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Abstract

®

CrossMark

We present a quantitative description of the change in optical properties of zincblende

aluminium-gallium-nitride thin films dependent on the free-carrier concentration due to band
filling and renormalization effects. Free-electron concentrations above 10?° cm—3 in GaN are
achieved by introducing germanium as a donor. Spectroscopic ellipsometry in the infrared and
ultraviolet spectral range yields the dielectric function (DF). The plasmon contribution for the

infrared part of the DF allows to determine the free-electron concentration all-optically.
Furthermore, by utilizing the Kane model for the band structure of semiconductors near the
I'-point of the Brillouin zone as well as taking into account Burstein-Moss-shift and band-gap
renormalization, measured transition energies are efficiently described.

Keywords: doped semiconductors, ellipsometry, cubic nitrides, kp method

1. Introduction

Wide band gap semiconductors are still in high demand for
various applications, such as optoelectronic devices, water
purification and chemical or biological sensing [1, 2]. Band
gap engineering is very beneficial for such applications.
For this reason, aluminium-gallium-nitride (AlyGa;_xN) is a
promising candidate for fabricating such devices. By vary-
ing the Al-concentration x, the band gap ranges from EG*N ~
3.2eV [3-5]to EAN ~ 6 eV [6-8].

In addition to the widely known and researched hexagonal
wurtzite phase, the cubic zincblende phase of group III-
nitrides increasingly attracts interest to possibly replace the
wurtzite phase in certain applications. Reasons for this are
some intriguing properties of the zincblende phase which are
believed to be advantageous over the wurtzite nitrides, such
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as the absence of spontaneous and piezoelectric polarization
[9, 10] and the higher symmetry [11]. Although zincblende
nitrides are metastable [12], there have been several break-
throughs in control and quality of the preparation of those
materials in recent years [13—18].

On the other hand, for many applications doping is a neces-
sary step to increase performance. In this case, technically
most relevant are highly n-type doped materials. The highest
free-electron concentrations in zincblende AlGaN and GaN
are reached by substituting the standard donor silicon by ger-
manium [19, 20]. However, high free-carrier concentrations
have a considerable impact on the optical properties of a mater-
ial. Since the Fermi energy is pushed high into the conduction
band, the exact shape of the band as well as many-body effects
have to be taken into account.

In the current paper, we report the experimental and ana-
Iytical results of different cubic AlGaN thin films, deposited
by molecular beam epitaxy on a 3C-SiC and Si substrate in
(001) orientation. Spectroscopic ellipsometry measurements
between 27 meV and 6.5 eV are employed to derive the
dielectric function (DF). Parameters obtained from the DF like
plasma frequency and transition energy are analyzed in the
framework of Kane’s k-p perturbation theory. Furthermore,

© 2020 The Author(s). Published by IOP Publishing Ltd  Printed in the UK
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Table 1. Sample list containing growth properties as well as
experimental and analytical results: Al-concentration x measured by
HRXRD, germanium effusion cell temperature 7., zb-AlGaN layer
thickness d,.j measured by reflectometric interference spectroscopy,
transition energy Ecv,uvse determined by ultraviolet spectroscopic
ellipsometry, and optical free-carrier concentration nirsg
analytically derived from infrared ellipsometry.

Sample x  Doping Tge dweni  Ecv,uvse NIRSE
(°C) (mm)  (eV) (em™?)

Al 0.00 Ge 800 427 3.23 1.321 x 10"
A2 0.09 - — 484 3.45 -

A3 0.10 Ge 800 480 3.47 1.263 x 10"
A4 0.23 - - 487 3.75 -

A5 026  Ge 800 456 3.79 7.124 x 10"
A6 0.37 - - 430 3.96 -

A7 038  Ge 800 336 414  5.835x10"
A8 0.46 - - 200 432 -

A9 048  Ge 800 160 439 6.907 x 10"
A10 0.59 - - 150 454 -

All 1.00 - - ~100  5.99 -

Bl 0.23 - - 497 3.73 -

B2 0.23 Ge 700 455 3.74 1.172 x 10"
B3 027  Ge 800 437 3.87 3.097 x 10"
B4 024  Ge 850 409 4.07 8.679 x 10"
B5 022  Ge 900 438 427 1.440 x 10%°
B6 024  Ge 950 475 4.09 7.020 x 10*

many-body effects like Burstein-Moss-shift and band gap
renormalization (BGR) influencing the optical properties are
included as well.

