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Referat
In dieser Arbeit werden die transienten optischen Eigenschaften von Halbleitern nach
gepulster optischer Anregung und die zugrundeliegende Prozesse der Ladungsträgerund Kristallgitterdynamik untersucht. Zu diesem Zwecke wird die experimentelle Methode der femtosekunden-zeitaufgelösten spektroskopische Ellipsometrie eingeführt. Das
Pump-Probe-Messschema gewährt eine zeitliche Auösung von weniger als einer Pikosekunde während es die spektroskopischen Ellipsometrie ermöglicht, direkten Zugang zur
komplex-wertigen optischen Antwortfunktion auf eine eintreende elektromagnetische
Welle  das heiÿt Real- und Imaginärteil der dielektrischen Funktion (DF)  in einem
breiten Spektralbereich zu erhalten. Zu Beginn wird der Messaufbau der zeitaufgelösten
spektroskopischen Ellipsometrie vorgestellt. Seine Funktionalität wird durch Untersuchungen am prototypischen weitbandlückigen Halbleiter ZnO und den klassischen Halbleitern Ge, Si und InP demonstriert. Weiterhin können richtungs- und polarisationsabhängige optischen Eigenschaften bestimmt werden, wenn entsprechende Orientierungen
der Probe gemessen und simultan modelliert werden. Diese Fähigkeit wird ebenfalls an
ZnO demonstriert, da es aufgrund seiner hexagonalen Kristallstruktur anisotrope optische Eigenschaften aufweist. Die intensive optische Anregung der Halbleiter bewirkt
eine zeitweilige Umverteilung der Besetzung der elektronischen Zustände, welche sich in
einer deutlich veränderten Linienform der DF widerspiegelt. Verantwortlich dafür sind
unter anderem elektronische Inter- und Intra-Band-Übergänge und Streuprozesse mit
dem aufgeheizten Gitter sowie verschiedene Vielteilcheneekte wie Bandlückrenormierung, Abschirmung der Ladungsträger und das Pauli-Prinzip. Die Beiträge dieser Eekte können mittels geeigneter Linienformanalyse der DF näher untersucht werden. Am
Beispiel von ZnO wird auch die starke Wechselwirkung der Elektronen mit dem aufgeheizten Gitter und deren Auswirkungen auf die DF gezeigt. Die experimentelle DF wird
mit theoretischen Berechnungen verglichen, wobei bei exzitonische Eekte und die hohe
Überschussenergie der Ladungsträger berücksichtigt werden. Zusätzlich erklären Simulationen der transienten Ladungsträger- und Gittertemperatur den Verlauf der Relaxation
der Ladungsträger. Weiterhin werden Information über die räumliche Ausbreitung der
Ladungsträger nach optischer Anregung mittels abbildender zeitaufgelöster Ellipsometrie an ZnO gewonnen. Hierbei wird ein komplexes Zwischenspiel zwischen Diusion und
ballistischer Propagation der Ladungsträger beobachtet, welches zu einer ringförmigen
Verteilung der Ladungsträger führt.

2

Bibliographic record
Herrfurth, Oliver

Transient carrier and lattice dynamics in photo-excited semiconductors studied by
femtosecond spectroscopic ellipsometry
Universität Leipzig, dissertation
186 pages, 221 references, 2 gures, 1 tables

Abstract
This work investigates transient optical properties of semiconductors and the underlying
carrier and lattice dynamics after intense pulsed optical excitation. To this aim, the experimental technique of pump-probe spectroscopic ellipsometry and the corresponding
experimental setup is introduced rst. The pump-probe scheme yields sub-picosecond
temporal resolution while the spectroscopic ellipsometry measurement allows direct excess to the complex-valued optical response, that means real and imaginary part of the
dielectric function. The functionality of the experimental setup as well as technical details, capabilities and limitations are discussed. First measurements are demonstrated
on the prototypical wide-bandgap semiconductor ZnO and the classical semiconductors
Ge, Si and InP. Furthermore, the full dielectric function tensor of optically anisotropic
materials can be obtained from ellipsometry measurements, if suitable orientations of the
material are measured and collectively analyzed. This capability will be demonstrated
for the uniaxial material ZnO.
Upon optical excitation, the transient occupation of electronic states is varied which
leads to a redistribution of the spectral weight of absorption. This embodies the combined intricate eects of inter- and intra-band transitions, carrier scattering with the
heated lattice as well as many-body eects such as band-gap renormalization, carrier
screening and Pauli blocking. The contributions of these eects are disentangled by
means of line-shape analysis of the dielectric function. For ZnO, we additionally nd a
strong inuence of the polar electron-phonon interaction on the dielectric function that
are framed as hot-phonon eects in the literature. They exemplify the importance of
the lattice in the relaxation process of photo-excited semiconductors. The experimental
dielectric functions will be compared to theoretical results from rst-principles calculation taking excitonic eects and the photo-excited carriers at elevated temperatures
into account. The transient carrier dynamics are additionally supported by simulations of the transient carrier and lattice temperature. Moreover, spatial information on
the transient carrier dynamics was obtained from pump-probe imaging ellipsometry on
ZnO under similar excitation conditions. Here, the photo-excitation enables a delicate
interplay between diusion and ballistic propagation of the carriers, that leads to a nonhomogeneous lateral carrier prole. This spatial modulation of the carrier density and
subsequently the optical properties challenges the standard assumption of homogeneous
lateral excitation in the analysis of pump-probe experiments.
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Introduction
The tremendous technological progress during the last decades is intimately connected
to the advancements in semiconductor technology. Extensive information about the
important material properties of semiconductors are revealed by optical spectroscopy
methods. Among others, spectroscopic ellipsometry is a well-established experimental
technique for the determination of optical properties and the thickness of very thin layers
[13]. The rst results using this technique were reported by Paul Drude in 1888 [4],
although the term ellipsometry itself was coined later [5]. The method became successful
only during the last decades due to the increasing available computation capabilities,
which are necessary for convenient data analysis. Ellipsometry constitutes a destructionfree light reection or transmission technique, which is very often employed for the
characterization of semiconductor structures such as stratied thin lms. Key to the
technique is the detection of the polarization state of the light after the interaction with
the material. The dielectric response of a material to an incoming electromagnetic wave
is represented by the complex-valued dielectric function (DF) or the complex refractive
index [68].
Owing to the endless need for faster response and faster processing of information [9],
the current direction of advancement in semiconductor research aims for continuously
decreasing size of the integrated circuitry [10]. Thereby, electrons could be replaced by
photons as information carriers such that all-optical switching can be realized [11, 12].
As a result of this aspiration, knowledge of the optical properties on increasingly shorter
time scales and of highly non-equilibrium systems is required. This represents important
information for both optimizing classic electronics involving band transport as well as
getting deeper understanding on many-body eects [1316] and semiconductor lasing
processes [1719]. Traditionally, this problem is experimentally tackled by pump-probe
methods [9, 20, 21].
In the standard pump-probe scheme for femtosecond-time-resolved measurements,
two short laser pulses are employed: absorption of the pump pulse excites the system, whereas the probe pulse tests the optical response of the system as the excitation
decays. However, there is a major drawback inherent to conventional pump-probe timeresolved reection or transmission experiments, that hinder them from obtaining the
complex-valued optical response without ambiguity. It is the fact, that they lack detection of light polarization and thereby acquire only amplitude and no phase information
of the light, that interacted with a sample. However, the optical response - like any
response function - features amplitude and phase information, which are represented by
the complex-valued DF. The lack of phase information has to be compensated in the data
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analysis by assumptions, that can hardly be proven right or wrong, which could lead to
misinterpretation of the results [2225]. Moreover, the determination of anisotropic optical properties by conventional transient spectroscopy is even more challenging [2631].
Therefore, understanding of the underlying physical processes, that led to the measured
response is usually hampered and the results remain questionable.
The calculation of non-equilibrium optical properties from rst principles demands
intricate numerical approaches. In particular, a lot more eorts are needed to compute
realistic optical properties for high carrier density and on ultrashort time scale. Despite
the well-known problem of underestimated band gaps from rst-principles calculations
[32], carrieroptical-phonon interaction must be included [33, 34] to compute optical
properties of polar semiconductors already in thermal equilibrium [35]. A considerable
open challenge, that requires extensive simulations taking transport and diusion into
account, is still posed by the question of the actual charge carrier density at a given
time delay after optical excitation. In the steady-state, such calculations were already
reported for Ge [36]. Very recently, Tong and Bernardi [37] reported the simultaneous
prediction of carrier and lattice dynamics with femtosecond time steps in graphene within
the framework of real-time density-functional theory. While this seems to be a big step
to reconvene theory and experiment in the eld of ultrafast experiments, important
details such as excitonic eects, layer structures or carrier and phonon transport must
be included in future versions of this framework to correctly calculate the material's
response after ultrafast photo-excitation.
In the view of these remaining experimental and theoretical diculties, it becomes
clear that, there is a need for an experimental technique allowing the unambiguous
determination of transient optical properties in non-equilibrium systems. The experimental challenge described above is inseparably connected to the implementation of a
detection scheme for time-resolved ellipsometric information. The instrumental development of ultrafast ellipsometry measurements started already in the 1970s [38] with
single-wavelength pump-probe measurements. The combination of the pump-probe technique [20,21] with ellipsometry seemed to be superior compared to detection schemes employing fast photodiodes [39] or a streak camera [40], because of its better signal-to-noise
ratio. With the advent of amplied pulsed lasers, the generation of broadband white-light
pulses [41] matured and rst spectroscopic ellipsometry setups were reported. However,
they also lacked direct acquisition of phase information, which was compensated by combined analysis of two measurements at dierent angle of incidence [23,4245] or dierent
linear polarizations [46, 47]. Various ellipsometric congurations were proposed in the
last decades [4850]. Only THz time-domain spectroscopy [51, 52] proved to be capable
to determine transient optical properties directly. This technique, however, is not applicable at frequencies of visible light. There are, however, reports on setups capable of
determining transient circular dichroism, but they do not aim to obtain full ellipsometric
information [53, 54].
This works aims to establish a deeper physical understanding of the transient optical
properties of semiconductors, in particular the prototypical wide-bandgap semiconductor
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ZnO, after femtosecond-pulsed optical excitation. To this end, an ellipsometric setup
for the determination of the transient complex-valued DF of materials was developed,
thereby building up on extensive preliminary investigations at Universität Leipzig during
previous years. The underlying electronic and lattice processes were investigated by
means of line-shape analysis of the experimental DF spectra and comparison to results
from rst-principles calculations.
This work follows the direction of research on ZnO within the Ellipsometry and
Polariton Physics Group as part of the Semiconductor Physics Group at Universität
Leipzig. There, research on the optical properties of ZnO-based microresonators upon
pulsed-laser excitation [55, 56] has led to the experimental challenge of measuring the
DF of such laser-excited resonators around the year 2007. Preliminary experiments
using a pulsed laser and a commercial ellipsometer were conducted by Chris Sturm,
Steven Linke and Steen Richter [57]. Further investigations on time-resolved ellipsometry were pushed forward by Steen Richter [57]. They involved a home-built
Mueller-matrix ellipsometer [58] in combination with a streak camera similar to the approach proposed by Jellison [40] and, later on, the pump-probe scheme in combination
with a high-repetition-rate Ti:sapphire laser was employed [59]. In the Semiconductor
Physics Group at Universität Leipzig, various aspects of transient optical properties of
photo-excited ZnO-based samples were investigated during the last years: time-resolved
photoluminescence of ZnO-based thin lms and resonators [6062], excited-state propagation [19, 6365] and formation of Bose-Einstein condensates [66, 67] in ZnO-based
microresonators. Most recently, the implementation of a theoretical DF model for ZnO
and CuI [68] enabled to explain lasing processes in nano- and microwires. The instrumental development of the femtosecond-time-resolved spectroscopic ellipsometry setup
and subsequent measurements were conducted in close cooperation (established at the
DPG spring meeting 2016 in Regensburg) with the research group RP4 of ELI Beamlines
(Czech Republic) [69] which combined the expertise on ellipsometry of the Semiconductor Physics Group with the expertise on high-power ultrafast lasers of ELI Beamlines.
Part of this work was conducted in frame of the research group FOR 1616 Dynamik
und Interaktion von Halbleiternanodrähten für die Optoelektronik [70] and the Sonderforschungsbereich SFB 762 Funktionalität oxidischer Grenzächen [71]. Ultrafast
imaging-ellipsometry measurements were realized in cooperation with the working group
Dynamik ultraschneller selektiver Laserprozesse at the Laserinstitut Mittweida. Additional collaborative eorts regarding the data analysis were established with the Ellipsometry Group at New Mexico State University and the working group of André Schleife
at University of Illinois at Urbana-Champaign.
This work is structured as follows: as a rst step, a setup for ultrafast spectroscopic
ellipsometry measurements is presented [C1]. Calibration of the instrument and subsequent ellipsometric data reduction is explained. The functionality and capabilities
are shown and experimental limitations are discussed. Then, rst measurements are
presented on the prototype wide-bandgap semiconductor ZnO [C2] and the classic semiconductors Ge, Si and InP [C3]. The capability to obtain the full transient DF tensor

3

Introduction

is demonstrated for ZnO [C4]. Therewith, the transient optical anisotropy can be rigorously measured and described on the basis of material properties. Line-shape analysis of
the DF spectra yields insight into the underlying physical processes [C2,C4]. The experimental DF is compared to results from rst-principles calculations including eects of
the high carrier density [C2,C4]. Supporting information on the spatial dimension of the
ultrafast carrier and lattice dynamics is obtained from pump-probe imaging-ellipsometry
measurements [C5]. The results are further supplemented by the transient carrier and
lattice temperature obtained from a relaxation model reported in the literature [C6].
In total, a comprehensible physical picture of the relaxation processes in ZnO after intense pulsed optical excitation in the spectral, temporal and spatial dimension and the
accompanying optical properties is developed. These results and those obtained for Ge,
Si and InP are expected to be applicable for a wide range of other semiconductors.
Samples, supplementary experimental data as well as access to existing experimental
setups were provided by several people and institutions, which are explicitly mentioned
before the corresponding publications and within the summary at the end of this work.
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Chapter 1
Measurement of transient optical
properties
This chapter provides theoretical aspects, that are helpful to understand the measurement procedures of transient optical properties. This includes the description of light
polarization in section 1.1, the working principle of spectroscopic ellipsometry in section 1.2 and the description of time-resolved ellipsometry in section 1.3. In conclusion,
an experimental setup for broadband spectroscopic ellipsometry with femtosecond temporal resolution is discussed in section 1.4.

1.1 Light polarization
The electric eld components of a general electromagnetic wave traveling in z -direction
oscillate in the x-y -plane perpendicular to the propagation direction of the wave [7, 72,
73]. The oscillation direction within this plane and the phase relation between the eld
components is called the polarization of light. In general, light possesses elliptic polarization and in special cases linear or circular polarization. It is also possible, that light
is only partially polarized. These features can be described very well within the Stokes
⃗ fully determines the current state of polarization
vector formalism. A Stokes vector S
by four components [1, 74] using intensities I



 
S0
Ix + Iy
 S1  
I
x − Iy
⃗=
 
S
 S2  =  I+45◦ − I−45◦
S3
Ir − Il




,


(1.1)

where S0 is the total intensity, S1 is the intensity dierence of the linear polarizations
in x- and y -direction, S2 is the intensity dierence of the linear polarizations in +45◦
and −45◦ (with respect to the x-direction). The intensity dierence between right and
left circularly polarized light determines S3 . The degree of polarization p can be dened
as [1, 74]
p

p=

S12 + S22 + S32
.
S0
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Thus, the degree of polarization is p = 1 for fully polarized light, otherwise light is said
⃗ to
to be partially polarized. The transformation from an initial state of polarization S
′
⃗
a nal state S can be described in the Mueller calculus, which seems to build up [75]
on earlier work of Perrin [76] that, in turn, is based on results of Soleillet [77]. In
particular, the transformation is represented by a 4 × 4 Mueller matrix M [1, 74]

⃗ ′ = MS.
⃗
S

(1.3)

The change of the polarization state caused by polarizing elements such as retardation
plates or polarizers can be described by Mueller matrices. Frequently used Mueller matrices for several optical elements are tabulated in Ref. [1]. In particular, the normalized
Mueller matrix of isotropic systems MNCS , which is often discussed in this work, can be
represented as

MNCS


1 −N 0 0
 −N
1
0 0 
,
=
 0
0
C S 
0
0 −S C


(1.4)

where N = cos 2Ψ, C = sin 2Ψ cos ∆, S = sin 2Ψ cos ∆ and Ψ, ∆ are dened below. The
polarizing properties of a sample can be deduced by proper inversion of equation (1.3) for
its Mueller matrix M. Technical details of the ellipsometric data reduction are explained
in Ref. [74, C1].

1.2 Optical properties and ellipsometry
The linear dielectric response of a material system to incoming electromagnetic waves is
generally described by the second-rank tensor ε, which is called dielectric function (DF)
or rather permittivity, which is related to the electric susceptibility χ = ε − 1 [6, 73].
The complex-valued DF is closely connected to the complex refractive index via

ε = ε1 + iε2 = (n + iκ)2 ,

(1.5)

where n is the refractive index and κ is the extinction coecient. The DF is generally
dependent on the frequency ω of the impinging electromagnetic wave. The dependence
on the wave vector ⃗
k (spatial dispersion [78]) can be neglected in most cases [79]. The
tensor ε takes the following form for ZnO




εx 0 0
ε =  0 εx 0  ,
0 0 εz

(1.6)

which is due to the hexagonal crystal structure of ZnO. For Ge, Si and InP the tensor
components εx = εz , that is their DF is a scalar function.
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Simultaneous access to the real and imaginary part of the DF is provided by ellipsometry [13] measurements, which is an optical technique to measure relative, frequencydependent amplitude and phase information of reected/transmitted polarized light.
The ellipsometric angles Ψ and ∆ are connected to the optical response of the sample

ρ=

rp
= tan (Ψ) exp (i∆) ,
rs

(1.7)

where ρ is the ellipsometric ratio, rs,p are complex-valued reection/transmission coecients and the indexes refer to s- and p polarization with respect to the plane of incidence
of the incoming electromagnetic wave. For bulk-like, isotropic samples without surface
layers, the so-called pseudo-DF

"

< ε >= sin2 θ 1 + tan2 θ



1−ρ
1+ρ

2 #

(1.8)

corresponds to the actual material DF where θ is the angle of incidence of the electromagnetic wave being incident on the sample. In all other cases, the propagation of
electromagnetic waves through the sample has to be modeled by e.g. a transfer-matrix
that reects the layer structure of the sample. There is a variety of transfer-matrix
formulations for the propagation of electromagnetic waves through planar, stratied
structures [8082]. Often and also in this work, the approach by Berreman [83] in the
particular formulation of Schubert [84] is employed. Simulated ellipsometric parameters of the sample have to be adjusted to the measured ones by varying the parameters
(typically layer thicknesses and DF) of the model. In that sense, ellipsometry is an indirect method and material properties are acquired as parameters of the sample-structure
model [1].

1.3 Transient optical properties and time-resolved
ellipsometry
Under non-equilibrium conditions, for example after intense optical excitation, materials
consequently exhibit altered optical properties. Only the linear optical response to a
potentially non-linear optical excitation is discussed in this work. Therefore, no higher
order electric susceptibilities [73] than χ(1) = ε−1 are involved. The non-equilibrium DF
ε = ε(t) (1.6) changes as a function of time when the system relaxes back to equilibrium.
Hence, the measurement of these transient optical properties requires a time-resolved
optical experiment. The pump-probe technique [20,21,85] constitutes a well-established
experimental scheme, that is routinely realized with state-of-the-art pulsed lasers. A rst
pump laser-pulse excites the system and a subsequent second probe laser-pulse tests
its optical response. Variation of the relative optical path length of pump and probe
laser pulse yields the temporal resolution of the experiment. The method oers both
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high signal-to-noise ratio and temporal resolution, which is ideally limited only by the
temporal width of the employed laser pulses. In comparison to detection schemes using
fast photodiodes or streak cameras, the pump-probe technique oers shorter response
times and larger signal-to-noise ratio.
Typically, pump-probe single-wavelength reection or transmission experiments are
conducted without polarization resolution to measure transient optical properties. However, there are two major drawbacks inherent to conventional pump-probe time-resolved
reection/transmission experiments, that hinder them from obtaining the complexvalued optical response unambiguously:
1. Lack of information on the phase of the reected/transmitted light
As introduced in section 1.2, the optical response function is generally complexvalued, e.g. the dielectric function is ε = ε1 + iε2 . Thus, two independent quantities of input information are needed to describe the real and imaginary component
correctly. Conventional transient spectroscopy oers only information on the amplitude and thus lack phase information, which must be compensated by model
assumptions. Due to the oversimplication of the assumptions, ambiguity in the
interpretation of the physical phenomena remains.
2. Lack of spectral bandwidth
Often, the transient optical response is measured for a single photon energy only.
The lack of broadband spectral information leaves too many degrees of freedom
open for reliable application of physical models. For example, it is not possible
to distinguish the eects of band-gap renormalization, inter-band absorption, activated defects or free-carrier absorption on the change of absorption (ε2 or κ) at a
single photon energy in the bandgap of a semiconductor.
Various approaches have attempted to compensate the above-mentioned experimental deciencies. Among others, they comprise the restriction to free-carrier absorption
(Drude model) [23, 86] as underlying physical process or constant extinction coecient
is assumed [25, 87]. Often, Kramers-Kronig relations [88] between real and imaginary
part of the complex-valued response function (e.g. the DF or the complex refractive index) are enforced [24]. This approach is hindered by the limited experimentally available
spectral range for the accurate calculation of the integral and can produce osets towards
the edges of the spectrum. Other authors recover phase information from maximumlikelihood approaches [31]. The combined analysis of conventional pump-probe reection
and transmission measurements [22] was tested already in the 1980's, but could not fully
describe the observed physical phenomena either.
These problems are further exemplied in the next section for the prototypical widebandgap semiconductor ZnO, where an overview of the literature of transient optical
properties of ZnO is given.
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Pump-probe measurements on ZnO

Currently, there are at least 57 reports on
pump-probe measurements of ZnO structures, which are compiled in Tab. 1.1. Most of
these measurements (38 reports) were conducted in transmission geometry. Transient
optical properties ε (t) were deduced from the experimental data only in a subset of seven
studies. Most of them provide a controversial interpretation of experimental observations: Only a variation of the real part of the complex refractive index (n) was assumed
by Liu et. al. [87] while the imaginary part (κ) was neglected. Similarly, Ou et. al. [24]
assumed a particular shape of κ and calculated the change in n via Kramers-Kronig
relations, which suers from the limited spectral range. Carnemolla et. al. [89] and
Tian et. al. [90] reported the nonlinear susceptibility around 1 eV, but did not provide
broadband spectral information. The transient DF calculated by dual-angle reectometry [45] shows vanishing above-gap absorption while the excitonic absorption seems
to be unaected. This is likely related to the laser-induced surface structuring, which
was also reported. Angle-integrated reectometry [91] was used to deduce the transient
damping constant of the excitonic resonance, while spectral shifts and other contributions to the DF seem to be neglected. Time-domain spectroscopy was employed by
Hendry et. al. [52] to directly measure the real and imaginary part of the conductivity
σ in the THz (few meV) spectral range, which is related to the DF in the Drude model
via σ = −i (ε − 1). In summary, there is a vast scope of literature on the transient
optical response of ZnO after ultrafast laser excitation, however, the understanding of
the underlying physical processes remains controversial and inconsistent.

Table 1.1:

Compilation of literature reports on pump-probe measurements of ZnO
structures in transmission and reection geometry sorted with respect to whether transient optical properties (dielectric function or refractive index, column DF) were determined from the measurement or not (column conventional).

Transmission

Single crystal
Thin lm
Nanostructure
Quantum well
Total

Reection

DF

conventional

DF

[52]
[89]
[90]

[92, 93]
[22, 92, 94108]
[119129]
[130134]

[87]
[24, 45, 89, 91]

3

35

5

conventional

[22, 100, 108118]
[16]

14

It is seen from the reports on this particular material, that there is a remaining
experimental challenge to experimentally obtain transient optical properties in a broad
spectral range directly and unambiguously, i.e. without assumptions on the underlying
physical processes.
Most technical problems of this challenge were reported over time in the literature and
were circumvented in our own development. This work builds up on the existing knowl-
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edge of time-resolved ellipsometry starting from single-wavelength ellipsometry, that
was demonstrated as early as 1974 [38]. It was later followed by approaches with multichannel photo-diode detectors [39] or with a streak camera [40]. After femtosecondpulsed-laser technology matured, the pump-probe measurement scheme became predominant. Most technical obstacles were identied and overcome such as movement of
the probe spot due to rotating optics [48, 49] or insucient signal-to-noise ratio when
using high-repetition-rate laser [59]. Null ellipsometry [50] is an eective approach,
but dicult to implement for spectroscopy. Alternative approaches to make up for the
missing phase information comprise the combined analysis of two measurements with
dierent angles of incidence [23, 4245] or dierent linear polarizations [46, 47]. More
recently, transient single-wavelength ellipsometry was demonstrated [135137] and setups were reported for transient circular dichroism, but the determination of the full
ellipsometric information was not the main goal of these studies. [53, 54].
At Universität Leipzig, preliminary experiments using a pulsed laser and a commercial ellipsometer were conducted by Chris Sturm, Steven Linke and Steen Richter [57].
Further investigations on time-resolved ellipsometry were pushed forward by Steen
Richter [57]. They involved a home-built Mueller-matrix ellipsometer [58] in combination with a streak camera similar to the approach proposed by Jellison [40] and, later
on, the pump-probe scheme in combination with a high-repetition-rate Ti:sapphire laser
was employed [59]. Finally bringing the available knowledge together, an experimental
setup fully capable of obtaining broadband transient optical properties was developed as
a result of the international cooperation with the research group RP4 at ELI Beamlines
(Czech Republic). In particular, a setup for femtosecond-time-resolved spectroscopic
ellipsometry (tSE) was built and its capabilities were demonstrated. The description
of the setup for femtosecond spectroscopic ellipsometry is contained in the following
section.

