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Inelastic electron-exciton scattering in bulk germanium
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We investigate the destructive inelastic as well as the elastic scattering of a hot electron-hole plasma with an
incoherent exciton population in bulk Ge by means of optical pump-terahertz probe spectroscopy. An incoherent
exciton population evolves from a first optical pulse while a delayed second optical pulse creates the electron-
hole plasma. The interaction of the plasma with the exciton population is monitored via the intraexcitonic
transitions by a probing terahertz pulse. Analyzing the density-dependent decay of the intraexcitonic transitions
after the arrival of the second optical pulse yields an inelastic scattering rate of 2.0 × 10−4 cm3 s−1. An analysis
of the corresponding linewidth of the 1s − 2p transition yields a total scattering rate of 3.7 × 10−4 cm3 s−1. This
allows us to experimentally distinguish between elastic and inelastic scattering and we obtain an elastic scattering
rate of 1.7 × 10−4 cm3 s−1.
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I. INTRODUCTION

Carrier scattering determines the operation and the perfor-
mance of many semiconductor based devices like transistors,
solar cells, or lasers [1–8]. At high carrier concentrations, e.g.,
effects like kinetic hole burning, carrier capture, and carrier re-
laxation govern the operation of semiconductor lasers [9–14].
Therefore, a detailed knowledge of scattering processes is
of great interest for the optimization of many semiconductor
devices. Ultrafast spectroscopy is a viable tool to gain insights
into those scattering mechanisms. In the past, especially two
methods were used to investigate scattering events between
charge carriers and excitons experimentally. Those are optical
pump-optical probe spectroscopy, in particular four-wave-
mixing spectroscopy (FWM), and time-resolved photolumi-
nescence (TRPL) spectroscopy [15–23]. In FWM experiments
the scattering of charge carriers or incoherent excitons with
coherent exciton polarizations has been investigated [24].
Here, scattering leads to a dephasing of the optically induced
polarization. Accordingly, the dephasing time of a 1s exciton
polarization is analyzed in the presence of an electron-hole
plasma or incoherent excitons that can be injected by an
additional prepulse [16,17,24]. Since the dephasing time is
inversely connected to the homogeneous linewidth, the ho-
mogeneous line broadening of an excitonic transition also
gives access to electron-exciton scattering. This is exploited in
TRPL and optical transmission experiments by analyzing the
linewidth of excitonic transitions [17,19,21,25–28]. Again,
additional excitation pulses can be used to create the desired
environment [17,19]. Unfortunately, by analyzing transition
linewidths and/or dephasing times, the insights are limited to
the influence of scattering events on discrete quantum states.
A discrete state of, e.g., an exciton can already be destroyed
by elastic scattering processes in which the exciton remains
bound and only observes a change of momentum. However,
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a destructive inelastic scattering process in which the exciton
overcomes the attractive Coulomb interaction and breaks into
an unbound electron-hole pair has the same effect as elastic
scattering in these FWM or TRPL experiments [29]. There-
fore, it is hard to distinguish between elastic and inelastic
scattering processes with those methods. Consequently, little
is known experimentally about destructive inelastic scattering,
its efficiency, especially in comparison to elastic scattering
processes, and how electron-exciton scattering affects the
decay of exciton populations [30].

Another spectroscopic technique to study many-particle in-
teractions is optical pump-terahertz probe spectroscopy. Since
its pioneering works in the 1980s and early 90s [31–35],
optical pump-terahertz probe spectroscopy has proven to be
a powerful method for investigating intraband charge carrier
interactions in semiconductors and their quasiparticles such as
excitons [36–39]. Here, we use optical pump-terahertz probe
spectroscopy to study the lifetime as well as the intraexci-
tonic linewidth of an incoherent exciton population under the
impact of a hot electron-hole plasma. Therefore, a second
optical pulse injects additional carriers which interact with an
incoherent population of excitons that arose from a previous
optical pulse. Probing the intraexcitonic 1s − 2p transition
and analyzing its density-dependent decay and its linewidth
after the arrival of the second optical pulse provides insights
into the destructive inelastic as well as the total scattering rate.
This enables the experimental differentiation between elastic
and inelastic scattering processes.