2. Experimental

For this study, cubic zincblende AlGaN (zb-AlGaN) samples
grown on a 3C-SiC/Si substrate in (001) orientation by
plasma-assisted molecular beam epitaxy are used. Some
samples are degenerately doped by Ge. The samples were
previously investigated by high-resolution x-ray diffraction
(HRXRD) and reflection measurements to determine the Al-
concentration and the AlGaN-layer thickness, respectively. A
more detailed description of this as well as the growth pro-
cess and substrate properties can be found elsewhere [19-24].
Here, two different sample series are presented. The samples
of series A were grown with different Al-concentrations,
between ~10% and ~70%, while the samples of series B hold
very similar Al-concentrations of ~25%, but offer different
doping concentrations up to n ~ 10?° cm~3 [21]. Furthermore,
GaN and AIN reference samples are present in series A. All
samples are listed in table 1, including some growth proper-
ties and experimental results.

The main experimental technique to investigate the optical
properties of the samples was spectroscopic ellipsometry.
Here, the infrared spectral region experiments were performed
by a Woollam IR-VASE, based on Fourier-transform infrared
spectroscopy, from 300 to 6000 cm~! with a resolution of
4 cm~!. A Woollam VASE (a scanning variable-angle spec-
troscopic ellipsometer based on a grating monochromator)

was employed in the range from 0.5 to 6.5 eV with a step
size of 10meV. Both instruments have overlapping spectral
ranges. The angles of incidence ® for both spectral regions
were chosen to be 50°, 60°, and 70°, respectively.

Spectroscopic ellipsometry yields the ellipsometric angles
¥ and A, which correspond to the change in amplitude and
phase of the reflected light. On the other hand, ¥ and A yield
the complex reflection coefficient p [25] which can be rewrit-
ten in form of the so-called pseudo-DF (¢):

p=tan ()2

—_ )\ 2 1
() = sin® (@) <l—|—tan2(<1>) (hg) ) )

The experimental results for ¥ and A were analyzed by a
multi-layer stack model resembling the sample structure. In
our case, the multi-layer model consisted of the zb-AlGaN
layer, on top of the 3C-SiC and the Si layer. In the visible/ultra-
violet spectral range, an additional topmost layer accounting
for surface roughness was appended to the multi-layer stack.
The surface roughness was approximated by a Bruggeman
effective medium approximation (50% void in zb-AlGaN mat-
rix), modelling an effective DF from the two components [26].
A model containing phonon and plasmon contributions was
used for the zb-AlGaN layer in the infrared region, further
described in section 3.1. On the other hand, a so-called gener-
alized oscillator model (GenOsc) containing different oscil-
lators based on the Herzinger-Johs parameterized semicon-
ductor oscillator functions (PSEMI) was used to describe the
measured data in the visible and ultra-violet spectral region
[27]. The parameters of zb-AlGaN layers’ model were fitted
to the experimental data of ¥ and A by numerically minimiz-
ing mean squared error values using a Levenberg-Marquardt
algorithm. However, this is only the starting point for 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 [28, 29]. The resulting
pbp-DF is a necessary intermediate step for the analysis of
the experimental pseudo-DF (£) by the model DF ¢. In the
last step, we line-shape fitted the zb-AlGaN layer model (IR:
phonon-plasmon, UV: GenOsc) again to the pbp-DF to obtain
the most accurate values for the parameters of the DF, like
phonon frequencies or transition energies.

3. Theory

In this section, we offer a description of the model DF in the
infrared spectral region, which we use to analyze the experi-
mental data, as well as the used band structure model for small
values of k. Furthermore, an overview of the method to determ-
ine the free-carrier concentration, effective mass, and the con-
sidered many-body effects is given.