1.4 Broadband femtosecond spectroscopic
ellipsometry
The experimental setup for femtosecond-time-resolved spectroscopic ellipsometry is detailed in the publication Broadband femtosecond spectroscopic ellipsometry [C1]. The
system realizes the combination of measuring a broadband optical response on the femtosecond time scale using the pumpprobe technique, while simultaneously obtaining
ellipsometric information. It is very sensitive to any transient changes in the ellipsometric parameters, such that changes of the DF can be detected very well. Hence, it
represents a unique tool to study the transient carrier and lattice dynamics after pulsedlaser excitation and provides many advantages over conventional transient spectroscopy
without polarization resolution. The setup employs supercontinuum-white-light pulses
derived from a femtosecond Ti:sapphire laser as probe beam, which are delayed relative
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to single-wavelength pump pulses. The ellipsometer operates in the polarizer-samplecompensator-analyzer conguration and the transient ellipsometric parameters are obtained from reectance-dierence spectra measured for various pumpprobe delays and
compensator azimuth-angles. The accessible spectral range extends from 1.3 eV to 3.6 eV
(340 nm to 950 nm) at a temporal resolution of approximately 100 fs for a range of time
delays up to 5 ns.
In this work, components of the experimental setup and the measurement scheme are
described. The ellipsometric calibration, acquisition of transient reectance-dierence
spectra, raw-data treatment as well as ellipsometric data reduction are explained and an
uncertainty estimation is provided. Critical aspects of the probe-white-light generation,
imperfections of the polarization optics as well as their inuence on the ellipsometric
parameters and limitations of the setup are discussed. Finally, future upgrades and
improvements of the technique are suggested.
This setup is incorporated in the ELI Beamlines user facility (Czech Republic), where
also an additional setup for VUV ellipsometry is going to be installed. Further information on the VUV experimental setup can be found in Ref. [138, 139].
This work is reprinted on the basis of the public license CC BY 4.0.
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from all authors.
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ABSTRACT

We present a setup for time-resolved spectroscopic ellipsometry in a pump–probe scheme using femtosecond laser pulses. As a probe, the
system deploys supercontinuum white light pulses that are delayed with respect to single-wavelength pump pulses. A polarizer–sample–
compensator–analyzer configuration allows ellipsometric measurements by scanning the compensator azimuthal angle. The transient ellipsometric parameters are obtained from a series of reflectance-difference spectra that are measured for various pump–probe delays and
polarization (compensator) settings. The setup is capable of performing time-resolved spectroscopic ellipsometry from the near-infrared
through the visible to the near-ultraviolet spectral range at 1.3 eV–3.6 eV. The temporal resolution is on the order of 100 fs within a delay
range of more than 5 ns. We analyze and discuss critical aspects such as fluctuations of the probe pulses and imperfections of the polarization
optics and present strategies deployed for circumventing related issues.
© 2021 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/10.1063/5.0027219., s

I. INTRODUCTION
Ellipsometry is a well-established method to obtain thin-film
properties and material optical constants, which, in particular,
allows gaining insights into the electronic structure of materials.
Achieving a temporal resolution below a nanosecond in an ellipsometry experiment is not possible through standard ellipsometer
technology but requires different approaches such as streak-camera
detection1 or pump–probe schemes.2–6 Although streak cameras in
principle allow time-resolved measurements even with continuouswave white light sources, this approach is still very limited in terms
of temporal resolution and suffers from high noise levels. The
pump–probe technique has historically been restricted mostly to
single-wavelength probes and, in the case of ellipsometry, has suffered from experimental instabilities and related uncertainties. Consequently, time-resolved optical spectroscopy at solids has largely
been carried out through transient reflectance and transmittance
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measurements.2,6,7 Two main problems have remained for the correct determination of transient optical constants and, subsequently,
a better understanding of excited solids: On one hand, a bare transient reflectance or transmittance measurement in principle does not
allow distinction between changes in absorption (extinction coefficient) and refractive index. On the other hand, single-wavelength
probes leave too many degrees of freedom open in order to reliably
apply physical models. As an example, it is impossible to properly
distinguish whether a rise in absorption, measured at a single wavelength in the bandgap of a semiconductor, is caused by bandgap collapse, free charge carriers, or activated defects. Model assumptions
need to be applied, often blindly, and cannot be proven correct or
wrong. These principal limitations become particularly challenging
when different scattering and relaxation processes occur simultaneously and need to be distinguished.8,9 Access to a complex-valued
response function is necessary. Obtaining complex reflectance
spectra (including amplitude and phase shift) directly is only
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possible for frequencies not higher than the THz range by, e.g.,
time-domain spectroscopy.10 For visible (VIS) light, a workaround
is pump–probe measurements with at least two different angles of
incidence.11–14 Later, actual ellipsometry with narrow-wavelengthband probes was successfully applied.15–17 Nowadays, commercial
laser technology has matured sufficiently to make supercontinuum
generation (SCG) in transparent crystals a versatile broadband optical probe with femtosecond laser pulses.18,19 This opens the path for
ultrafast pump–probe spectroscopic ellipsometry.
In recent years, the development of time-resolved ellipsometry has been approached through various schemes, employing either
imaging techniques20–23 or spectroscopic means, 24,25 in some cases
with interferometric detection schemes.26 Others have focused on
transient circular dichroism, even employing heterodyne detection
schemes, but did not aim for full ellipsometric information.27,28
The related fields of application reach from spectroscopy of excited
charge carriers, phonons, and many-body effects,21,29–32 over shock
waves,26 to melting and material ablation.20,22,33 However, reports on
successful experiments using spectroscopic time-resolved ellipsometry are rare, pointing at a gap between proof-of-principal capabilities of reported setups and their practical ability to reliably generate high-quality spectroscopic–ellipsometry data from pump–probe
experiments. In this paper, we present a setup for pump–probe ellipsometry with femtosecond white light pulses ranging from nearinfrared (NIR) through the visible (VIS) to the near-ultraviolet
(NUV). It is capable of obtaining pump-induced transient changes
in the linear optical response of a wide range of materials and sample types. We detail the setup and related data-reduction schemes
and discuss limitations and extensions.
The setup presented here, and its further developments, is available for the international scientific community as a user instrument
at the Extreme Light Infrastructure (ELI) Beamlines facility in the
Czech Republic, with access granted based on an open application
procedure.34
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FIG. 1. Schematic view of the setup for time-resolved ellipsometry. The output
of an amplified titanium–sapphire laser is split (BS) to provide white light probe
pulses created by supercontinuum generation (CaF2 ) and pump pulses that can
be converted by means of second or third harmonic generation (HG) or, in the
future, optical parametric amplification (OPA). The pump pulses are delayed by a
1 m-long delay line (DL) and focused onto the sample by a lens (L). The probe
pulses are collimated and focused by 90○ off-axis parabolic mirrors. The focused
beam passes a broadband wiregrid polarizer (P) before reaching the sample. After
reflection off the sample (S), the white light is collimated by a lens (L), goes through
the compensator (CR ) and analyzer (A), and is then guided to and focused onto
the spectrometer entrance by mirrors. Each individual white light pulse is detected
through a spectrometer with a charge-coupled-device (CCD) camera. The chopper wheels (250 Hz, 500 Hz) allow proper detection of the reflectance-difference
spectra.

The ellipsometric part of the setup, including the sample
interaction point, is built on a two-circle goniometer (Huber
Diffraktionstechnik GmbH), allowing reflectance and transmittance
experiments at variable angles of incidence at the sample. A photograph of the equipped goniometer is depicted in Fig. 2. While the
narrow-band pump pulses are focused onto the sample by a lens,
the broadband probe pulses are focused by a 90○ off-axis parabolic

II. EXPERIMENTAL SETUP
A. Components and measurement scheme
A scheme of the setup for time-resolved ellipsometry is shown
in Fig. 1. The pump–probe system is based on an amplified
titanium–sapphire femtosecond laser with its fundamental mode at
800 nm and a repetition rate of 1 kHz [Coherent Astrella (35 fs, max.
6 mJ) or Spectra-Physics/Femto-Lasers Femtopower (20 fs, max.
4 mJ)]. A fraction of about 1 μJ of the fundamental beam (exact
pulse energy can be set by using an attenuator) is taken for supercontinuum generation (SCG, see Sec. II B 2 for details). The generated
ultrashort broadband pulses are used as a probe beam. The main
part of the pulse energy is applied as a pump beam, typically after
wavelength conversion by means of second or third harmonics generation (HG). An optical parametric amplifier (OPA) will enable
the target wavelength to be freely selected in a wide spectral range
from 200 nm to 2600 nm (Light Conversion, TOPAS). The pump
pulses are propagated through a delay line based on a 1 m-long highperformance motorized linear stage (Newport IMS-LM-S), which
gives up to 6.67 ns of pump–probe delay, adjustable with a temporal resolution of about 3 fs (500 nm bidirectional repeatability of the
delay-line stage).
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FIG. 2. Photograph of the setup goniometer. Labels and beam schematics are
similar to Fig. 1. The positions of probe focusing mirror and wiregrid polarizer are
fixed (right side). The sample holder can be rotated to allow a variable angle of
incidence (center). Probe collimation, compensator, and analyzer are placed on a
rotatable arm (left side). The reflected light is guided by mirrors to the spectrometer.
The pump beam is focused through a lens and reflected by a D-shaped flat mirror
(post-mounted from the top) in order to maintain an incidence angle close to the
probe. A monitoring camera helps adjusting the spatial overlap of pump and probe
(top right in the picture).
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mirror to avoid chromatic dependencies (aberrations and chirp, see
Sec. II B below). The focused white light passes through a broadband wiregrid polarizer (Thorlabs) before it is reflected off the sample. The reflected white light is collimated by a lens and guided
through a compensator (superachromatic quarterwave plate, B.
Halle Nachf. GmbH) and a prism analyzer (calcite Glan-type polarizer, Altechna). The polarizers and the compensator are mounted
on motorized rotation stages (Thorlabs), which again are placed
on tip-rotation stages to facilitate multi-axis alignment (Newport).
Plane mirrors guide the light to a spectrometer (prism spectrometer, Entwicklungsbüro Stresing, or grating spectrometer, Princeton
Instruments) equipped with a charge-coupled-device (CCD) camera (1024 × 64 pixel2 , dynamic range 10 000: 1, Hamamatsu Photonics/Entwicklungsbüro Stresing) working in full vertical binning
mode at the 1 kHz readout rate. While the prism spectrometer provides coverage of a wide spectral range, its spectral resolution toward
the NIR is rather poor. Hence, the interchangeable-grating spectrograph is used when well-resolved spectra in a given spectral range are
of interest. Importantly, every change of the sample angle requires
readjusting the plane mirrors between the sample goniometer and
the spectrometer. Alternatively, a glass fiber can be used to guide the
light to the spectrometer. However, coupling into the glass fiber is
very alignment-sensitive and prone to losses.
In the described Polarizer–Sample–Compensator–Analyzer
(PSCA) configuration, we measure the transient spectra for a series
of different settings “i” of the polarization optics. In the standard
case, the azimuthal angle of the compensator αi is varied, while
the polarizer and analyzer are kept fixed35 at ±45○ . The rotating
compensator scheme (PSCR A) has several advantages.36 The main
reason to prefer rotation of the compensator is that no polarizers need to be rotated. Rotating polarizers is problematic from two
aspects: First, both the white light pulses are partially polarized37,80
and the detection is polarization-dependent due to the potential
grating and mirrors. Second, rotating a prism polarizer (in our
case the analyzer) induces a beam deviation manifested mainly as
a parallel shift.38 These problems are circumvented in the rotating
compensator mode.
We do not use the transient polarization-dependent intensity
spectra I i (E, Δt) directly but rather the reflectance-difference spectra,

(

Rp (E, Δt)
ΔR(E, Δt)
) =( 0
− 1) ,
0
R (E)
R (E)
i
i

(1)

where R0 (E) and Rp (E, Δt) are the reflectances as a function of photon energy E for the steady and pumped states, respectively, and
Δt is the pump–probe delay. The reason for this strategy is that
the individual white light probe pulses vary among each other in
both intensity and spectrum. Hence, the light source is not stable
within the time of one revolution of the polarization-optical components (here, the compensator). This distinguishes pump–probe
ellipsometry from conventional stationary ellipsometry instruments.
Fluctuations of the white light spectra are caused by laser fluctuations (SCG is a highly nonlinear process) and the movement of
the CaF2 crystal used for SCG (see Subsection II B 2 below). Furthermore, kHz CCD-readout inevitably comes with high noise levels, and the warm-up of the CCD camera during the fast readout39
additionally affects the level of background counts, which increases
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FIG. 3. Schematic representation of the two-chopper scheme with 1 kHz laser
pulse repetition. The pump beam is chopped with frequency f 1 = 250 Hz and the
probe with f 2 = 500 Hz. This creates four phases of pump and probe (P1), pump
only (P2), probe only (P3), and dark (P4).

the absolute number of measured intensity counts. We circumvent these problems by applying a two-chopper scheme, as depicted
in Fig. 3 (cf. also Fig. 1). The pump is guided through a chopper wheel running at f 1 = 250 Hz, while the probe passes through
a chopper wheel running at f 2 = 500 Hz. Repeatedly, four different subsequent intensity signals are measured: pump and probe
(P1), pump only (P2), probe only (P3), and dark (P4). Hence, at
any time, background-corrected, or even luminescence-corrected,
or even luminescence-corrected pump and probe spectra [Rp (E, Δt)
≡ I P1 (E, Δt) − I P2 (E, Δt)] as well as probe only spectra [R0 (E) ≡ I P3 (E,
Δt) − I P4 (E, Δt)], are obtained for each compensator angle αi and
pump–probe delay Δt. Thus, the detection scheme is similar to a
multi-channel lock-in amplifier system. The obtained reflectancedifference spectra are processed together with reference ellipsometry
spectra to obtain the time-resolved ellipsometric parameters (see
Sec. IV below).
The two-chopper strategy is very effective because the described
fluctuation effects occur mostly on time scales larger than a few
milliseconds. Intrinsically, it makes the measurement also immune
against long-term changes of the probe–pulse spectrum (e.g., due to
slightly changed laser pulse compression) and enables reliable measurement over many hours. Commonly, we scan the delay line for
a certain compensator angle and not vice versa because it allows
faster measurements with our motorized stages. A typical scan of
36 compensator angles, 200 delay steps, and integration over 1000
four-pulse sequences can be run in about 9 h. Control of all motorized devices (motorized stages, shutters, choppers, and detector) and
data acquisition are carried out by an in-house developed software
written in LabView. We refer also to Refs. 31, 32, and 40 for short
descriptions of the setup with partly different details.
B. Detailed aspects
1. Optical components for femtosecond spectroscopy
Propagation of a spectrally broad femtosecond pulse through
materials such as glass introduces a spectral chirp due to groupvelocity dispersion.41 In order to minimize chirping of the (white
light) probe pulses, reflective optics and a wiregrid polarizer on
a thin glass support are chosen before the sample. Furthermore,
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a wiregrid polarizer tolerates angular deviations within a range of
at least ±5○ without a significant drop of performance. Hence, in
contrast to prisms, it can safely be used in the focused beam. All
thick prisms (compensator and analyzer) are placed in the collimated beam behind the sample, so their dispersion does not affect
the temporal resolution of the experiment. Nevertheless, the SCG
crystal and the support of the wiregrid induce a chirp of a few hundred femtoseconds between 2.0 eV and 3.6 eV; this corresponds
roughly to propagation through 3 mm of glass. As long as the measurements are carried out with a sufficiently dense pattern of delay
steps, this chirp can be removed retroactively: The true zero-delay is
obtained individually for each photon energy, and correct spectra
are reconstructed even on chirp-affected short time scales. Typically, we define the zero-delay by the maximum slope of the pumpinduced changes. This assignment is practically arbitrary. An example using an even polynomial to describe the energy dependence of
the chirp is shown in Fig. 4. It should be noted that the discussed
chirp does not significantly affect the temporal resolution as long as
dispersion delay calculated for a given wavelength channel (pixel of
the CCD camera) does not exceed the pulse duration. It can be safely
assumed that each individual spectral component of the SCG probe
approximately maintains the pulse length of the seed pulse.42,43 The
temporal broadening of the pump pulses due to chirp induced by
the focus lens, filter, and potentially by a waveplate is rather small.
On one hand, the laser output can be negatively pre-chirped; on
the other hand, the rather narrow spectral bandwidth of the pump
pulses reduces the problem compared to the probe pulses. Beyond

FIG. 4. Example of a retroactive correction of the probe chirp. Left-hand panels
show the Müller matrix element S [cf. Eq. (4)] from a ZnO sample as directly
obtained from the experiment; right-hand panels: after chirp removal by applying
an even polynomial function (black line). For better visibility, bottom panels show
the difference ΔS to the steady-state values. The figures also give an impression
of the temporal bandwidth. The artifact around 1.55 eV originates from the scattered light off the edge of an ND filer inside the spectrometer (see the text) and
needs to be excluded in further data evaluation.
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chirping, lenses can induce further distortions that may affect the
temporal resolution. Prepulses can arise if focusing lenses are illuminated spatially homogeneously.44 In the present setup, such effects
are of minor relevance because all beams have approximately Gaussian spatial profiles. The major sources affecting temporal resolution
are discussed in Sec. II B 4.
2. Broadband transient spectroscopy
As introduced, the standard crystal used here for SCG is fluorite
CaF2 . Several other materials can be used, 18 and Al2 O3 is probably the most established one. However, the advantage of CaF2 is
that its white light continuum reaches out to about 340 nm in the
NUV, while for sapphire, for example, it hardly exceeds 400 nm. The
disadvantage of CaF2 is its low thermal conductivity, and for this
reason, it has to be translated continuously to prevent laser damage in the crystal window. This is done by an in-house developed
motorized stage that translates the crystal in a circular pattern. This
stage is mounted on a tip-rotation alignment stage as these alignment degrees of freedom are critical to avoid periodic variations of
the SCG.
The supercontinuum white light still contains a significant
component of the seed laser pulse, which is intense enough to easily
saturate the CCD camera at the respective wavelengths. Removing
this broad 800 nm line without simultaneously affecting other spectral regions of the supercontinuum is a challenging task. Currently
available commercial (transmission) notch filters exhibit blocking
bands, which are too narrow to effectively suppress the broad fundamental beam around 800 nm. Moreover, these filters typically also
cut the NUV beyond at most 360 nm. Multi-layer reflection filters
have similar limitations. The filters of choice are mostly coloredglass filters. In particular, the transmission of BG40 glass reaches
comparably close to the 800 nm without cutting the UV, even further
than BG39 glass, which is often used.24 BG42, KG1, KG3, or KG5
glass on the other hand does not provide enough contrast to suppress the remaining 800 nm sufficiently without shifting the cutoff
to shorter wavelengths. All mentioned colored-glass filters essentially cut all wavelengths longer than the 800 nm seed. However,
it is possible to use the supercontinuum white light at wavelengths
that are both shorter and longer than the seed. A way to this is covering only a part of the CCD camera inside the spectrometer by a
neutral-density (ND) filter. This way, the usable spectrum can be
extended in the NIR direction down to ∼950 nm. The spectrum contains the diffracting imprint of the physical edge of the half-inserted
filter (cf. Fig. 4), which could be optimized by a customized, nonlinearly graded ND filter. Alternative color filters are chemical solutions
that, however, degrade over time.
The best position for the filters is often a trade-off between
keeping the chirp to a minimum (favoring filters after the sample) and protecting the sample from the strong residual 800 nm
component in the probe spectrum (requiring a filter before the
sample).
3. Pump pulse generation
To optimize the excitation condition for various samples and
experimental designs, the setup allows a flexible choice of the pump
wavelength. Aside from the 800 nm fundamental beam of the laser,
the second (400 nm) and third (267 nm) harmonics can be generated by frequency doubling and mixing in beta-barium-borate
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(BBO) crystals (Eksma Optics). The advantage of this option is
its simplicity and relatively high conversion efficiency. As a more
universal alternative, an OPA (Light Conversion, TOPAS) will be
available that allows the wavelength of the pump beam to be varied between 200 nm and 2600 nm. The conversion efficiency varies
significantly for different wavelengths, and some spectral windows
exhibit very low output intensity. Notably, the currently available
range can also be extended toward the IR down to 12 μm by the use
of difference-frequency generation (DFG, also Light Conversion).
4. Spot size and temporal bandwidth
The typical spot size that we achieve for the probe beam is
around d ≈ 100 μm in terms of 1/e2 diameter [Fig. 5 (a)]. In the
literature, spot sizes are often given as the full-width at half maximum (FWHM), which in our case would be ∼60 μm and include
only 76% instead of 95% of the intensity along one dimension.81 The
pump spot is deliberately not perfectly focused on the sample surface to ensure that an approximately homogeneously pumped area
is probed. Typically, the pump spot is set to be at least twice the size
of the probe. The pump–probe overlap can be pre-adjusted using
a camera before the strength of the transient signal is optimized.
Pump and probe spot sizes are determined by knife-edge scans in
the direction vertical to the plane of incidence. Exact pump power,
polarization, and spot size are set by a gradient ND filter, a halfwave
plate, and by adjusting the position of the focusing lens, respectively.
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The temporal bandwidth of the experiment depends critically
on the probe spot size at the sample and the difference in the angles
of incidence (θ) of the pump and probe beams: Under oblique angle
(measured from the surface normal), the probe spot is elongated on
the sample and becomes deff = d/cos(θprobe ). One end of the spot
on the sample is probed at a time t sweep = sin(θprobe )deff /c0 earlier
than the other end (c0 being the speed of light). This is the time it
takes the probe pulse to sweep over the sample. The same is true for
the pump pulse, which arrives from a different angle θpump as illustrated in Fig. 5(b). In our setup, the difference between the pump
and the probe angle is ∼6○ , e.g., θpump = 54○ and θprobe = 60○ . This
leads to a continuous shift between pump and probe arrival at different sites within the spot on the sample, which again worsens the
temporal resolution. We can approximately estimate the effective
temporal bandwidth as the convolution of two Gaussian intensity
2
profiles at time I ∝ 2−(2t/τ) : One describes the laser pulse with a
FWHM duration τ pulse . The second one with length τ spot parameterizes the temporal difference of pump and probe sweeping over
the probe
√ spot area on the sample. For the convolution, it holds
2
2 . With an elongated FWHM probe spot size of
τeff = τpulse
+ τspot
120 μm (corresponding to a 100 μm 1/e2 probe spot diameter and
θprobe = 60○ ) and an angle difference of 6○ between the pump and
the probe, we get τ spot ≈ 11 fs. With τ pulse ≈ 35 fs, we can estimate τ eff
≈ 37 fs. Under the same conditions, a pump–probe off-angle of 20○
would result in τ spot ≈ 44 fs and τ eff ≈ 56 fs. Similarly, the temporal
bandwidth also increases with a larger probe spot diameter. It should
be mentioned that a temporal bandwidth of τ eff ≈ 37 fs in terms of
FWHM corresponds to 63 fs in terms of 1/e2 width. With regard to
this comparison, it seems that spot sizes and temporal bandwidth are
probably often underestimated in the literature.
Finally, it should be mentioned that the temporal resolution of
the experiment could be improved by decreasing the entrance slit
of the spectrometer. In our setup, the probe spot is imaged without
magnification onto the entrance slit of the spectrometer, and the discussed oblique sweep direction of the spot at the sample (direction
of the plane of incidence) is imaged perpendicular to the spectrometer entrance slit. Hence, the width of the entrance slit ultimately
determines deff .
III. CALIBRATION

FIG. 5. (a) Knife-edge scan of the focused probe spot at the sample perpendicular
to the incidence plane; all are wavelengths integrated. The fit assuming a Gaussian
beam profile yields a 1/e2 diameter d of about 100 μm. (b) Schematic view onto the
incidence plane illustrating the pump (blue) and probe (green) beams with different
focal spot sizes on the sample. The wavefronts (parallel lines) are not parallel due
to different angles of incidence (θpump/probe ) and result in different times for the
pump and probe pulses to sweep over the probed area (d eff ).
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Operating the setup requires wavelength and ellipsometric calibration. Wavelength calibration is typically done either with a series
of narrow bandpass filters (used in combination with the broadband
prism spectrometer) or holmium- or didymium-doped glasses (for
the grating spectrometer with a higher spectral resolution). Usually, the wavelength calibration has to be repeated after each sample
exchange and subsequent optimization of coupling the light into the
spectrometer.
The ellipsometric calibration consists of two basic steps:45–47
First finding zero azimuthal angles of the polarizers and the compensator and second obtaining the compensator properties for each
wavelength. The zero angles are determined through reflectance
measurement off a silicon wafer (with a native oxide layer) close to
Brewster’s angle. For convenience, we remove all elements but one
(e.g., polarizer) at the time from the beam path. In general, placing a
broadband depolarizer before the polarizer, or replacing the SCG by
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a reference xenon lamp, is useful for the calibration routines. Both
polarizers have sufficient performance to be treated as ideal (extinction ratios <5 ⋅ 10−4 for the wiregrid polarizer and 2 ⋅ 10−6 for the
prism analyzer). It should be noted that prior to all measurements,
all rotatable polarization optics are aligned with respect to both the
tilt of the optics against the rotation axis and the tilt of the rotation
axis. This can be done by tracking the back reflection of an alignment
laser at a rather long distance.
An ideal quarterwave-compensator can be described by a Jones
matrix,48
⎛1 0 ⎞
,
(2)
Ĵ comp =
⎝0 eiδ⎠
with retardance δ = 90○ between the two linear-polarization components parallel and perpendicular to the fast axis. However, simple
zero-order quarterwave plates fulfill δ = 90○ only for a single wavelength. Achromatic waveplates for broadband spectroscopy consist
of a series of birefringent plates. The superachromatic compensator
used here consists of six birefringent plates with inclined relative
orientation of their individual optic axes. Therefore, the orientation of the waveplate’s fast axis depends on the wavelength. However, the retardance is close to 90○ between 310 nm and 1100 nm,
being exactly 90○ at three particular wavelengths. Another typical
non-ideality of achromatic compensator slabs is oscillations occurring in their spectral dependence.49–51 Additionally, polarizationdependent reflection losses can induce a slight linear dichroism.52,53
Different approaches for a Jones matrix description of non-ideal
compensators have been proposed to describe retardance, potential dichroism, optical activity, and other effects38,54–56 (see also
Appendix B). Here, as the orientation of the fast axis is wavelengthdependent, it is reasonable to allow complex-valued off-diagonal
entries for the Jones matrix. This way, the Jones matrix can include a
rotation. Hence, the nominal zero-angle of the compensator is arbitrary, and its true, wavelength-dependent zero-angle is imprinted in
the Jones matrix. It turns out that a description by a symmetric Jones
matrix with complex off-diagonal entries is the best-suited one for
our purposes,
Ĵ comp =

tan(ψoffdiag )eiδoffdiag ⎞
⎛1
.
⎝tan(ψoffdiag )eiδoffdiag tan(ψdiag )eiδdiag ⎠

(3)

This was confirmed by reference measurements of the compensator
using a commercial ellipsometer. Consequently, four calibration
parameters have to be obtained for each wavelength to characterize the real compensator. Intrinsically, a potential off-angle of or
a rotation by the analyzer could also be imprinted into those calibration parameters. A more detailed discussion can be found in
Appendix B.
Example compensator revolutions and wavelength-dependent
Jones matrix entries for the non-ideal compensator are shown in
Fig. 6. Typically, the compensator calibration is repeated before
every measurement by performing a quick scan of the compensator
in the setting used for the measurement. This allows a fine calibration of the compensator based on a reference measurement of the
sample at a commercial stationary ellipsometer. It should be noted
that multiple forth and back reflections in the compensator cannot
affect the transient experiment as long as the compensator is placed
behind the sample.