II. EXPERIMENTAL DETAILS

The sample investigated is a piece of nominally undoped
n-type germanium (Ge) with a thickness of L = 500 μm and a
room temperature resistivity larger than 30 � cm. The sample
is held at 10 K in a continuous flow liquid-He cryostat.

The experimental setup is schematically shown in Fig. 1(c).
The experiment is performed with a 1 kHz titanium-sapphire-
based regenerative amplifier system which provides 35 fs
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FIG. 1. (a) The linear absorption of the sample (blue) is plotted
together with the spectrum of the optical excitation pulse (red).
(b) Schematic of the excitation process and the indirect band struc-
ture of Ge. (c) A schematic of the experimental optical pump-THz
probe setup. The THz section is purged with dry nitrogen gas to avoid
THz absorption by water vapor.

pulses spectrally centered around 800 nm. This pulse train
is split into three parts. One part of the pulse excites a
LT-grown large aperture GaAs antenna. The antenna emits
∼1 ps long terahertz (THz) pulses, which probe the sample’s
intraexcitonic 1s − 2p transition and, hence, indicate the pres-
ence of an incoherent exciton population. The second part
of the pulse is used as a gate pulse to record the THz pulse
via electro optical sampling in an 800 μm thick 〈110〉 cut
ZnTe crystal [40,41]. A pair of autobalanced photodiodes
is used to detect the THz field-induced changes of the gate
pulse polarization which enables the sampling of the THz
waveform. To get rid of water vapor absorption we purge the
THz part of our setup with nitrogen gas. The photon energy of
the third part of the pulse is converted in an optical parametric
amplifier (OPA) to 0.795 eV (1560 nm) with a full width at
half maximum (FWHM) of 31 meV and a pulse duration of
roughly 60 fs. Thereafter, the pulse is split into two by a beam
splitter. One part (P1) is mechanically chopped and excites
the Ge crystal under an angle of ∼20◦. Since we optically
excite the sample energetically below its direct band gap, the
absorption coefficient is low with 7.5 cm−1, which ensures a
homogeneous excitation profile in propagation direction. This
first pulse P1 generates an electron-hole plasma, which after
6.7 ns has converted nearly completely into an incoherent
population of excitons as previous experiments have shown
[42]. With a time delay of 6.7 ns relative to the first optical
pulse, the second pulse P2 provides an additional excitation of
the sample [see Fig. 1(c)]. This second beam again generates
an electron-hole plasma that interacts with the incoherent
population of excitons. In our experiment we can, hence,
directly probe how the incoherent exciton population decays
via scattering with free carriers. Furthermore, we can monitor

the linewidth of the intraexcitonic transition and follow the
subsequent reformation of incoherent excitons.

Our setup allows us to detect THz pulses with a band-
width ranging from 1–12 meV. A time window of 16.5 ps is
measured with the THz pulse centered in the middle of this
window. Afterwards, a Hanning window function is applied
to the measured waveforms before Fourier transformation into
the frequency domain. This yields the frequency domain fields
of the reference pulse E (ω) and the pump-induced change
�E (ω) of the first excitation pulse. The absorption α(ω) as
well as the change of the real part of the dielectric function
�ε1(ω) are given by [43]

α(ω) = 2�σ1(ω) = 2

L
Re

(
�E (ω)

E (ω) + �E (ω)

)
, (1)

�ε1(ω) = 2c0
√

εr

ωL
Im

(
�E (ω)

E (ω) + �E (ω)

)
, (2)

where c0 is the speed of light in vacuum and εr is the dielectric
constant of the material.