3.1. Dielectric function

The analysis of our experimental data was performed by fit-
ting a model DF to the pbp-DF, based on the data for ¥
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and A. The complex DF e(w) = €1 (w) + iez(w) describes the
linear dielectric response of the materials. In the infrared
spectral region, the DF is dominated by phonon and plas-
mon contributions, which express the lattice oscillations and
response of free-carriers in the material, respectively [30].
Here, the phonon contribution is described by the Lorentz
model with harmonic oscillators, while the plasmon contribu-
tion was characterized by the Drude model. The infrared DF
can thus be written as

Z Slw%oz Wrz’
€(OJ) =€o00 + 2 2 . - 2 . ) (2)
7 Wi — W —IVTOIW - W + 1ypw
with
2
en
W= — . 3)
e’:‘()mopt

Here, ¢ is the dielectric limit representing contributions
from higher energy oscillators. Since zb-AlGaN is a ternary
alloy semiconductor, we assume the phonon contribution to
be a sum of more than one transverse-optical (TO) phonon.
The parameters of the /-th TO phonon contribution consist
of the amplitude S;, the resonance frequency wrg;, and the
broadening parameter yro;. The TO phonon frequencies for
zb-GaN and AIN are reported to be ~552 cm~! [31-34] and
~650 cm~! [35, 36] respectively. Furthermore, in zb-GaN,
there exists a weaker structure at approximately ~542 cm™!
which derives from the occurrence of anharmonic effects
[31-34]. The Drude term consists of the plasma frequency
wp and the plasma broadening parameter ~p. The plasma fre-
quency is especially interesting for the analysis of the free-
carrier concentration n and the optical effective electron mass
mg,,, of the material as detailed in section 3.3.

3.2. Band structure model

‘We approximate the band structure near the I'-point of the Bril-
louin zone by Kane’s model based on the k - p perturbation the-
ory [37]. Here, one conduction band and three valence bands
(light hole, heavy hole, and split-off band) are considered. Fur-
thermore, we assume a direct band gap at the zone centre, iso-
tropic bands, and a scalar effective mass. In the case of negli-
gible spin-orbit splitting of the valence bands (A, < Eg), the
conduction band dispersion is given by

Ec(k) = s +l Eg + \/EZ + 4P2k? 4)
¢ 2me 2 \"¢ G ’

with the free-electron mass m,., the band gap Eg, and the
momentum matrix element P. In most cases an energy para-
meter Ep is defined which relates to P and can be determined
by comparing with the effective mass at the I'-point of the Bril-
louin zone for the undoped material (band mass, mg(I"))

2m, m
Ep=""Cp2_F C —1].
=T () ®

The reported band masses of 0.19 m,. for zb-GaN and
0.30 m, for zb-AlN yield the P parameters of 0.724 and 0.730
eVnm, respectively [38—40]. Since the values of P for GaN
and AIN are very similar to each other, we assume a linear
interpolation between the two for zb-AlGaN

Pa1,Ga,_ N = (PaIN — Pgan) - X + PGan. (6)

The band gap of AlyGa;_xN is characterized by band gap bow-
ing

EélGaN:x.EélNJr(]7x)oEgaN+x'(X*1)'b, @)

with the bowing parameter b=0.85 eV [6, 41]. Further-
more, previous studies suggest a crossing point between
the direct (I'y — I'c) and indirect (I'y — X.) transition for
an Al-concentration of x=0.71. [6] Therefore, the model
described in equation (4) is only valid for samples with
Al-concentrations x < 0.71.

3.3. Optical effective electron mass

The plasma frequency wp given in equation (3) is depending
on both the free-carrier concentration and the optical effect-
ive electron mass. Many studies attribute this effective mass
to the Fermi-energy for degenerately doped materials due to
the phase-space filling of the conduction band with electrons
[42—44]. However, since the incident light interacts with all
electrons of the conduction band, an averaging over all occu-
pied conduction band states is necessary. This is described by
the so-called optical effective electron mass mgy. To obtain
mg, we analyze the quotient n/mg,, which originates from
the description of the free-carrier concentration n [45, 46]

n > D(k)fe 4
= d’k. 8
. /o Vin (k) ®

Here, D(k) is the density of states, V the crystal volume, f,
the Fermi-Dirac distribution and " (k) the k-dependent effect-
ive mass