Rev. Sci. Instrum. 92, 033104 (2021); doi: 10.1063/5.0027219
© Author(s) 2021

scitation.org/journal/rsi

FIG. 6. (a) Exemplary data and fit as carried out for the calibration of the compensator. Data were obtained with SCG white light pulses on a silicon sample with a
native oxide layer at θprobe = 70○ . Data for 3.3 eV are shown along with modeled
intensities. The legend displays azimuthal angles of the polarizer (P) and analyzer (A). (b) Typical spectra of the obtained Jones-matrix entries to describe the
imperfect compensator in the setup.

IV. DATA REDUCTION
The detection system allows individual spectra to be captured at a 1 kHz rate, and four subsequent spectra are required
to obtain a reflectance-difference spectrum (cf. Fig. 3). Still, the
data quality depends on statistical fluctuations, and in general,
accumulating several hundred reflectance-difference spectra per
data point is required. Obtaining the median instead of the mean
ΔR/R0 of all accumulations for every wavelength channel is more
robust but increases computational efforts and, hence, the dead
time during data readout. In our case, it has proven advantageous
to compute the mean values after clearing the data from outliers by neglecting the highest and lowest values in bands of 10%
or 15%.
Further data improvement can be achieved with smoothing filters such as approximation by moving polynomials57 or, with even
better results, using kernel regression methods.58 Such filters can
be applied to both raw intensity data and to processed ellipsometric data. Furthermore, it can be useful to interpolate at the same
time to an equidistant wavelength or a photon-energy grid. Thereby,
spectral weighting can be controlled in subsequent modeling of the
obtained ellipsometry spectra.58
In order to compute ellipsometric data, we use the Müller calculus and invert the linear system of equations by Moore–Penrose
pseudo-inversion of a coefficient matrix that describes the polarization setup.59,60 Details on how to compute the Müller matrix of a
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unpolarized light of unit intensity [Stokes vector (1,0,0,0)T ] is incident at each wavelength. Consequently, for the computation of the
transient ellipsometric parameters, I i (E, Δt) is replaced by

pseudo-isotropic sample,
⎛ 1 −N 0 0 ⎞
⎜−N 1 0 0 ⎟
⎟,
⎜
⎜ 0
0 C S⎟
⎝ 0
0 −S C⎠

(4)

from a series of intensity values I i measured at different settings of
the polarization optics (here, compensator azimuthal angle αi ) are
discussed in Appendix A. The computation is applied independently
for each wavelength channel and accounts for the above-detailed
description of the real compensator. For the ellipsometric angles Ψ
and Δ, it holds48
√
1
C2 + S2
Ψ = tan−1 (
),
(5)
2
N

Δ=

1
S
tan−1 ( ),
2
C

scitation.org/journal/rsi

Ii (E, Δt) = Ii0 (E)(1 + (

ΔR(E, Δt)
) ).
R0 (E) i

(7)

By this means, raw reflectance-difference data can be reduced
to transient ellipsometry data. Figure 7 provides an example of
reflectance-difference data ΔR/R0 for a complete revolution of the
compensator (αi = 0, . . ., 360○ ). We refer again to Appendix A for
details on the computation.
The next step in data reduction is the correction of the probe
chirp as described in Sec. II B above (see also Fig. 4). In the final
step, ellipsometric data are normally interpolated to an equidistant
energy grid. An example of transient spectroscopic ellipsometry data
after this last correction is shown in Fig. 8. In principle, the rotating compensator also allows obtaining depolarization information,

(6)

where 0○ ≤ Ψ ≤ 90○ and Δ ∈ (90○ , 270○ ) if C < 0 and Δ ∈ (0○ , 90○ ) ∪
(270○ , 360○ ) if C > 0.
As mentioned above, we do not directly use the reflection
intensity values I i (E, Δt) but the reflectance-difference signal. Consequently, we require a reference steady-state ellipsometry measurement (using a commercial ellipsometer) from the studied sample taken under the same conditions.61 Using the reference Ψ0 (E)
and Δ0 (E), we can compute pseudo-intensity spectra Ii0 (E), which
express the intensity of reflected light for each setting of the
polarization optics “i” (e.g., compensator azimuth αi ) when the

FIG. 7. Example for data reduction for a silicon sample with a 3 nm native oxide
layer. Shown are data for E = 3.227 eV. (a) Normalized intensity I0 (see the
text) depending on the compensator azimuthal αi as obtained from the reference
measurement. Here, Ψ0 = 31.601○ and Δ0 = 172.76○ . (b) Measured reflectancedifference ΔR/R0 (symbols) and regression (line) for Δt = 375 fs after excitation by
800 nm pump pulses. The transient values are Ψ = 31.597○ and Δ = 172.52○ .
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FIG. 8. Exemplary transient spectroscopic ellipsometry data from a UV-excited
35 nm-thick c-plane oriented ZnO thin film on SiO2 at θprobe = 60○ during the
first picosecond. The color encodes the changes with respect to the reference
steady-state spectra at negative delays that are shown as black lines.
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a homogeneous (non-layered) material without surface layers has
been homogeneously excited by the pump. This can be fulfilled by a
bulk sample or an absorbing film if the probe’s penetration depth is
much smaller than the film thickness. In those cases, the pseudo-DF
⟨ε⟩ can be directly computed from Ψ and Δ,
2

⎛
⎞
1−ρ
⟨ε⟩ = sin2 (θprobe ) 1 + (
tan(θprobe )) ,
1+ρ
⎝
⎠

(8)

where the ellipsometric ratio ρ is given as the ratio of the complex
reflection coefficient for s and p polarization,
rp
ρ=
= tan(Ψ) e−iΔ .
(9)
rs

FIG. 9. Reflectance-difference spectra before the pump pulse arrives (negative
Δt) for the estimation of the ΔR/R0 accuracy by its deviation from zero. Various
measurements (here, 100 spectra) at different compensator angles and delays are
shown piled up in different gray tones. The red lines illustrate +1 and −1 times the
averaged absolute values. In the central part of the spectrum, the accuracy can be
estimated to ±3 ⋅ 10−3 . It becomes worse with vanishing light intensity as limited
here by a BG40 colored-glass filter (Thorlabs FGB 37). The measurements were
repeated over 500 four-pulse sequences.

which can be an indicator for changes that happen faster than the
temporal bandwidth or features beyond the spectral resolution of
the experiment.

In other cases, rigorous modeling of the ellipsometry spectra is
required for each delay as in any ellipsometric investigation.48 Without further prior knowledge of the shape of the DF, numerical model
DFs can be obtained from simple wavelength-by-wavelength fits or
using Kramers–Kronig-consistent B-spline functions.62 Both need
to be applied in a transfer matrix calculus.63,64
Still, pump–probe experiments at solids will often excite only
surface-near regions of the sample. Ignoring the respective excitation gradient in the sample can lead to considerable artifacts. Useful strategies to circumvent this problem are to either investigate
thin films on a substrate that is transparent for the pump beam31
or to study cases where the penetration depth of the pump beam
is much larger than that of the probe.32 If this is not possible, rigorous modeling of the depth-depending excitation is required, and
ambipolar diffusion needs to be taken into account.65 Lateral motion
of charge carriers can be investigated by time-resolved imaging
ellipsometry.23

A. Uncertainty estimation
Due to the modulation scheme of the experiment, the influence of systematic errors (such as uncertainties due to the imperfect polarization optics) on the difference spectra of the ellipsometric parameters is largely suppressed. The remaining uncertainty is
estimated by means of Monte Carlo simulations for a given configuration (i.e., samples Ψ0 and Δ0 , wavelength, a set of compensator angles, and quality of the reflectance-difference signal) using
largest estimated uncertainty values for each parameter and intensity
value I i . This stochastic approach allows the combined systematic
and stochastic uncertainties to be estimated. An example can be
found in Ref. 31. Potentially erroneous input parameters are, e.g., the
Jones-matrix entries that describe the compensator, the ellipsometric reference spectra, or the measured reflectance-difference spectra.
Furthermore, non-idealities such as, e.g., polarizer imperfections can
be included but, in our experience, hardly affect the result. As illustrated by Fig. 9, the uncertainty of the reflectance-difference signal
can be estimated from measurements at negative delays, i.e., measurements of the not-yet-excited sample with the probe pulse hitting
the sample before the pump. While it increases toward the ends of
the accessible spectral range, an uncertainty of at most ±3 ⋅ 10−3 can
be estimated in large parts of the spectrum.
V. DATA EVALUATION
Directly accessing the material’s dielectric function (DF) is only
possible if a homogeneous sample is probed. This requires that
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VI. DISCUSSION
The 1 kHz repetition rate of the system represents a good compromise between important features. It is low enough to allow a
shot-to-shot readout and high enough to reduce the overall experimental time also for experiments when a large number of exposures are necessary. At the same time, 1 ms is a sufficiently long
time between exposures for a complete relaxation of most of the
solid-state processes. This is a principle requirement for the present
experimental setup.
A. Limitations
The ultimate limit to data quality is determined by the pulse-topulse fluctuations within the set of four subsequent white light pulses
in the pump and probe, pump only, probe only, and dark sequences.
Figure 10 shows an example of these fluctuations by illustrating the
moving standard deviation of four subsequent pulses. In the center of the spectral probe range, the moving standard deviation is
similar to the ΔR/R0 noise shown in Fig. 9. The resulting ellipsometric sensitivity limit depends crucially on the configuration at which
the sample is measured. As in any ellipsometry measurement, sensitivity increases close to Brewster’s angle, while the reflected light
intensity may decrease (and noise might increase). Sensitivities better than 0.1○ in Ψ and 1○ in Δ have been achieved by accumulating
over 400 four-pulse sequences. A slight improvement in data quality
can in general be achieved by averaging the reflectance-difference
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FIG. 10. Example of pulse-to-pulse fluctuations for about 4000 subsequent pulses
collected (a maximum of 4000 spectra can be buffered in the camera before acquisition has to be interrupted for the readout) in a straight-through configuration. The
CCD camera inside the prism spectrometer box was half-covered by a neutraldensity filter; no other filter was placed into the beam. Outlier spectra deviating
more than 10% from the median intensity around 2.4 eV have been removed. (a)
Intensity counts for individual spectra (gray lines) and their mean (bold red line).
No background correction has been applied. (b) Relative moving standard deviation of every four subsequent pulses (gray lines) as well as their mean (bold red
line). Fluctuations are the strongest at energies above but close to the 800 nm
seed.

spectra that are obtained at each series of four subsequent pulses,
rather than calculating the reflectance-difference information from
averaged intensities I P1 , I P2 , I P3 , and I P4 .19 Nonlinearity in the CCDcamera response should not affect the measurement to first order
as rather small intensity changes at the detector are obtained at any
time.
Limitations with regard to the temporal resolution of the experiment have been discussed in Sec. II B. It should be added that in
practice, the main limiting factors, i.e., geometrical overlap on the
sample and temporal cross correlation of pump and probe pulses
are often of similar magnitude. In the current configuration of the
setup, the effective temporal resolution varies between 100 fs and
200 fs. In general, the meaning of a polarized light pulse ultimately
changes for few-cycle pulses, where the compensator-induced retardance causes the polarization to vary between the beginning, center, and end of a pulse.66 Such an effect cannot be resolved in the
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current setup, even if the temporal resolution would approach a few
fs. It would be interpreted as depolarization.
A rather general question is whether Kramer–Kronig relations
remain valid at arbitrarily short time scales or if causality needs to
be questioned.67,68 In this context and within the scope of a linear
DF as investigated here, it is interesting to consider if the instrument would in principle allow us to measure negative ε2 values, i.e.,
stimulated emission. In general, ε2 is related to an advanced Green’s
function; 69 hence, negative ε2 means that a photon is emitted prior
to arrival of the triggering photon. This again typically requires a
coherent field as, e.g., in a laser cavity. In contrast, that is normally
not the case in a pump–probe reflection experiment. However, for
a very short time, negative ε2 has also been derived for a retarded
response, and gain-based models have been successfully applied to
transient reflection data.70 With correctly carried out chirp correction, all experiments that were performed with the present setup
revealed a Kramer–Kronig-consistent response. We can presently
conclude that the mentioned aspects are likely to become only relevant when the temporal resolution approaches few-cycle pulses, i.e.,
beyond the capabilities of the present setup.
The present setup utilizes a rather slowly rotating compensator
stage. Because of this, the measurement strategy is based on ensuring that a consistent series of measurements at different compensator azimuthal angles is reliably obtained even though the individual measurements are carried out with long time intervals between
them. The alternative strategy would be to use a fast-spinning compensator and capture the spectral intensities during its fast revolutions. Such an approach would also waive the necessity for using
reference spectra from a conventional ellipsometer.
Finally, we do not consider effects of intensity fluctuations of
the pump pulses, which are typically within less than 10%. Due to
the nonlinearity between pump power and pump-induced changes,
tracking of the pump power would only help if all detected probe
pulses are saved independently and later assigned or selected according to a constant pump power at the time. It should further be mentioned that light scattered from the pump beam (if it is in the measured spectral range) is only statistically filtered out. This requires
negligible fluctuations within the four-pulse sequences. Problems
can arise, e.g., when dust particles on the sample surface cause a
strong detrimental stray-light signal.
B. Prospective upgrades
A number of improvements and extensions to the setup can be
implemented in the future:
● A second, coupled CCD camera can be used to capture a reference signal to each individual white light pulse by splitting
off a portion of the probe beam. This could ultimately beat
the above-mentioned problems induced by white light fluctuations. Implementation of a spectrometer scheme using
the same prism for two light paths and cameras has been
initiated.
● In order to extend and stabilize the SCG, different media
and seed wavelengths can be used. SCG seeded by shorter
wavelengths can shift the usable wavelengths further toward
the UV but requires good filters to remove the strong
remaining seed (see Sec. II B above). However, SCG by
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mid-infrared wavelengths can also range similarly far into
the UV.18 Available alternative media comprise a waterjet and a gas-filled hollow-core fiber (UltraFast Innovations
GmbH). The latter could even enable frequency doubling of
the entire SCG spectrum. However, it requires pulse compression, which is challenging if the spectrum shall not be
cut in the UV. Finally, to extend the spectral range of timeresolved ellipsometry to the vacuum–UV range, another
setup is being developed at ELI beamlines.71,72
● The sample goniometer can be equipped with a cryostat
or heat cell to allow low-/high-temperature measurements.
Alternatively, other sample environments (liquid or gas
cells) could be employed. In all cases, effects of windows
have to be examined carefully.
● For samples with slowly relaxing processes (e.g., phase
changes triggered by the laser pulses that do not return
within 1 ms), subsequent light pulses should pump and
probe separate but adjacent points on the sample. This
would require rapid sample movement22,33 and appears
more feasible than a significant reduction of the repetition
rate by, e.g., chopper wheels.
● The chirp of the probe pulse is corrected retroactively. In
principle, a deformable mirror or a pulse shaper could compensate the chirp actively.73 This can be important, e.g., for
very sensitive and fast processes that are altered by the first
arriving long-wavelength part of the probe pulse.
VII. SUMMARY
In summary, we have presented a setup for time-resolved spectroscopic ellipsometry with a sub-picosecond temporal resolution.
While the setup is not a perfect ellipsometer, it is very sensitive to
any transient changes in the ellipsometric parameters and so utilizes polarization-dependent reflectance-difference spectra to obtain
transient ellipsometric spectra. We have detailed critical components of the setup and strategies to combine (i) broadband spectral
probing, (ii) ultrafast pump–probe techniques, and (iii) ellipsometry. The capabilities and limitations were discussed and example
data are presented. First experiments were carried out with the
setup in its present or an earlier state.31,32 The setup is available for
users through open access at the ELI Beamlines facility in the Czech
Republic.34
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APPENDIX A: DIRECT LINEAR REGRESSION
FOR ELLIPSOMETRIC DATA REDUCTION
In order to compute Müller matrix elements from measured
intensity values, we utilize Moore–Penrose pseudo-inversion of a
setup-related matrix for each photon energy independently.
1. General formalism
We assume unpolarized light [Stokes vector ⃗S0 = (I 0 , 0, 0, 0)T ]
incident on a polarization state generator [Müller matrix M̂ prep ], i.e.,
a polarizer followed by a compensator or, in our case, only a polarizer. The light is reflected off the sample (M̂ sample ) and propagates
through a polarization state analyzer (M̂ det ), i.e., a compensator followed by an analyzer. A partial measurement “i” at a certain photon
energy and given azimuthal angles of the polarizer, analyzer, and
compensator(s) yields intensity I i , which is the first element of the
Stokes vector behind the polarization state analyzer. It holds
Ii =

sample

∑
j,k=1,...,4

det,i
M1k
Mkj

prep,i

Mj1

.

(A1)

The Müller matrices M̂ prep = M̂ comp1 M̂ pol and M̂ det = M̂ ana M̂ comp2
representing the polarization optics shall include rotations of the
respective elements as well as their imperfections such as, e.g., the
wavelength-dependent retardance of the compensator(s). In our
case, no compensator exists before the sample and M̂ comp1 reduces
to an identity matrix. If the polarizer and analyzer are kept at fixed
azimuthal angles of ±45○ , it holds

M̂

pol/ana

⎛1
1⎜ 0
= ⎜
2 ⎜±1
⎝0

0
0
0
0

±1
0
1
0

0⎞
0⎟
⎟.
0⎟
0⎠

(A2)

Individual measurements “i” may still differ by, e.g., the azimuthal
angle of the compensator and, hence, M̂ det,i . The Müller matrix of a
compensator that induces a retardance δ (for an ideal quarterwave
plate, δ = 90○ ) set to an azimuthal angle αi reads
M̂ comp (αi ) = R̂−1 (αi ) M̂ comp R̂(αi ),

M̂

comp

⎛1
⎜0
=⎜
⎜0
⎝0

0
0
0 ⎞
1
0
0 ⎟
⎟,
0 cos(δ) sin(δ) ⎟
0 − sin(δ) cos(δ)⎠

0
0
0⎞
⎛1
⎜0 cos(2αi ) sin(2αi ) 0⎟
⎟.
R̂(αi ) = ⎜
⎜0 − sin(2αi ) cos(2αi ) 0⎟
⎝0
0
0
1⎠

(A3)

(A4)

(A5)

Here, M̂ comp = M̂ comp (αi = 0) and R̂(αi ) are coordinate rotation
matrices.48 However, we describe the real, imperfect compensator by
its (αi -independent) Jones matrix Ĵ comp and generate the respective
Müller matrix using
M̂ comp = ÂĴ comp ⊗ Ĵ comp* Â−1 ,

(A6)
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Â = ⎜
⎜0
⎝0
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0
0
1
−i

0
0
1
i

1⎞
−1⎟
⎟,
0⎟
0⎠

2. Reduction for (pseudo-)isotropic samples
(A7)

where Ĵ ⊗ Ĵ ∗ is the direct tensor product of the Jones matrix and its
complex conjugate.
We can rewrite Eq. (A1) by reshaping M̂ sample as 1 × 16 row
⃗ sample and introducing a 16 × 1 column vector M
⃗ setup,i such
vector M
that
sample

sample

M4(k−1)+j = Mkj
setup,i

det,i

,

prep,i

(A10)

2

⃗ sample M̂setup ) .
SSE = (⃗I − M

dSSE
⃗ sample M̂setup M̂setup T − 2⃗I M̂setup T = 0,
= 2M
sample
⃗
dM

(A13)

⇔
M̂

setup T −1

) .

(A14)

Hence, we obtain all 16 Müller matrix elements of the sample by
this so-called Moore–Penrose pseudo-inverse.74 It is mathematically
equivalent to obtaining the Fourier coefficients from the intensity
evolution upon rotating a polarization element and compute the
ellipsometric angles from them.
setup
Pseudo-inversion of M̂
and, hence, inversion of the matrix
setup
setup T
(M̂
M̂
) are only possible if the latter has a full rank, i.e.,
setup
rank(M̂
) = 16. This condition is fulfilled if four linearly independent polarization states are prepared (cf. M̂ prep,i ) and probed
(cf. M̂ det,i ). This requires two compensators. However, the formalism can be adapted if not all 16 Müller matrix elements need
to be obtained independently and in the case of, e.g., only one
compensator.
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⎝ 0

−N 0 0 ⎞
1 0 0⎟
⎟.
0 C S⎟
0 −S C⎠

(A15)

Hence, only four independent variables exist, and the 16 dimensions
of Eq. (A11) reduce to four,
⃗I iso = M sample (1, N, C, S)M̂setup, iso ,
11
sample

where M11

(A16)

represents both light intensity and (unpolarized)
setup, iso

reflectance or transmittance of the sample. Now, M̂
is a 4 ×
n matrix, the ith column of which consists of the following column
vector:

⃗ setup, iso,i
M

prep,i

det,i
det,i
⎛ M11 M11 + M12 M21 ⎞
⎜−M det,i M prep,i − M det,i M prep,i⎟
⎜ 11
12
21
11 ⎟
⎟.
=⎜
⎜ det,i prep,i
det,i prep,i ⎟
⎜ M13 M31 + M14
M41 ⎟
⎟
⎜
⎝ M det,i M prep,i − M det,i M prep,i ⎠
13

14

41

(A17)

31

It follows, subsequently, for the ellipsometric parameters,

(A12)

⃗ sample
The SSE is minimized if its derivative with respect to M
(Jacobian) turns zero,

(M̂

⎛ 1
sample ⎜−N
M11 ⎜
⎜ 0

(A11)

which needs to be inverted. Inversion of the non-squared
setup
matrix M̂
is mathematically equivalent to solving the least
squares problem for Eq. (A11). We write the sum of squared
errors, SSE, as

= ⃗I M̂

sample

prep,i

⃗ sample M̂setup ,
⃗I = M

⃗
M

M̂ sample

(A9)

An ellipsometry measurement consists of n individual measurements “i” with different azimuthal angles of certain polarization
elements, e.g., the compensator. Hence, we obtain n intensity values I i , which we store in a 1 × n row vector ⃗I and define a 16 × n
setup
⃗ setup,i from
matrix M̂
such that every ith column is given by M
Eq. (A9) above, for the respective partial measurement “i.” Now, we
get a simple matrix equation covering all partial measurements, i.e.,

setup

sample

M12
0
0 ⎞
⎛M11
sample
sample
⎜M12
M
0
0 ⎟
11
⎟
=⎜
sample
sample
⎜ 0
0
M33
M34 ⎟
⎜
⎟
sample
sample
⎝ 0
0
−M34
M33 ⎠
=

,

⃗ setup,i .
⃗ sample M
Ii = M

setup T

For isotropic samples or samples with at least orthorhombic symmetry with their main axes aligned parallel to the laboratory coordinate system, the Müller matrix without the presence of
depolarization reduces to

(A8)

M4(k−1)+j = M1k Mj1

sample
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sample

M11

setup, iso T
setup, iso
setup, iso T
(1, N, C, S) = ⃗I M̂
(M̂
M̂
) . (A18)
−1

setup, iso

M̂
has a full rank of 4 if four linearly independent polarizations are either prepared or probed. Hence, using only one compensator is sufficient. A non-depolarizing sample, i.e., N 2 + C2 + S2 = 1,
allows in principle reducing the data reduction to a rank-3 problem.

