωP is
dependent on the free-carrier concentration n and the optical
effective electron mass m∗

opt, as seen in Eq. (4). γP is the
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plasma broadening:

ω2
P = e2n

ε0m∗
opt

. (4)

B. Band structure model

To express the nonparabolicity of the conduction band and,
therefore, the dispersion, we use the model first introduced by
Kane in 1956 [30], which is based on the k · p perturbation
theory. We assume direct band gap at the zone center, isotropic
bands and a scalar effective mass. Furthermore, we consider
one conduction band and three valence bands, namely the
heavy-hole, light-hole, and, due to spin-orbit interactions, the
split-off valence band. The interaction between the conduction
and the valence bands can be described by a 4 × 4 matrix,
from which the following eigenvalue equation is derived:

E ′3 + (�so − EG)E ′2 − (P2k2+ EG�so)E ′ − 2
3 P2k2�so = 0.

(5)
It should be noted that the dispersion E (k) is given by:

E (k) = E ′ + h̄2k2

2me
, (6)

where me is the free-electron mass. The spin-orbit splitting of
the valence bands is described by �so and the parameter P
is a momentum matrix element [30], which is assumed to be
k-independent [50].

The third order equation in (5) can be analytically solved
by Cardano’s method for cubic equations. However, while an
approximation for �so 	 EG is very popular [30]:

E (k) = h̄2k2

2me
+ 1

2

(
EG +

√
E2

G + 8

3
P2k2

)
, (7)

it does not apply to c-GaN, since �so = 15 meV [49,51] and
EG = 3.23 eV [49,52] at room temperature. Instead, �so 

EG, which yields the following approximation for the conduc-
tion band dispersion [53]:

EC(k) = h̄2k2

2me
+ 1

2

(
EG +

√
E2

G + 4P2k2
)
. (8)

This approximation is already used in different contexts,
for example, by Wu et al. [53] for wurtzite InN. For further
discussion, we define the EP parameter which has the dimen-
sion of an energy [54]:

EP = 2me

h̄2 P2. (9)

C. Optical effective electron mass

Previous computational investigations on the effective
mass in zincblende GaN suggest that a single mass component
represents the effective electron mass tensor sufficiently due
to the direct band gap of cubic GaN [54–56]. We introduced
the plasma frequency ωP, which is dependent on the quo-
tient n/m∗

opt, in the DF. The determination of the effective
mass by analyzing the plasma frequency was already estab-
lished [57–59]. We want to emphasize, that m∗

opt in Eq. (4) is
the optical effective mass of the electrons in the conduction
band averaging over all electrons in the conduction band. To

calculate the value of the optical mass, we need to analyze
the integral form of the quotient n/m∗

opt, which is given in
Eq. (12) [60,61]. This is necessary since plasma oscillations
affect electrons in a k space determined by the Fermi-Dirac
distribution [61]. A similar approach was published recently
by Whalley et al. [23]. The equation originates from the
definition of the carrier concentration n and consists of the
density of states D(k) for electrons in the conduction band,
the Fermi-Dirac distribution fe, the effective electron mass
m∗(k) [23,60,62,63]:

m∗(k) = h̄2k

∂EC/∂k
, (10)

1

m∗(k)
= 1

me
+ 2P2

h̄2
√

E2
G + 4P2k2

, (11)

and the crystal volume V . Approximating fe by a step function
(strictly valid at T = 0 K) we obtain:

ω2
Pε0

e2
= n

m∗
opt

=
∫ ∞

0

D(k) fe

V m∗(k)
d3k = 1

π2

∫ kF

0

k2

m∗(k)
dk

= 1

h̄2π2

∫ kF

0
k
∂EC

∂k
dk (12)

with the Fermi-vector kF = (3π2n)
1
3 . For EC(k) we substitute

the approximation given in Eq. (8). The result can be written
as:

n

m∗
opt

= 1

h̄2π2

⎡
⎣ h̄2k3

F

3me
+ 1

4
kF

√
E2

G + 4P2k2
F

− E2
G

8P
ln

⎛
⎝2PkF +

√
E2

G + 4P2k2
F

EG

⎞
⎠

⎤
⎦. (13)

