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ABSTRACT

An ultra-fast change of the absorption onset for zincblende gallium-nitride (zb-GaN) (fundamental bandgap: 3.23 eV) is observed by inves-
tigating the imaginary part of the dielectric function using time-dependent femtosecond pump–probe spectroscopic ellipsometry between
2.9 and 3.7 eV. The 266 nm (4.66 eV) pump pulses induce a large electron–hole pair concentration up to 4� 1020 cm�3, which shift the
transition energy between conduction and valence bands due to many-body effects up to �500 meV. Here, the absorption onset increases
due to band filling while the bandgap renormalization at the same time decreases the bandgap. Additionally, the absorption of the pump-
beam creates a free-carrier profile within the 605 nm zb-GaN layer with high free-carrier concentrations at the surface, and low concentra-
tions at the interface to the substrate. This leads to varying optical properties from the sample surface (high transition energy) to substrate
(low transition energy), which are taken into account by grading analysis for an accurate description of the experimental data. For this, a
model describing the time- and position-dependent free-carrier concentration is formulated by considering the relaxation, recombination,
and diffusion of those carriers. We provide a quantitative analysis of optical experimental data (ellipsometric angles Ψ and Δ) as well as a
plot for the time-dependent change of the imaginary part of the dielectric function.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0153091

I. INTRODUCTION

Modern technologies require the application and understand-
ing of faster and faster electronics and optics. From high-speed
optical switching1,2 and fast transparent electronics3,4 to ultra-fast
lasers5 and computing,6,7 the fundamental understanding of ultra-
fast phenomena is crucial for the development and deployment of
novel applications.8 This extends to the selection and incorporation
of novel materials for those applications. Furthermore, measure-
ment techniques that are able to accurately investigate those effects
are necessary. In recent years, time-resolved pump–probe spectro-
scopic ellipsometry (trSE) has proved to be an excellent contestant
for this with many possibilities.9–13 Spectroscopic ellipsometry is
an ideal method for obtaining optical and material properties of

semiconductors as well as many other materials. This is due to its
highly accurate and sensitive, contactless and non-destructive
nature, which also allows a precise determination of sample struc-
tures and layer thicknesses. Using the pump–probe approach,
systems under strong non-equilibrium conditions can be investi-
gated. In this case, an electron–hole pair concentration up to
4� 1020 cm�3 is possible, while time-resolutions in the femtosec-
ond regime grant an in-depth analysis of the involved ultra-fast
processes. However, recent studies only concern homogeneously
excited samples with layer thicknesses much smaller than the char-
acteristic absorption length. The analysis of thicker samples
remains a challenge that needs to be addressed.

The cubic zincblende phase of group III-nitrides has received
increasing interest due to its electronic and optical properties.
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Zincblende gallium nitride (zb-GaN) and its alloys like InGaN are
especially promising candidates for high-speed devices14 and qubit
applications.15 Furthermore, the absence of spontaneous and piezo-
electric polarization16,17 due to the cubic crystal phase is believed to
be advantageous over those of the wurtzite phase for certain
applications.18–21 The possibility for closing the so-called green-gap
with cubic materials is still of great interest,22–24 even though
recent studies showed that this is not due to the quantum confined
Stark effect in wurtzite phase materials.25,26 Although the zinc-
blende phase is metastable, major improvements regarding control
and quality of zb-GaN have been reported recently.23,27,28 In addi-
tion, the band structure of zb-GaN is simpler compared to the
wurtzite GaN due to higher symmetry29 and offers a direct
bandgap of 3.23 eV at the Γ-point of the Brillouin zone (BZ) with
no additional local conduction band minima in the vicinity.30–33

This ensures electron–hole pair generation by pump-beam excita-
tion only near the Γ-point. Furthermore, electron scattering to
other conduction band minima within the BZ9 should be negligi-
ble. Other band structure related parameters, like effective masses,
have also been studied before.30,31,34 Furthermore, zb-GaN displays
isotropic optical properties unlike wurtzite GaN. All this should
enable zb-GaN to be a promising candidate for understanding the
fundamental processes that happen on the femto- and picosecond
timescale.