. R2k
m (k) = BE ok
1 1 2P ©
=— 4+

m* (k)

Me  p2,/EZ +4P>

By approximating f. as a step function and introducing the

Fermi-vector kr = (37%n) %, we are able to obtain the quotient
n/mg, and therefore make the connection between the exper-
imentally obtained plasma frequency and the free-carrier con-
centration

2 213
e‘n kg

&2 1
= —kpy\/ EE +4P2k2
comyy  h*mleg [3me + 4 VTG + F

Eé 2Pkg + Eé + 4P2k]2;
——21 .
gp " Eo

2 _
Wp =

(10)
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3.4. Many-body effects

In the preceding description, we considered the band gap
Eg to be constant for a given Al-concentration. However,
many-body effects have to be taken into account for a more
accurate description. In this case, the BGR and Burstein-
Moss shift (BMS) are the dominating effects [47-49]. Both
have an increasingly strong effect on the optical properties
with increasing free-carrier concentration. Therefore, they
are especially important in degenerately doped material. The
BGR describes a decreasing band gap due to electron-electron
(AE,.) and electron-ion (AEy) interactions. The renormalized
band gap E.., can be written as [30]

Eren(n) = EG - AEBGR(n)a (1 1)
with
AEBGR(I/I) = AEee (I’l) - AEei(l’l). (]2)

The interaction contributions are approximated by [49]

2 2 4
AE..(n) = ¢ ke + ekrr 1 — —arctan ke
2m2epes  8TE(ES ™ ktr
(13)
e’n
and AEg(n) = ————.
cocsapkyp

Here, kg and ap are the Thomas-Fermi screening vector
and the effective Bohr-radius, respectively. Their calculation
can be found elsewhere [31]. Furthermore, the static dielec-
tric constant € = lim,,_,o (¢1) depends on the material. Once
more, a linear interpolation for zb-AlGaN is assumed since the
values of &, for zb-GaN (9.44) [3] and zb-AIN (8.71) [7] are
very similar.

Consequently, E.., replaces Eg in equation (4) and there-
fore in equations (9) and (10) as well. On the other hand,
the phase-space filling of the conduction band with electrons
yields an increase of the transition energy between the con-
duction band and the valence bands due to Pauli-blockage and
k-conservation. The transition energy Ecy consists of a con-
duction and a valence band contribution, both at the Fermi-
vector kg

Epus = AEc + AEy = Ec(kg) + |Ev(ke)[.  (14)

The conduction band contribution is simply the dispersion
given in equation (4). For the valence bands, we approximate
the more complicated dispersions by a single parabolic band
with the averaged hole mass m;, as defined by

n2k?

The transition energy is consequently written as

i (1 1 1
> (m + mh) +3 <E +\/E2, +4P2k12:> :
€

Ecv=——
(16)

A (deg)

i
a3 50
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Figure 1. Ellipsometric angles ¥ and A and the corresponding
point-by-point-fit (pbp-fit, red dotted curves) of sample A3

(x =0.10, nirsg = 1.26 x 10" cm’3) in the infrared range
measured by spectroscopic ellipsometry for three angles of
incidence.

4. Results and discussion

Our experimental and analysis results are presented in this
part, both for the infrared and visible/ultra-violet spectral
regions. The analysis is based on the models described
in section 3. Furthermore, an investigation on the observed
phonon frequencies is performed.

4.1. Infrared spectroscopic ellipsometry

Infrared spectroscopic ellipsometry (IRSE) was performed on
all samples and the resulting experimental data analyzed by the
model described in section 3.1. Here, we focus on three selec-
ted samples as examples to discuss the differences occurring
due to Al-concentration and doping levels. Nevertheless, the
phonon and plasmon parameters for the DF of all samples are
shown in table 2.

First, we look at sample A3 as a reference for low doping
and low Al-concentration. The experimental data (¥ and A)
as well as the pbp-fit are shown in figure 1. A very good
agreement is achieved for wavenumbers below 1000 cm~!,
where the TO phonon contributions are expected. The strong
feature at ~1000 cm~! is attributed to the 3C-SiC substrate.
For higher wavenumbers, the spectrum is dominated by Fabry-
Pérot oscillations due to thin-film interference caused by the
different interfaces.

