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ABSTRACT

We recently published a study concerning femtosecond pump-probe absorption edge spectroscopy of cubic GaN (fundamental bandgap:
3.23 eV), resulting in the transient dielectric function. In the present study, we continue our investigations of those pump-probe measure-
ments by determining the time-dependent transition energy at the Fermi-vector between the conduction and valence bands. The generation
of electron-hole pairs by the 266 nm pump-beam (4.66 eV) shifts the absorption edge by ~500 meV within 1 ps due to many-body effects
like band-filling and bandgap renormalization. Modeling this ultra-fast change is achieved by converting the transition energies into free-
carrier concentrations, assuming the electron contributions to be dominant. We consider the relaxation, recombination, and diffusion of =
those free-carriers as well as either an additional gain-recombination or temperature effects. This allows for describing the transition ener- 8
gies on short time scales. Both models yield similar values for the characteristic relaxation time (/0.21 ps), recombination time (=25 ps),
and diffusion coefficient (~1 cm?/s).
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I. INTRODUCTION material.'>~'® These many-body effects change the transition
energy Ecy between the conduction and valence band by means of

Although the metastable zincblende phase of the widely known L . .
bandgap renormalization (BGR) and the Burstein-Moss shift

GaN displays some challenges concerning growth, its intriguing ‘ ) " -
properties make it a promising candidate for several modern applica- ~ (BMS). The Fermi-energy is pushed into the respective band due to

tions like high-speed devices' and qubits.” Zincblende GaN phase-space filling, which shifts the absorption edge dependent on
(zb-GaN) offers a wide direct bandgap of 3.23 eV at the I'-point of carrier concentration. On the other hand, an optical analysis of the

the Brillouin zone and a higher crystal symmetry than its wurtzite absorption properties, therefore, offers an insight into the free-

counterpart. Additionally, the absence of spontaneous and piezoelec- ~ carrier concentration within the sample. Understanding these

tric polarization in certain crystal directions™ makes cubic materials ~effects is an essential step both for developing and employing novel

promising candidate materials for closing the green-gap.””” A lot of ~ applications.

interesting research is still being performed on the various possibili- Recently, we performed state-of-the-art optical measurements

ties of this material.”” Furthermore, recent improvements regarding  in the form of time-resolved spectroscopic ellipsometry (trSE)'"~*!

the control and quality of zb-GaN have been reported.”'*'! on an undoped zb-GaN sample.”” This exceptional measurement
The introduction of free charge carriers, either by doping or technique, based on a pump-probe approach, enables us to investi-

photo-excitation, can influence the optical properties of the gate systems under strong non-equilibrium conditions in the
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femtosecond regime. Furthermore, zb-GaN is a suitable material
for those investigations due to its high symmetry” and direct
bandgap at the T-point of the Brillouin zone. Electron scattering'’
should also be negligible due to the absence of additional conduc-
tion band minima around the I'-point.”*™*’ Our earlier study’’
focused mainly on the determination of the time-dependent dielec-
tric function (DF, € = &, + ie;), while considering a free-carrier
profile within the sample generated by the pump-beam. The present
study describes a quantitative analysis of the change of the transition
energy in excited zb-GaN. The initial pump-beam absorption gener-
ates up to 4 X 10% cm™3 electron-hole pairs at the sample surface,
affecting the optical properties. Here, different processes that influ-
ence the free-carrier concentration have to be considered with many-
body effects to accurately describe the temporal-evolution of the
transition energy. For this, relaxation, recombination, diffusion, and
an additional fast gain-recombination are considered for the free-
electrons in the conduction band minimum.

Il. EXPERIMENTAL

We characterize a thin film sample of zb-GaN grown by
plasma-assisted molecular beam epitaxy on a 3C-SiC/Si substrate in
(001) orientation. Previous studies on this exact sample revealed
basic properties like layer thickness and room-temperature absorp-
tion edge,'” as well as the time-dependent DF.*