The influence of many-body effects like band-filling and
bandgap renormalization on the absorption onset in semiconduc-
tors is widely known.34–38 Understanding these effects is essential
for practical applications.39,40 For highly n-type doped materials,
the Fermi-energy is pushed high into the conduction band. On the
other hand, in the experiment discussed here, we create high free
electron–hole pair concentrations which should be more compara-
ble to a co-doping situation instead of only n-type doping.
Therefore, the effect of both high electron and high hole concentra-
tion should be considered for an accurate description. Fortunately,
the renormalization effect induced by free-hole concentrations
seems to be substantially weaker compared to the free-electron
contributions.35

We report our results from optical investigations on highly
excited zb-GaN films in the femto- and picosecond time regime,
including the ultra-fast change of the absorption onset (�500 meV
in 1 ps) visible in the imaginary part of the dielectric function
(DF). Furthermore, the pump-beam excitation leads to a free-
carrier profile within the sample, which drastically changes the DF
at different sample depths. This profile is described by a time- and
position-dependent model accounting for free-carrier relaxation,
recombination, and diffusion.

II. EXPERIMENTAL SETUP

In this study, we investigate a 605 nm thin film of zb-GaN
grown by plasma-assisted molecular beam epitaxy (MBE) on a
3C-SiC/Si (001) substrate. A schematic sample structure is displayed
in Fig. 1. The sample has been previously studied by means of
steady-state spectroscopic ellipsometry, photoluminescence, Raman
spectroscopy, and Hall-measurements as reported earlier.34,41,42

These preliminary investigations yield the (steady-state) DF, excitonic

contributions in the absorption and emission properties as well as
confirm the good crystal quality of the sample.

Additionally, photo-reflection studies were performed on this
sample. The comparison of their results to the dielectric function
obtained by ellipsometry measurements is shown in Fig. 2. A
266 nm continuous-wave laser was used for excitation in both
photo-reflection and photoluminescence measurements. Generally,
a broadened exciton absorption edge is observed around 3.2 eV.
The presence of excitons in zb-GaN was also reported earlier by
ellipsometry and photo-reflection studies.32,42 The influence of
excitons and electric fields on wurtzite GaN was discussed
elsewhere.43

FIG. 2. Comparison of photo-reflection results to the imaginary part of the
dielectric function (DF). The DF was obtained by a multi-angle analysis (angle
of incidence: 50, 60, and 70�) of steady-state ellipsometry.

FIG. 1. Sample structure and sketch of the free-carrier distribution after pump-
beam excitation between the excited GaN at the surface and the unexcited GaN
at the bottom, considering diffusion and recombination.
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trSE measurements were performed using a femtosecond
pulsed laser,11 according to Fig. 3. The third harmonic (THG,
266 nm) of a titanium sapphire laser (Ti:Sapph, Coherent Astrella,
fundamental 35 fs pulse duration, 800 nm wavelength, 1 kHz repeti-
tion rate) is utilized as the pump-beam, while 1% of the same laser
pulse is used to generate supercontinuum white-light (SCG) in a
CaF2 window as the probe-beam. Using a prism spectrometer and
a kHz-readout CCD camera, the transient reflectance-difference
(ΔR=R) spectra were recorded. A variable delay-line (DL) between
the pump- and the probe-beam allows time-resolved measure-
ments. Furthermore, a two-chopper system was employed for
wavelength-dependent real-time correction of the pump–probe and
only-probe measurements to obtain proper reflectance-difference
spectra. For the purpose of acquiring the ellipsometric angles
defined in Eq. (1), the measured reflectance-difference spectra are
applied to a reference steady-state spectra (reported as sample D in
the earlier study34) by a Müller-matrix formalism for each photon
energy and delay-time. A more detailed description of the experi-
mental setup and method can be found elsewhere.9–11

Ellipsometric angles Ψ and Δ were measured in the
polarizer-sample-compensator-analyzer (PSCA) configuration (see
Fig. 3) for the probe-beam extending from 1.5 to 3.7 eV. The pulses
of 2.9 μJ at 266 nm (4.66 eV) were used to excite the system induc-
ing a carrier profile indicated schematically in Fig. 1. For a more
detailed description, see Sec. III A. The angle of incidence was 60�

for the probe- and 55� for the pump-beam. The 477 μm diameter
of the pump-beam was determined by a knife-edge scan. This leads
to a pump fluence of of 1.62 mJ/cm2. The probe-beam displays far
less intensity compared to the pump-beam and therefore can be
neglected for the analysis in Sec. III A. Delay-times in the range of
�10 to 5000 ps between pump and probe pulses were controlled by
a motorized linear stage. The time resolution of the system was
�100 fs. Knowing Ψ and Δ, the pseudodielectric function εh i was
calculated by