In order to determine the specified photon densities, the
knife-edge method has been used to measure the width of
both the optical and the THz pulse. Under the assumption of
perfect spatial overlap, it is determined which portion of the
lateral 3 mm large optical pulse lies within the FWHM of the
1 mm large THz pulse. Together with the power of the optical
pulse, which has been determined by a thermal power meter,
the photon density per pulse ρ is calculated for the FWHM of
the THz pulse. Using the spectrum of the optical pulse I0(ω)
and the measured linear absorption of the sample α(ω), the
absorption for each frequency is weighted with the respective
intensity of the spectrum to obtain the average absorption of
the optical pulse Aavg:

Aavg =
∑

ω(I0(ω) − I0(ω) · e−α(ω)L )∑
ω I0(ω)

= 0.293. (3)

Together with the photon density ρ, the sample thickness L,
and the reflectance R, the charge carrier density n can be
calculated:

n = (ρ − ρR) · Aavg

L
. (4)

Here, a value of 0.36 is used for the reflectance of Ge.

III. RESULTS

To study the inelastic scattering process of an unbound
electron-hole plasma with an incoherent exciton population,
we analyze the response of the probing THz pulse shortly
before and after the second optical pulse injects an electron-
hole plasma. As the injected charge carriers collide with
the existing exciton population different scattering mecha-
nisms are possible [29,30,44,45]. An elastic scattering process
may change the momentum and the kinetic energy of the
exciton but will not destroy the Coulomb bound electron-
hole pair [29,44]. Since the probing THz pulse detects in-
traexcitonic transitions from excitons of all center-of-mass
momentums, such elastic scattering processes will hardly
change the oscillator strength of the intraexcitonic transition.
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FIG. 2. Contour plots of the THz absorption for a constant photon density of the first excitation pulse P1 of 9.8 × 1013 photons/cm2 and
photon densities of (a) 2.9 × 1013 photons/cm2, (b) 5.9 × 1013 photons/cm2, and (c) 1.0 × 1014 photons/cm2 for the second optical pulse P2.
The second pulse is delayed by 6.7 ns with respect to the first optical pulse. A time delay of zero between the second optical pulse and the
THz pulse is set to 10 ps on the time axis to allow for a logarithmic representation. Before the second optical pulse excites the sample, all
graphs show a pronounced intraexcitonic resonance at 3.2 meV. With the excitation from the second optical pulse at 10 ps, the amplitude of
the resonance decreases on a time scale of tens of picoseconds, while simultaneously the absorption increases at low energies. This process
occurs more rapidly with increasing photon density of the second pulse. It takes a few hundred picoseconds for the intraexcitonic resonance to
build up again and about 3 ns to reach a similar level as before the excitation of the second pulse.

However, elastic scattering processes increase the linewidth
of the transition. In contrast, destructive inelastic scatter-
ing processes overcome the Coulomb interaction and the
exciton breaks into a free electron-hole pair [29]. As the
plasma response of an unbound electron-hole pair differs
significantly from intraexcitonic transitions, we are able to
clearly identify the inelastic scattering by means of THz probe
spectroscopy.

Figure 2 shows contour plots of the THz absorption for a
photon density of 9.8 × 1013 photons/cm2 from the first pulse
and three different photon densities from the second pulse.
The second optical pulse is delayed by 6.7 ns with respect to
the first pulse and its arrival, i.e., a zero time delay between the
second optical pulse and the THz probe pulse, is set to 10 ps
on the time axis. Before the second pulse arrives an almost
pure 1s exciton population has been built as the absorption
peak at ∼3.2 meV indicates. The second pulse then injects
the electron-hole plasma at 10 ps. However, signatures of the
intraexcitonic transitions remain and decay—depending on
the photon density of the second pulse—on a time scale of tens
to hundreds of picoseconds. Once intraexcitonic signatures
decay, the plasma response increases as a rising absorption
below 1.5 meV reveals. Here, the transition of the 1s exciton
population into a free electron-hole plasma due to inelastic
scattering is caught in the act. For lower photon densities
of the second pulse, a small fraction of excitons survives as
their signatures are still visible at hundreds of picoseconds
[see Fig. 2(a)]. In contrast, higher photon densities lead to
a complete decay of the exciton population. Several hundred
picoseconds after the second pulse arrives, the electron-hole
plasma is cooled down and the reformation of an exciton pop-
ulation starts. After 3 ns, an almost pure exciton population is
restored.