This analytical expression only depends on the parameter P
(which is proportional to

√
EP), the free-carrier concentration

n, and the band gap EG as a material constant. Furthermore, if
the carrier concentration is close to zero, the optical effective
mass must match the effective mass at the �-point of the
Brillouin zone for the undoped material [band mass m∗

0 (�)]
and is then only dependent on the band-gap energy EG and
P. This means that, if the band mass and the band gap of
a material are established by other means, we are able to
determine P of that particular material by simply varying
its value until the correct band mass is achieved. The same
argument can be made for the effective mass at the Fermi-
vector [see Eq. (10), m∗(k = kF)] and yields the same results
for the value of P. Furthermore, to verify this method, the
same result can be achieved by using the equation:

EP = EG

(
me

m∗
0 (�)

− 1

)
, (14)

which derives from Eq. (11) for k = 0.

D. Many-body effects

In degenerately doped materials, many-body interactions
play an important role in determining interband transition
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FIG. 1. Schematic description of the change in dispersion from
an undoped (dashed) to degenerately doped (continuous) material.
Increasing free-electron concentration leads to a decrease of the band
gap EG to Eren. Furthermore, the Fermi-vector kF and therefore the
transition energy ECV, consisting of conduction (�EC) and valence
(�EV) band contributions, increases.

energies since they cause a change of the band structure, see
Fig. 1. One of those many-body interactions is the so-called
band-gap renormalization (BGR) [33,53], which describes a
decrease of the band gap due to electron-electron [�Eee(n)]
and electron-ion [�Eei(n)] interactions. The value of the BGR
[�EBGR(n)] is the sum of both contributions [42,64], yielding
the renormalized band gap Eren:

Eren(n) = EG − �EBGR(n)

= EG − �Eee(n) − �Eei(n). (15)

The interaction contributions are analytically approximated
by [33]:

�Eee(n) = e2kF

2π2ε0εs
+ e2kTF

8πε0εs

[
1 − 4

π
arctan

(
kF

kTF

)]
,

(16)

�Eei(n) = e2n

ε0εsaBk3
TF

. (17)

Here, kTF is the Thomas-Fermi screening vector, aB the
effective Bohr-radius [both given in Eq. (18)] and εs =
limω→0 (ε1) a static dielectric constant depending on the ma-
terial. For c-GaN, this value is reported to be εs = 9.44 [49]:

kTF =
√

4kF

πaB
, aB = 4πε0εsh̄

2

m∗e2
. (18)

It has to be noted, that the calculation of aB in Eq. (18)
requires an effective electron mass m∗. This leads to a re-
cursive function for the optical electron mass. To circumvent
this problem, we self-consistently (iteratively) solve for m∗

opt,
starting from the effective electron mass at the �-point of the
Brillouin zone. Already after few iterations no further changes
of the BGR or the optical electron mass can be observed.

On the other hand, the Fermi energy and vector are in-
creasing as a function of the carrier concentration due to
the phase-space filling of the conduction band by electrons.
This yields an increasing transition energy for the optical ab-
sorption onset between the valence and the conduction band.
This effect is called the Burstein-Moss shift (BMS) [31,32]. It

consists of conduction band (�EC) and valence band (�EV)
contributions, which are represented by the dispersions of the
bands:

EBMS = �EC + �EV = EC(kF) + |EV(kF)|. (19)

The conduction band contribution is already expressed by
Eq. (8). In regard to the valence bands, we approximately
describe them by averaging over the three topmost bands
(light hole, heavy hole, and split-off bands) by using an
averaged effective hole mass m̄h in a parabolic expression:

EV(k) = − h̄2k2

2m̄h
. (20)

A more detailed approach for the valence band contribution
would be to use, e.g., the Luttinger-Kohn model [65] to
determine the valence band dispersion of all valence bands
and then calculate the energies at the Fermi-vector. However,
here we are not able to experimentally distinguish between
contributions from different valence bands, thus we omit the
more complicated Luttinger-Kohn approach. Consequently,
the averaged effective hole mass is empirically found to be
m̄h = 0.61 me as described below.