ρ ¼ Rp

Rs
¼ tan Ψð ÞeiΔ,

εh i ¼ sin2 Φð Þ 1þ tan2 Φð Þ 1�ρ
1þρ

� �2
� �

:
(1)

Here, Rp and Rs are the Fresnel reflection coefficients for p-
and s-polarized light. εh i contains information about the sample
structure and therefore is not the DF of zb-GaN. The process for
obtaining the DF from the measurement data is described in Sec. IV.

III. THEORY

The high-power pump-beam induces a great number of elec-
tron–hole pairs in the material. This means that the same amount
of free-electrons are created as free-holes. We therefore refer to the
concentration of each type of pump-induced carrier also as the
free-carrier concentration. This study mainly focuses on the effect
of the free-electrons in the conduction band minimum (CBM),
reasons for this are given below. The time-dependent change of the
free-carrier concentration influences the transition energy between
the conduction and the valence band due to many-body interac-
tions and therefore changes the DF, especially the absorption edge.

A. Carrier distribution

The time-dependent free-carrier concentration is determined
by different contributions concerning the absorption of photons by
the material, the relaxation of pump-induced electron–hole pairs in
their respective bands, and the recombination and diffusion of
those free-carriers. A schematic overview of the involved processes
is given in Fig. 4. Since the sample thickness of 605 nm is much
higher than the characteristic absorption depth of �60 nm for the
266 nm pump-beam,34 we have to consider a free-carrier profile
within the sample. This leads to a more complicated analysis com-
pared to thin-film or homogeneous excited samples in earlier
studies.9,10,12,13 We want to emphasize that the following modeling
only considers the free-electron concentration n x, tð Þ. Although the
inclusion of free-hole effects, like band-dependent relaxation,
recombination and diffusion, would yield more accurate parameter

FIG. 3. Schematic of the experimental setup for the pump–probe time-resolved
spectroscopic ellipsometry (trSE) measurements. THG, third harmonic genera-
tion for pump-beam; SCG, supercontinuum white-light generation for probe-
beam; DL, delay-line; L, lens; P, polarizer; S, sample; CR, rotating compensator;
A, analyzer.

FIG. 4. Involved processes (only shown for electrons) influencing the transition
energy between the conduction band (CB) and the valence bands (VB), here
portrait by a single band: absorption (1) of the 266 nm pump-beam, relaxation
(2) into the CB minimum, recombination (3) back into the VB and diffusion (4)
within the sample (no k-variation). Many-body effects shift possible transitions
depending on the number of electrons in the CB-minimum (see Sec. III B).
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results, it represents a significantly more complex modeling chal-
lenge with only incremental gains in accuracy.

The starting point of our analysis to obtain a description for
n x, tð Þ is to model the relaxation process. The initial absorption of
the pump-beam excites electrons from the valence band into a
so-called pump-reservoir within the conduction band. We only
consider the pump-induced electrons for the relaxation model,
since the Fermi-vector of electrons is always greater than the
respective Fermi-vector of holes. This is true due to the fact that
the total amount of holes is distributed over three valence bands.
This means that the electron distribution in the conduction band
dictates the absorption properties for our probe-beam incidence
and therefore the measured transition energy.

The total amount of pump-induced electrons N0 relax expo-
nentially into the empty CBM having a characteristic relaxation
time τ0. Consequently, the number of electrons in the CBM can be
expressed by N0 � 1� e�t=τ0

� �
. However, an accurate model for

the relaxation has to consider the pump-beam intensity profile
since relaxation time and pump-beam duration are both in the
same order of magnitude. The relaxation model follows from the
convolution of the number of electrons in the CBM and the pump-
beam profile. Assuming the pump-beam profile to be Gaussian, the
resulting relaxation model strongly resembles an error-function.
Therefore, we approximate the number of relaxed electrons by

nrelax tð Þ ¼ N0

2
� erf

t � γ0
τ0

� �
þ 1

� �
, (2)

with N0 and τ0 as defined before and γ0 as the position of the
inflection point of the error function.