Using the third harmonic of a titanium sapphire laser, trSE
measurements based on a pump-probe approach were performed.
The variable delay-line enabled us to obtain time-resolved transient
reflectance-difference (AR/R) data between —10 and 5000 ps with
t = 0 representing the pump-beam incidence. The pulsed pump-
beam offers 2.9 uJ at 266 nm (4.66 V) with a 477 um beam diame-
ter (pump fluence: 1.62 mJ/cm?). The probe-beam measures the
ellipsometric angles ¥ and A in a polarizer-sample-compensator-
analyzer configuration between 1.5 and 3.7 eV. The thickness of the
zb-GaN layer was determined by spectroscopic ellipsometry to be
605 nm, which is greater than the ~60 nm characteristic absorption
depth for zb-GaN at 4.66 eV.'” Thus, a free-carrier gradient gener-
ated by the pump-beam absorption has to be considered for analyz-
ing the measurement data. This is realized by a combination of
function-based and effective medium approach grading within the
WVASE32 software. A so-called point-by-point (pbp) fit, which
numerically changes the DF wavelength by wavelength, reveals the
DF*** of the top-most (highly excited) part of the zb-GaN layer for
different delay-times. Here, we approximate the inflection point of
the imaginary part of the absorption onset as the transition energy at
the Fermi-vector between the conduction and the valence bands."” A
far more detailed description of the experimental setup and the anal-
ysis of the optical data can be found in our previous study.””

. THEORY

Understanding the temporal development of the transition
energy requires the knowledge of the free-carrier concentration
within the sample as well as how these free-carriers influence the
absorption edge. In this section, we approximate the free-carrier
concentration in the top-most part of the zb-GaN layer and
describe our necessary assumptions regarding the many-body
effects that change the transition energies.

ARTICLE pubs.aip.org/aip/jap

A. Free-carrier concentration

Although the pump-beam creates free-electrons in the con-
duction band and free holes in the valence bands, we only consider
the effects of the free-electron concentration # in this study. On the
one hand, it has been shown that the impact of free holes on the
transition energy by many-body effects is much smaller compared
to free-electrons.'” Furthermore, since the pump-induced holes are
distributed over three possible valence bands, but the
pump-induced electrons all accumulate in the conduction band
minimum (CBM) and the electron effective mass is smaller than
the effective hole mass, the Fermi-vector kp is determined by the
electrons. Thus, the transition energy Ecy between conduction and
valence band is dictated by the free-electron concentration. On the
other hand, it is reasonable to assume that holes exhibit much
lower mobility than electrons. This means that the presumed diffu-
sion effect should be dominated by the electron contribution. Also,
this should indicate that the recombination process is governed by
the electrons as well since they represent the minority charge carri-
ers in this case. This approximation, while simplified, is a necessary
compromise to enable us to obtain any sort of analytical parame-
ters at the current state.

We previously provided a model for the free-carrier concen-
tration in the CBM, dependent on time t and position x in the
sample. This model accounts for relaxation, recombination, and
diffusion of those carriers.”” However, since we determine the tran-
sition energies only for the top-most part of the excited zb-GaN
layer, we set x = 0 resulting in

Mrelax ( t)
2

Hretax (1) = % x <erf (t;—y") + 1). ®)
0

Here, @ = 1/(60 nm) is the absorption coefficient of zb-GaN
at 4.66eV,'” D is the electron diffusion coefficient, and 7, is the
characteristic recombination time. Furthermore, N, is the total
amount of generated electron-hole pairs while y, and 7, resemble
the inflection point position and characteristic time constant of the
relaxation process.

Mimodel (1) = x ¥ P erfc( ath) (1)

with

B. Many-body effects

In this study, we account for two free-carrier effects that influ-
ence the transition energy. First is the BGR which decreases the
fundamental bandgap Eg by electron-electron AE..(n) and elec-
tron—ion AE.(n) interactions.'®*" The second effect is the BMS,
which describes a blue shift of the absorption edge due to phase-
space filling of the conduction band, which, therefore, increases the
Fermi-vector ki (n) = (37%n)° and -energy, respectively.’"*

Describing these effects requires some assumptions about the
band structure of zb-GaN. Here, we set the direct bandgap to
the center of the Brillouin zone and assume isotropic bands and
a scalar effective mass. The conduction band dispersion follows a
k - p perturbation theory based model containing the momentum
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matrix element P = 0.724 eV nm.'>*>*’ This parameter is also
assumed to be independent of k and temperature.™
The renormalized bandgap can be written as’>*°

Eren(”) = EG - AEee(n) - AE(-:i(n) (3)
with'?
ezk]: eszF 4 k]:

AEee(n) = LIy Zarctan () |

ee(1) 272g0E, + 8reoEs [ g (kTF)]

Ezn

AEi(n) = ———5—

«i(n) Py (4)

4kg . dmege
kTF = > ag = e
mag me

These expressions are analytically approximated for an n-type
doped material.'® However, in this study, the pump-beam absorp-
tion creates large free-electron and free-hole concentrations, which
should lead to electron-electron, hole-hole, and electron-hole
interactions. Previous investigations suggest that the hole-induced
BGR is much weaker than its electronic counterpart.”” Therefore,
we approximate the effects of hole-hole and electron-hole contri-
butions by electron-ion contribution given in Eq. (4). Introducing
the renormalized bandgap in the conduction band dispersion at the
Fermi-vector yields the following model for the transition energy:'”

LR

Eev(n) = 2 ( m + my, + Eren + V Efen + 4P2k%)~ (5)
(3

Here, we approximate the contributions of the three supposed
valence bands as an averaged parabolic valence band with the aver-
aged hole mass m;, = 0.61 me, ~ where m is the free-electron mass.