Finally, to describe the experimentally observed transition
energy as a function of the carrier concentration, we consider
the BGR in the band dispersion. Therefore, we replace EG by
Eren in Eq. (8) yielding an interband transition energy of:

ECV = h̄2k2
F

2

(
1

me
+ 1

m̄h

)
+ 1

2

(
Eren +

√
E2

ren + 4P2k2
F

)
.

(21)

IV. RESULTS AND DISCUSSION

A. Infrared spectroscopic ellipsometry

For each sample, infrared spectroscopic ellipsometry
(IRSE) data are analyzed by the model described in Sec. III A.
As an example, we present ellipsometric angles and the pbp
fit of sample B with nHall = 8.7 × 1019 cm−3 in Fig. 2. An
excellent agreement for all three angles of incidence is
achieved. Above ≈1000 cm−1, the spectrum is dominated by
Fabry-Pérot oscillations due to the different layer thicknesses.
Furthermore, the resulting DF of this sample is presented in
Fig. 3.

Inspection of the real and imaginary parts of the DF
yields a phonon contribution, visible as a peak in ε2 and
as oscillator structure in ε1 at ≈550 cm−1. Additionally,
the imaginary part increases to lower wave numbers, while
the real part decreases. This behavior is due to the Drude
contribution.

In detail, we find that the pbp-DF for ε1 and ε2 has to
be described properly by a model DF with a phonon contri-
bution consisting of two TO phonons. The dominant one is
found at ωTO1 = (552 ± 0.4) cm−1 and an additional weaker
structure at ωTO2 = (544 ± 2) cm−1. This apparent split of
the TO phonon in c-GaN has been observed before [66–68]
at the same phonon energy positions (within ±2 cm−1) and
is explained by the occurrence of anharmonic effects [69].
Extracted parameters for the DF are given in Table II.
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FIG. 2. Ellipsometric parameters � and � of sample B (nHall = 8.7 × 1019 cm−3) in the infrared range measured by spectroscopic
ellipsometry for three angles of incidence (black, green, blue, continuous curves) and the corresponding point-by-point-fit (pbp-fit, red, dotted
curves). The feature at ≈1000 cm−1 can be attributed to the 3C-SiC substrate, while Fabry-Pérot oscillations are visible for higher wave
numbers.

For comparison, the ellipsometric parameters � and �

as well as the real and imaginary parts of the DF of
the unintentionally doped sample D are shown in Figs. 4
and 5. The change in the spectra and the DF are very
pronounced, especially the absence of the plasmon con-
tribution in ε2. The splitting of the TO phonon remains
present.

The DFs for ε2 of all samples are shown in Fig. 6. The
increasing effect of the plasmon contribution with increasing
carrier concentration is clearly visible, while the TO phonon
frequencies remain unchanged.

After the infrared DFs have been determined, the plasma
frequencies ωP are extracted as parameters from the analytical
DF (see Table II) and can be used for the analysis intro-
duced in Sec. III C. The optical effective electron mass is
a function of the carrier concentration [Eqs. (12) and (13)].
At n → 0, the effective electron mass at the �-point of the
Brillouin zone (k = 0) has to be obtained by our model as
described in Sec. III C. Different references suggest EG ≈
3.23 eV [49,51,70] as experimental results and m∗(k = 0) =
m∗

0 ≈ 0.19 me [54,56,71] from computational methods. For
further analyses, we use EG = 3.23 eV and m∗