3. Reduction for (pseudo-)isotropic samples
with depolarization
The simplest approach to depolarization is a sample Müller
matrix, Eq. (A15), that takes a shape similar to
⎛ 1
sample ⎜−Ñ
M11 ⎜
⎜ 0

⎝ 0

−Ñ
1
1+D

0
0

0
0
C̃
−S̃

0⎞
0⎟
⎟,
S̃ ⎟
C̃⎠

(A19)

where D (D ≥ 0) is a measure of depolarization such that Ñ 2 + C̃2
1
+ S̃2 = (1+D)
2 ≤ 1. This matrix is obtained by adding the Müller
matrix of an ideal depolarizer, scaled by D, to Eq. (A15) and renormalize the entire Müller matrix. The respective Ñ, C̃, and S̃ values in
(A19) differ from N, C, and S in (A15) because they relate to a depolarizing sample. It holds X̃ = X/(1 + D), where X stands for N, C,
and S.
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In general, there exist now five independent parameters in the
linear regression, and Eqs. (A16) and (A17) change to
⃗I = M sample (1, Ñ, C̃, S̃,
11
where now M̂

setup, iso, dep

1
setup, iso, dep
)M̂
,
1+D

(A20)

is a 5 × n matrix, and its ith column reads
prep,i

⃗ setup, iso, dep,i
M

det,i
M11
M11
⎛
⎞
⎜ det,i prep,i
prep,i⎟
det,i
⎜−M11 M21 − M12 M11 ⎟
⎜
⎟
⎜ det,i prep,i
⎟
det,i prep,i ⎟
=⎜
⎜ M13 M31 + M14 M41 ⎟.
⎜
⎟
⎜ M det,i M prep,i − M det,i M prep,i ⎟
⎜ 13
⎟
14
41
31
⎜
⎟
det,i prep,i
⎝
⎠
M12 M21

(A21)

It should be noted that Ψ and Δ are to first order unaffected by
depolarization, i.e., Eqs. (5) and (6) intrinsically involve only the
non-depolarizing part of the Müller matrix, which corresponds to
replacing (N, C, S) by (N, C, S)/DOP.

APPENDIX B: JONES MATRIX OF AN IMPERFECT
COMPENSATOR
Here, we discuss some of the most important literature references about compensator imperfections and consider symmetries of
Jones matrices used to describe real compensators in comparison
with the approach used here [Eq. (3)]. The symmetries are compared with regard to the relation of the absolute value and the phase
angle of the off-diagonal elements and real or complex values of the
diagonal elements. As described in Secs. III and IV, the absolute
intensity is an arbitrary parameter. Hence, no attention is given to
the norm of the respective Jones matrices. Neither of the wavelength
dependencies is considered further here.
Plenty of literature can be found on the topic of compensator
non-idealities, e.g., Refs. 38, 45, 54, 75, and 76. As mentioned above,
the main imperfections are in the wavelength dependence of their
retardance (especially for usage as quarterwave plates) 45,47,77 and in
the orientation of the fast/slow axis (for broadband achromatic compensators, which consist of more than two plates).45,46 Further nonidealities include dichroism (e.g., by polarization-dependent reflection losses),52,53 optical activity,78 and the above-mentioned spectral
oscillations.49–53 Spectral oscillations can even cause depolarization
if the spectral bandwidth of the experiment is too large (i.e., the
spectral resolution to low).79 An appropriate description requires a
Müller matrix approach.47
In the most general way, a compensator can be described by six
independent parameters,38,54

Rev. Sci. Instrum. 92, 033104 (2021); doi: 10.1063/5.0027219
© Author(s) 2021

where ψ 12,21,22 ≈ 45○ and δ22 ≈ π/2 for a quarterwave plate. In practice, proper identification of all six parameters without accidentally
assigning other setup non-idealities to the compensator is difficult.
The Jones matrix of an ideal compensator was shown in Eq. (2)
above and contains only one parameter (retardance δ). The first
minimal adaptation is represented by45
1
0
Ĵ comp = (
).
0 tan(ψC )eiδ

Equation (A18) changes accordingly.
However, if the polarizer is fixed at ±45○ or, such as in the measurements, the second column of the sample Müller matrix is not
accessed at all, the approach of Appendix A 2 is sufficient. The degree
of polarization is then expressed by
√
DOP = N 2 + C2 + S2 .
(A22)

1
tan(ψ12 )eiδ12
Ĵ comp = (
),
iδ21
tan(ψ21 )e
tan(ψ22 )eiδ22

scitation.org/journal/rsi

(B1)

(B2)

Effectively, linear dichroism is described if ψ C ≠ 45○ . Hence,
polarization-dependent reflection losses can be captured in this way.
A particular effect that has been investigated is optical activity.55,75,78 To first order, a compensator with optical activity can be
described as follows (optical-activity coefficient γC ):
1
−iγC (1 − e+iδ )
Ĵ comp = (
)
iδ
eiδ
iγC (1 − e )
1
tan(ψoffdiag )eiδoffdiag
≡(
).
iδoffdiag
− tan(ψoffdiag )e
eiδdiag

(B3)

Accordingly, the Jones matrix is complex-valued anti-symmetric.
Optical activity is inherent to quartz crystals. Such are not used in the
present setup, and the shown Jones matrix representation Eq. (B3)
does not apply.
Another approach for composite compensators consists in a
description based on an ideal compensator plus rotation (here, by
angle αC ).56 It results in an asymmetric Jones matrix,
cos(αC )
sin(αC ) 1 0
Ĵ comp = (
)(
)
− sin(αC ) cos(αC ) 0 eiδ
1
− tan(αC )eiδ
≡(
).
tan(αC )
eiδ

(B4)

In a PSCA system as the present setup, αC can be effectively
expressed by (or formally not distinguished from) an azimuthal
offset angle of the analyzer.
The presently applied Eq. (3) is close to a rotated compensator
with linear dichroism [Eq. (B2)],
1
tan(ψoffdiag )eiδoffdiag
Ĵ comp = (
)
tan(ψoffdiag )eiδoffdiag tan(ψdiag )eiδdiag
cos(αC ) sin(αC ) 1 0
cos(αC ) − sin(αC )
≅(
)(
)(
).
− sin(αC ) cos(αC ) 0 tan(ψC )eiδ sin(αC ) cos(αC )
The ≅ holds because the description Eq. (3) (first line here) contains
four free parameters, not only three (δ, ψ C , and αC ). In conclusion,
the description applied here incorporates four free parameters that
effectively describe polarization-dependent reflection losses, orientation (rotation) of the fast/slow axis, exact induced retardance,
and one more free parameter that captures, e.g., an additional rotation. The wavelength-dependent orientation of the fast/slow axis and
retardance are imprinted in the Jones matrix elements, as can be seen
in Fig. 6.
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Chapter 2
Transient charge-carrier and lattice
dynamics in photo-excited
semiconductors
This chapter will give an overview about the intricate manifold of physical processes
occurring in semiconductors during relaxation to equilibrium after femtosecond-pulsed
optical excitation. To this end, the widely accepted model of four dierent regimes of
carrier relaxation is introduced in section 2.1 and eects of the high carrier density in
semiconductors are illustrated in section 2.2. Starting from this common point of knowledge, the individual peer-reviewed publications are presented which study the transient
optical properties of dierent semiconductors upon intense pulsed optical excitation to
establish a comprehensive picture of the underlying physical processes.

2.1 Four regimes of carrier relaxation
In the following, it is assumed that the optical excitation by femtosecond laser-pulses is
much faster than the subsequent relaxation of carriers back to equilibrium. Then, three
particle species play important roles in the transient response of semiconductors (band
gap EG ) to incoming light: electrons, holes and phonons representing the lattice. Strong
light-matter interaction [79] as described by quasi-particles, e.g. exciton-polaritons,
phonon-polaritons, plasmon-polaritons and other excitations is neglected here for simplicity, but they can be important under certain conditions [140]. There is a peculiar
interplay between all three particle types that transfer their excess energy back and
forth between each other until everything is nally converted to heat. This process is
schematically depicted in Fig. 2.1.
The absorption of light (photon energy h̄ω ) by the electrons of the semiconductor
leaves a hole behind and both particles gain excess energy according to their eective
mass me,h in the parabolic-band approximation [141]:
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Figure 2.1: Block diagram of the energy ow in a semiconductor after optical excitation

of photon energy h̄ω . The red arrow marks the so-called hot-phonon eect, which often
acts as a bottleneck in the relaxation process. Adapted from references [9, 141, 142].

h̄ω − EG
me ,
1+ m
h
h̄ω − EG
∆Eh =
.
h
1+ m
me
∆Ee =

(2.1)

The electrons and holes strive for minimizing their acquired excess energy via scattering with phonons. Scattering among the carriers themselves does not directly reduce
their excess energy and leads to a redistribution of the energy only. Also, scattering
with crystal defects can mostly be neglected for the optical properties because of their
low density compared to the photo-excited carrier density. Comprehensive descriptions
of the ultrafast electromagnetic response are provided in References [9, 20]. Generally,
four regimes with characteristic time scales of the transient energy-loss process can be
considered [9]:

Coherent regime

The incoming laser pulse carries a well-dened phase, which is imprinted onto the excited charge carriers during light absorption. This coherence leads to
collective oscillations of the carriers [143, 144] and the lattice [111, 145, 146]. As a rule
of thumb, the coherent regime lasts approximately as long as the duration of the photoexcitation. The carrier coherence is destroyed very quickly because the carrier-carrier
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scattering time scale is of the order of 10 fs [147]. In addition, coherent eects are less
likely observed when the excess energy is high and scattering processes occur more often. For instance, coherent phonon eects in ZnO are reported in Ref. [87,111,114,119],
where the excess energy was rather small compared to the energy of the excitation.

Non-thermal regime

The broadening of the initial energy distribution of the excited electron-hole pairs is determined by the limited spectral bandwidth of the photoexcitation. A typical femtosecond-pulsed laser exhibits 50 fs temporal bandwidth, which
translates via the energy-time uncertainty-relation to about 13 nm (14 meV) spectral
bandwidth at 800 nm laser wavelength (1.55 eV photon energy). The same temporal
bandwidth amounts to 2 nm (40 meV) spectral bandwidth at 266 nm (4.67 eV), which is
the common case in some of the experiments of this work. Hence, the photo-excited
carriers are initially distributed within this narrow spectral bandwidth and because of
this, the material can become transparent at the excitation energy, if all available states
are occupied already. This is in contrast to the steady-state Fermi-Dirac distribution,
which is characterized by the temperature T and the chemical potential µ [148]. Thus,
the carrier distribution is non-thermal in that sense that it cannot be described by a
temperature. The transient non-thermal carrier distributions can be directly monitored
with time- and angle-resolved photo-electron spectroscopy [149152]. The non-thermal
regime typically lasts a few hundred femtoseconds, which is mainly determined by the
amount of excess energy given to the carriers and the carrier-carrier scattering rate [9,20].

Hot-carrier regime

The carrier's excess energy is redistributed by carrier-carrier scattering such that electrons and holes can be described individually by a Fermi-Dirac distribution with temperatures Te , Th and chemical potentials (quasi-Fermi levels) µe , µh [79]





E − µe
kB Te

−1

,
fe = 1 + exp


−1
E − µh
fh = 1 + exp −
.
kB Th

(2.2)

The eective temperature Te,h can be derived by assuming an ideal gas of carriers with
an average kinetic energy corresponding to their excess energy

3
∆Ee,h = kB Te,h .
2

(2.3)

The carriers are then said to be thermalized and the state is referred to as hot carriers.
Both Te,h and µe,h strongly depend on the carrier's excess energy: the carrier temperature can reach a few thousand Kelvin [153] and the chemical potentials are pushed
from the middle of the band gap towards the valence and conduction bands, respectively. Equations (2.1), (2.2) and (2.3) determine the quasi-equilibrium properties of the
carriers, which are subject to change during the carrier relaxation.
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In the hot-carrier regime, carrier-phonon scattering becomes most relevant for cooling
the carrier gas (Fig. 2.1) and thermalizing it with the lattice [9]. If the excess energy
is larger than the longitudinal-optical (LO) phonon energy ELO , then carrier cooling
is typically dominated by carrierLO-phonon scattering (Fröhlich interaction) [154].
Especially polar semiconductors such as ZnO show very strong Fröhlich interaction. This
is quantied by the Fröhlich coupling constant being 1.2 for ZnO while being only 0.068
for GaAs and practically zero for Si and Ge due to symmetry considerations [155]. Else,
electronacoustic-phonon (deformation potential) interaction, which is generally slower
than the former process [141], determines carrier cooling. In the end, LO phonons
decay into two or more lower-energy phonons (anharmonic decay, Fig. 2.1). If the decay
of LO to acoustic phonons takes longer than the thermalization of the carriers with the
lattice, then the LO phonon occupation grows and the phonon distribution becomes
non-thermal in the sense, that it cannot be described by a Bose-Einstein distribution
[79] anymore. The increased LO-phonon number consequently increases the interaction
probability with the carriers and, in turn, LO-phonon re-absorption delays the carrier
cooling [156, 157]. This is called hot-phonon eect [20, C6] and plays an important role
in this work (Fig. 2.1). The duration of the hot-carrier regime depends, as explained
above, strongly on the carrier excess energy and typically varies between 1 ps to 100 ps.

Iso-thermal regime

After thermalization of the carriers among themselves (non-thermal
regime) and afterwards with the lattice (hot-carrier regime) the energy distribution of
carriers and phonons can be described by the common temperature TL . The carriers
typically occupy the lowest energy states accessible by the aforementioned processes,
but still, there is an excess of photo-excited carriers nc with small excess energy. These
remaining electron-hole pairs recombine either radiatively leading to luminescence along
with possibly subsequent self-absorption or non-radiatively by emitting phonons or by
the Auger process [158].
The aforementioned regimes of the relaxation process are not strictly separated, because the involved process occur to some extent simultaneously. Nevertheless, this
distinction provides a convenient orientation in the complicated transient evolution of
the carrier and lattice relaxation in optically excited semiconductors. Comprehensive
overviews of the time scales of the involved processes are given in references [9, 20, 147].
The entire energy-loss process can be described by rst-principles calculations [159,
160]. Additional assumptions on the relaxation processes are required when spatial carrier dynamics like ambipolar diusion [161] or Seebeck-like drift [162] shall be included.
Spatial eects of carrier relaxation are discussed in Ref. [C5] as part of this work. It
is useful for the rst-principles calculations to separate the relaxation of electrons and
holes due to the dierence in their eective mass, which leads to unequal rates of energy loss. Also higher-order carrier-phonon and phonon-phonon interactions should be
included for a realistic treatment of the relaxation process [33, 163, 164]. In this work,

15

Chapter 2 Transient charge-carrier and lattice dynamics in photo-excited semiconductors

the model reported by Maia et al. [165] is applied to the prototypical wide-bandgap
semiconductors ZnO and CuI [C6]. This particular relaxation model is most applicable
due to its mathematical simplicity while still distinguishing between electrons and holes
as well as three dierent phonon branches. The model will be discussed in the following
section.

2.1.1 Hot-phonon eects in photo-excited wide-bandgap
semiconductors
Carrier and lattice relaxation following intense optical excitation is simulated for the prototypical wide-bandgap semiconductors CuI and ZnO. The relaxation model proposed by
Maia et al. [165] is chosen because of its mathematical simplicity, while it still accounts
for the transient electron and hole temperatures and distinguishes between LO, TO and
acoustic phonons. The model is physics-based and relies on the non-linear statistical
operator approach [166, 167]. The simulations show, that the polar carrierLO-phonon
interaction (Fröhlich interaction) constitutes the dominant energy-loss channel as it is
expected for polar semiconductors. Re-absorption of phonons by the heated carriers
delays their relaxation by few picoseconds, which is referred to as hot-phonon eect.
These simulations supplement the understanding of the physical processes responsible
for the transient optical properties measured by time-resolved spectroscopic ellipsometry [C2, C4, C5]. In particular, the transient phonon temperatures can explain the
dynamic increase of the average phonon energy in ZnO as observed by the energy of
the exciton-phonon complexes [C4]. The results are also consistent with the observation of a temperature gradient appearing radially outwards from the pump spot in the
femtosecond imaging-ellipsometry measurements [C6].
This work is reprinted on the basis of the public license CC BY 4.0.
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Abstract

Carrier and lattice relaxation after optical excitation is simulated for the prototypical
wide-bandgap semiconductors CuI and ZnO. Transient temperature dynamics of electrons,
holes as well as longitudinal-optic (LO), transverse-optic (TO) and acoustic phonons are
distinguished. Carrier-LO-phonon interaction constitutes the dominant energy-loss channel as
expected for polar semiconductors and hot-phonon effects are observed for strong optical
excitation. Our results support the findings of recent time-resolved optical spectroscopy
experiments.
Keywords: semiconductors, hot carriers, carrier relaxation, hot-phonon effect, time-resolved
optical spectroscopy
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T and chemical potentials μ that determine the corresponding Fermi–Dirac (carriers) and Bose–Einstein distributions
(phonons), respectively [3, 12]. Often, only two temperatures
(carriers and phonons) are employed which neglects their spectral dispersion, but consideration of different phonon branches
is mandatory for a useful physical description [8, 9]. Modeling electrons and holes with a common temperature effectively underestimates (overestimates) the carrier type of the
lower (higher) effective mass [13]. A physics-based, analytical
description of the transient relaxation processes—in contrast
to Monte-Carlo solutions of Boltzmann-transport equations
[14, 15]—is provided by the non-equilibrium statistical operator approach (NSO) [5, 16].
In this work, we will employ an NSO-based relaxation
model from the literature to simulate the transient carrier and
lattice relaxation in the prototypical wide-bandgap semiconductors CuI [17] and ZnO [18] after pulsed optical excitation for various excitation conditions. We will compare our
results to recent experimental findings of time-resolved photoluminescence spectroscopy and spectroscopic ellipsometry
measurements on the aforementioned materials.

1. Introduction
The investigation of charge carrier dynamics on ultrashort time
scales in photo-excited semiconductors is often complicated
due to several competing processes [1]. Then, numerical simulations can provide deeper insights in the underlying physical
mechanisms and improve our understanding of time-resolved
experiments. Various models describing the transient relaxation of charge carriers via different scattering processes to
the lattice were reported in the last decades [2–9]. In general, above-bandgap optical excitation of semiconductors creates electron–hole pairs with excess energy according to their
effective mass [10]. The excess energy is transferred via various scattering processes to the lattice (phonons) [11]. This
transient relaxation is characterized by quasi-temperatures
∗
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constant, e is the base unit of charge, ρ mass density and mα
effective carrier mass.
DP
The dissipation terms ĖFR
α, LO (t) and Ė α, LO (t) result from
carrier-longitudinal-optical-phonon (Fröhlich FR [21]) interaction and the electron–optical-phonon deformation-potential
interaction (DP) [20] defined as

1/2
1
e2 (ELO )2 mα
1
ĖFR
−
α, LO (t) = θLO
3/2
2
(2π)  ε0
ε∞
εs


νLO
1/2
− 1 K0 (x α, LO ), (8)
× βα exp(−x α, LO )
να, LO

2. Computational model
Description. The relaxation model reported by Maia et al
[13] is an NSO-based method, which distinguishes between
electrons and holes and contains longitudinal-optic (LO),
transverse-optic (TO) and acoustic phonon branches. The
greatest benefit of this model is its mathematical simplicity: only first-order ordinary differential equations (ODE)
and no integrals are involved while still distinguishing
between electrons and holes as well as three different phonon
branches. The model equations are given below where we
use SI units throughout the manuscript. We corrected a few
typographical errors mostly found by dimensional analysis. The original model equations and the description of
our corrections are described in the supplementary material (https://stacks.iop.org/JPCM/33/205701/mmedia). Chemical potentials are neglected such that changes of the carrier
density by recombination and alike processes cannot be taken
into account [19]. Carrier and phonons are coupled to a thermal bath at constant temperature T bath . All temperatures T i are
connected to corresponding coldness functions β i = 1/(kB T i ).

dβe
2 
PZ
FR
= − βe2 ĖDP
e,AC (t) + Ė e,AC (t) + Ėe,LO (t) ,
dt
3
dβh
2 
PZ
FR
= − βh2 ĖDP
h,AC (t) + Ėh,AC (t) + Ė h,LO (t)
dt
3

DP
+ ĖDP
h,LO (t) + Ė h,TO (t) ,

ĖDP
h,LO(TO) (t)

(1)

(2)

x α, LO(TO) =

ĖAN
AC,LO(TO) =
ĖAN
AC,lat =

βα−1/2



(13)

ωLO(TO)
nVc
1
nVc

νAC − νAC,LO(TO)
τLO(TO)

−1
−1
βlat
− βAC
τAC

.

,

(14)
(15)

The phenomenological relaxation times τ LO(TO) can be
estimated from Raman linewidths, whereas τ AC comprises
ambipolar diffusion and the surface dimensions of the system. We set empirically τ AC = 1 ns for all simulations in
accordance with the literature [1, 13].
This model assumes thermalization among electrons and
holes individually, which means that previous scattering events
led to Fermi–Dirac distribution of the carriers in the conduction and valence band, respectively [11]. This thermalization is completed after approximately few 100 fs after optical
excitation [1, 11].

(6)
3/2

1
βα ωLO(TO) ,
2

where η stands for LO, TO and AC phonons. Anharmonic
interactions (AN) of acoustic and optical phonons ĖAN
AC,LO(TO)
and the final dissipation of energy to the thermal bath ĖAN
AC,lat
are defined in the relaxation-time approximation

We define, n the excited carrier density, V c the unit cell
volume, Eγ are the phonon energies corresponding to γ =
PZ
LO, TO. ĖDP
α, AC (t) and Ėα, AC (t) are dissipation terms due to the
scattering of carriers α (α = electronse, holesh) with acoustic phonons (AC) via the deformation potential (DP) and the
piezoelectric potential (PZ) [20] defined as



DP 2 5/2
βα
) mα
27/2(CAC
DP
−3/2
β
−
1
,
Ėα, AC (t) = θAC
α
π 3/2 4 ρ
βAC

PZ 2
) mα
21/2(eCAC
3/2
2
π  ε2s ρ

(9)

θLO(TO) is the degeneracy of the longitudinal LO (transversal TO) optic phonon-mode whose energy ω LO(TO) is
DP
assumed to be constant. CLO(TO)
is the electron–opticalphonon deformation-potential coupling constant, K i are modified Bessel functions of second type and order i [22] and
ε∞ is the usual dielectric constant above phonon and below
band-gap absorption.
Additional definitions comprise

−1
(10)
νη = exp(βη ωη ) − 1 ,

−1
(11)
να,LO(TO) = exp(βα ωLO(TO) ) − 1 ,

−1
(12)
νAC,LO(TO) = exp(βAC ωLO(TO) ) − 1 ,

AN
AN
+ ĖPZ
h,AC (t) + Ė AC,LO (t) + Ė AC,TO (t)

− ĖAN
(3)
AC,lat (t) ,



cosh(βLO ELO )  FR
dβLO
Ėe,LO (t) + ĖFR
= 2nVc
h,LO (t)
2
dt
(ELO )


AN
+ ĖDP
(4)
h,LO (t) − Ė AC,LO (t) ,



cosh(βLO ETO )  DP
dβTO
Ėh,TO (t) − ĖAN
= 2nVc
AC,TO (t) . (5)
2
dt
(ETO )

ĖPZ
α, AC (t) = θAC

 DP 2 3/2
mα
ωLO(TO) CLO(TO)
= θLO(TO)
21/2 π 3/2 2 ρ


νLO(TO)
1/2
× βh exp(−x α, LO(TO) )
−1
νh, LO(TO)
× K1 (x α, LO(TO) ).

 DP
dβAC
2
DP
= nVc βAC
Ėe,AC (t) + ĖPZ
e,AC (t) + Ėh,AC (t)
dt






βα
−1 ,
βAC
(7)

DP
PZ
(CAC
)
θAC is the degeneracy of the AC-phonon mode, CAC
are the DP (PZ) coupling constant, εs is the static dielectric
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Table 1. Initial conditions used in the model validation for the experiments on GaAs [24–26]
for the solution of the system of coupled ODE (1) to (5).

Parameter

Shank et al [24]
−3

Carrier density n(m )
Electron temperature Tei (K)
Hole temperature Thi (K)
i
(K)
LO temperature TLO
i
(K)
TO temperature TTO
i
(K)
AC temperature TAC
i
(K)
Bath temperature Tbath
Relaxation time τ AC (ns)
Relaxation time τ LO,TO (ps)

Shank et al [25]

25

24

1 × 10
9800
1333
303
303
300
300
1
10

Seymour et al [26]
1 × 1026
1300
300 [13] (650 [3, 27])
303
303
300
300
10−3
7

2 × 10
6700
911
303
303
300
300
1
10

Table 2. Material parameters for GaAs, CuI and ZnO. Furthermore, we used the basic unit of electric charge
e = 1.602 × 10−19 As, Boltzmann constant kB = 1.38 × 10−23 J K−1 , reduced Planck constant
 = 1.054 × 10−34 J s, electron rest mass m0 = 9.109 × 10−31 kg and vacuum permittivity
ε0 = 8.854 × 10−12 As Vm−1 .