IV. RESULTS

In this section, we discuss the time-dependent change of the
absorption onset for selected delay-times. The underlying DFs
which are used to determine the transition energies Ecy can be
found in a previous study.”” Since the transition energies directly
correspond with the free-carrier concentration, we take advantage
of a highly n-type doped sample as a reference point. The optical
properties of this sample were investigated and described earlier
and will not be discussed here.'” The comparison to the measure-
ments at delay-times of 10 and 15 ps, found in Fig. 1, reveals very
similar line shapes and positions of the absorption edges. This
leads us to the assumption of similar free-carrier concentrations or
many-body effects, respectively. The DFs display some inconsisten-
cies below 3.2 eV, which are caused by shifted Fabry-Pérot oscilla-
tions within the excited zb-GaN layer. They will not be discussed
further here as they were addressed in our previous study.””

Line shape fits of the DFs are performed to obtain the transi-
tion energies of the excited GaN layer (x = 0) for each measure-
ment given in Ref. 22. The results are displayed in Fig. 2. Here, an
initial decrease of the transition energy is observed until t = 0.3 ps.
This could be explained by considering that the BGR is stronger
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FIG. 1. Comparison of pbp- (dotted) and model- (continuous) imaginary parts
of the dielectric functions between selected time-resolved measurement data of
the undoped sample (10 ps, blue and 15ps, green) and a steady-state mea-
surement performed on an n-type zb-GaN sample (redg with an optically deter-
mined free-carrier concentration of 5.58 x 10 cm=3."* The steady-state result
for the undoped sample is shown as well (—10 ps, black). The inflection points
of the absorption onsets determine the transition energies Ecy (marked by verti-
cal lines).

than the BMS for low free-carrier concentrations. A sharp increase
follows, until a turning point is reached around t = 1 ps, at which
point the relaxation is balanced by recombination and diffusion,
which indicates the maximum number of free charge carriers contrib-
uting to the shift of the absorption onset. For delay-times greater
than 2 ps, the transition energy steadily decreases exponentially to the
steady-state case and even drops slightly below that value, again due
to a stronger BGR contribution at this point, compared to the BMS.
For a better understanding of the involved processes, we convert
the transition energies from Fig. 2 into free-electron concentrations at
the CBM using many-body effects [Eq. (5)] and the approximations
detailed in Sec. I11. The results as well as a model fit, which is described
later, are displayed in Fig. 3. The increase for 0.5 < ¢t < 1.0 ps follows
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FIG. 2. Experimentally obtained transition energies Ecy (red dots) for different
delay-times. Left: shortly after the pump-beam incidence, right: long after the
pump-beam. The steady-state transition energy is indicated by the horizontal
green dashed line.
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lost by gain

® from Fig. 2 using Eq. (5)
nrelax(t) / Eq (2)

Tt nmodel(t)/Eq- (1)

Mg / Eq. (7)

NP R U RPN B

0.0 0.5 1.0 1.5 2.0 25 3.0
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0.5

FIG. 3. Experimentally determined (red dots) and calculated (blue, continuous)
free-carrier concentration in the CBM at the sample surface. Both the exclusive
relaxation effect (black, dotted) and the combination of relaxation, recombina-
tion, and diffusion (brown, dashed-dotted) are displayed as well for better under-
standing. The difference between the blue and brown curve is explained by the
loss of electron-hole pairs due to the additional gain recombination, indicated
by green arrows.