A. Inelastic scattering rates

To obtain decay times of the exciton population different
approaches are possible. One could analyze the plasma re-
sponse after the second optical pulse excites the sample. When
the exciton population decays into free electron-hole pairs via
inelastic scattering, the plasma response increases. A readout
of the transients of the absorption at a certain energy below
the intraexcitonic resonance is well suited to monitor this in-
crease of the plasma response. However, the plasma response
depends on the effective mass of the charge carriers as well as
on scattering events. Both are not necessarily constant in this
dynamic environment. Therefore, we use another approach as
the analysis of the plasma response might be biased.

The approach chosen here is to directly monitor the ab-
sorption of the intraexcitonic transitions. When excitons are
destroyed by inelastic scattering, they no longer contribute
to the intraexcitonic absorption. Hence, the intraexcitonic ab-
sorption strength decays. To account for imaginable shifts and
broadening effects of intraexcitonic transitions, we integrate
the absorption from 2.0 meV to 6.0 meV. In Fig. 3(a), we show
the integrated intraexcitonic absorption, i.e., the intraexcitonic
oscillator strength, for different time delays for a photon
density of 9.8 × 1013 photons/cm2 of the first pulse and four
different densities of the second pulse (vertical offsets are
added for clarity). When the second pulse arrives at 10 ps, a
clear decay of the intraexcitonic oscillator strength is observed
within the first 100 ps. This decay is based on the destruction
of the exciton population by inelastic scattering with the
electron-hole plasma that is created at 10 ps. By fitting simple
biexponential functions we yield the decay times (τ1) of the
exciton population as well as its reformation times (τ2). In
Fig. 3(c), the decay times τ1 (black data points) are shown
for two different photon densities of the first optical pulse.
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FIG. 3. (a) Intraexcitonic oscillator strength for a photon density of 9.8 × 1013 photons/cm2 from the first optical pulse and five different
densities of the second pulse. For the sake of clarity, the data points have been provided with an offset. A biexponential fit (black) yields the
decay as well as the reformation times. (b) Fit of a Drude-Lorentz model to the intraexcitonic 1s − 2p transition 10 ps before and 3 ps after
the second optical pulse injects an electron-hole plasma. The borders of the fit are marked by vertical gray dashed lines. (c) Decay times τ1

(black data points) from the biexponential fit are plotted together with the additional dephasing due to electron-exciton scattering T2,scat (red
data points), which is calculated via Eq. (7), for photon densities of 9.8 × 1013 photons/cm2 (squares) and 2.8 × 1014 photons/cm2 (circles) of
the first excitation pulse. (d) The corresponding inelastic and total scattering rates together with the respective median of the data.

The decay times τ1 are connected with the inelastic scattering
rate γin via γin = 2

τ1·n , where n is the electron density that
is injected into the conduction band by the second optical
pulse [24]. Doing so, we yield a median scattering rate of
2.0 × 10−4 cm3 s−1 as shown in Fig. 3(d). This scattering rate
is roughly an order of magnitude lower than those observed
in Ref. [24] for electron-exciton scattering in bulk gallium
arsenide (GaAs). As already stated, Ref. [24] measures the
sum of elastic and inelastic scattering, i.e., the total scattering
rate. The decay of the intraexcitonic transition investigated
here, on the other hand, is only sensitive to inelastic scattering.