Parameter
Mass density ρ
Volume unit cell V cell
Effective electron mass me
Effective hole mass mh
High-frequency dielectric constant ε∞
Static dielectric constant εs
LO-phonon energy ELO
TO-phonon energy E TO
Relaxation time to thermal bath τ AC
LO-phonon anharmonic-decay time τ LO
TO-phonon anharmonic-decay time τ TO
Electron–acoustic-phonon def. pot. Ce,DPAC
DP
Hole–acoustic-phonon def. pot. Ch,AC
PZ
Piezoelectric pot. CAC
DP
Hole–LO-phonon def. pot. CLO(TO)

Unit

GaAs

−3

kg m
10−28 m3
m0
m0

meV
meV
ns
ps
ps
eV
eV
C m−2
1010 eV m−1

5310
1.8
0.068
0.50
12
11
37
33
1
10/10/7e
10/10/7e
7
3.5
0.16
0.6

CuI
[3]
[3]
[3]
[3]
[3]
[3]
[3]
[20]
[13]
[13]
[13]
[36]
[36]
[20]
[40]

5670
2.2
0.30
2.4a
5
7.8b
20c
16c
1d
22c
67c
1
1
0.127
10

[28]
[17]
[30]
[30]
[31]
[33]
[33]
[34]
[34]
[37]
[37]
[39]
[41]

ZnO
5606
0.55
0.24
0.59
3.70
7.77
72
51
1d
2.85
5.56
−3.5
−3.5
0.85f
10

[28]
[29]
[29]
[29]
[32]
[32]
[32]
[32]
[35]
[35]
[38]
[38]
[42]

a

We consider only the heavy hole here, because the ratio of the oscillator strengths between heavy hole and light hole is 3:1 [43].
obtained via Lyddane–Sachs–Teller relation [20].
c
Similar values where obtained from temperature-dependent Raman spectroscopy measurements on the CuI microwires, which will be part of
a future publication.
d
No literature values of τ AC are available for CuI and ZnO. Therefore, we set it equal to the value of GaAs.
e
Corresponding to the experiments [24]/[25]/[26].
√
√
√
f
average of estimated values ẽ14 = − 3e15 = − 3e31 and ẽ14 = 3/2e33 [44] using e15 = −0.37, e31 = −0.62 and e33 = 0.96 (all values
−2
in C m ) [45].
b

The system of coupled ODE is implemented and solved in
‘MATLAB© ’ using the ode15s solver [23]. The initial conditions for the model validation are tabulated in table 1 and the
material constants are provided in table 2. The relative error of
each β i which is a constraint passed to the ODE solver is 10−6.
Validation. The computer implementation of the relaxation
model is validated using the simulation data of reference [13],
which models hot-carrier relaxation experiments from the literature [24–26]. We digitize the plots with the reference simulation data and compare them to our model data. The initial conditions are provided in table 1, the material constants
in table 2. We find excellent agreement with the data corresponding to the experiments of Shank et al [24, 25] shown
in the top and middle row of figure 1 employing the modifications to the original formulas as discussed before. Only
qualitative agreement is found with the experiment of Seymour

et al [26] (figure 1 bottom row). Especially the transient hole
temperature is not reproduced, which is likely related to the
i
= 300 K in referwrong initial LO-phonon temperature TLO
i
ence [13]. It should rather be TLO = 650 K as given in references [3, 27]. Furthermore, we set the relaxation time τ AC =
1 ps. However, such a small value for the final energy dissipation to the lattice is not expected [1]. We assume our
model implementation to be still valid for our calculations
for CuI and ZnO where the initial LO-phonon temperature is
approximately equal to the thermal bath.

3. Experimental
We will compare the results of our simulations with timeresolved optical spectroscopy measurements. In the case
of CuI, we conducted time-resolved photoluminescence
3
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Figure 1. Validation of the implementation of the computational model by comparison to the results of Maia et al [13] for the experiments
of Shank et al [24, 25] (top and middle row) and Seymour et al [26] (bottom row). Effective carrier and phonon temperatures T i in linear
(left column) and logarithmic (middle column) time scale are shown along with a zoomed-in view (right column). Reference data points
taken from Maia et al [13] are shown as symbols. [13] John Wiley & Sons. [Copyright © 1993 WILEY-VCH Verlag GmbH & Co. KGaA].

spectroscopy measurements on CuI microwires. For ZnO, we
use the results of time-resolved spectroscopic ellipsometry
measurements on a ZnO thin film [46].
Time-resolved photoluminescence spectroscopy on CuI
microwires. CuI microwires were prepared by vapor-phasetransport growth as reported earlier [47, 48]. Single microwires
were transferred onto a clean SiO2 /Si substrate using an
acupuncture needle (dry-imprint technique). The substrate
with the microwire samples was mounted in a helium-flow
cryostat for micro-photoluminescence measurements at 10 K
nominal temperature. A frequency-tripled titanium-sapphire
(Ti:sapphire) laser (266 nm wavelength, 200 fs pulse duration, 76 MHz repetition rate) was used as excitation source.
The laser beam was focused by a long-working-distance ×50
NUV microscope objective (NA = 0.4) to a spot size of about
2 μm radius (1/e2 ) for the non-resonant excitation of single
microwires. The emitted photoluminescence was collected by
the same objective, dispersed by a spectrometer (320 mm focal
length, 600 grooves/mm grating) and guided to a streak camera (Hamamatsu C5680 with M5675 Synchroscan unit) with a
time resolution of about 10 ps in the time range of the measurements. Further details on the experimental setup can be found
in reference [49]. The latter experiments were almost identical to our work, but they employed 364 nm/3.41 eV excitation
energy. We choose a larger photon energy (266 nm/4.65 eV)
for better comparison with our calculations for ZnO.
We show the transient photoluminescence spectra in
figure 2(a) along with selected spectra in panel (b). The dashed
line indicates the position of the free, longitudinal exciton resonance at around 3.06 eV [48]. The streak camera image was
corrected for the temporal and spectral resolution given by
the instrument [51]. We extract the transient
 carrier temperature T from exponential fits I(E) ∝ exp −E/kB T (Eagles

distribution [50]) to the line shape of the high-energy
wing of the free, longitudinal exciton peak in the microphotoluminescence spectrum of CuI microwires. Exemplary
line shape fits are depicted in figure 2(b). The free-exciton
emission is rather weak compared to the bound-exciton luminescence at lower energies due to trapping of free excitons by
impurities [52, 53] as well as due to larger oscillator strength
of bound exictons [54]. Thus, in order to get a meaningful line
shape fit, we limit the fit range to 100 ps.
We find 35 K as the lowest carrier temperature after 100 ps
which is still well above the nominal temperature of the helium
cryostate. This seems to be a contradiction, however, a similar value is obtained from line-shape fits of time-integrated
photoluminescence spectra of other CuI microwires. Furthermore, this value is in line with similar investigations on GaN
nanowires [55]. We speculate that the insufficient thermal coupling of the SiO2 /Si substrate to the wires balances the heat
input (laser excitation) and output (helium cryostate) above the
cryostate temperature. Therefore, we set the temperature of the
thermal bath T bath = 35 K for the CuI simulations.
Time-resolved spectroscopic ellipsometry on a ZnO thin
film. A 30 nm c-plane-oriented ZnO thin film was grown by
means of pulsed laser deposition. Its transient optical properties, i.e. the complex dielectric function, after pulsed UV
excitation were determined by means of femtosecond-timeresolved spectroscopic ellipsometry [56] at room temperature.
The sample preparation, experimental details as well as the
data analysis are detailed in reference [46]. The strong electron–phonon interaction present in ZnO has a drastic influence
on the dielectric function [57, 58]. From the transient dielectric
eff
[46]
function, one can obtain an effective phonon energy EPh
which we correlate with our results of the transient carrier and
lattice temperatures.
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Figure 2. (a) Time-resolved photoluminescence (PL) of CuI microwires at 10 K nominal helium cryostate temperature for 266 nm fs-pulsed

laser excitation measured with a streak camera. (b) Individual PL spectra at selected times in logarithmic scale (points) along with the
line-shape analysis [50] (lines) that was conducted near the position of the free longitudinal exciton peak in CuI (dashed line). The spectra
are successively multiplied by powers of ten for a clear separation on the logarithmic scale.

Table 3. Excitation energies in eV used for the simulation. TH stands for the third harmonic of the
fundamental mode of the laser.

CuI
Fundamental band gapa
TH of Nd:YAG laser
Split-off band gap
TH of Ti:sapphire laser

3.12
3.50
3.76
4.65
a

ZnO
3.37
3.45
4.00
4.65

Fundamental band gapa
Exciton–phonon complexes
Generic
TH of Ti:sapphire laser

We set the excitation energy 10 meV above the band gap to simulate quasi-resonant excitation with negligible excess energy ΔEα .

the different excitation energies (table 3) and the corresponding transient dissipation terms Ėi are provided in the supplementary material. The case of the maximal excitation energy
(266 nm/4.65 eV) is shown in figure 4. In general, carrier
and lattice relaxation in CuI and ZnO proceeds similarly. The
phonon systems remain initially in equilibrium with the bath
(see supplementary material). For quasi-resonant optical excitation (EG + 10 meV), carriers heat up to the bath temperature for ZnO at T bath = 300 K (≡ 25 meV) within less than
100 fs while they cool down on the same time scale for CuI at
T bath = 35 K (≡ 3 meV). For non-negligible excess energies,
electrons are heated up to several thousand Kelvin while the
initial hole temperature is lower because of their higher effective mass. Electrons cool down faster to the phonon temperatures for ZnO, because of their stronger Fröhlich interaction
related to the larger LO-phonon energy and the larger LO–TO
mode-splitting in ZnO [18, 33]. Cooling of holes to the
phonon temperatures appears even quicker for both materials,
because of the stronger interaction with the lattice. In particular, holes are additionally subject to electron–optical-phonon
deformation-potential interaction ĖDP
h, LO(TO) (equation (2)) in
this model and thus have more energy-loss channels compared
to electrons [62].

4. Results
We apply the relaxation model reported by Maia et al [13] to
calculate the carrier and lattice cooling after optical excitation
in the prototypical wide-gap semiconductors CuI [17] and ZnO
[18]. The initial carrier excess energies ΔEα and thus carrier
temperatures ΔEα = 3/2kB T α depend on the energy of the
initial excitation ω 0 , the band gap Eg as well as the carrier
effective masses mα and is calculated via [59]
ΔEe =

ω0 − Eg
,
1 + mmhe

(16)

ΔEh =

ω0 − Eg
= (ω0 − Eg ) − ΔEe .
1 + mmhe

(17)

We choose representative excitation energies ω 0 provided
in table 3 to determine the initial temperatures of the carriers
T α and the lattice T γ [60]. The initial phonon temperatures
T LO,TO are estimated from an energy conservation argument
[3] and are typically close to T bath .
The transient carrier and phonon temperatures after optical excitation of CuI (left column) and ZnO (right column)
are depicted in figure 3. The colored curves correspond to
5
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Figure 3. Left column: effective carrier and phonon temperatures T i of CuI for various initial carrier excess-energies. The excited carrier
density n = 4 × 1023 m−3 . The curve for 4.65 eV excitation energy resembles the experimental conditions of our time-resolved
photoluminescence measurements on CuI microwires similar to reference [48]. Right column: effective carrier and phonon temperatures T i
of ZnO for various initial carrier excess-energies. The excited carrier density n = 1 × 1026 m−3 . The curve for 4.65 eV excitation energy
resembles the experimental conditions of references [61], [63] and [46].

after about 10 ns for both ZnO and CuI, which is mainly
determined by the relaxation time τ AC .
We compare our results for the highest excitation energy
(266 nm/4.65 eV) to experimental results in figure 4 along
with the dissipation terms. For CuI, we extract the transient
exciton temperature from exponential fits [50] to the line
shape of the free, longitudinal exciton peak in the microphotoluminescence spectrum of CuI microwires. We find the
onset of the temperature decay and the final temperature in
very good agreement with our simulated values in the time
range 5 ps–100 ps when carriers and phonons equilibrate with
each other. Earlier time-resolved photoluminescence measurements employed picosecond pulses on CuI single crystals [66].
They fitted the line shape of the first LO-phonon-replica
of

the free exciton with the relation I(E) ∝ E3/2 exp −E/kB T
assuming parabolic and isotropic excitonic dispersion relation as well as low excited carrier density (ca 1018 m−3 ) [67].
Their temperature dynamics show the same qualitative behavior. However, the relaxation model does not account for various different scattering processes. Similar measurements on
CuI thin films suggest also the Fröhlich interaction as the
dominant energy-loss channel [68]. More recent investigations
[64, 69] for higher excitation densities on CuI thin films by
the optical-Kerr-gating method are focused on the excitationenergy dependence of the photoluminescence originating from

Carrier relaxation is mainly dominated by the Fröhlich
interaction (figure 4 and supplementary material) for high carrier temperature in accordance with earlier results [13, 64] and
as generally expected for polar semiconductors [10, 65]. Most
of the other dissipation source defined in equations (1)–(5)
can be neglected for our chosen initial conditions. Thus, most
energy is transferred to the LO phonons which heat up to 45 K
in the calculation for CuI (370 K for ZnO) after about 3 ps
(100 fs) for the largest excitation energy (figure 4). We find
the maximal transient phonon temperature is proportional to
the excess energy ΔEα . In turn, the LO phonons re-heat both
electrons and holes as well as AC and TO phonons by about
5 K for CuI (50 K for ZnO) on the time scale 1 ps. . .1 ns. In particular, as seen in figure 4 the carrier temperatures (blue and red
curves) would decrease directly to T bath following the initial
temperature loss-rate, but scattering with phonons keeps their
temperature above T bath . On this time scale, optical-phonon
deformation-potential interaction of holes is of the same order
of magnitude as the Fröhlich interaction. Thus, re-absorption
of phonons delays the carrier relaxation by a few picoseconds, which is a manifestation of ‘hot-phonon effects’ [10, 11,
59]. This emphasizes once more the importance of the phonon
properties for the carrier relaxation of wide-bandgap semiconductors. Thermal equilibrium with the bath is only reached
6
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Figure 4. Effective carrier and phonon temperatures T i of CuI (left column) and ZnO (right column) for 266 nm (4.65 eV) optical excitation
along with the corresponding dissipation terms Ėi . Dissipation terms that are negligible small on this scale are not shown. Black symbols
represent experimental data: for CuI, we show the transient carrier temperature extracted from exponential fits [50] to the line shape of the
free, longitudinal exciton peak in the micro-photoluminescence spectrum of CuI microwires. For ZnO, we show the transient effective
eff
phonon energy EPh
obtained by femtosecond-time-resolved spectroscopic ellipsometry taken from [46].

exciton–exciton scattering (P-band [70]). The relaxation of
excitons can take longer, because their bosonic nature and
the vanishing total electric charge leads to smaller interaction
strengths with defects and phonons compared to electrons and
holes [71]. An empirical bi-exponential relaxation model was
applied to transient photoluminescence curves reported by Das
et al [72]. Note that for extremely pure samples, line-shape fits
of the second LO-phonon replica of the free exciton yield the
temperature of the entire exciton population and not only the
subset which recombines at the center of the Brillouin zone
[73].
In the case of ZnO, we correlate the calculated kinetics with
the transient effective phonon energy EPh taken from femtosecond spectroscopic ellipsometry measurements [46]. The effective phonon energy increases upon optical excitation, because
of the creation of (high-energy) LO phonons as the most efficient energy-loss channel [74]. Furthermore, it seems that EPh
is correlated with the simulated phonon temperatures. This
can be explained by the increased optical-phonon temperature after about 100 fs that leads to higher occupation of the
LO and TO phonon modes assuming Bose–Einstein distribution of the phonon subsystems. Hence, the effective phonon
energy of the crystal increases. The acoustic phonon subsystem equilibrates with the carriers and optical phonons until
about 10 ps thereby increasing the occupation of AC phonons
and consequently decreasing EPh again. Generally, we find
good agreement between the transient recovery of EPh and the

equilibrated carrier and lattice temperatures between 10 ps and
10 ns. As in the case of CuI, re-absorption of phonons delays
the carrier relaxation by a few ps in agreement with the findings
of Richter et al [46].
In summary, we employed the model reported by Maia et al
to describe carrier and lattice relaxation after optical excitation to the prototypical wide-gap semiconductors CuI and
ZnO. The computer implementation of the model was validated against the results of the original report. This model
is useful because of its mathematical simplicity while still
distinguishing electrons and holes as well as LO, TO and
acoustic phonon branches. Thereby, our calculations yield
additional physical understanding to recent time-resolved optical spectroscopy experiments. We find the relaxation dominated by carrier-LO-phonon (Fröhlich) interaction while
re-absorption of phonons with temperatures larger than the
thermal bath (hot-phonon effect) delays the relaxation process
by few picoseconds. We expect this model to be adaptable to
other wide-bandgap semiconductors such as oxides, nitrides
and alike.
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1 Original formulas
In this section, we show the original model equations reported by Maia et al. [S1] which correspond to
a Master’s thesis which is not available to the authors. The model equations are given below where
we corrected a few typographic errors (marked in blue) mostly found by dimensional analysis.
i
dβe
2 h DP
PZ
FR
= − βe2 Ėe,
(t)
+
Ė
(t)
+
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(t)
,
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e, AC
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dt
3
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(t)
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dt
i

dβLO
dt
dβTO
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AN
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Ė
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β
Ė
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Ė
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Ė
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(S1)
(S2)

(S3)
(S4)
(S5)

We define, n the excited carrier density, Vc the unit cell volume, Eγ are the phonon energies corresponding to γ = LO, TO. The factors βα2 in (S4) and (S5) yield wrong dimension in the second
DP (t)
parentheses. Comparison with equation (50b) in Ref. [S2] suggests removal of the factors βα2 . Ėα,
AC
PZ (t) are dissipation terms due to the scattering of carriers α (α = electrons e, holes h) with
and Ėα,
AC
acoustic phonons (AC) via the deformation potential (DP) and the piezoelectric potential (PZ) [S3]
defined as

= θAC

PZ
Ėα,
AC (t) = θAC

!


βα
−1 ,
βAC
!


PZ )2 m3/2
21/2 (eCAC
βα
α
−1/2
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1
,
α
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π 3/2 ~4 ~2 ε2s ρ
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DP
Ėα,
AC (t)

DP )2 m
27/2 (CAC
α
π 3/2 ~4 ρ
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(S6)
(S7)
(S8)

DP (C PZ ) are the deformation potential (piezoelectric
θAC is the degeneracy of the AC-phonon mode, CAC
AC
potential) coupling constant, εs is the static dielectric constant, e is the base unit of charge in Gaussian
units, ρ mass density and mα effective carrier mass. The factor ~4 in (S7) yields dimensions different

1

PZ
PZ
2
from (energy/time) for Ėα,
AC assuming CAC has units (charge/area). Our corrected version (~ ) is
confirmed by equation (14) in Ref. [S2].
FR (t) and Ė PD (t) result from carrier-longitudinal-optical-phonon (Fröhlich
The dissipation terms Ėα,
LO
α, LO
FR [S4]) interaction and the electron–optical-phonon deformation-potential interaction (DP) [S3] defined as

!
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νLO(TO)
− 1 K1 (xα, LO(TO) ).
νh, LO(TO)

(S9)

(S10)

θLO(TO) is the degeneracy of the longitudinal LO (transversal TO) optic phonon-mode whose energy
DP
~ωLO(T O) is assumed to be constant. CLO(TO)
is the electron–optical-phonon deformation-potential
coupling constant, Ki are modified Bessel functions of second type and order i [S5] and ε∞ is the usual
dielectric constant above phonon and below band-gap absorption. The dielectric constants must be
interchanged in the second parentheses
to yield
the correct sign of the dissipation term. In particular,
h
i
νLO
all quantities are positive except να, LO − 1 , which is initially negative as βα < βLO that are contained

in (S11) and (S12). The factor (εs )2 must be exchanged with (ε0 )1 = 8.854 × 10−12 As/Vm in SI units,
also found by dimensional analysis and comparison of our simulation data to reference data in Ref. [S1].
The correction of (S9) is crucial as it describes the dominant energy-loss channel.
Additional definitions comprise
νη = [exp(βη ~ωη ) − 1]−1 ,

−1
να,LO(TO) = exp(βα ~ωLO(TO) ) − 1
,

−1
νAC, LO(TO) = exp(βAC ~ωLO(TO) ) − 1
,
1
xα, LO(TO) = βα ~ωLO(TO) ,
2

(S11)
(S12)
(S13)
(S14)

where η stands for LO, TO and AC phonons. Anharmonic interactions (AN) of acoustic and optical
AN
AN
phonons EAC,LO(TO)
and the final dissipation of energy to the thermal bath EAC,lat
are defined in the
relaxation-time approximation
AN
EAC,LO(TO)

~ωLO(TO)
=
nVc

AN
EAC,lat
=

1
nVc



νAC − νAC, LO(TO)
τLO(TO)
!
−1
−1
βlat
− βAC
.
τAC



,

(S15)
(S16)

The phenomenological relaxation times τLO(TO) can be estimated from Raman linewidths, whereas τAC
comprises ambipolar diffusion and the surface dimensions of the system. We set empirically τAC = 1 ns
for all simulations in accordance with the literature [S1, S6].

2 Validation
In this section, we show the transient carrier and lattice temperatures along with the dissipation terms
Ė i for the experiments of Shank et al. [S7, S8] and Seymour et al. [S9]. For the experiment of Seymour

2

9000

Electrons

7500

Holes

Temperature (K)

Temperature (K)

et al., we provide the different versions of initial conditions. The initial LO-phonon temperature
i = 650 K and the relaxation time τ
TLO
AC = 1 ps lead to the best agreement between our calculation
and the reference data, however such a small value of the relaxation time is not expected.
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Figure S1: Effective carrier and phonon temperatures Ti in panels (a,b) corresponding to experiment [S7] in linear and
logarithmic time scale along with the computed dissipation terms Ei (panels (c,d)). Reference data points taken from
Maia et al. [S1] are shown as symbols.
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Figure S2: Effective carrier and phonon temperatures Ti in panels (a,b) corresponding to experiment [S8] in linear and
logarithmic time scale along with the computed dissipation terms Ei (panels (c,d)). Reference data points taken from
Maia et al. [S1] are shown as symbols.
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Figure S3: Effective carrier and phonon temperatures Ti in panels (a,b) corresponding to experiment [S9] in linear and
logarithmic time scale along with the computed dissipation terms Ei (panels (c,d)). The initial LO-phonon temperature
i
= 303 K and the relaxation time τAC = 1 ns. Reference data points taken from Maia et al. [S1] are shown as symbols.
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3 Additional plots for CuI
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We provide here additional plots of the transient carrier and lattice temperatures Ti along with the
corresponding dissipation terms Ei for CuI for the different excitation photon-energies given in the
main part of the manuscript in Fig. S6, S7, S8, S9. The temperature of the thermal bath Tbath = 35 K,
the excited carrier density n = 4 × 1023 m−3 and the relaxation time τAC = 1 ns.
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Figure S7: Same plot as in Fig. S6 for 3.50 eV photon-energy excitation.
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Figure S8: Same plot as in Fig. S6 for 3.76 eV photon-energy excitation.
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2.2 Eects of high carrier density on optical
properties
Ultrashort laser pulses can create a large carrier density nc in semiconductors. The
average distance between the carriers decreases upon increased carrier density leading to
stronger interactions between them. Typically, three regimes of nc are distinguished: the
excitonic regime, the intermediate regime and the regime of electron-hole plasma [79].
For low nc , correlated electron-hole pairs establish stable quasi-particles (excitons) in the
excitonic regime. The correlation eects diminish upon increased nc in the intermediate
regime and excitons are considered to cease to exist in the electron-hole plasma. These
domains are loosely separated by the so-called Mott density nM , that occurs in the model
for the insulator-metal transition upon high doping [168, 169]. The concept was later
applied to photo-excitation of semiconductors [170]. In the most simple approach, a
critical density of carriers is reached when their average distance becomes similar to
the exciton Bohr radius aB . Hence, it can be estimated as a3B nM ≈ 1, which highly
overestimates nM because long-range carrier-carrier interaction is neglected. A more
accurate value is obtained when carrier screening is considered. For ZnO, the accepted
value of the Mott density seems to be 3 × 1023 m−3 [171], while dierent approaches
can lead to slightly dierent values [22, 68]. However, there are still doubts on the
occurrence of the Mott transition in semiconductors. The most convincing description
seems to be that electrostatic carrier interaction becomes strongly screened, but still
prevails [172, 173] beyond the Mott density producing correlated electron-hole pairs
framed as Mahan excitons [15, 174].
The presence of a high density of charge carriers in a semiconductor can lead to a
variety of eects that can inuence the optical properties. A few signicant eects are
introduced in the following paragraphs.

Free-carrier absorption

The presence of free carriers generally leads to an optical
response that can be described by the Drude model [79]. It is characterized by an
increase in ε2 and a decrease in ε1 (Fig. 2.2). The line shape of the optical properties
corresponds to a damped harmonic oscillator with its peak centered at zero photon
energy. The height and broadening of the peak is determined by the actual carrier
density, the eective carrier mass and the mobility. Hence, electrons and holes contribute
dierently to free-carrier absorption. For suitable parameter values of the Drude term
(e.g. high carrier density and low mobility), the peak broadening can extend to the visible
spectral range leading to signicant absorption. For some cases, even the Drude model
is an oversimplication of the line shape of the DF in the infrared spectral range [175].

Screening

For high carrier density nc ≫ nM , the electron and hole subsystem
act as

2
−1
−1
ce
m
+
m
,
in
which
a (hot) plasma characterized by a plasma frequency ωp2 = 4πn
e
h
ε0
electric-eld screening [176, 177] cannot be neglected. The built-up of screening occurs
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on the time scale of the inverse plasma frequency 2πωp−1 [178, 179], which is typically of
the order of 10 fs. That is, screening occurs mostly instantaneous in typical pump-probe
time-resolved experiments. In order to check the importance of screening for a given
nc , several quantities can be considered: The Debye screening length λD [13] can be
compared with the excitonic Bohr radius aB . Here, non-degenerate carrier distributions
are assumed. In the degenerate limit, elevated temperatures can be incorporated by
comparing the Thomas-Fermi wave vector qTF [13, 180] to the wave vector qe , qh of
2
/(2me,h ) = kB Te,h . Screening can also be suppressed when
the hot carriers from h̄2 qe,h
qTF ≫ qe,h according to Ehrenreich [176].

Band lling

The number of available electronic states at a given energy is nite and
determined by the density of states [180]. Optical transitions between these states can
only occur if there is an occupied initial state and an unoccupied nal state available.
After optical excitation and thermalization of the carriers, this requirement is typically
not fullled anymore at the bandgap of a direct semiconductor. The conduction-band
minimum is occupied by electrons and the valence-band maximum is occupied by holes.
Hence, absorption is allowed to set in only at higher ⃗
k -values in the Brillouin zone
corresponding to higher photon energies, where optical transitions are allowed again.
This shift of absorption to higher energy is called band lling. It is also referred to as
Pauli blocking or Burstein-Moss shift, where the latter term was adapted from doping
of semiconductors to photo-excitation [181, 182]. In doping experiments, band lling is
typically the dominating contribution to the shift of the absorption onset for nc ≫ nM
[183].