The resulting pbp-DF of the zb-AlGaN layer is then used to
determine the model DF described by equation (2), shown in
figure 2. Here, the spectral region was reduced for clarity since
there are no features of the zb-AlGaN layer above 1000 cm ™.
Again, a good fit result was achieved. A strong phonon contri-
bution is clearly visible at ~558 cm~!, which consists of the
GaN-like TO phonon and an anharmonic shoulder as described
in section 3.1 (see inset in figure 2). The values of the reson-
ance frequencies are slightly shifted to higher wavenumbers
compared to binary GaN. On top of that, the plasmon contri-
bution is best visible as an increase of the imaginary part €, of
the DF.

As a second example we look at sample A9, which is char-
acterized by a higher Al-concentration (x = 0.48) than sample
A3. The experimental data (¥ and A) are shown in figure 3,
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Figure 2. Point-by-point fitted (pbp-DF, dotted) and analytical
model (model fit, continuous) dielectric function for sample A3
(x =0.10, nigsg = 1.26 x 10" cm73) in the infrared range. The
inset on the right side displays a magnified spectral region of the
GaN phonon contribution to indicate the anharmonic shoulder.
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Figure 3. Ellipsometric angles ¥ and A and the corresponding
point-by-point-fit (pbp-fit, red dotted curves) of sample A9 (x =
0.48, nirsg = 6.91 x 10'8 cm73) in the infrared range measured by
spectroscopic ellipsometry for three angles of incidence.
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Figure 4. Point-by-point fitted (pbp, dotted) and analytical model
(model fit, continuous) dielectric function for sample A9 (x = 0.48,
nrsg = 6.91 x 10'8 cm*3) in the infrared range.

where the higher wavenumbers are again dominated by Fabry-
Pérot oscillations. However, the DF in figure 4 is dominated by
two distinct phonon modes in striking difference to the case of
sample A3 (figure 2). In agreement with the literature [36, 50],
we attribute the stronger one as GaN-like and the weaker one
as AIN-like. Both resonance frequencies vary from the corres-
ponding GaN or AIN values due to the ternary nature of the
material.
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Figure 5. Ellipsometric angles ¥ and A and the corresponding
point-by-point-fit (pbp-fit, red dotted curves) of sample BS (x =
0.22, nirsg = 1.44 % 10%° cm’3) in the infrared range measured by
spectroscopic ellipsometry for three angles of incidence.
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Figure 6. Point-by-point fitted (pbp, dotted) and analytical model
(model fit, continuous) dielectric function for sample BS (x = 0.22,
nrsg = 1.44 % 10% cm73) in the infrared range.

Finally, we take a look at the degenerately doped sample
B5 (x =0.22). Again, the experimental data (¥ and A) as well
as the model DF are shown in figures 5 and 6, respectively.
A drastic difference in the spectra (¥ and A) compared to the
lower doped samples of series A is observed. While the Fabry-
Pérot oscillations above 1000 cm™~! are still present, they are
damped compared to figures 1 and 3. Furthermore, the values
of U and A are steeply decreasing for higher wavenumbers.
We want to emphasize that this is not just due to the increased
wavenumber region shown in figure 5. The plasmon contribu-
tion is much more dominant than in figures 2 or 4, which indic-
ates a higher free-carrier concentration in this sample. In addi-
tion, the two phonon contributions of the stronger GaN-like
phonon and weaker AIN-like phonon from before are observed
again. However, in this case, we do not detect the anharmonic
shoulder like for the other samples. Differences between the
pbp- and the model DF in figure 6 are very likely due to data
noise.