The next step is to solve the diffusion differential equation
with the absorption profile as a starting condition,

@n x, tð Þ
@t ¼ � n x, tð Þ

τ1
þ D @2n x, tð Þ

@x2 ,

n x ¼ s, t ¼ 0ð Þ ¼ I0e�αs, s � 0
0 s , 0:

� (3)

Here, x is the position in the zb-GaN layer, n means the
pump-induced electron–hole concentration while I0 resembles the
number of absorbed photons at the surface of the sample. This
means that I0 already accounts for the loss of about 20% of the
pump-beam due to reflection. Furthermore, s represents the
absorption depth for the starting condition. This differential equa-
tion can be solved by Fourier-transformation for x, tð Þ � 0 to

ndiff x, tð Þ ¼ 1
2
I0 � eα

2Dt�αx� t
τ1 � erfc

2αDt � xffiffiffiffiffiffiffiffi
4Dt

p
� �

: (4)

In this solution, α ¼ 1=(60 nm) is the absorption coefficient of
zb-GaN at 4.66 eV,34 D is the diffusion coefficient, and τ1 is the
characteristic recombination time. The recombination process is
conventionally described by the ABC model, accounting for
Shockley-Read-Hall, radiative, and Auger-recombination respec-
tively. This provides a very accurate representation of the involved
processes by introducing a time-dependent effective carrier-
lifetime. However, in this study a very simple single recombination

process is used as a substitution for the more complex models. This
means τ1 is only an effective recombination time and does not
directly represent a specific recombination process. We combine
the three processes of relaxation, recombination, and diffusion by
assuming I0 ¼ nrelax tð Þ to obtain the free-carrier concentration at
the CBM,

nCBM x, tð Þ ¼ nrelax
2

� eα
2Dt�αx� t

τ1 � erfc
2αDt � xffiffiffiffiffiffiffiffi

4Dt
p

� �
: (5)

This approximation is valid due to the difference in relaxation
and recombination time constants. The relaxation of free-carriers is
completed within �1 ps, thus yielding a constant parameter I0 for
the slower recombination and diffusion in Eq. (4). The short time
behavior is dictated by the relaxation process [Eq. (2)], while
longer times follow the recombination and diffusion processes
[Eq. (4)]. The resulting free-carrier distribution dependent on the
sample depth is shown in Fig. 5 for three different time regions.
There, a strong time-dependent change in the free-carrier profile is
visible, which allows us to determine an appropriate layer-model
for zb-GaN (see Sec. IV). We also assume a reflection of free-
carriers at the sample surface back into the zb-GaN layer. This con-
dition provides a free-carrier maximum at x ¼ 0 and implies to
negligible surface recombination in zb-GaN.44

B. Many-body effects

The band structure of zb-GaN in the vicinity of the Γ-point of
the BZ is known to consist of one conduction band and three
valence bands. Setting the direct bandgap to the zone center,
assuming isotropic bands and a scalar effective mass, we can
describe the conduction band dispersion by45,46

EC(k) ¼ �h2k2

2me
þ 1
2

EG þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
G þ 4P2k2

q� �
: (6)

Here, me is the (free-) electron rest mass and P is a momen-
tum matrix element, which is assumed to be k-independent.47 This
k � p perturbation theory-based model already contains the nonpar-
abolicity of the conduction band.

The influence of many-body interactions on the interband
transition energies is a key factor for understanding the experimen-
tal data as well as the development of possible applications. Due to
phase-space filling of the conduction band, the Fermi-energy and
-vector are increasing with increasing free-carrier concentration
and thus increase the interband transition energy.48,49 This
so-called Burstein–Moss shift (BMS) contains a conduction band
and a valence band contribution. In an n-type doped semiconduc-
tor, the BMS is described by the following expressions:

EBMS nð Þ ¼ EC(kF)þ �E V(kF)j j: (7)

The conduction band contribution is given in Eq. (6) while an
averaged parabolic valence band contribution over the light hole,
heavy hole, and split-off band is sufficient to describe the more
complicated valence band contribution.34 As stated before, the
Fermi-vector kF for free-electrons has to be greater than for
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free-holes due to the distribution of holes over three possible
valence band. Therefore, the BMS is only dependent on the free-
electron concentration in the CBM.