B. Linewidth of the intraexcitonic transition

Similar to TRPL or optical transmission experiments
[17,19,25,26,28], we can investigate the linewidth of the

intraexitonic transition before and after the second optical
pulse generates an electron-hole plasma. Here, we use a
phenomenological Drude-Lorentz model for a quantitative
analysis of the measured spectra [46]. This approach describes
the pump-induced changes of the frequency-dependent dielec-
tric function �ε(ω) = �ε1 + i�σ1/(ε0ω) by means of two
components

�ε(ω)

= nxe2

Lε0μ

⎛
⎝ f1s−2p,‖

E2
res,‖
h̄2 −ω2−iω�hom

+ f1s−2p,⊥
E2

res,⊥
h̄2 −ω2−iω�hom

⎞
⎠

− e2

Lε0μ
× n f c

ω + iω�
. (5)
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The first two terms consist of two Lorentzian resonances to
account for the two distinct intraexcitonic 1s − 2p transitions
that are caused by the anisotropy of L-valley electrons in
bulk Ge [42,47,48]. Since the oscillator strengths f1s−2p,‖ and
f1s−2p,⊥ are not determined exactly, we are free to use just one
reduced mass μ and one 1s exciton density nx for both oscil-
lators. Furthermore, we assume that both resonances at ener-
gies Eres,‖ and Eres,⊥ have the same homogeneous linewidth
�hom. The last term represents the Drude response of the free
electron-hole plasma. Here, we use just one total free carrier
density n f c and assume that we only have one scattering rate
�. Thus, the remaining fitting parameters are the resonance
energies Eres,‖ and Eres,⊥, the homogeneous linewidth �hom,
the carrier scattering rate �, and the exciton and free carrier
densities nx and n f c. Additional constants in all terms are the
electron charge e and the vacuum permeability ε0.

By fitting 2ε0ω · Im (�ε(ω)) to the experimentally deter-
mined absorption spectra as shown exemplarily for two time
delays in Fig. 3(b), we receive the linewidth �hom of the in-
traexcitonic 1s − 2p transition. Since the dephasing time T2 is
connected to the homogeneous linewidth �hom via T2 = 2

�hom
,

the homogeneous line broadening of an intraexcitonic tran-
sition gives access to the dephasing due to electron-exciton
scattering. Here, we determine the homogeneous linewidth
10 ps before and 3, 6, and 10 ps after the second optical
pulse injects the electron-hole plasma. Then, to minimize the
error, we average the linewidth for the three time delays (3, 6,
and 10 ps) after the second optical excitation and calculate
the dephasing time. The determined dephasing time T2 is
then composed of the natural dephasing time of the transition
T2,nat, which we obtain from the measurement 10 ps before
the second pulse arrives, and the additional dephasing due to
electron-exciton scattering T2,scat via [24]:

1

T2
= 1

T2,nat
+ 1

T2,scat
. (6)

Converting to T2,scat results in

T2,scat = T2 · T2,nat

T2,nat − T2
. (7)

The dephasing time due to additional scattering T2,scat is
plotted in Fig. 3(c) (red data points) against the carrier density.
However, the 1s − 2p transition consists of two excited states,
namely the 1s and the 2p state, the lifetimes of which are
shortened by the additional electron-exciton scattering. Ac-
cordingly, T2,scat consists of the additional dephasing of the 1s
states (T2,scat,1s) as well as the 2p states (T2,scat,2p) [49]:

1

T2,scat
= 1

T2,scat,1s
+ 1

T2,scat,2p
. (8)

Since we only have access to the linewidth of the superposi-
tion of both states with THz spectroscopy, we have to make an
assumption at this point. Assuming that both states are equally
influenced by scattering we get:

T2,scat,1s = 2T2,scat. (9)

Herewith we are able to calculate the total scattering rate of
the 1s exciton state γtot via:

γtot = 2

T2,scat,1s · n
= 1

T2,scat · n
. (10)