The imaginary parts of the DFs of all samples from series
A and B are shown for comparison in figures 7 and 8. First,
we look at the influence of different Al-concentrations on
the phonon contributions for samples of series A. A shift
of the GaN-like TO phonon frequency from 550 cm™! up
to nearly 590 cm~! is very pronounced with increasing
Al-concentration, while the shift of the AIN-like TO phonon
is less noticeable due to the smaller amplitude, but still clearly
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Figure 7. Point-by-point fitted (pbp-DF, dashed) imaginary parts of
all A series samples as well as the corresponding analytical line
shape fits (model, continuous). A vertical shift between each curve
is artificially implemented for better visibility. Arrows indicate the
resonant frequency shifts with increasing Al-concentration.
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Figure 8. Point-by-point fitted (pbp-DF, dashed) imaginary partsof
all B series samples as well as the corresponding analytical line
shape fits (model, continuous). The observed amplitude shift for
lower wavenumbers originates from the different plasmon
contributions.

present. Furthermore, a transfer of oscillator strength from
the GaN-like phonon to the AIN-phonon is observed, which
is attributed to the increasing AIN fraction. On the other
hand, the different amplitudes of the imaginary parts for lower
wavenumbers in the Drude contribution in figure 8 indic-
ate different free-carrier concentrations in the correspond-
ing samples of the B series, while the phonon energy pos-
ition remains stable due to the similar Al-concentrations of
x~0.25.

For further analysis, we extract the parameters described
in section 3.1 from the experimentally obtained model DFs,
especially the phonon parameters and the plasma frequency.
First, the TO phonon frequencies and amplitudes are col-
lected in figure 9. There, a seemingly linear shift to higher
wavenumbers with increasing Al-concentration is obvious for
the GaN-like mode and the anharmonic shoulder. Although the
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Figure 9. Transverse optical phonon frequencies wro and
amplitudes S of all samples according to equation (2). Error bars
represent the broadening parameters yro. The AIN-like (red) and
the two GaN-like (blue, green) phonon modes show an
approximately linear dependence on the Al-concentration x.

AIN-like modes are much broader, an increasing energy posi-
tion with increasing Al-concentration is detectable, approach-
ing the AIN TO phonon frequency as expected. It should be
noted, that the broadening parameters of series B are consist-
ently higher than those of series A. Furthermore, the amp-
litude behaviour displays a distinct transfer from the GaN-like
mode to the AIN-like mode with increasing Al-concentration.
In fact, at x~0.50 the amplitudes have very similar values.
The amplitude of the anharmonic shoulder of the GaN-like
mode varies strongly for Al-concentration below 25%, but is
found to be constant for Al-concentrations above 25%.

In the next step, we extract the plasma frequencies from
the model DF described in section 3.1. We present the relation
between the plasma frequency wp and the free-carrier concen-
tration n for three different Al-concentrations x in figure 10 by
utilizing equation (10). The small difference in P defined in
equation (6) only yields a negligible change of wp. The inter-
section of the experimentally obtained plasma frequencies and
equation (6) yields the optical free-carrier concentration nrsg.

The optically obtained free-carrier concentration nrsg
enables us to determine the effective electron masses.
This is exemplary shown in figure 11 for three samples.
Here, the increasing band mass mg due to the increasing
Al-concentration is clearly visible. Furthermore, the included
renormalization effects initially cause a slight decrease of the
effective masses (see inset of figure 11) until the conduction
band filling becomes predominant.

4.2. Ultraviolet spectroscopic ellipsometry

The experimental data and the pbp-fit of sample A3 measured
by ultraviolet spectroscopic ellipsometry (UVSE) are shown in
figure 12 . Here, Fabry-Pérot oscillations are visible at lower
energies connecting to the infrared spectral region in figure 1.
The oscillations disappear in the vicinity of the absorption
edge. The related pbp-DF is displayed in figure 13.

The transition energy Ecv uvse (as marked by vertical
arrows in figures 13 and 15) between the conduction and
valence bands is determined by a line-shape fit of the Gen-
Osc model to the pbp-DF. A so-called PSEMI-0 oscillator
[27] was used within the GenOsc model to represent the
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Figure 10. Plasma frequencies wp calculated by equation (10)
(continuous lines) including band gap renormalization effects and
the experimentally obtained plasma frequencies for different
samples (dashed lines). The intersection of these lines determines
the optical free-carrier concentration nirsg.