Bandgap renormalization

Bandgap renormalization means that the bandgap energy

EG decreases for higher nc . This is related to correlation and exchange-interaction eects
of the correlated electron-hole pairs [79]: The exchange interaction enforces the Pauli
principle, which prevents two electrons with parallel spins from being located in the same
unit cell. Hence, the exchange interaction increases the average distance between electrons and thereby decreases the total energy of the electrons. The same argumentation
holds for the holes. The correlation interaction leads to a higher probability of nding
an electron near a hole due to the screened Coulomb attraction of dislike charges. The
resulting energy term is negative and, hence, decreases the total energy of the carriers.
Bandgap renormalization can also be understood in terms of weakened chemical bonds
by occupation of the antibonding molecular orbitals and thus increased average distances
resulting in lower bandgap energies.

Carrier diusion

Carrier diusion occurs when there is a spatial gradient of the carrier
density in the system as it typically is the case in pump-probe experiments due to the
spatial distribution of the laser beam intensity. The spatial gradient can be removed
to some extent employing a at-topshaped or super-Gaussian distribution of the laser
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beam intensity. It can counteract high-carrier-density eects in the sense that it decreases the actual carrier density at some place by distributing it to the surroundings.
Typically, diusion can be neglected when the probe spot size is much smaller than the
pumped area, but one must also consider the respective diusion coecient. This can
be thought of as the rate of increase of the area, which is occupied by a given number of
carriers. Diusion coecients become generally larger for high carrier density and large
excess energy [161, 184].
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Figure 2.2:

Dielectric function of ZnO near the bandgap upon above-bandgap pulsedlaser excitation in spectral representation (a) and complex-plane representation (b) taken
from Ref. [C4]. The solid line represents the steady-state DF, the dashed line corresponds to maximal change of the DF and the solid-dotted line shows simulated data of
free-carrier absorption. The spectral range in panel (b) is identical to panel (a) and photon energy increases counterclockwise along the curve. The arrows indicate processes,
that are characteristic of the change of the optical properties of a semiconductor for high
carrier density.

Inuence on optical properties

The abovementioned eects modify both the electronic band structure and its occupation thereby changing also the optical response
of the semiconductor. Conversely, the eects of high charge density on the electronic
states of the semiconductors and their occupation can be deduced by studying the optical response. In particular, one has to conduct line-shape analysis of the optical spectra [88,185] to investigate the underlying physical processes. The procedure is illustrated
in Fig. 2.2 where the absorption edge of ZnO is shown in spectral and complex-plane
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representation1 . The line shape in the complex-plane representation shows characteristic counterclockwise curves corresponding to resonances in the DF spectrum, which
are determined by the Kramers-Kronig relations [187]. The imaginary part of the DF
ε2 is mostly zero below 3.37 eV and shows a characteristic peak at the bandgap. The
peak results from the combined inuence of excitons, exciton-phonon complexes and
inter-band transitions [188]. Upon pulsed-laser excitation, a high charge carrier density
is created and modies the optical response in several ways:

 The presence of free carriers creates low-energy carrier-plasma absorption, that
can extend into the visible spectral range.

 Bandgap renormalization shifts the absorption edge to lower photon energies. This
eect is counteracted by the reduced exciton binding energy due to screening and
the increase of the absorption edge itself due to band lling.

 Screening decreases the value of ε2 and shifts the absorption edge to higher photon
energies.

 Electronic states at the band extrema are occupied leading to dynamic (partial)
blocking of related transitions and thereby decreased absorption (ε2 ). KramersKronig relations [88] enforce a simultaneous decrease of the real part of the DF ε1
in the nearby spectral range. The combined eect is seen by the shrinking radius of
the semicircle of the DF [Fig. 2.2 (b)] Furthermore, the absorption edge is shifted
to higher photon energies.

 The redistribution of charge carriers in the Brillouin zone blocks some electronic
transitions, but simultaneously allows other transitions to occur in dierent regions
of the Brillouin zone. This eect is described by the sum rule [8] and can sometimes
also be observed by the aforementioned eect of Kramers-Kronig relations.
Hence, the strategy of this work is to obtain the transient DF by means of femtosecond spectroscopic ellipsometry and then conduct a line-shape analysis to identify the
particular eects mentioned above and their individual strength.

1 The complex-plane representation of the DF is termed Cole-Cole plot [186]. This complex-plane
representation is rarely reported, but it can be nicely used to emphasize the DF changes of resonances.
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2.3 Transient dielectric functions of ZnO
2.3.1 Ultrafast dynamics of hot charge carriers in an oxide
semiconductor probed by femtosecond spectroscopic
ellipsometry
The rst femtosecond spectroscopic ellipsometry measurements were conducted on ZnO
[C2]. The transient real and imaginary part of the DF was obtained and compared
with rst-principles simulations, which agree well with the experimental data. The
line-shape analysis of the DF reveals Pauli blocking of valence-to-conduction-band and
excitonic transitions. Excitonic absorption turns spectrally narrower and sustains for
carrier densities higher than the Mott density, which indicates the presence of Mahan
excitons [15, 174]. In that sense, the photo-excitation of the high density of hot charge
carriers does not trigger the classic Mott transition. Eects on the phonon system are
also deduced from the transient DF: the average phonon energy is increased, which is
observed by the energy of the exciton-phonon complexes [188]. From the transient analysis, it is found that the presence of non-equilibrium phonons delays the carrier cooling
signicantly (hot-phonon eect). This is further supported by the results of a carrierrelaxation model [C6]. Inter-valence-band absorption [189] on the sub-picosecond time
scale promoted by the presence of holes in the topmost valence bands was reported
for the rst time for ZnO. From the merits of the method, the risk for wrong interpretations, that can originate from mixing eects of changed absorption and refractive
index, are largely minimized. The manuscript is supplemented by a Monte-Carlobased
uncertainty estimation of the DF, experimental details and sample characterization, a
group-theoretical discussion of dipole-allowed transitions in ZnO, a comparison of the
experimental DF to other model-predicted ones as well as an explanation and discussion
of carrier density, temperature and screening of hot carriers is presented.
This work is reprinted on the basis of the public license CC BY 4.0.

Author contributions Steen Richter, Oliver Herrfurth, Shirly Espinoza, Mateusz
Rebarz and M. Kloz built the experimental setup. Peter Schlupp provided the c-planeoriented ZnO thin lm. Steen Richter and Oliver Herrfurth conducted the time-resolved
ellipsometry measurements and their data analysis. Oliver Herrfurth conducted x-ray
diraction and time-resolved photoluminescence measurements. Mateusz Rebarz wrote
the computer code for the data collection. Steen Richter and Oliver Herrfurth wrote the
computer code for the data reduction, data analysis and uncertainty estimation. André
Schleife and Joshua Leveillee provided rst-principles simulations. Jakob Andreasson,
Rüdiger Schmidt-Grund, Marius Grundmann and Stefan Zollner supervised the work
and discussed approaches and results. Steen Richter and Oliver Herrfurth wrote the
manuscript with input from all authors. Steen Richter and Oliver Herrfurth contributed
equally to this work.

21

New J. Phys. 22 (2020) 083066

https://doi.org/10.1088/1367-2630/aba7f3

PAPER

O P E N AC C E S S
R E C E IVE D

10 March 2020

Ultrafast dynamics of hot charge carriers in an oxide
semiconductor probed by femtosecond spectroscopic
ellipsometry

R E VISE D

9 July 2020
AC C E PTE D FOR PUBL IC ATION

21 July 2020
PUBL ISHE D

24 August 2020

Steffen Richter1 , 2 , 7 , 8 , Oliver Herrfurth2 , 8 , Shirly Espinoza1 , Mateusz Rebarz1 ,
Miroslav Kloz1 , Joshua A Leveillee3 , André Schleife3 , Stefan Zollner4 , 5 ,
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Abstract
Many linked processes occur concurrently in strongly excited semiconductors, such as interband
and intraband absorption, scattering of electrons and holes by the heated lattice, Pauli blocking,
bandgap renormalization and the formation of Mahan excitons. In this work, we disentangle their
dynamics and contributions to the optical response of a ZnO thin ﬁlm. Using broadband
pump-probe ellipsometry, we can directly and unambiguously obtain the real and imaginary part
of the transient dielectric function which we compare with ﬁrst-principles simulations. We ﬁnd
interband and excitonic absorption partially blocked and screened by the photo-excited electron
occupation of the conduction band and hole occupation of the valence band (absorption
bleaching). Exciton absorption turns spectrally narrower upon pumping and sustains the Mott
transition, indicating Mahan excitons. Simultaneously, intra-valence-band transitions occur at
sub-picosecond time scales after holes scatter to the edge of the Brillouin zone. Our results pave
new ways for the understanding of non-equilibrium charge-carrier dynamics in materials by
reliably distinguishing between changes in absorption coefﬁcient and refractive index, thereby
separating competing processes. This information will help to overcome the limitations of
materials for high-power optical devices that owe their properties from dynamics in the ultrafast
regime.

1. Introduction
Many-body systems under non-equilibrium conditions, for instance caused by photo-excitation, still
challenge the limits of our understanding at microscopic length and ultrashort time scales [1–3]. Accessing
and controlling emergent states experimentally constitutes one of the most exciting, but also challenging,
forefronts of contemporary materials science [4, 5]. In addition to advancing the fundamental
understanding of exotic quantum states, e.g., involving large densities of free charge carriers [6, 7],
understanding such many-body systems supports technological breakthroughs and the development of
novel applications including high-speed optical switching [8, 9] and computing [10, 11], fast transparent
electronics [12, 13], light harvesting [14, 15], or even new means of propulsion for spacecrafts [16]. The

© 2020 The Author(s). Published by IOP Publishing Ltd on behalf of the Institute of Physics and Deutsche Physikalische Gesellschaft
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Figure 1. Hot charge carriers after strong excitation of ZnO with a UV pump pulse: (a) and (b): within a few 100 fs after
excitation (violet arrows), scattering between charge carriers results in the CB being occupied by excited electrons (ﬁlled circles),
and the valence band by holes (open circles), (a). The thermal distribution (Fermi–Dirac statistics) of the excited electrons
(black) and holes (red) corresponds to effective temperatures Te , Th of a few 1000 K, (b). The quasi Fermi-energies (dashed lines)
are shifted into the bandgap due to the high temperatures. (c) and (d): within the ﬁrst picoseconds, scattering between charge
carriers and phonons as well as recombination yield cooling and reduction of the density of excited electrons and holes. Still,
charge-carrier temperatures are larger than the lattice temperature Tl . Black arrows in (a) and (c) mark selected optical
transitions which are dynamically blocked (band–band transitions) or enabled (IVB transitions).

implementation of such next-generation devices requires development of techniques that probe transient
states of matter and precisely control ultrafast dynamics of excited electronic systems in solids.
Many experimental and theoretical studies have aimed to separate fundamental electron–electron and
electron–phonon effects, as well as the role of defect states in solids [17]. However, due to their complexity,
our understanding of the coupling between fundamental electronic excitations and the lattice remains
vague, especially directly after strong excitation, i.e., on short times scales after electron densities as high as
1020 cm−3 have been pumped into the CB by a fs laser pulse. As illustrated schematically in ﬁgure 1, not
only the density of excited charge-carriers (as mostly probed in luminescence experiments) matters in such
a highly excited regime, but also the excess energy and the distribution of charge carriers, as well as the
transient electronic band structure. Therefore, the optically accessible states change rapidly, enabling or
prohibiting certain absorption channels, but also changing other material properties like the index of
refraction. This is especially signiﬁcant for applications of transparent semiconductors like wide-gap
oxides [18].
Experimentally, angular-resolved photo-electron spectroscopy is one of the most insightful probes for
the dispersion of populated electronic states [19, 20]. Beyond this, optical spectroscopy accesses a
convolution of joint density of states, electron and hole populations, and transition matrix elements via the
complex, frequency-dependent dielectric function (DF). Conventional transient spectroscopy has been
performed at different spectral ranges [21–24]. Also transient sum-frequency generation was demonstrated
to probe the dynamics of electronic transitions after excitation [25]. A general challenge is to achieve not
only high time-resolution but to discriminate different processes triggered by the excitation [17, 26]. In
order to provide this, one must understand the entire, i.e., spectral and complex-valued, response of an
excited material. This requires obtaining both, amplitude and phase information, of a sample’s DF, as
encoded in its complex reﬂection coefﬁcient r.
Conventional transient spectroscopy yields only amplitudes and experimental data is often explained by
changes in the extinction coefﬁcient κ, neglecting changes of the refractive index n. This approach
represents a challenge for excitation spectroscopy that has been discussed already in the 1980’s [27]. One
way to compensate for the lack of phase information is to introduce restrictive model assumptions.
Alternative methods are to combine measurements from different angles of incidence [28–30] or p- and
s-polarization [31, 32]. However, also these methods are only work-arounds and cannot directly yield phase
information. Alternative approaches to obtain the full dielectric response are heterodyne detection schemes
[33] or time-domain spectroscopy. The latter, however, is only possible in the THz regime and not at optical
frequencies [34].
In ellipsometry, the angles Ψ and Δ offer relative, frequency-dependent amplitude and phase
information for the physical response, rp /rs = tan(Ψ)eiΔ (where indices refer to p- and s-polarizations).
This provides simultaneous access to the real and imaginary part of the DF ε = ε1 + iε2 = (n + iκ)2 . In this
article, we use pump-probe spectroscopic ellipsometry to obtain transient DF spectra of photo-excited ZnO
2

New J. Phys. 22 (2020) 083066

S Richter et al

with femtosecond time-resolution. With its wide bandgap and excitons stable at room temperature [35],
ZnO is an ideal testbed for this research. In particular, due to its strong polarity, the strong
electron–phonon coupling also impacts exciton dynamics [36, 37].
Our ellipsometric approach based on polarization-resolved reﬂectance-difference measurements gives
unambiguous access to the time-dependent DF of the ZnO ﬁlm after excitation with about 100 fs temporal
bandwidth. The experimental results yield information on the ultrafast dynamics of electron–electron and
electron–phonon processes in this prototype oxide-semiconductor. They are complemented by
ﬁrst-principles simulations. This allows us to separate pump-induced Pauli blocking of absorption from
bandgap renormalization (BGR). From our analysis we also report the direct observation of
intra-valence-band (IVB) absorption. Finally, non-vanishing excitonic absorption enhancement questions
the Mott transition and hints at the existence of Mahan excitons in photo-excited semiconductors.
Our experiments improve on earlier ellipsometric pump-probe studies which suffered from
shortcomings such as changing positions of the probe spot on the sample or stability issues with the
femtosecond lasers, or were performed only at single wavelengths (including imaging mode) [38–46].

2. Methods
We used a c-plane oriented ZnO thin ﬁlm grown by pulsed laser deposition on a fused silica substrate. The
ﬁlm thickness of 30 nm is sufﬁcient to maintain bulk properties. Only a very small excitonic enhancement
due to the conﬁnement in the thin layer is expected [47, 48]. At the same time 30 nm is thin enough to
assume homogeneous excitation by a 266 nm pump pulse. We therefore do not need to consider the
ambipolar diffusion of hot charge carriers. We estimate the excited electron–hole pair density to approx.
1 × 1020 cm−3 . The experiment is performed at room temperature.
2.1. Time-resolved spectroscopic ellipsometry
We employ pump-probe spectroscopic ellipsometry, using a femtosecond pulsed laser. A schematic of the
setup is shown in ﬁgure 2. Further descriptions can be found in references [49, 50]. The fundamental mode
of a titanium sapphire laser (Ti:Sa) (Coherent Astrella: 35 fs, 800 nm, 1 kHz repetition rate) is used for
third harmonic generation (THG, 266 nm), employed as pump beam. 1% of the laser power is used to
generate supercontinuum white-light (SCG) in a CaF2 window. In polarizer-sample-compensator-analyzer
conﬁguration, we measure the transient reﬂectance-difference signal (ΔR/R)j at 60◦ angle of incidence by
scanning the pump-probe delay. We repeat this for ten different azimuth angles αj of the compensator while
the polarizer and analyzer are kept ﬁxed at ±45◦ .
Spectra were captured using a prism spectrometer and a kHz-readout CCD camera (Ing.-Büro Stresing).
Most critical is the ﬂuctuating probe spectrum and amplitude due to the CaF2 crystal movement as well as
warm-up effects at the CCD camera. Both of these problems affect the measurement mostly on time scales
larger than a few milliseconds. A two-chopper scheme in the pump and probe paths is employed which
allows us to obtain a wavelength-dependent live-correction for the pump-probe as well as only-probe
intensity spectra, hence obtaining proper reﬂectance-difference spectra. In order to compute the
ellipsometric parameters from the series of measurements at different compensator angles, we apply the
Müller matrix formalism for each photon energy and delay time, where the obtained reﬂectance-difference
spectra are applied to reference spectra. See supplementary information (https://stacks.iop.org/NJP/22/
083066/mmedia) for further details9 . The technique is comparable with a multi-channel lock-in system and
enables comparison of spectra even if they have been measured long time after each other. Furthermore, it
minimizes systematic errors from polarization uncertainties.
In order to minimize chirping of the probe pulse, we use a thin, broadband wire-grid-polarizer
(Thorlabs) before the sample and focus the probe beam by a spherical mirror. Reﬂected light is analyzed by
an achromatic quarter-wave plate and Glan-type prism (both Halle Nachfolger). The remaining chirp (few
100 fs difference between 2.0 eV and 3.6 eV—corresponding to roughly 3 mm dispersive material) induced
by the CaF2 as well as the support of the wire grid polarizer [31] is removed retroactively by shifting the
zero-delay in the data analysis using an even polynomial for its wavelength dependence. Further details can
be found in the supplementary material9 .
9

Online supplementary material contains further experimental details, a Monte-Carlo-based error estimation, further characterizations of the investigated thin ﬁlm sample, a group-theory discussion of dipole-allowed transitions in ZnO and further explanation
about estimating the charge carrier densities, effective temperatures and plasma screening. A discussion of quasi Fermi-energies
at high charge-carrier temperatures is given and the experimentally obtained DF of excited ZnO are compared to further different
model-predicted ones.
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Figure 2. Schematic of the femtosecond time-resolved spectroscopic ellipsometry setup. The pump beam (THG) is guided
through a chopper wheel C1 ( f1 = 250 Hz) to a delay line DL and focussed by a lens L onto the sample. The white-light probe
(SCG) passes through another chopper wheel C2 ( f2 = 500 Hz) and is focussed onto the sample S by a spherical mirror through
the polarizer P. The reﬂected light is collimated by a lens L and guided through a compensator C and an analyzer A to a prism
spectrometer.

The focused probe spot at the sample had a 1/e2 diameter of 200 μm, the pump spot 400 μm (40◦ ,
s-polarized) such that lateral carrier diffusion becomes negligible [51]. The corresponding temporal and
spectral bandwidths are estimated to 100 fs and 5 nm in the UV, respectively.
Modeling of the ellipsometry data to obtain the material’s DF is performed using a transfer-matrix
formalism [52] with the DF of ZnO parametrized by a Kramers–Kronig consistent B-spline function [53].
In the model, the ﬁlm is assumed to be isotropic because the experimental conﬁguration is mostly sensitive
to the DF for ordinary polarization [54]. The model is ﬁtted to the Mueller matrix elements N, C, S
accounting also for spectral bandwidth and depolarization. The number of spline nodes was minimized in
order to capture all spectral features but avoid overﬁtting and artiﬁcial oscillations [55]. See supplementary
material for error estimation based on Monte-Carlo simulations9 .
2.2. First-principles simulations of excited electron–hole pairs at ﬁnite temperature
We use ﬁrst-principles simulations based on many-body perturbation theory to study the inﬂuence of
electron–hole excitations on the optical properties of ZnO theoretically. To this end, we compute
Kohn–Sham states and energies within density functional theory (DFT) [56, 57] and use these to solve the
Bethe–Salpeter equation (BSE) for the optical polarization function [58]. All DFT calculations are carried
out using the Vienna ab initio simulation package [59–61] and the computational parameters described in
references [62, 63]. The inﬂuence of quasi-particle (QP) corrections on the band gap is taken into account
using a scissor operator as also described in references [62, 63]. All BSE calculations are performed using
the implementation described in references [64, 65].
We compute the DF as the sum of valence-conduction-band transitions εVBCB
DFT+QP(N,T) , transitions from
lower valence bands into excited hole states near the valence-band maximum εIVB
DFT(N,T) , and transitions from
ICB
excited electron states near the conduction-band minimum into higher CBs εDFT(N,T) , all depending on
temperature T and density of excited electrons/holes N:
IVB
ICB
ε (N, T, E) ≈ εVBCB
DFT+QP(N,T) (E) + εDFT(N,T) (E) + εDFT(N,T) (E) + Δεexc (N, E).

(1)

To compute the ﬁrst three contributions, we use the independent-particle approximation, based on
ground-state electronic structure and optical dipole matrix elements, and account for temperature and
excitation-density dependence by means of Fermi occupation numbers of electrons and holes. Thus,
Burstein–Moss shift (BMS) due to Pauli blocking is automatically included in this description. In addition,
we use the model given by Berggren and Sernelius [66, 67] for doped systems at zero temperature to include
the effect of BGR. BGR arises as a many-body effect due to free charge-carriers in the optically excited state
and leads to a reduction of the bandgap that we include when computing εVBCB
DFT+QP(N,T) (E). For a
20
−1
charge-carrier density of 10 cm by n-type doping, about 300 meV shrinkage is assumed [68]. When
accounting for excitonic effects in the presence of high-temperature carriers, Fermi-distributed occupation
numbers of electrons and holes need to be included also in the solution of the BSE of many-body
perturbation theory. However, this turns the eigenvalue problem for the excitonic Hamiltonian into a
generalized eigenvalue problem [69]. Here, we avoid this complication and increase in computational cost
4
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and, instead, approximate excitonic effects using the zero temperature difference Δεexc (N, E),
Δεexc (N, E) = εBSE+QP(N) (E) − εDFT+QP(N) (E).

(2)

Here, εBSE+QP(N ) (E) is the DF with excitonic effects and εDFT+QP(N ) (E) is the corresponding
independent-QP DF, the band gaps for both are corrected using a scissor operator [62, 63]. While this
approach neglects the inﬂuence of temperature on excitonic effects, both εBSE+QP(N ) (E) and εDFT+QP(N ) (E)
include BGR and BMS.
To compute εBSE+QP(N ) (E), we extend the framework described in detail in references [63, 70, 71] to
describe excited electrons (e) and holes (h) at a temperature of zero K. Here, the lowest CB states are
occupied with free electrons of density N, and the highest valence states with holes of the same density N.
Hence, transitions between these states are excluded. This is described in our framework via occupation
numbers of otherwise unchanged single-particle Kohn–Sham states when computing the BSE Hamiltonian.
Finally, our framework accounts for electronic interband screening of the electron–hole interaction in the
BSE Hamiltonian, using the static dielectric constant obtained in independent-particle approximation,
εeff = 4.4. In addition, as discussed earlier for doped ZnO [63], excited carriers modify the electron–hole
interaction by contributing intraband screening. We approximate this contribution using the
small-wave-vector limit of a static, wave-vector (q) dependent Lindhard DF, which, in the presence of free
electrons and holes becomes [63, 70, 71]
εintra (q) ≈ 1 +

q2TF,h
q2TF,e
+
,
q2
q2

(3)

with the Thomas–Fermi (TF) wave-vectors
qTF,e/h =



3Ne2
.
2ε0 εeff Ẽe/h
F

(4)

The relative Fermi energies of electrons and holes at zero temperature, Ẽe/h
F ,
Ẽe/h
F =

2  2 2/3
3π N
,
2me/h

(5)

refer to the conduction-band minimum and valence-band maximum, ẼeF = EFe − ECB and ẼhF = EVB − EFh ,
respectively. Equation (3) then becomes


1
1 3Ne2 2 (me + mh )
εintra (q) = 1 + 2
.
(6)
q 2ε0 εeff
2
(3π 2 N)2/3
εintra enters the W term in the exciton Hamiltonian that is used to compute εBSE+QP(N ) . Effective electron
and hole masses are parametrized using parabolic ﬁts to our ﬁrst-principles band-structure data, leading to
me = 0.3m0 . For the hole effective mass in equation (6) we use the geometric average of the masses of the
three degenerate uppermost valence bands, i.e. mh = 0.62m0 . This approach is valid for zero temperature of
the free carriers and its implementation in our BSE code [63] allows us to compute the DF, including
excitonic effects, as a function of free-charge-carrier concentration N.
Finally, to compare with experimental pump-probe data, we compute and visualize the difference
Δε = ε(N, T, E) − εBSE+QP(N=0) (T = 0 K, E).

(7)

3. Experimental results
The experiments were performed on a ZnO thin ﬁlm, pumped by 266 nm, 35 fs laser pulses that created an
electron–hole pair density of 1020 cm−3 . Supercontinuum white-light pulses were used as a probe. The
transient ellipsometric angles Ψ and Δ obtained in the spectral range 1.9–3.6 eV are shown in ﬁgure 3. The
uncertainty of the transient changes depends on the wavelength but is mostly on the order of 0.03◦ for Ψ
and 0.2◦ for Δ. See supplementary material for comprehensive error estimation9 . Figure 3 shows that the
pump causes an immediate decrease in Ψ and an increase in Δ with spectrally and temporally varying
details. Data were recorded at delays up to 2 ns with increasing delay steps.
From the ellipsometric spectra, we obtain the DF of the ZnO ﬁlm for every pump-probe delay Δt.
Figure 4 illustrates the resulting DF ε = ε1 + iε2 at selected delays, and ﬁgure 5 represents transient
evaluations. The uncertainty of the DF can be estimated to the order of 0.03 for ε1 and 0.02 for ε2 , see
supplementary material9 . At negative Δt, the obtained DF coincides with the one obtained in steady-state
5
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Figure 3. Temporal evolution of the ellipsometric angles Ψ (amplitude ratio) and Δ (phase difference) of the ZnO thin ﬁlm
after non-resonant UV pump measured at 60◦ angle of incidence. Increases relative to the initial spectra before excitation (black)
are shown in blue, decreases in red. The sketch at the bottom illustrates the meaning of the ellipsometric parameters.