the relaxation of free-carriers from the pump-reservoir. At t ~ 1 ps,
the free-carrier concentration in the CBM strongly decreases for only
0.3 ps. We identify this fast recombination effect to be different from
the recombination dominating the remaining time region until the
steady-state case is reached. Compared with Ref. 22, this fast recombi-
nation process is limited to the spectra in which we included negative
&, contributions. Since we attribute this to material gain, we label this
fast carrier reduction effect as gain-recombination. The fact that this
strong decrease only takes place in a short time period suggests that
this recombination process is not active the entire time but only for
certain conditions. We assume the conditions to be dependent on the
band-filling level. For instance, the gain-recombination only reduces
the electron-hole pair concentration if the quasi-Fermi levels of both
electrons and holes enter their respective bands. We model the number
of electrons in the CBM lost by the gain associated recombination
process as an error function,

g (1) = % x <erf(t:_—2y2) + 1). ©)

Here, N, and 7, resemble the maximum number of recombined elec-
tron-hole pairs by this effect and the characteristic recombination
time, respectively, while ¥, determines the position of the inflection
point of the error function. To obtain the free-carrier trend, we subtract
the gain-recombination from the relaxation within Eq. (1), which
yields the following revised model:

(nrelax - ngain)

Hgm (£) = 3 x P erfc(\/a Dt). (7)

The model is fitted onto the determined free-carrier concen-
trations in Fig. 3, which results in great agreement between
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measurement data and theory. However, this is only for demon-
strating the procedure and not for acquiring material parameters.
The whole process can be described as follows: first, the pump-
beam creates a large electron-hole pair concentration in a
pump-reservoir, far above the band gap. These electrons and holes
relax into their respective band extrema, which changes the absorp-
tion onset. Meanwhile, the quasi-Fermi levels for electrons and
holes diverge. As soon as both quasi-Fermi levels enter their
respective bands, the gain-related recombination process starts and
thus rapidly lowers the number of electron-hole pairs.”” Once
enough electron-hole pairs have recombined so that the
quasi-Fermi levels exit their bands, the fast gain-recombination
stops leaving the slower recombination and diffusion processes to
return the excited sample back into the steady-state case.

After successfully describing the processes that influence the
free-carrier concentration in the CBM, we apply our findings to the
measured transition energies in Fig. 4. Here, the model containing
the gain-recombination is translated via many-body effects
[Eq. (5)] into transition energies Ecv(ngm(t)) (blue curve in Fig. 4).
The model is then fitted onto the experimental results (determined
by the inflection point positions of £, in our earlier study™*). The
resulting parameters for relaxation (N, ¥, 7o), recombination (r;),
diffusion (D), and gain-recombination (N5, ¥,, 7;) are presented in
Table 1. A characteristic relaxation time of 7y = 0.19 ps was found
which is comparable with previous, theoretical estimates.”® The
obtained recombination time 7; is also similar to previous investiga-
tions.”>*" Although the diffusion coefficient is considered only for
electrons, the actual value is more likely to resemble an effective dif-
fusion constant for the electron-hole plasma. The recombination
time and diffusion coefficient yield a characteristic diffusion length
Lp = +/Dz; = 58.8 nm. This is lower compared to the diffusion
length found in wurtzite GaN (= 90 nm).""*

Nevertheless, a different approach for considering the strong
decrease of the transition energy can be made. Up until now, we
supposed the sample to be at room-temperature. However, it is rea-
sonable to assume that the pump-beam heats the affected area of

LA B I
36 e £, B kX
— — - steady-state ]
S — Eev(ngn) [ Eq. (N, 0 <
e Y R | "R Ea(D/Eq. (9) %% 3
~ [ J ~
3 34 F 3
— s —
2 2
L 33 i}

w
N

20 25 30

Time (ps)

00 05 10 15

FIG. 4. Experimentally obtained (red dots) and calculated transition energies at
the sample surface for different time scales. There is no significant difference
between the gain-recombination model (blue continuous) and temperature
effects (pink dotted). The steady-state transition energy is indicated by the hori-
zontal green dashed line for comparison. Left: shortly after the pump-beam inci-
dence, right: long after the pump-beam.

62:L¥:€L €20Z ISnbny /|

J. Appl. Phys. 134, 075703 (2023); doi: 10.1063/5.0153092
© Author(s) 2023

134, 075703-4


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

Journal of

Applied Physics

TABLE |. Parameters of the relaxation (Relax., No, 7o, 7o), recombination (Recom.,
74), diffusion (Diff., D), and gain-recombination (Gain, N,, ,, 72) contributions for
the free-carrier model in Eq. (7) obtained by the best fit on the determined transition
energies in Fig. 4.