0.28 T—T—TTTTTT T—T—T-TTTTT T—T—T-TTTTT T
I ! 0212 IR ]
i — /
i A 0.211 Eo 7
L / E /
_— 4 0.210 —
0.26 |- \“\’/ . -
i Jo0209 E 7
B sl bl bl bl 3l 0.208 4
- -10'10" 10" 10" 10®10"
£ 0.24 |- -
= ——== o
% | m*(I)=0.239m,, (x=0.48) // / /
g [-—--mk S
0.22 |- M opt "
- mA()=0.211m, (x=0.22) |_ _ —=" 1
—_——— — = P _ 7 -
0.20 '_ m*(I')=0.199m,, (x=0.10) - _'
[ el e dail R EEET — .-
1017 1013 1019 1020 Mgse
-3
n(cm?)

Figure 11. Effective mass at the Fermi-vector (m* (kg), dashed) and
optical effective mass (mgy, continuous) for three different
Al-concentrations (red, blue, and green) as a function of free-carrier
concentration. Band gap renormalization effects induce an initial
decrease of the effective masses (see inset). The increase of the
optical effective mass due to the then predominant band filling
effects, for instance for an Al-concentration of x = 0.22, starts for
n~~2x 10" cm™3. The optical free-carrier concentration nrsg
yields the marked effective masses.

general line-shape of €, around the absorption onset, which
resembles a Fermi—Dirac distribution. The critical point of the
PSEMI-0 oscillator corresponds to the inflection point of the
curve which coincides with the transition energy. For example,
the spectrum shown in figure 13 yields a transition energy
of ~3.47 eV. Similar experimental results can be found for
sample BS5 in figures 14 and 15. Here, Fabry-Pérot oscillations

y (deg)

2 3 4 5 6 72 3 4 5 6 7
Photon energy (eV) Photon energy (eV)

Figure 12. Ellipsometric angles ¥ and A and the corresponding
point-by-point-fit (pbp-fit, red dotted curves) of sample A3 (x =
0.10, nrse = 1.26 x 10'° em™3) in the visible/ultraviolet range
measured by spectroscopic ellipsometry for three angles of
incidence.
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Figure 13. Point-by-point fitted dielectric function (pbp-DF, dotted)
and line-shape fit (continuous) for sample A3 (x = 0.10,
nrsg = 1.26 x 10" cm73) with a transition energy of ~3.47 eV.
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Figure 14. Ellipsometric angles ¥ and A and the corresponding
point-by-point-fit (pbp-fit, red dotted curves) of sample B5 (x =
0.22, nrsg = 1.44 % 10%° crn_3) in the visible/ultraviolet range
measured by spectroscopic ellipsometry for three angles of
incidence.

are once more visible until the absorption edge. Due to the
higher Al- and free-electron concentration, the band edge in €,
displays a broader line shape with a higher transition energy
of ~4.27 eV. Please note that irregularities below the absorp-
tion edge are residuals from the pbp-fit, most-likely due to the
Fabry-Pérot oscillations. This also applies for £, in figure 13.

The imaginary parts of all A series samples are shown in
figure 16. Here, a blue shift of the transition energy is observed
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Figure 15. Point-by-point fitted dielectric function (pbp-DF, dotted)
and line-shape fit (continuous) for sample B5 (x = 0.22,

nrsg = 1.44 X 10%° cm_3) with a transition energy of ~4.27 eV.
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Figure 16. Point-by-point fitted imaginary parts (pbp-DF, dotted)
and line-shape fit (continuous) of all samples from series A.

with increasing Al-concentration. Since all series A samples
have low doping, this shift is mostly due to the band gap bow-
ing described in equation (7). On the other hand, imaginary
parts of series B samples with very different doping levels
but similar Al-concentrations are shown in figure 17. Here, we
observe an increase of the transition energy as well. However,
in this case the blue shift is primarily a result of the phase-
space filling of the conduction band, the so-called BMS as
described in section 3.4.