On the other hand, the bandgap renormalization (BGR)38,46

in an n-type doped semiconductor can be written as50,51

Eren nð Þ ¼ EG � ΔEBGR(n) ¼ EG � ΔEee(n)� ΔEei(n): (8)

Here, electron–electron (ΔEee) and electron–ion (ΔEei) interac-
tions cause a decrease (�ΔEBGR) of the fundamental bandgap EG.
The equations for those contributions can be found elsewhere.34

However, this study does not investigate n-type doped semi-
conductors, but pump-induced electron and hole accumulations in
the CBM or valence band maximum, respectively. Therefore, we do
not expect an electron–ion interaction as contained in Eq. (8) but
suppose additional hole–hole and electron–hole interactions. It is
also reasonable that different valence band contributions yield dif-
ferent BGR effects due to different effective hole masses and differ-
ent distributions of holes among the three valence bands. This, of
course, would also dramatically change an attempt of averaging
over all valence bands. The inclusion and accurate description of all
these effects would far exceed the scope of this study. We therefore
make some reasonable approximations to obtain an adequate
model for the many-body interactions. First-principle calculations
suggest that hole–hole interactions yield only a fraction of the effect
of electron-electron interactions.35 In combination with the fact
that each valence band is less filled with holes than the conduction
band is filled with electrons, this leads us to estimate the combined
hole–hole and electron–hole interaction as the electron–ion interac-
tion in Eq. (8). This approximation should be good enough for low
free-carrier concentrations at which the BGR is dominant over the
BMS. For higher free-carrier concentrations, the difference in BGR
calculation should be negligible compared to the BMS contribution.
We therefore assume the transition energy ECV nð Þ as a function of
the free-electron concentration in the CBM as

ECV nð Þ ¼ 1
2

�h2k2F
me

þ �h2k2F
�m h

þ Eren þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
ren þ 4P2k2F

q� �
, (9)

with the Fermi-vector kF nð Þ ¼ 3π2nð Þ13, an averaged effective hole
mass of �m h ¼ 0:61me, and P ¼ 0:724 eV nm.34

IV. ANALYSIS OF EXPERIMENTAL OPTICAL DATA

This section describes the steps to investigate the experimental
data and obtain the DF at any delay-time. The measured ellipso-
metric angles Ψ and Δ are analyzed by constructing a multi-layer
model, representing the layout of the sample consisting of zb-GaN,
3C-SiC, and Si from surface to substrate, by use of the Woollam
WVASE32 software. Additionally, a Bruggeman effective medium
approximation (EMA) layer of 5 nm thickness, including 50% void
in the GaN-matrix, is added on top of the sample to account for
surface roughness.52 The zb-GaN layer is characterized by a general
oscillator model (GenOsc) to fit the measured data. The oscillator
used to describe the bandgap region was a Psemi-M0 oscillator
based on the Herzinger–Johs parameterized semiconductor oscilla-
tor functions.53–57 It represents the line shape of ε2 for an M0 criti-
cal point. The main parameters in this are A0, E0, and B0, which
account for the amplitude, energy position, and broadening of the
supposed band edge. The applied model was fitted to the experi-
mental data 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 changes the value of the DF
wavelength-by-wavelength until the best agreement with the

FIG. 5. Schematic free-carrier distribution at the conduction band minimum
(nCBM) in the zb-GaN layer for three different time regions: (a) the relaxation
process dictates the carrier distribution, (b) recombination and diffusion start
affecting the distribution, (c) evolution of the distribution for longer times. The
calculations were performed by using Eq. (5) with N0 ¼ 4� 1020 cm�3,
γ0 ¼ 0:5 ps, τ0 ¼ 0:2 ps, τ1 ¼ 25 ps, D ¼ 5 cm2/s, and α ¼ 1=60 nm�1. The
results for t ¼ 0:8, 0.9, and 1.0 ps in (a) are almost identical due to the nearly
completed relaxation process. Therefore, all three curves overlap.
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experimental data is achieved.58,59 This pbp fit does not have to be
Kramers–Kronig consistent. The resulting pbp-DF for each delay-
time will be analyzed further in another study.