Relax. Recom. Gain
(i=0) (i=1) Diff. (i=2)
N; (em™) 3.8x10% 8.1x 10"
7:i (ps) 0.70 1.10
7 (ps) 0.19 26.1 0.16
D (cm?/s) 1.33

the sample. The electron relaxation process is a thermalization via
electron—-phonon interactions. The generated phonons increase the
lattice temperature of the GaN layer by phonon-phonon and
phonon-electron interaction with bound electrons. This increased
sample temperature reduces the fundamental bandgap of the
material.”~* The heating rate should be directly proportional to
the electron relaxation process. Therefore, we approximate the
increase in surface temperature by a time-dependent function with
the same characteristic behavior as the relaxation process. Cooling
back to room-temperature is then assumed to be exponential.
Consequently, the time-dependent temperature model results to

Ti —T -t t—
T(t) = w X eh X (erf(f—f) + 1) +To,  (8)

with room-temperature Ty = 300 K and the maximum temperature
Thigh- The exponential cooling is described by 74, while y; and 73
resemble the inflection point position and the characteristic heating
time of the error function. We set 73 = 7o. However, y; can and
should be different from y, because a delay between phonon crea-
tion through electron relaxation and bandgap reduction by phonon-
phonon and phonon-electron interaction seems reasonable.

The fundamental bandgap as a function of temperature
Eg(T(¢)) is estimated by an extrapolation of the semi-empirical
model introduced by Pissler.® The necessary parameters for
zb-GaN have been reported earlier.”® This temperature dependent
bandgap is introduced in the BGR calculation in Eq. (3). However,
in this study, we keep effective masses and the momentum matrix
element P constant, i.e., independent on temperature. The transi-
tion energy in Eq. (5) can now be described by applying
the free-carrier model from Eq. (1) and the temperature change in
Eq. (8) as

Ecy(t) = Ecv(T(t), Nmodel (1)) (9)

This model transition energy is now fitted onto the experi-
mental data from Fig. 2. The fit-result is also shown in Fig. 4. Here,
a good agreement between model and measurement data is
achieved and no significant difference between the temperature
approach and the inclusion of gain-recombination is visible. The
resulting parameters for the temperature model are gathered in
Table II. Fortunately, the values for relaxation, recombination and
diffusion did not change dramatically compared to the alternative
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TABLE |l. Best fit parameters of the relaxation (Relax., Ny, ¥o, 7o), recombination
(Recom., =), diffusion (Diff., D), heating (Heat., Thign, 73, 73), and cooling back to
room-temperature (Cool., z4) contributions for the transition energy model in Eq. (9).

Relax. Recom. Heat. Cool.
(i=0) (i=1) Diff. (i=3) (i=4)
N; (cm™)  4.0x10%
i (ps) 0.74 .. 1.09
7; (ps) 0.23 23.6 0.23 19.1
D (cm?/s) 0.76
Thigh (K) 544

set of results (Table I). However, this means that we cannot differ-
entiate between the possible gain-recombination or a temperature
increase. On one hand, the temperature increase through optical
pumping must occur and, therefore, has to be considered. On the
other hand, the measured imaginary part of the DF displays gain
effects, which cannot be described solely by temperature increase.
The fact that we are able to model the behavior of the transition
energy exclusively using gain-recombination or temperature
increase suggests that both effects contribute to the measured ultra-
fast change of the absorption onset. The observed heating and
cooling within ~60 ps seems reasonable, considering the lifetime of
LO phonons in wurtzite GaN was reported to be around 2 ps."”

V. SUMMARY

We investigated the time-dependent transition energies
between the conduction and valence band of cubic GaN grown by
molecular beam epitaxy on a 3C-SiC/Si (001) substrate.
Time-resolved spectroscopic ellipsometry measurements between
—10 and 5000 ps were performed via a pump-probe approach by a
266 nm pump-beam with a pump fluence of 1.62mjJ/cm*. The
absorption of this pump-beam generated electron-hole pairs,
which influence the transition energy due to many-body interac-
tions like bandgap renormalization and the Burstein-Moss shift. In
this study, we considered only the effects of the free-electrons in
the conduction band minimum. These are affected by relaxation,
recombination, and diffusion processes. Analyzing the temporal
development of the transition energy also revealed an additional
fast gain-recombination process, which is only active for a specific
time region. By applying a model for the free-carrier concentration
to the measurement data, we were able to determine characteristic
relaxation and recombination times as well as an effective diffusion
coefficient for the free-electrons. Alternatively, the change of the
transition energy could be explained by considering heating of the
sample. It is our presumption that a mixture of both gain-
recombination and heating (in combination with the previously
mentioned effects) influence the absorption onset in cubic GaN
after a high power pump-beam excitation.
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