Figure 4. Real (ε1 , inset) and imaginary (ε2 , parent ﬁgure) part of the DF of the ZnO thin ﬁlm at selected pump-probe delays.

ellipsometry. The peak around 3.35 eV comprises the excitonic transitions (X) and the peak around 3.42 eV
is associated with exciton–phonon complexes (EPC) [36]. There exist also further complexes at slightly
higher energy.
For small positive Δt, the absorption at the band edge and above is strongly damped, as indicated by the
prominent decrease in ε2 (ﬁgure 4). In particular, the absorption peaks of exciton and EPC are both
bleached within 400 fs [red and blue symbols in ﬁgure 5(b)]. This is accompanied by a reduced refractive
index below the band edge as illustrated by the concomitant drop in ε1 (ﬁgure 4). Vanishing of the
absorption bleaching does not start until approx. 1 ps. And we note that the excitonic enhancement does
not completely vanish at any time, as indicated by the dynamics of the peak structure in ε2 . Absorption
recovery starts from higher energies, approaching the fundamental excitonic absorption peak only at later
times. After 2 ps both the exciton and EPC absorption peaks recover with time constants of 3 ps, slowed
down after 10–20 ps with a non-exponential evolution (ﬁgure 5(a)). The spectral broadening of the exciton
and EPC transitions was reduced as soon as the sample has been excited (ﬁgure 4). This reduced broadening
remains approximately constant for at least 2 ns.
As ﬁgure 5(c) indicates, an immediate redshift of the exciton energy by roughly 20 meV is followed by
an increase with a linear rate of approx. 3 meV ps−1 during the subsequent 4 ps [red symbols in
ﬁgure 5(c)]. The EPC follows the trend with even larger increase but without the initial redshift. Another
later redshift of both yields a minimum of exciton and EPC energies at 100 ps. At 2 ns, the absorption edge
remains redshifted by approx. 20 meV. It should be noted that the energetic difference between the exciton
and EPC absorption peaks, which had initially increased by more than 30 meV, approaches its steady-state
value (approx. 50 meV) monotonically until complete relaxation has happened after several nanoseconds
[green symbols in ﬁgure 5(c)].
6
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Figure 5. Evolution of absorption amplitude (a) and (b) and peak energy (c) of the exciton transition (red, X) and
exciton–phonon complex (blue, EPC) as obtained from the maxima of ε2 (cf ﬁgure 4). Black symbols in (a) and (b) depict the
integrated value of ε2 in the spectral range 2.0 eV to 3.1 eV for different delay intervals (IVB). The green symbols in (c) show the
spectral difference between X and EPC which is related to an effective phonon energy Eph . Its equilibrium value of about 50 meV
[36] is indicated by the dotted line. Solid lines indicate exponential processes with their time constants. (d): comparison of
computed (red) and experimental (black) ε2 at maximum change. In the inset, the computed IVB absorption is enhanced 10×
for better display of the spectral dependence.

Simultaneously with the arrival of the pump laser pulse, also a broad absorption arises at low energies in
the bandgap (ﬁgure 4). This absorption reaches its maximum amplitude at Δt = 0.2 ps, and then decreases
with a time constant of 1 ps. It vanishes completely after 10 ps [black symbols in ﬁgures 5(a) and (b)].

4. Discussion
4.1. Separating physical processes
Charge carrier excitation by 266 nm (4.67 eV) laser pulses in ZnO involves optical transitions from the
heavy-hole, light-hole and split-off valence-bands (VB) into the conduction band (CB) in the vicinity of the
Γ point, as illustrated by the violet arrows in ﬁgure 1(a). The excited electrons carry excess energies of
almost 1 eV, the excited holes only about 0.4 eV because of their larger effective mass (see supplementary
material9 ). Hence, while many transient spectroscopy experiments reported in the literature focus on
near-resonant excitations, we induce very high excess energies to the charge carriers. The initial occupation
of electron and hole states due to the pump pulse is sharply peaked and non-thermal. It takes a few hundred
femtoseconds until a Fermi–Dirac distribution is established as sketched in ﬁgures 1(a) and (b). This
excited state is referred to as hot charge-carriers. Estimated effective temperatures for the electrons, holes
and lattice in this state are reported in table 1. Initial thermalization is provided mainly through
carrier–carrier scattering and partially through carrier-phonon scattering [17, 26, 72–74]. The immediate
effect of this process on the optical response spectra (ﬁgure 4) is three-fold: ﬁrst, the occupation of the
states leads to (partial) Pauli blocking (band ﬁlling) and hence the observed absorption bleaching of the
band-to-band and excitonic transitions. This is illustrated by crossed-out black arrows in ﬁgure 1(a). An
additional reduction of the excitonic absorption enhancement is expected from free-charge-carrier
screening. The related reduction of the refractive index in the visible spectral range results from the
Kramers–Kronig relations. Second, due to the ﬂatness of the valence bands, excited holes have enough
excess energy to scatter towards the edge of the Brillouin zone and thus promote IVB transitions
[ﬁgure 1(a), short black arrows] which are observed as low-energy absorption, similar to observations for
strongly doped p-type semiconductors [75, 76]. Third, the high density of photo-excited charge carriers
results in BGR as seen by the redshift of the exciton energy [ﬁgure 5(c), red symbols]. Additionally, the
excited carriers screen a static electric ﬁeld in the ﬁlm that otherwise arises from Fermi-level pinning at the
7
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Table 1. Statistics of the electron, hole, and lattice subsystems; situation
immediately after charge-carrier thermalization following a pump laser pulse
with 4.67 eV that excited 1020 cm−3 electron–hole pairs in the ZnO thin ﬁlm.
The increase of Tl after complete equilibration is estimated to 50 K at most.
See supplementary material for details.
Temperature (K)
Electrons
Holes
Lattice

Te ≈ 7000
Th ≈ 2800
Tl ≈ 300

Quasi Fermi-energy (meV)
EFe − ECB < −660
EVB − EFh < −260

Figure 6. Simpliﬁed distribution of non-thermal (though hot) phonons after charge-carrier relaxation: the strong
electron–LO–phonon interaction during cooling of the charge carriers yields a non-thermal occupation of optical phonons
(gray) in contrast to the occupation of, mostly acoustic, thermal phonons (red) which follows a Bose–Einstein-distribution (red
dashed line) before excitation and after lattice relaxation. The phonon density-of-states is taken from [111].

surface caused e.g. by donor-like oxygen vacancies [77]: while the observed steady-state broadening of the
excitons is caused by the related band bending, pump-induced charge carriers reduce it by leveling out this
band bending. At large delay times, the vacancies are still passivated by trapped electrons at the surface, thus
the excitonic narrowing remains for a rather long time. Deeply trapped holes can last for microseconds
[78]. We also note that the excitonic narrowing is strongly connected to the nature of the polar (c-plane
oriented) thin ﬁlm, which behaves similar to a broad quantum well with incorporated static electric ﬁeld
[79]. We did not observe the exciton narrowing in a non-polar m-plane oriented ZnO ﬁlm.
Analysis of the transients yields insights into individual dynamics: charge-carrier thermalization is
slightly faster for holes (200 fs) than for electrons (400 fs) because of their lower excess energy. This is
observed in the experiment by a slightly shorter rise time until maximum response for the IVB absorption
compared to the exciton bleaching [cf ﬁgure 5(b)]. The subsequent fast decay of the IVB absorption
(ﬁgure 5(a)), is a consequence of the hole occupation far from the Γ point. Hence, its 1/e decay time of 1 ps
reﬂects mainly the hole cooling by scattering with phonons. Also the transient dynamics of the absorption
bleaching is governed by mainly the decrease of electron and hole temperatures: initially, electrons have
much higher excess energy and hence higher effective temperature than holes (table 1). Over time, they
approach each other, resulting in the situation sketched in ﬁgures 1(c) and (d). It is known that the carrier
cooling occurs mainly by (polar) scattering with optical phonons [26, 37, 80, 81], and effective
charge-carrier temperatures do not decrease mono-exponentially [82]. The underlying
electron–LO–phonon (Fröhlich) interaction is generally very fast in polar materials, for ZnO with a
Fröhlich constant α of about 1.2 [83] and ELO ≈ 72 meV, the classical scattering rate is on the order of
1014 Hz [84, 85]. Hence, cooling of the charge-carriers should take not longer than ≈ 0.5 ps [26]. However,
here, the high excess energy of the charge carriers causes an extraordinarily large population of LO phonon
states upon scattering, and thus an intermediately non-thermal phonon distribution as sketched in ﬁgure 6.
A lattice temperature is not even well deﬁned at this state. These excess phonons slow down the electron
relaxation through phonon re-absorption by the charge carriers, resulting in the plateau-like transient
during the ﬁrst 2 ps where the relaxation is delayed [ﬁgure 5(a), blue and red symbols]. This is referred to as
hot-phonon effect and was observed earlier [26, 72, 86, 87].
In general, the presence of many charge-carriers can also screen the electron–phonon interaction itself
[85, 88–90]. Screening can slow down the relaxation by affecting both the Fröhlich coupling constant and
the LO phonon energy [91, 92]. For 1020 cm−3 excited electron–hole pairs, we can estimate an effective
plasma energy of ωp ≈ 0.45 eV (parabolic approximation, see supplementary material9 ). This value
exceeds the LO phonon energy by far. Hence we do not expect a dramatically altered (reduced)
8
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electron–phonon interaction as it would occur for ω p ≈ ELO [26, 91, 93]. The fact that for electrons and
holes with very large excess energy, screening is not the most dominating effect in their relaxation dynamics,
is also consistent with the ﬁnding that the excitonic absorption peaks do not vanish entirely (see discussion
below). Finally, also the plateaus of the absorption amplitudes during the ﬁrst 2 ps [ﬁgure 5(a), blue and red
symbols] hint at a saturation related to hot phonons. However, the hot-phonon effect may be reduced by
charge-carrier screening [26].
The non-thermal phonon distribution is also observed by the increased energetic splitting between
exciton and EPC [ﬁgure 5(c), green symbols]: the effective absorption peak of the EPC at 3.42 eV is
expected to involve several phonons with an effective energy Eph on the order of 30 meV resulting in about
50 meV splitting [36]. The absorption and re-emission of many optical phonons by the crystal apparently
increases the interaction probability of (high-energy) optical phonons with excitons while (low-energy)
acoustic phonons are effectively suppressed, i.e. Eph increases. After more than 2 ps the charge carriers have
largely cooled down, and the number of non-thermal phonons has reached a maximum [see difference of
exciton and EPC peak, ﬁgure 5(c)]. We observe that the return of the EPC absorption (vanishing Pauli
blocking) has started already at times before 2 ps, i.e. slightly earlier than for the exciton absorption
(ﬁgure 5(a)). This is because the occupation of energetically higher EPC states decreases faster than the
occupation of states at the CB minimum and VB maximum. Lastly, we do not observe coherent phonon
oscillations [94–97] because our pump energy is highly non-resonant with the band gap and well above our
spectral probe window.
Effects of the high charge-carrier densities can be distinguished from the thermal excess: A reduction of
the total number of excited charge carriers is observed by the vanishing BGR within the ﬁrst picoseconds [cf
exciton peak energy in ﬁgure 5(c)]. In the subsequent picosecond regime, we expect also the recovery of the
exciton and EPC absorption to result from the reduction of the excited carrier density. This recombination
is initially maintained mainly by nonradiative Auger and defect recombination [98]. We ﬁnd an initial time
constant of 3 ps (ﬁgure 5(a)). At later times with lower remaining carrier densities, slower radiative
electron–hole recombination becomes dominant.
Thermal equilibration with the lattice can be estimated to be accomplished approx. 100 ps after the
excitation when the exciton energy reaches another minimum [see ﬁgure 5(c), red symbols] that indicates
the highest achieved lattice temperature and thus bandgap shrinkage [99]. Assuming a deposited energy
density of 100 J cm−3 by the pump pulse, a maximum temperature increase of 30–50 K can be expected. If
transferred entirely to the lattice, this would correspond to a bandgap decrease of approx. 25–30 meV at
most. This matches the experimental observation. The following slow (approx. 2 μeV ps−1 ) heat dissipation
lasts until at least 10 ns. It should be noted that the observed overshooting of the exciton amplitude at later
time is related to the reduced exciton broadening as discussed above.
4.2. Interpretation
To complement our experimental results, we use ﬁrst-principles electronic-structure calculations to explain
the different effects near the band edge: (i) many-body perturbation theory is used to describe excitonic
effects. It includes additional screening and Pauli blocking due to the high density of electrons in the
conduction and holes in the valence band at 0 K temperature. (ii) The high effective temperatures of excited
electrons and holes are taken into account via Fermi-distributed occupation numbers in the absorption
spectrum of non-interacting electron–hole pairs.
A comparison with the experimental data in ﬁgure 5(d) shows that the observed reduction of the
exciton absorption is only about half of what is expected from the calculations. An increased number of free
charge carriers is known to have two opposing effects on the band-edge absorption: while the exciton is
screened and should shift toward higher energies due to a reduced binding energy, the bandgap shrinks due
to BGR. Both compensate each other in a good approximation, such that the absolute exciton energy
remains constant [100–103]. However, when surpassing the so called Mott transition, excitons should cease
to exist, and BGR should take over. That could explain the initial redshift (ﬁgure 5(c)) which has been
observed earlier [30, 103, 104]. Nevertheless we ﬁnd that the excitonic absorption peak does not vanish
entirely at any time. That reﬂects the difference between an equilibrated system and hot charge carriers: in
the case of doping ZnO by 1020 cm−3 excess electrons, a Burstein–Moss blueshift of the absorption edge of
approximately 370 meV can be estimated from band-structures and band dispersions computed using DFT.
It is clear that this does not apply to a hot electron–hole plasma where no strong blueshift is observed [27,
103, 104]. Also BGR, which should generally not depend on temperature [105], was found slightly less
efﬁcient for hot charge carriers [102]. Hence, due to the widely-distributed hot carriers, it is possible that
the Mott transition does not occur despite the fact that the total density of excited charge carriers is well
beyond the classical threshold [106]. According to [107], the fraction of photo-excited charge carriers
bound to excitons is rather small, not exceeding 15%. In this respect, the non-vanishing exciton absorption
9
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peaks could indicate that the occupation of the exciton ground-state would never exceed the Mott density
even if 1020 cm−3 electron–hole pairs are excited. While comparisons of charge-carrier densities do not
account for the effective carrier temperatures, the Mott transition can also be considered in terms of the
Debye screening lengths [105]. Here, we obtain screening lengths on the order of 3 Å, which is much
smaller than the exciton Bohr radius of about 2 nm in ZnO [107]. Hence, effectively uncorrelated electron
and hole states should dominate (see supplementary material for details9 ). On the other hand, not only
interaction lengths matter but also relevant electron (and hole) wave vectors must be similar to the TF
wave-vectors for effective screening [91]. Considering the strong effect of non-parabolicity at the high
excess energies of the photo-excited electrons and holes in our experiment, this can give rise to a reduced
screening effect (see supplementary material for details9 ). Albeit largely screened and broadened,
electron–hole coupling has indeed been observed to sustain the apparent Mott transition as so called
Mahan excitons [102, 108–110], in particular also ZnO has been considered [63]. Narrow exciton-like peaks
have been observed well above the Mott transition in highly-doped GaN [6], Cooper-pair signatures at the
Fermi sea in highly-excited ZnO [7]. We conclude that the remaining absorption peaks that we observe in
our experiment are likely to be Mahan excitons [63, 108]. While they were originally studied in degenerately
doped semiconductors, our photo-excitation generates at the same time electrons in the CB and holes in the
valence band.
The obvious explanation for photo-induced absorption at lower photon energies would be free carriers
[112]. However, two Drude terms to describe free electrons and holes with the known densities and
reasonable effective masses and mobilities cannot mimic the shape of the dispersion of the DF well.
Furthermore, there are indications of a maximum of ε2 around 1.9 eV and 2.1 eV (cf ﬁgure 4) hinting at
IVB transition at the M point. In a recent report, similar absorption features, induced by lower pump power
and at much longer time scales, were attributed to defect states [78]; however, defects can hardly explain the
large absorption cross sections (ε2 ) that we observe here. Effects of defects in ZnO can vary strongly
between different samples [113]. To quantify absolute contributions of both effects, a detailed study of the
dependence of this absorption on the photo-induced charge-carrier density would be needed but is beyond
the scope of this article. However, we saw indications for lower induced absorption if a lower density of
charge-carriers was created, thus absorption due to IVB should be the dominant process here. A
comparison between experimental and ﬁrst-principles data for Δ(ε2 ) below 3 eV in ﬁgure 5(d) (inset)
shows good agreement in the line shape of measured and calculated spectral features. The sub-gap
energy-range between 2 and 3 eV is dominated by contributions from IVB transitions that become allowed
in the presence of free holes. The computational results do not account for phonon-assisted processes,
which likely explains why the computational data underestimates the experiment at these energies.
Inter–CB transitions do not signiﬁcantly contribute in this energy range. The appearance of the low-energy
absorption indicates that the spectral weight of absorption is transferred from the fundamental absorption
edge to lower energies because the total number of charge carriers remains constant, which is known as the
sum rule [114].

5. Conclusion
The development of fs-time-resolved spectroscopic ellipsometry allows unambiguous determination of the
complex, frequency-dependent DF with sub-ps temporal resolution in a wide spectral range. It is hence a
unique tool to study the dynamics of electronic systems in solids that beats conventional transient
spectroscopy in several areas. Investigating a UV-pumped ZnO thin ﬁlm, we were able to discriminate
different processes of the non-equilibrium charge-carrier dynamics of this strongly photo-degenerate
semiconductor. In contrast to previous experiments, we are able to largely minimize risks for
mis-interpretations that can originate from mixing effects of changed absorption and refractive index. We
observe partial blocking and screening of near-band-edge and exciton absorption due to occupation of the
electronic states. A non-vanishing excitonic absorption enhancement hints at the occurrence of Mahan
excitons. Furthermore, IVB transitions become possible when holes scatter to the edges of the Brillouin
zone, their fast response time renders them interesting for optoelectronic switching devices. Finally, there is
evidence for hot-phonon effects, from both a delayed charge-carrier relaxation and an increase in the
exciton–phonon-complex energy. The described dynamics are crucially dependent on the pump wavelength
and hence the excess energy obtained by the carriers which determines their effective temperature. From
our data we can also conclude that the high density of hot charge carriers does not trigger the Mott
transition. The survival of the excitonic absorption reﬂects directly the non-equilibrium distribution of the
highly excited charge carriers. These results stimulate a demand for the development of new theories
describing high-density exciton systems beyond the present state.
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[114] Franta D, Nečas D and Zajíčková L 2013 Application of Thomas–Reiche–Kuhn sum rule to construction of advanced dispersion
models Thin Solid Films 534 432–41

14

Supplementary material:
Ultrafast dynamics of hot charge carriers in an
oxide semiconductor probed by femtosecond
spectroscopic ellipsometry
Steffen Richter1,2,∗ , Oliver Herrfurth2 , Shirly Espinoza1 , Mateusz Rȩbarz1 ,
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I. Measurement scheme and data reduction
In contrast to sapphire, calcium-fluoride-based white light generation offers more UV intensity up to 3.6 eV, but
the crystal needs to be moved during creation of continuum white light in order to protect the crystal from heat
damage. This movement and CCD warm-up yield fluctuating intensity spectra. The situation is very different
from any other ellipsometer where the light source is stable at least over the time of a complete revolution of
the rotating element. We circumvent the problem by applying a two-chopper scheme as depicted in Fig. S1.
Repeatedly, four different intensity signals, ”pump & probe” (S1), ”pump only” (S2), ”probe only” (S3), and
”dark” (S4) are measured. Hence, at any time, background- or even luminescence-corrected ”pump & probe”
(Rjp (E) ≡ IS1 − IS2 ) as well as ”probe only” (Rj0 (E) ≡ IS3 − IS4 ) spectra are obtained for each compensator
angle αj . However, they are still subject to intensity fluctuations as can be seen in Fig. S2. Using all four phases
created by the chopper, we can obtain proper reflectance difference spectra


∆R(E)
R(E)



j

=

Rjp (E) − Rj0 (E)
IS1 − IS2
≡
− 1.
Rj0 (E)
IS3 − IS4

(S1)

Here, j = 1 . . . 10 indicates a certain compensator azimuth angle during the measurement. In the experiments,

a

b

Figure S1: a Visualization of the two-chopper scheme. b Example of a set of measured intensity spectra at ∆t = 400 fs and
compensator azimuth angle 100◦ .

i

Figure S2: Spectra of the ellipsometric parameters Ψ, ∆ obtained from all ”probe only” reflectance measurements (R0 , evaluating
only chopper phases S3 and S4) obtained during a delay line scan. The green line indicates the average and the red line shows
reference spectra obtained with a commercial ellipsometer. Note that these spectra are only shown as a benchmark. They are
prone to offsets and modulations arising from long-term changes in the whitelight spectra or intensities. The oscillatory shape of
those errors originates from the quarterwave plate. For the time-resolved ellipsometry, the reflectance difference signal is evaluated
instead. These are robust against long-term changes.

the compensator was rotated in 10 steps of 50◦ . The polarizer was set at −45◦ , the analyzer at +45◦ . Each
spectrum was averaged over 500 pulses.
To compute the ellipsometric angles we utilize Moore-Penrose pseudo-inversion (ordinary least-squares regression) in a Müller matrix formalism for each photon energy and delay time [S1]: The Müller matrix of the
sample in isotropic or pseudo-isotropic configuration is given as


M11 M12
0
0
M12 M11
0
0 

Msample = 
(S2)
 0
0
M33 M34 
0
0
−M34 M33




1
− cos(2Ψ)
0
0
1
−N
0
0


−N
1
0
0
1
0
0
 .
 = M11 − cos(2Ψ)
= M11 


 0
0
0
sin(2Ψ) cos(∆) sin(2Ψ) sin(∆) 
0
C S
0
0
− sin(2Ψ) sin(∆) sin(2Ψ) cos(∆)
0
0
−S C

For each compensator angle αj , the Müller matrix M det,j shall represent a respectively oriented compensator
followed by an polarizer (analyzer) as in the experiment. Likewise, M prep shall represent the Müller matrix
of a polarizer at the angle of the polarizer in the experiment. Having measured N different configurations
(compensator angles) j = 1 . . . N , we can introduce a 4 × N setup coefficient matrix M̂setup . Its jth column can
be written as
 det,j prep

det,j
prep
M11 M11 + M12
M21

det,j
prep
det,j
prep 
−M11 M21 − M12 M11 
j
M̂setup
=  det,j
(S3)
prep
det,j
prep  .
 M13 M31

+ M14
M41
det,j
prep
det,j
prep
M13
M41
− M14
M31
~ containing the N intensity values Rj for each compensator angle αj , it holds
With the row vector R
~ M̂ T (M̂setup M̂ T )−1 .
M11 (1, N, C, S) = R
setup
setup

(S4)

Instead of using the ”pump & probe” intensity spectra Rjp (E), the reflectance difference signal (∆R(E)/R(E))j
is applied to ideal (theoretical) intensity spectra of the unexcited sample Rj00 (E) which are computed from
reference ellipsometry spectra. Hence, Rj = Rj00 (1 + (∆R/R)j ).
In a final step, the Müller matrix elements can be transferred to ellipsometric angles and the degree of
polarization (DOP ):
!
√
C2 + S2
1
−1
,
(S5)
Ψ = tan
2
N
 
S
−1
∆ = tan
,
(S6)
C
p
DOP = N 2 + C 2 + S 2 ,
(S7)
ii

requiring Ψ ∈ [0◦ , 90◦ ] and ∆ ∈ (90◦ , 270◦ ) if C < 0, ∆ ∈ (0◦ , 90◦ ) ∪ (270◦ , 360◦ ) if C > 0. It should be noted
that Ψ and ∆ are to first order unaffected by depolarization, i.e., the above equations intrinsically involve only
the non-depolarizing part of the Müller matrix. Depolarization results in M22 6= M11 = 1 in contrast to Eq. S2.
However, as in the experimental configuration the input polarization was chosen to be linear at azimuth angle
±45◦ , M22 is not probed and thus depolarization does not affect the data reduction. The non-depolarizing
Mueller matrix is obtained by replacing (N, C, S) by (N, C, S)/DOP .
Finally, the obtained data reveal an imprinted chirp of the white light, i.e. propagation through the CaF2
window and the support of the wiregrid polarizers caused light of longer wavelength to arrive earlier at the
sample than light of shorter wavelength. This is illustrated in Fig. S3. An even polynomial function is used to
describe this chirp and adjust the zero delay for each photon energy. Data is interpolated accordingly.

Figure S3: Experimentally obtained Müller matrix elements N , C, S during the first picoseconds. Top row: Data as obtained from
the experiment with clear indication of the chirped whitelight pulse. Black curves show the polynomial function used to describe
the true delay zero. Bottom row: Data after chirp correction by adjusting the zero positions for each photon energy.

iii

As described in the article, the obtained Müller matrix spectra N (E), C(E), S(E) were modeled by means of
transfer matrix calculations based on a model for a 30 nm ZnO film on fused silica substrate. While the optical
constants (DF) of the substrate are kept constant along all delay times, the DF of the ZnO film is individually
described by a B-spline function which is fitted to match the experimental Müller matrix spectra. Example
spectra are shown in Fig. S4.
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Figure S4: Example modeling of the obtained Müller matrix spectra N (E), C(E), S(E) for pump-probe delay -7 ps (black) and
200 fs (blue). The respective B-Spline DFs are shown at the right panel (ε1 dashed, ε2 solid lines).
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II. Error estimation
In order to estimate the errors of our ellipsometric parameters and obtained DF, different error sources need
to be considered. For the transient experiment, the most critical limitation in order to observe pump-induced
changes is the quality of the reflectance-difference raw signal. In order to estimate the error in ∆R/R, we show
the measured data at negative delays in Fig. S5. On average, the deviation is smaller than ±0.003 between 2
and 3.4 eV. However, it is clear that the data quality drops for large photon energies where less or no whitelight
is generated (3.6 eV marking approximately the maximum) as well as for lower photon energies where a filter
blocked the generating laser at 1.55 eV (1.8 eV being the current minimum energy for acceptable data).