0 = 0.19 me
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FIG. 3. Point-by-point fitted (pbp DF, dotted curve) and analytical model (model fit, continuous curve) dielectric function for sample B
(nHall = 8.7 × 1019 cm−3) in the infrared range.
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TABLE II. Characterization results of the investigated samples as measured by infrared and ultraviolet spectroscopic ellipsometry:
Thickness of the c-GaN (dUVSE) and the surface roughness layer (drough), parameters of the dielectric function as described in Sec. III A as
well as the measured (ECV,UVSE) and calculated transition energy (ECV). The plasma frequency ωP yields the carrier concentration nIRSE and
the optical effective electron mass m∗

opt as described in Sec. III C for an estimated band mass of m∗(k = 0) = m∗
0 = 0.19 me and therefore

EP = 13.77 eV. nHall is again the free-carrier concentration measured by Hall effect.

nHall dUVSE drough ωTO1 γTO1 ωTO2 γTO2 ωP γP nIRSE m∗
opt ECV,UVSE ECV

Sample (cm−3) (nm) (nm) S1 (cm−1) (cm−1) S2 (cm−1) (cm−1) (cm−1) (cm−1) (cm−3) (me) (eV) (eV)

A 3.7 × 1020 352 5.5 1.8 552 8.1 2.3 543 11.7 8878 390 1.78 × 1020 0.202 3.71 3.70
B 8.7 × 1019 416 7.3 1.9 552 7.1 2.5 544 12.2 5082 419 5.58 × 1019 0.194 3.39 3.40
C 2.7 × 1018 602 4.8 2.6 552 5.2 2.4 538 15.7 1039 363 2.27 × 1018 0.191 3.22 3.21
D – 605 3.8 2.5 552 5.6 1.9 547 8.2 – – – 0.189 3.23 3.23
E 3.8 × 1019 569 3.9 2.8 552 7.0 2.2 545 10.1 3589 488 2.75 × 1019 0.189 3.30 3.31
F 7.6 × 1018 611 8.5 2.4 552 6.7 1.9 545 9.5 1921 416 7.79 × 1018 0.189 3.23 3.24

which yield EP = 13.77 eV. Introducing an uncertainty for
m∗

0 of ±0.01 me in hindsight, an EP-parameter range between
12.92 and 14.71 eV is derived (Fig. 7). Previous theoretical
results suggested a value of 16.86 eV [54] or ≈25 eV [72,73]
which cannot be confirmed through our analysis. However, the
suggested EP parameters yield band masses of m∗

0 = 0.16 me

or 0.11 me, respectively, using EG = 3.23 eV, which we con-
sider to be too small for c-GaN. Possibly, the too high value of
EP in Refs. [54], [72], and [73] stems from the implementation
of Eq. (7) instead of Eq. (8). Consequently, we recommend to
use the value of EP = 13.77 eV for c-GaN.

The BGR, included in the calculations of Eqs. (12) and (13)
(EG → Eren), yields a slightly decreasing optical effective
mass for increasing carrier concentrations up to n ≈ 2 ×
1018 cm−3 (Fig. 7). For higher carrier concentrations, the
optical effective mass is monotonously increasing.

In the next step, we combine our result for the EP parameter
with the experimentally obtained plasma frequencies of our
samples using Eqs. (4) and (13). The result is presented
in Fig. 8 as a function of the carrier concentration. We

implemented the parameter set EG = 3.23 eV, m∗
0 = 0.19 me,

and thus EP = 13.77 eV. It can be seen that the plasma
frequency is monotonously increasing as a function of the
free-carrier concentration. Therefore, the free-carrier concen-
tration (nIRSE) can be determined from the optically obtained
ωP. The resulting values for nIRSE are given in Table II. These
values change less than ±5% if effective masses m∗

0 between
0.18 me and 0.20 me (and thus EP -parameters between 14.71
and 12.92 eV) are used.

The optically obtained carrier concentrations nIRSE deviate
slightly from the Hall-effect results nHall. The highest differ-
ence between nIRSE and nHall occurs for sample A and is about
a factor of 2. To obtain the (higher) Hall-effect free-carrier
concentration by Eq. (4), the optical effective electron mass
has to be twice its actual value since the plasma frequency
is validated by two independent measurement techniques (el-
lipsometry and Raman, please see below). Therefore, we use
nIRSE instead of nHall for the further analysis. It can be shown,
that there is no possible choice for EP, that describes the
value of the free-carrier concentration measured by the Hall
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effect and ωP as found by IRSE. A possible explanation of
the difference between nIRSE and nHall could be an inaccuracy
of the Hall measurements due to the conducting 3C-SiC
substrate.