However, since the pump-beam creates an excited carrier
profile in the sample, it is necessary to implement the same profile
in the GenOsc model of the zb-GaN layer. For this, we use the
so-called function-based graded layer (FBG).57 The FBG allows us
to vary the GenOsc parameters (A0, E0, and B0) dependent on the
position in the layer, between the excited GaN at the surface and
the less or non-excited GaN at the bottom (see Fig. 1). With this,
we are able to translate the free-carrier distribution model from
Eq. (5) into the WVASE software by utilizing our model for the
many-body effects in Eq. (9) to obtain ECV x, tð Þ. For simplification,
we approximate the resulting energy gradient by an error-function.
This FBG model for the E0-parameter is dependent on the transi-
tion energy of the excited and the not excited GaN, as well as
the broadening parameter q and the inflection point position p as
shown in Fig. 6.

We then fit the multi-layer model, containing the FBG for
zb-GaN, to the experimental data (Ψ and Δ) by varying the param-
eters of the excited GaN. This means that the broadening parame-
ter and inflection point of the depth profile are kept constant. We
only vary the surface (x ¼ 0) values like transition energy. This is
the starting point for further analysis. Unfortunately, it is not possi-
ble to perform a pbp-fit within the FBG layer, which would be
required to accurately determine the DF and transition energy.
Therefore, we replace the FBG layer after the first fit by an
EMA-graded layer. Here, the grading is performed by varying the
content percentage of excited GaN in an unexcited GaN-matrix
over the sample depth, with 100% excited GaN at the top and 0%
at the bottom. This leads to a two-step behavior for the dielectric
function, where the percentage determines the amplitude ratio
between the excited and unexcited contributions. This form of

grading does not represent the actual absorption onset profile but
provides a sufficient approximation of the experimental data (Ψ
and Δ) to perform a pbp-fit. The distribution of the percentages is
also modeled by an error-function. We stress the fact that the
already determined values for amplitude, transition energy, and
broadening factor (A0, E0, B0) of the excited GaN are kept constant.
Before starting the pbp-fit, the EMA-graded model is fitted to the
measurement data one last time, allowing only the grading-
parameters (broadening and inflection point, comparable to p and
q in Fig. 6) to be varied. This accounts for the unavoidable differ-
ence between the FBG and the EMA approach. In summary, the
FBG contains the actual carrier-profile model while the EMA
grading only provides the numerical analysis. The pbp-result for
the excited GaN is displayed in the next section. Keep in mind that
the DF is depth-dependent. In this study, only the DF at x ¼ 0
(surface) is analyzed. Furthermore, we try to simplify the compli-
cated FBG-approach by easier approximations for certain time
regions. For delay-times t . 100 ps, the diffusion of the
pump-induced carriers yields an almost homogeneous distribution
in the GaN layer. Therefore, it is sufficient to use a single or double
layer approach for the GaN layer. On the other hand, at the very
beginning after the pump-beam excitation t � 1 psð Þ, diffusion and
recombination are negligible as shown in Fig. 5(a). The free-carrier
gradient is mostly determined by the absorption profile.
Consequently, the FBG does not contain the complex free-carrier
distribution in Eq. (5), but a simple absorption profile based on
exponential decline.

V. RESULTS AND DISCUSSION

In this section, we explain the analysis of the experimental
data and resulting DFs for selected delay-times between the inci-
dent pump pulses and the return of the excited system to its
ground (non-excited) state. In the beginning, we assume that the
measurements performed at a negative delay (�10 ps) are equiva-
lent to data obtained by steady-state experiments on the non-
excited system (as reported earlier34). The experimental data (Ψ
and Δ) for the first picosecond after the excitation are shown in
Fig. 7. Here, all spectra display Fabry–Pérot oscillations below

FIG. 6. Calculated Psemi-M0 energy (E0) gradient at 10 ps. The depth- and
time-dependent transition energy [blue, ECV(x, t ¼ 10ps)] is approximated by
an error-function (red, FBG) with the position p, broadening q, excited surface
energy (Eexci) and less or non-excited bottom energy (Eunex). These parameters
conform to the function-based grading (FBG) for analyzing the experimental
data.