By using the median we receive a total electron-exciton
scattering rate of 3.7 × 10−4 cm3s−1 as shown in Fig. 3(d).
This is roughly a factor of 4 smaller than the electron-exciton
scattering rate as determined in Ref. [24] for GaAs. However,
in Ref. [24] the scattering rate of optically excited excitonic
polarizations with a center-of-mass momentum close to 	K =
0 is determined, while we determine the scattering rate of an
incoherent exciton population with different center-of-mass
momentums. In contrast to Schultheis et al. [24], the scattering
rate of large-momentum excitons is determined in Ref. [23].
With 9.5 × 10−5 cm3 s−1 the scattering rate from Ref. [23]
is approximately a factor of 4 smaller than the scattering
rate determined by us and a factor of 17 smaller than the
scattering rate determined by Schultheis et al. They attribute
their much lower scattering rate in comparison to Schultheis
et al. to drastically reduced scattering of large-momentum
excitons with free carriers [23]. Since our unique optical
pump-terahertz probe method takes into account excitons of
all center-of-mass momentums, it is very reasonable that the
scattering rate determined by us lies just between the two
values of Ref. [23] and Ref. [24].

The total scattering rate is composed of elastic and inelastic
scattering. Since we are able to determine the inelastic scatter-
ing rate by the decay of the exciton population, we now have
access to the elastic scattering rate as well. The elastic scatter-
ing rate is equivalent to the difference between the total and
the inelastic scattering rate. This gives us an elastic scattering
rate of 1.7 × 10−4 cm3 s−1. Thus, for the excitation conditions
used here with an excess energy of the electron-hole plasma
of ∼50 meV, the elastic scattering rate is comparable to the
inelastic scattering rate of 2.0 × 10−4 cm3 s−1.

C. Exciton reformation

After the exciton population has been destroyed by inelas-
tic scattering, the reformation process begins. However, in
contrast to the observations for a single excitation pulse that
are described in Ref. [42], the exciton formation process is not
delayed but starts instantaneously after the exciton population
is destroyed. Thus, the scattering and the reformation pro-
cesses can be described by a simple biexponential fit as shown
in Fig. 3(a). For a single excitation pulse, the hot electron-hole
plasma has to cool down first via phonons before excitons
can form. However, when a second pulse generates a hot
electron-hole plasma in the presence of an incoherent exciton
population, the plasma can efficiently cool down via inelastic
electron-exciton scattering. As a result, a cold electron-hole
plasma is present after the scattering, so that the exciton for-
mation can start immediately. In agreement with the findings
from Ref. [42], the excitation with a second optical pulse
confirms that the exciton formation is faster at higher charge
carrier densities. In Fig. 3(a) the reformation time τ2 decreases
continuously from 801 ps for the lowest photon density of
the second pulse of 2.9 × 1013 photons/cm2 to 524 ps for
the highest photon density of 2.9 × 1014 photons/cm2. The
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photon densities correspond to charge carrier densities of
1.1 × 1014 cm−3 and 1.1 × 1015 cm−3, respectively, which are
at least one order of magnitude below the Mott transition in Ge
[50]. A comparison with the formation times from Ref. [42]
shows that at the same charge carrier densities the observed
exciton formation is much faster here. This may indicate that
even though the initial exciton population is destroyed by
inelastic scattering, the reformation process of excitons finds
much more favorable conditions than the exciton formation
out of an optically excited electron-hole plasma.

IV. CONCLUSION

In conclusion, we present a unique method to experi-
mentally get access to both destructive inelastic and elastic
electron-exciton scattering via optical pump-terahertz probe
spectroscopy. We monitor the decay of the intraexcitonic

transitions of an incoherent exciton population by scattering
with an electron-hole plasma which is generated by a second
optical pulse in bulk Ge. By analyzing the decay times, we
find an inelastic scattering rate of 2.0 × 10−4 cm3 s−1. An
analysis of the linewidth broadening of the intraexcitonic
1s − 2p transition due to the arrival of the second optical
pulse yields a total scattering rate of 3.7 × 10−4 cm3 s−1. The
difference between total and inelastic scattering rate results
in the elastic scattering rate, which is 1.7 × 10−4 cm3 s−1

accordingly. The following reformation of the exciton pop-
ulation is accelerated for higher charge carrier densities.
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