The experimentally obtained transition energies of all
samples are plotted as a function of the Al-concentration in
figure 18. Here, the band-gap bowing as well as the indirect
band gap are shown for comparison [6]. The A series’ trans-
ition energies are in good agreement with the band-gap bow-
ing curve. Small variations from the theoretical curve could
indicate the effect of BGR and BMS. The transition energy,
much like the effective mass, actually decreases for low free-
carrier concentration (n < 10'8 cm™3) due to BGR, before an
equilibrium between BGR and BMS is reached (see inset of
figure 11). This assumption, however, can not satisfyingly be
confirmed, since most of the A series’ samples do not show
significant plasmon contributions in their IR data. On the other
hand, the B series’ transition energies are located at much

3.0 prrrrrrrrr7rrTTTT T T T T
L — — - pbp-DF
25 F line-shape analysis
o5
£ o0k B5
8 0: B6 ]
[ B4 ]
§15_— B3 .
s | B ]
%1.0:— —:
£ : ]
— 05F -
W A I I
2.5 3.0 3.5 4.0 4.5 5.0 5.5

Photon energy (eV)

Figure 17. Point-by-point fitted imaginary parts (pbp-DF, dotted)
and line-shape fit (continuous) of all samples from series B.
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Figure 18. Experimentally obtained transition energies (symbols)
as well as the behaviour of direct and indirect band gaps [6] (dashed
lines).

higher energies than the bowing curve, which definitely indic-
ates a strong Burstein-Moss-shift due to high free-electron
concentrations in those samples.

Howeyver, it turns out that the measured transition ener-
gies for samples of the B series do not comply with the free-
electron concentrations determined by infrared spectroscopic
ellipsometry njgsg. For example, to obtain a transition energy
of 4.27 eV with an Al-concentration of 0.22 (see sample B5)
a free-electron concentration of nearly 4 x 10?° cm=3 would
be necessary, which is higher than njrsg = 1.44 X 102 cm 3.
For this reason, we optimized our layer model described in
section 2. We replaced the AlGaN layer by two differently
high doped layers to explain our spectra. The topmost layer
is very thin (e.g. =33 nm in B4) and represents a high dop-
ing layer, while a thicker layer for low doping concentra-
tions continues. The overall AlGaN thickness remains nearly
unchanged. This double-layer approach is motivated by exper-
imental results found by Deppe et al for Ge doped cubic GaN
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Figure 19. Experimentally obtained transition energies Ecv,uvse
for the low doping zb-AlGaN layer (symbols) plotted as a function
of the optical free-carrier concentration obtained by IRSE. The
individual effects of Burstein-Moss shift (BMS, green dashed line)
and band gap renormalization (BGR, black dashed line) are
separately plotted as as well. The resulting model transition energy
(continuous, red) resembles an Al-concentration of x = 0.25.

[19]. The modification leads to an improved model fit for ¥
and A and to the determination of two transition energies per
sample. The transition energy for the lower doping concen-
tration layer is in good agreement with nrsg. We conclude,
that IRSE mainly measures the whole zb-AlGaN layer, while
UVSE is more sensitive to individual sub-layers within the zb-
AlGaN layer. This is expected, since the wavelength of UVSE
is much shorter than IRSE.

The agreement of the model including many-body effects
with the resulting transition energies is demonstrated in
figure 19 for the low doped layer of the B series samples. Here,
an Al-concentration of x=0.25 was chosen for the determ-
ination of the model curves for BGR, BMS, and transition
energy. Deviations between the model (red continuous curve)
and measured (blue symbols) transition energies are mainly
due to the deviations in the Al-concentration from x = 0.25 for
each individual sample.

5. Summary

In conclusion, we determined the DFs of zb-AlGaN lay-
ers with Al-concentrations between 10% and 70% and dop-
ing levels up to 1.4x 10?%° cm™3 by spectroscopic ellip-
sometry from the infrared to the ultraviolet spectral range.
Both, the energy position and the oscillator strength of the
GaN- and AIN-like phonon contributions, display a nearly lin-
ear correlation with the Al-concentration. While the energy
positions increase for both phonon modes, they exchange
oscillator strengths from the GaN-like to the AIN-like for
higher Al-content. The plasmon contribution is utilized to all-
optically determine the free-carrier concentration and effective
electron mass. By applying a two-layer AlGaN model for the

UVSE analysis, the experimentally obtained absorption edges
are described by means of Burstein-Moss-shift and BGR. This
is necessary due to the shorter wavelength of the UVSE which
are able to detect finer layers with high doping concentra-
tions, in comparison to the IRSE. Nevertheless, the agreement
between absorption onsets and the applied model indisputably
verifies the occurrence of many-body effects.
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