FIG. 7. Ellipsometric angles Ψ (left) and Δ (right) in 0.1 ps time steps from the
steady-state (black) to 1 ps (teal) measurements. Arrows indicate the spectral
evolution.
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3.2 eV and especially the relaxation effect (see Sec. III A) dominates
the spectral evolution in this timescale. The first signature of a
dynamic relaxation process is the increasing difference between
excited and steady-state spectra that maximizes at about 1 ps. After
1 ps, Ψ and Δ start returning to their steady-state values, as can be
seen in Fig. 8.

As an example, we present the analysis of the 10 ps measure-
ment in Figs. 9 and 10. Here, the model described in Sec. IV is
applied on the experimental data (Ψ and Δ) with the resulting
pbp-fit. We focus the analysis on the spectral range near the
bandgap (2.9–3.7 eV) to achieve the most accurate pbp-fit to deter-
mine the transition energy.

Although a very convincing pbp-fit was achieved (Fig. 9), the
DF displays inconsistencies below 3.2 eV, especially in ε1
(Fig. 10). This is most probably due to shifted starting points of
the Fabry–Pérot oscillations caused by inconsistent transparencies
over the sample depth, which are not accounted for in our model.
Our main result is the absorption onset position, thus we are not
focusing on the Fabry–Pérot resonances further. The position of
the transition energy ECV is approximated to be the inflection
point in ε2, which coincides with the E0-parameter of the used
Psemi-M0 oscillator.

The same procedure is performed for every delay-time shown
in this study. The resulting imaginary parts of the pbp-DFs and

their GenOsc model-fits are shown in Figs. 11–13 for three differ-
ent time windows. The last shown curve is always the first one of
the next figure with exception of the steady-state measurement
(�10 ps), which is present in all figures for better comparison. The
pbp-fit result below 3.2 eV will be ignored as discussed above. The
FBG-layer contains the simple absorption model for t , 1:2 ps.
At that point, the free-carrier distribution model described in
Sec. III A is used up to 39 ps. From there, the FBG-layer is replaced
by a double-layer approach which transitions into a single layer at
t ¼ 1000 ps.

For t , 1 ps (Fig. 11), we can clearly see the shift of the
absorption onset to higher energies as a function of time as well as
the increased broadening of the absorption edge due to the increas-
ing carrier-temperature. Effects of these so-called hot charge carri-
ers (meaning the excited state after the pump-induced charge
carriers formed a Fermi–Dirac distribution) have been reported
earlier for oxide semiconductors.10 The large broadening of ε2 in

FIG. 8. Ellipsometric angles Ψ (left) and Δ (right) from 1 ps (red) back to
steady-state (black) measurements. Arrows indicate the spectral evolution.

FIG. 10. Point-by-point fitted (dotted) and analytical model (continuous) dielec-
tric function for the 10 ps measurement. The transition energy ECV is indicated
by an arrow.

FIG. 11. Point-by-point fitted (dotted) and analytical model (continuous) imagi-
nary parts of the dielectric functions in the first picosecond after the pump
pulse. The transition energies ECV are indicated by vertical lines for selected
delay-times.

FIG. 9. Measurement data (blue, continuous) and point-by-point-fit (red, dotted)
in Ψ and Δ for the 10 ps measurement.

Journal of
Applied Physics

ARTICLE pubs.aip.org/aip/jap

J. Appl. Phys. 134, 075702 (2023); doi: 10.1063/5.0153091 134, 075702-7

© Author(s) 2023

 17 August 2023 13:37:36

https://pubs.aip.org/aip/jap


combination with the upper measurement range limit of 3.7 eV are
the reasons why only an uncertain determination of the transition
energy for the spectra with the highest energy inflection points is
achievable. It is possible that these transition energies are too low
compared to the actual value. The model analysis of the pbp-data
yields a error bar of 40 meV for the highest transition energy,
which is around four-times larger compared to analysis of other
delay-times. The change in ε2 from 0.5 to 1 ps is much stronger
than the change from 0.1 to 0.5 ps. This is true for amplitude,
energy position, and broadening and follows the relaxation process
due to the pump-beam profile as described in Sec. III A. It should
be noted, that the steady-state measurements (delay-time of
t ¼ �10 ps) contains an excitonic contribution. The resulting line
shape of the imaginary part of the DF is modeled by the combina-
tion of a Gaussian oscillator for the exciton absorption and an