Additionally, Raman measurements were performed to
support the IRSE measurements. For quantitative comparison
of the DFs and Raman spectra, we calculate the imaginary part
of the dielectric loss function �(ω) from pbp-DFs [74]:

�(ω) = Im

(
− 1

ε(ω)

)
= ε2

ε2
1 + ε2

2

. (22)

400 600 800 1000

ω (cm-1)

0

50

100

150

200

250

300

350

Im
ag

in
ar

y
pa

rt
,

ε 2

40 60 80 100 120

Photon energy (meV)

pbp DF
model fit
A
B
E
F
C
D

FIG. 6. Point-by-point fitted (pbp DF, dotted curves) imaginary
parts of the dielectric functions of the five doped samples and the
reference sample as well as the corresponding analytical line shape
fits (model fit, continuous curves).

In the range ω < 1000 cm−1, the Raman spectra are domi-
nated by phonons from the substrates, namely the TO(�)Si at
521 cm−1, the TO(�)3C−SiC at 795 cm−1, and the LO(�)Si at
972 cm−1 [75]. The TO(�)c−GaN phonon mode is forbidden
and therefore not visible in these Raman spectra [76,77].
At higher wave numbers (ω � 2000 cm−1) �(ω) expresses
a broad peak at exactly the same position where a weak
Raman signal is found (Fig. 9). The loss function peaks at
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gap renormalization effects induce a decreasing optical effective
mass until n ≈ 2 × 1018 cm−3 (see inset). The effective mass at the
�-point m∗

0 determines EP. �-point masses between 0.18–0.20 me

yield values for EP between 14.71–12.92 eV.
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uous curve) including band-gap renormalization effects and experi-
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lines). The intersections of these lines determine the free-carrier
concentrations nIRSE, which are slightly different from nHall.

ε1 → 0. In a classic picture, this Raman signal is identi-
fied with the longitudinal optical phonon-plasmon coupled
(LPP+) mode [78,79]. The position of the LPP+ mode
is characteristic for the plasma frequency of the sample,
which therefore acts as an independent validation of the
measured plasma frequency. Please note, that the calculation
of the LPP+ modes considers the screened plasma frequency
ω∗

P = ωP/
√

ε∞.
In our case, we are able to confirm the accuracy of the

determined DFs and thus the values for ωP. While the position
and width of the Raman peak is in very good agreement with
the dielectric loss spectrum of the two highest doped samples,
the same comparison cannot be easily made for the lower
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FIG. 9. Normalized dielectric loss spectra [�(ω), black] of sam-
ples A (nHall = 3.7 × 1020 cm−3) and B (nHall = 8.7 × 1019 cm−3)
compared to Raman spectra (blue, red). For clarity, the spectra are
normalized to the maximum of each curve and shifted vertically. The
Raman spectra were normalized separately for the ranges below and
above 2000 cm−1.

doped samples due to overlapping higher-order Raman bands
and substrate modes.

B. Ultraviolet spectroscopic ellipsometry

Similar to the analysis in the infrared region, all samples
were measured in the visible and ultra-violet spectral range by
spectroscopic ellipsometry, as described in Sec. II. However,
here, another layer was added to the multilayer stack model to
account for a surface roughness on top of the c-GaN layer. The
surface roughness was described by a Bruggeman effective
medium approximation (50% void in c-GaN matrix), which
determines an effective DF from the two components [80].
The thickness of the surface roughness drough for the different
samples can be found in Table II. Again, � and � are
fitted point-by-point using a multilayer model. The excellent
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FIG. 10. Ellipsometric parameters � and � of sample E (nHall = 3.8 × 1019 cm−3) in the visible and ultraviolet range measured by
spectroscopic ellipsometry for two angles of incidence (black, green, continuous curves) and the corresponding point-by-point-fit (pbp-fit,
red, dotted curves).
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agreement with the experimental data can be seen in Fig. 10
for the example of sample E. This was performed for all
samples. In the lower photon energy region, Fabry-Pérot
oscillations are visible which vanish at the absorption edge.
These oscillations are predominant in determining the layer
thicknesses dUVSE of the c-GaN layer and drough of the surface
roughness tabulated in Table II as well as the thicknesses of
the substrate layers.