error-function for the band-band absorption at the bandgap energy
of 3.23 eV, according to the Elliott theory. Therefore, the exciton
binding energy is �15 meV. This excitonic contribution disappears
completely after the 0.2 ps measurement due to increasing screen-
ing by the dominant free-carrier and band-filling effects. Similar
behavior can be found for degenerately doped materials.34,37

A closer inspection of the DF at 0.8–1.2 ps (Figs. 11 and 12)
yields a negative contribution in ε2 in both the pbp-data and the
model-fit. We attribute this to the occurrence of material gain and
not to inconsistencies in the fit. Reasons for this assumption are on
the one hand the relatively smooth pbp-result and on the other
hand, the necessity to include the gain in the line shape-fit to
obtain systematic transition energies. If gain is not accounted for in
the line shape-fit, the used GenOsc for describing the band edge
displays an erratic behavior regarding the amplitude, energy posi-
tion, and broadening. The occurrence of gain can be explained if
the quasi-Fermi-levels of electrons and holes are pushed into their
respective bands. This will be discussed further in another study.
To include the gain effect in the model, we approximate it by a
Gaussian oscillator having negative amplitude. The position of the
Gaussian is relatively stable for all five time steps
(0:8 ps � t � 1:2 ps) at roughly 3.3 eV. A negative absorbance at
high excitation powers was reported earlier for GaAs.60

In Fig. 12, the broadening of the absorption edge seems to
have returned to the value of the steady-state case, after the 5.5 ps
measurement. From this point on, we observe almost a parallel
shift of the absorption edge to lower energies in ε2, which contin-
ues in Fig. 13. The amplitude also slowly returns to the steady-state
value while the transition energy decreases due to diffusion and
recombination. At t ¼ 60 ps, the excitonic signal from the steady-
state measurement appears in the pbp-data and has to be taken
into account for the model by an additional Gaussian oscillator.
Here, the transition energy reached the same position as in the
ground state. For longer delays, changes in the DF happen relatively
slowly. The exciton contribution becomes more dominant and the
transition energy decreases further, even slightly below the steady-
state value. This is possible for a specific free-electron concentration
where the BGR contribution is stronger than the BMS one. Finally,
the pump induced electron–hole pairs are completely recombined.

The analysis of the obtained transition energies as well as a
further discussion about the free-carrier concentration will be avail-
able in a future study.61

VI. SUMMARY

In conclusion, the absorption onset of cubic GaN grown by
MBE on a 3C-SiC/Si (001) substrate was investigated by time-
resolved spectroscopic ellipsometry between �10 and 5000 ps
before and after the pump-beam excitation, respectively. The
266 nm pump-beam induced a free-carrier profile in the GaN-layer
which had to be considered in the data analysis by graded optical
properties. For this, basic assumptions for the relaxation, recombi-
nation, and diffusion processes yield a time- and depth-dependent
free-carrier distribution at the conduction band minimum. Those
free-carriers influence the transition energy between conduction
and valence bands via many-body effects, like bandgap renormali-
zation and the Burstein–Moss shift. A multi-step analysis process

FIG. 12. Point-by-point fitted (dotted) and analytical model (continuous) imagi-
nary parts of the dielectric functions up to 15 ps after the pump pulse. The tran-
sition energies ECV are indicated by vertical lines.

FIG. 13. Point-by-point fitted (dotted) and analytical model (continuous) imagi-
nary parts of the dielectric functions long after the pump pulse. The transition
energies ECV are indicated by vertical lines for selected delay-times.
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of the experimental data containing different types of grading
layers for different time scales results in the acquirement of the
time-dependent dielectric function around the fundamental band
edge. Here, an initial ultra-fast blue shift and broadening of the
absorption onset due to relaxation effects was observed. Following
this, the dielectric function returns to the non-excited steady-state
case within 5 ns. Further analysis and interpretation of the mea-
sured transition energies is necessary for a more complete under-
standing of the involved processes.
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