The determined real and imaginary parts of the pbp-DF
are shown in Fig. 11 for the same sample. The energy po-
sition of the absorption edge ECV,UVSE was determined by
analysis of the inflection point in the imaginary part of the
pbp-DF ε2 since the line shape around the absorption edge
basically resembles a Fermi-Dirac distribution and thus yields
the Fermi-vector. The interband transition energy of sample E
was determined to be 3.30 eV. Please note that irregularities
in ε1 for photon energies below 3.28 eV are residuals from
Fabry-Pérot oscillations of the multilayer stack.
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FIG. 12. Point-by-point data for the imaginary part of the dielec-
tric functions (pbp DF) of all samples as experimentally determined
by spectroscopic ellipsometry in the visible and ultraviolet range.

The imaginary parts of the pbp-DFs of all samples are
shown in Fig. 12. Obviously, the absorption edge blue-shifts
for an increasing free-carrier concentration similar to the case
of wurtzite GaN [41]. In our case, ECV,UVSE varies from
≈3.22 eV (sample C) to ≈3.71 eV (sample A).

The effects of BMS and BGR on ECV as a function of the
free-carrier concentration are described by Eqs. (15) and (19)
using an averaged hole mass as given in Eq. (20). The an-
alytical description of ECV as a function of the free-carrier
concentration to the experimental results ECV,UVSE is shown
in Fig. 13. There, the contributions of BMS and BGR are, in
addition, plotted separately to make the magnitudes of both
influences more apparent. By varying m̄h and therefore the
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FIG. 13. Experimentally obtained transition energies (ECV,UVSE,
symbols) compared to the analytical description (ECV, continu-
ous curve). The contributions of band-gap renormalization (black,
dashed curve) and Burstein-Moss shift (green, dashed curve) are
shown separately.
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BMS contribution, we are able to fit the analytical description
of the transition energy to the experimental data. A very
good agreement between the model description of BMS and
BGR in combination with the nonparabolic band structure
model (Sec. III B) and the experimental data is achieved
with an averaged but constant hole mass of m̄h = 0.61 me. It
should be noted that similar good agreements can be obtained
using other values for EP within the range 12.92–14.71 eV,
corresponding to band masses between 0.18–0.20 me. m̄h

would then be found between 0.73 me (for m∗
0 = 0.18 me) and

0.56 me (for m∗
0 = 0.20 me). However, we remind the reader

that the determination of EP is completely independent of m̄h.

V. SUMMARY

In conclusion, the optical and plasmonic properties of
zincblende GaN, grown by MBE on a 3C-SiC/Si sub-
strate and doped by Ge and Si up to n > 1020 cm−3,
were investigated by spectroscopic ellipsometry. Additionally,
Raman measurements were performed. An excellent agree-
ment between the measured spectra and the applied model was
achieved. The DF in the infrared and visible spectral range,

obtained by spectroscopic ellipsometry, yields a phonon and a
plasmon contribution and determines the transition energy. A
model containing two TO phonons was necessary, in line with
previous investigations. Furthermore, we presented a self-
consistent, all-optical approach to determine the free-carrier
concentration and band parameters, like the EP parameter and
the optical effective electron mass, by using Kane’s model
as well as the plasma frequency and the transition energy.
Effects of BGR and BMS were observed and included into
the theoretical approach. Therefore, the effective electron
masses were determined. An excellent agreement between the
increasing interband transition energy and the applied model
was achieved and an averaged constant effective hole mass
was determined.
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