Figure S5: Uncertainty of the measured ∆R/R signal for the first 10 delays set in the experiment. All 100 spectra (all 10
compensator angles) correspond to negative delays and were obtained more than 500fs before the pump pulse arrived. Thick black
lines illustrate ± the mean of the absolute values in order estimate the average maximum deviation from 0.

The obtained error bars for ∆R/R (thick black lines in Fig. S5) are the basis for Monte-Carlo simulations we
performed in order to estimate the largest possible error in N , C, S, Ψ, ∆. Those ellipsometric parameters can
also be represented as so called pseudo dielectric-function < ε > which would correspond to the material’s DF
in case of a semi-infinite, isotropic sample with perfect surface. It holds

2 !
1−ρ
2
< ε >= sin (AOI) 1 + tan(AOI)
,
(S8)
1+ρ
where AOI is angle of incidence and ρ = tan(Ψ) e−i∆ . The estimated error of < ε > can hold as a first
approximation for the error of the DF that we obtain for our film by modeling with the B-spline function.
Monte-Carlo simulations of our data reduction accounting for the uncertainties in ∆R/R result in statistical
errors for the ellipsometric parameters shown in Fig. S6. The shown standard deviations mark the limits of our
experimental setup in terms of sensitivity to pump-probe induced changes.
As a maximum-possible-error estimation of the systematic error, we performed the same Monte-Carlo simulations with assumed uncertainties for the azimuth angles of polarizers and compensator, as well as the retardance
of the compensator. All those errors can arise from slight mis-alignment. Additionally, the used reference ellipsometry data might have an error which we did not consider here. The results are shown in Fig. S7 where
the input uncertainties are given in the caption. As mentioned, this is an estimate for the largest possible
error that might result from experimental imperfections. Especially the assumed max. 10% uncertainty of the
compensator retardance are a worst-case scenario.

v

Figure S6: Statistical uncertainty arising from the uncertainty of ∆R/R as standard deviation obtained by Monte-Carlo simulations. These errors define the quality of the experiment.

Figure S7: Maximum total error given as standard deviation calculated by taking into account the uncertainty of ∆R/R, an
angle uncertainty of 0.5◦ for the polarizer, 1◦ for the analyzer and 0.55◦ for the compensator, as well as 10% uncertainty of the
compensator retardance. Statistics obtained by means of Monte-Carlo simulations.
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III. General sample characterization
Time-resolved photoluminescence (PL) spectroscopy conducted with a streak camera reveals information on the
temporal evolution of the occupation of electronic states. The sample was optically excited with 4.67 eV pulses of
a frequency-tripled Ti:Sapphire laser (3 MHz,150 fs,1 nJ). Figure S8 a shows the transient photoluminescence at
the absorption edge of ZnO (3.28 eV), which is much less intense compared to the defect luminescence centered
at 2.4 eV. This hints at the defect-rich crystal growth induced by the amorphous SiO2 substrate. The ratio of
near-band-edge to defect-related luminescence is not constant over the sample surface.
We model the transient UV-PL (Fig. S8 b, c) with onset τo and decay time τd of roughly 4 ps, which we
expect to be limited by the time resolution of our streak camera. The preferred radiative recombination channel
appears to be related to defect states having an order of magnitude higher onset τo = 60 ps as well as decay times
τd,1 = 80 ps and τd,2 = 415 ps. These time constants match the late absorption recovery that is observed in the
time-resolved ellipsometry experiment. The excited electron population seems to be not yet fully recombined
after 2 ns, corresponding to the time scale for vanished band bending observed in the time-resolved spectroscopic
ellipsometry data.
The X-ray data (Fig. S9) confirm c-plane orientation of the thin film and show the response of the amorphous
substrate. The FWHM of the ZnO (002) rocking curve is larger compared to other PLD-grown ZnO thin films
[S2]. The grain size is estimated to be on the order of the film thickness using the Scherrer formula.

Figure S8: a Time-resolved photoluminescence measured by a streak camera. The dashed lines indicate the transients shown in
panel b, c. Blue (red) lines indicate an exponential model fit to obtain characteristic onset (decay) times.
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IV. Optical transitions in ZnO
With the symmetry assignments of the bands according to [S3], the dipole-allowed transitions for the electric
field oriented perpendicular to the optic axis (E⊥c) in wurtzite ZnO (space group 186) are listed in table IV;
cf. also [S4, 5]. Only relevant bands at high-symmetry points of the Brillouin zone are considered and Koster
notation of the irreducible representations is used. Transitions for E k c are only allowed between states of the
same symmetry representation.
direction
Γ, ∆, A

point group
symmetry
6mm (C6v )

dipole operator
representation
Γ5

P, K, H

3mm (C3v )

Γ3

U, M, L

2mm (C2v )

Γ3

allowed transitions for E⊥c
Γ1
Γ3
Γ1
Γ3
Γ1

↔ Γ5 ,
↔ Γ6 ,
↔ Γ3 ,
↔ Γ3
↔ Γ3 ,

Γ 2 ↔ Γ5
Γ 5 ↔ Γ6
Γ 2 ↔ Γ3
Γ 2 ↔ Γ4

For the reciprocal-space directions corresponding to monoclinic Cs /C1h symmetry (R, Σ as ..m, and S, T
as .m.), where the c-direction of the crystal is parallel to the respective mirror planes, the assignment of band
symmetries and transitions is generally more complex. The dipole operator would transform generally like Γ1 ,
in some cases like Γ3 .

V. Charge-carrier density
Assuming linear absorption, the density N of photo-excited electron-hole pairs in the film can be estimated as


 

cos(θpump ) cos(θfilm )
αfilm dfilm
λpump
(1 − R) 1 − exp −
N ≈ Epulse
hc0
cos(θfilm )
(dpump /2)2 π dfilm
with
quantity
Epulse = 1 µJ
λpump = 266 nm
dpump = 400 µm
θpump = 40◦
θfilm = 19◦
dfilm = 30 nm
αfilm = (50 nm)−1
R = 0.2

meaning
pump pulse energy
pump photon wavelength
pump spot diameter
pump incidence angle
pump angle in the film (with refr. index n ≈ 2)
ZnO film thickness
ZnO absorption coefficient
surface reflectance

This formula accounts for reflectance losses and an effectively enlarged pump spot as well as film thickness
at oblique incidence. It does not account for reflectance from the film-substrate interface which increases the
absorption (in fact, here it would increase the intensity available for absorption by about 1%). With the
experimental parameters above, the effective energy density of the pump was about 500 µJ/cm2 , already taking
into account 20% reflection losses. With a penetration depth of 50 nm in ZnO, roughly 45% of the pump power
is absorbed in the film. The substrate is transparent for light of 266 nm wavelength. Furthermore, only about
87% of the entire pulse energy are contained within the 1/e2 area which defines dpump . However, the latter is
compensated by the non-even beam profile as we probe only the central 200 µm of the 400 µm diameter of the
excited area. With the numbers above given, one arrives at N ≈ 9.75 × 1019 cm−3 .
It should be noted that we assume linear absorption. In fact, absorption bleaching of the material can also take
place at the laser energy if the corresponding initial and final states are already empty or filled, respectively. This
effect can only matter if the excitation pulse is sufficiently short so that carrier scattering cannot compensate for
the bleaching during the time of the excitation pulse. In other words, there is a limit for the highest achievable
density of excited electron-hole pairs for ultrashort laser pulses. Even with higher pump power, parts of that
laser pulse would not be absorbed. This could be an explanation why the excitonic absorption peaks do not
completely vanish, meaning the excitation density is overestimated. However, the estimated number of excited
electron-hole pairs in the experiment here seems to be consistent with other works, using different pulsed laser
sources. Finally, there are preliminary indications that shorter laser pulses in the order of 20 fs instead of 35 fs
induce less IVB absorption. This hints at absorption bleaching.
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VI. Charge-carrier statistics
Upon optical pumping with a 266 nm (Epump = 4.66 eV) laser pulse, the excited electrons and holes obtain
different amounts of excess energy, related to their effective masses (parabolic band approximation) [S6]:
∆Ee =

Epump − Egap
,
1 + me /mh

Epump − Egap
1 + mh /me

∆Eh =

With a bandgap energy of Egap ≈ 3.4 eV, electron effective mass me = 0.24m0 [S7] and hole effective mass
mh = 0.59m0 [S8] (m0 being the free electron mass), it follows ∆Ee ≈ 0.90 eV and ∆E h ≈ 0.36 eV.
Assuming the free-electron/hole gas as an ideal gas, an average kinetic energy corresponding to the excess
energy ∆Ee/h is related to an effective temperature Te/h by
∆Ee/h =

3
kB Te/h
2

with Boltzmann factor kB . From this, we can estimate initial effective temperatures for the charge carriers as
Te ≈ 7000 K and Th ≈ 2800 K.
While the effective charge-carrier temperatures express directly the average excess energy of excited electrons
and holes, their density Ne = Nh is given as [S9]:
 e



EF − ECB
2
EVB − EFh
2
,
Nh = NV F1/2
Ne = NC F1/2
π
kB Te
π
kB Th
with the Fermi-Dirac integral F1/2 . ECB/V are the energies of the conduction-band minimum and valence-band
maximum, respectively. The effective densities of states (DOS) at the conduction band minimum and valence
band maximum are, respectively
NC = 2



me kB Te
2π~2

3/2

,

NV = 2



mh kB Th
2π~2

3/2

It can be estimated that NC (Te ≈ 7000K) ≈ 3.3 · 1020 cm−3 and NV (Th ≈ 2800K) ≈ 3.2 · 1020 cm−3 for the
estimated carrier temperatures 1 . However, it should be noted that the temperature dependence of those
effective DOS’s results only from a substitution of the integrating variable from E to E/kB Te/h when expressing
Z
e/h
Ne/h = DOS(E)/(1 + e(E−EF )/kB Te/h ) dE
(S9)
1 At

room temperature, NC ≈ 3 · 1018 cm−3 and NV ≈ 1 · 1019 cm−3
Charge carrier excess energy (eV)
0.0
6

0.2

0.4

0.6

0.2

0.4

0.6

0.8

1.0
b

a

electrons

5

Fermi-Dirac distribution
1.0 0.0

0.8

holes

Energy (eV)

4

3

2

1
max

Te h
0

-1

-2
0

1000 2000 3000 4000 5000 6000 7000

0

Temperature (K)

2

4

6

8

numeric DOS

Figure S10: Quasi Fermi-energies and distributions at high charge-carrier temperature: a: quasi Fermi-energies for
electrons (black) and holes (red) depending on the carrier temperature for a fixed carrier density of 1020 cm−3 . Lines represent
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e/h

through F1/2 as above. When estimating quasi Fermi-energies2 EF for the hot charge carriers, it is important
to understand both, their dependence on carrier density and temperature. Zero-temperature approximations
as introduced in Eq. 5 in the article to account for excitonic corrections do not hold any more. At a given
temperature, a higher carrier density will clearly shift the quasi Fermi-energies towards/into the respective
bands, i.e. EFe increases and EFh decreases. However, the effect of high temperatures (at a given carrier density)
is more sophisticated: Evaluating the Fermi-Dirac integral with constant prefactors NC/V shows that the quasi
Fermi-energies would shift further towards/into the bands if the effective temperatures are higher. On the other
hand the temperature dependence of NC/V yields exactly the opposite and is even more dominant. Thus, in
total, despite the high density of charge carriers, the quasi Fermi-energies are pushed into the bandgap due to
the high carrier temperatures. Fitting the Fermi-Dirac integral to the initial density Ne/h ≈ 1020 cm−3 results
in estimates on the order of EFe − ECB ≈ -660 meV and EVB − EFh ≈ -260 meV for the above-obtained effective
temperatures. This means that both quasi Fermi-energies are within the bandgap, which is consistent with the
numerical first-principles computations, see Fig. S10. Compared with the intrinsic Fermi energy EF which is
typically close to the conduction-band minimum due to intrinsic free electrons, EFe is shifted even further into
the bandgap.
It should be noted that those estimates rely on parabolic approximations. The non-parabolicity of the
bands yields another strong increase of the DOS through increasing effective masses for energies far from the
minimum of the conduction and maximum of the valence band. A doubled effective mass causes the distances
of the quasi Fermi-levels to the valence/conduction band maximum/minimum to increase to roughly twice the
calculated values. For the conduction band with the obtained carrier temperature Te we can estimate from
a non-parabolicity parameter on the order of 0.4 eV−1 [S10] that EFe − ECB should be in the order of 1 eV
below the conduction band minimum [S11]. Assuming a similar non-parabolicity for the valence band results
consequently in EVB − EFh ≈ −300 meV.

VII. Charge-carrier screening
It is interesting to estimate the plasma frequencies related to the electrons and holes. With the above-mentioned
parabolic masses, we obtain for the unscreened plasma frequencies for Ne = Nh = 1020 cm−3
s
s
Ne e 2
Nh e 2
h
e
≈ 1150THz ,
ωp0 =
≈ 730THz .
ωp0 =
ε0 m e
ε0 m h
These values correspond to 0.76 eV and 0.48 eV for electrons and holes, respectively, and are hence much larger
than the LO phonon energies of about 72 meV. Screening occurs on the time scale of a period of plasma
oscillations, hence 2π/ωp0 ≈5.5 fs and 8.6 fs for electrons and holes, respectively.
Assuming ε∞ ≈ 4, the screened plasma frequencies are
s
s
2
N
e
Nh e 2
e
ωpe =
≈ 580THz ,
ωph =
≈ 370THz .
ε0 ε∞ m e
ε0 ε∞ mh
These values correspond to to 0.38 eV and 0.24 eV, which one plasma oscillation period being 11 fs or 17 fs. Note
that ε∞ decreases immediately after pumping.
Finally, taking into account that electrons and holes are not independent of each other when it comes to plasma
−1
oscillations, me and mh have to be replaced by the effective excitonic mass meh = 1/(m−1
e + mh ) ≈ 0.17m0 .
We obtain effective unscreened and screened plasma frequencies as follows:
s
N e2
eh
≈ 1370THz ,
ωp0 =
ε0 meh
s
N e2
ωpeh =
≈ 680THz .
ε0 ε∞ meh
Respective plasma energies and period times are 0.45 eV (0.90 eV) and 9.2 fs (4.6 fs) respectively for the screened
(unscreened) definitions. In any case, screening occurs instantaneous within the temporal resolution of our
experiment.
Similarly, we can estimate the Debye screening lengths for the hot charge carriers:
r
r
ε0 kB Te
ε0 kB Th
e
h
λD =
≈ 5.8Å ,
λD =
≈ 3.7Å .
Ne e 2
Nh e 2
2 The

term Fermi energy or Fermi level is used in consistency with most literature on semiconductors. However, precisely spoken,
we refer actually to the chemical potential and note that Fermi energy is the limit of the chemical potential at zero temperature.

x

Hence, the high density of the charge carriers reduces the screening to a length scale corresponding to the unit
cell of the ZnO crystal. The effective screening length by electrons and holes acting at the same time can be
estimated according to Versteegh et al. [S12] to
λD =



1
1
+ h2
e
2
λD
λD

−1/2

≈ 3.1Å .

This is to be compared to the exciton Bohr radius aB which is about 2 nm in ZnO. It proves that we expect to
have exceeded the Mott transition by far. In contrast to the simple comparison of only carrier densities to the
Mott density, the estimate here accounts also in a simple manner for the high effective carrier temperatures.
The related Thomas-Fermi wave-vectors3
e
qTF
=

1
≈ 1.7 · 109 m−1 ,
λeD

h
qTF
=

1
≈ 2.7 · 109 m−1
λhD

can be compared to the wave vectors corresponding to electrons and holes at the given effective temperatures
assuming parabolic bands (cf. Ehrenreich [S13]):
r
r
2me kB Te
2mh kB Th
9 −1
≈ 1.9 · 10 m ,
qh =
≈ 1.9 · 109 m−1 .
qe =
~2
~2
Non-parabolicity of the bands will increase these values significantly. As the estimated quasi Fermi-energies are
within the band gap, these wave-vector values here can be understood as an equivalent to Fermi wave-vectors
in the parabolic approximation. According to Ehrenreich, screening of the electron-phonon interaction would
e/h
vanish if qe/h  qTF . This is not the case within the parabolic approximation. Hence, it can be assumed that
both, the electron-phonon coupling (Fröhlich coupling constant) is reduced and the LO phonon energy is shifted
due to the free charge-carriers (red shift as lower phonon-plasmon branch for large plasma frequency). However,
e/h
qe/h  qTF may become true when the nonparabolicty of the bands is taken into account. This could explain
a suppression of the screening.

3 The

approximation of Eq. 4 in the article, as used for the zero-temperature excitonic correction, is not valid any more because
e/h
kB Te/h  |ẼF | is not fulfilled. It holds kB Te ≈0.60 eV and kB Th ≈0.24 eV.
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VIII. Comparison of the experimental dielectric function of excited ZnO
with theoretical approaches
VIII.I. First-principles simulations of excited electron-hole pairs at finite temperature
Complementary to Fig. 4 d of the main text, Fig. S11 shows the computed imaginary part of the DFs and, again,
their differences between highly excited and unexcited state, along with experimentally obtained data. In the
unexcited case (solid line and filled symbols in panel b), the discrepancy between model and experimental data
arises mainly from the fact that the exciton absorption of the ZnO film is smeared out due to the surface pinning
of the Fermi level. Hence, the computed DF overestimates the excitonic absorption of our film. In the excited
case (dashed line and open symbols), the exciton absorption does not fully disappear although that would be
expected from the computation. Furthermore, the theoretical model does not describe the EPC that we see in
the experimental data. As discussed in the main text, contributions from phonon-assisted processes might also
be the reason why the computed IVB is much smaller than the the experimentally observed one.
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Figure S11: Obtained versus computed ε2 for high carrier excitation: a: Experimental and computed difference of the
imaginary part ε2 of the DF for excited vs. non-excited ZnO. Symbols represent the difference from experimental data at -10 ps
and 200 fs, lines the computed difference when assuming no or 1020 cm−3 excited charge carriers with effective temperatures of
2800 K for holes and 7000 K for electrons. The inset shows a zoom into the IVB absorption range. b: Related ε2 spectra.

VIII.II. Existing models for highly excited ZnO and comparison to conventional
transient spectroscopy
In comparison to ellipsometry, conventional reflectance and transmittance measurements lack any phase information of the electromagnetic waves interacting with the sample. This is usually compensated for by before-hand
assumptions on the physical processes that, however, can lead to incorrect conclusions. Reflectance and transmittance spectra can be reconstructed from the knowledge of the DF. We generate reflectance spectra based
on the DF obtained by time-resolved spectroscopic ellipsometry and compare them to theoretical values of Versteegh et al. [S12] which were refined by Wille et al. [S14]. The underlying DF of Wille et al. allows to explain
gain and lasing mechanisms in ZnO micro- and nanowires [S15]. Both theoretical approaches are based on a
solution of the Bethe-Salpeter equation [S16] for a simplified ZnO-like bulk system. The reflectance spectra are
exemplary for various different pump-probe reflectance studies on ZnO [S17, 18, 19, 20]. Symbols in Fig. S12
show the DF as obtained in this work at selected pump-probe time delays; lines represent theoretical curves
according to Wille et al. for various carrier densities. Both studies find a decrease in the real and the imaginary
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Figure S12: Obtained DF vs. DF model and conventional spectroscopy: a: DF of highly excited ZnO. Symbols represent
the spectra obtained in this work at three different delays after photo-excitation. Lines (only for higher photon energies around
the band edge) show the expected spectra according to the model of Wille et al. for three different charge-carrier densities. b:
Computed transient reflectance and c: transmittance difference spectra at normal incidence for a 30 nm thin ZnO film on fused
silica substrate according to the DF’s in a. Note that although IVB absorption sets in, transmittance at lower energies increases
upon pumping while reflectance decreases. This is caused by the lowered refractive index.

part of the DF with increasing carrier density. The model of Wille et al. is about 100 meV blueshifted and
predicts ε2 < 0 which can lead to optical gain and lasing. This is not observed in our experiment due to the
reflection geometry. Optical gain can only occur due stimulated emission which produces photons of equal wave
vector (magnitude and direction). So-called gain spectroscopy has only been reported in transmission geometry.
Furthermore, it is seen that the theoretical curve of Wille et al. is not able to explain the features related to
exciton-phonon complexes at 3.4 eV since electron-phonon interaction is neglected in the model. In the spectral
range far below the band gap which is not covered by Wille et al., we find increased absorption which is related
to the IVB absorption.
The relative difference spectra of reflectance (panel b in Fig. S12) and transmittance (panel c) and are computed for a structure consisting of 30 nm c-plane oriented ZnO on a fused SiO2 substrate which is equivalent
to the sample studied in this work. Reflection from the substrate backside is ignored. Changes around the
absorption edge of ZnO are on the same order of magnitude for both, using the DF from theoretical model
(lines) and applying the DF obtained in this work. Surprisingly, in the spectral range of the IVB aborption the
transmittance is increased although absorption appears. It is clear that the increased transmittance is related
to decreased reflectance caused by the decrease in ε1 and hence refractive index. This is in accordance with the
Kramers-Kronig relations and is related to both, the occurring IVB absorption as well as the absorption bleaching at the absorption edge. We would like to emphasize here that interpretation of the conventional reflectance
or transmittance changes can lead to erroneous conclusions about their physical origin because effects caused
by changes in the real and imaginary part of the DF cannot be separated. Assuming a non-varying refractive
index is insufficient and retrieval by exploiting the Kramers-Kronig relations is usually hampered by the limited
spectral range.
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Chapter 2 Transient charge-carrier and lattice dynamics in photo-excited semiconductors

2.3.2 Transient birefringence and dichroism in ZnO studied with
fs-time-resolved spectroscopic ellipsometry
The full transient DF tensor of ZnO in the spectral range 1.4 eV3.6 eV was obtained by
means of femtosecond spectroscopic ellipsometry measurements on an m-plane-oriented
ZnO thin lm [C4]. The material ZnO serves as a prototype, because it has a hexagonal crystal structure, which leads to the simplest form of optical anisotropy namely
birefringence and dichroism. By measuring the sample in two dierent orientations,
changes in the real and the imaginary part of the DF as well as changes in birefringence and dichroism are distinguished. The transient DF is supported by rst-principles
simulations, that agree well with the experimental data. Pump-induced switching from
positive to negative birefringence is found in almost the entire measured spectral range,
which lasts for about 1 ps. A line-shape model of the transient DF including excitonphonon complexes [188] was employed and revealed the transient exciton energy, which
features a maximal dynamic increase by 80 meV. Detailed analysis of the spectral onset
of absorption hints on the electronLO-phonon interaction as the cause for the Urbachrule absorption [190, 191]. Similar to the polar c-plane-oriented ZnO thin lm [C2],
excitonic absorption withstands carrier densities higher than the Mott density, which
suggests the presence of Mahan excitons [15, 174]. Inter-valence-band absorption [189]
on the sub-picosecond time scale reveals a slight dichroism, that can be explained by
optical selection rules for ZnO [192]. This work shows that time-resolved spectroscopic
ellipsometry is a suitable tool to investigate transient optical anisotropy induced by
intense photo-excitation. Stronger anisotropy resulting from lower symmetry of the investigated system could be covered by measuring more orientations of the sample at
several angles of incidence. The manuscript is supplemented by experimental details
and sample characterization, additional plots of the DF and discussion of the Urbachrule analysis. The data sets of the transient DF and the transient exciton energy are
provided as text les in the supplementary data of Ref. [C4].
This work is reprinted on the basis of the public license CC BY 4.0.
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The full transient dielectric-function (DF) tensor of ZnO after UV-laser excitation in the spectral range
1.4–3.6 eV is obtained by measuring an m-plane-oriented ZnO thin film with femtosecond (fs)-time-resolved
spectroscopic ellipsometry. From the merits of the method, we can distinguish between changes in the real
and the imaginary part of the DF as well as changes in birefringence and dichroism, respectively. We find
pump-induced switching from positive to negative birefringence in almost the entire measured spectral range
for about 1 ps. Simultaneously, weak dichroism in the spectral range below 3.0 eV hints at contributions of
inter-valence-band transitions. Line-shape analysis of the DF above the band gap based on discrete exciton,
exciton-continuum, and exciton-phonon-complex contributions shows a maximal dynamic increase in the transient exciton energy by 80 meV. The absorption coefficient below the band gap reveals an exponential line shape
attributed to Urbach-rule absorption mediated by exciton–longitudinal-optic-phonon interaction. The transient
DF is supported by first-principles calculations for 1020 cm−3 excited electron-hole pairs in ideal bulk ZnO.
DOI: 10.1103/PhysRevResearch.3.013246

I. INTRODUCTION

Transient optical properties [1,2] represented by the dielectric function (DF) following ultrafast laser excitation can be
obtained using time-resolved spectroscopic ellipsometry (tSE)
[3,4]. In contrast to conventional pump-probe experiments
that do not investigate the change in light polarization upon reflection (transmission), spectroscopic ellipsometry measures
simultaneously relative amplitude and phase information of
the reflected (transmitted) electromagnetic fields [5]. This
allows a clear distinction between changes in extinction
coefficient and refractive index. Polarization- and directiondependent (anisotropic) optical properties are described by a
DF tensor with at least two different tensor components [6]. In
the regime of linear optics, the literature on transient optical
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anisotropy at the femtosecond time scale is mostly focused on
circular dichroism [7–13]. Transient linear dichroism was obtained from single-wavelength stimulated Raman-scattering
measurements [14,15]. Transient off-diagonal DF tensor elements can be obtained from magneto-optical Kerr-effect
measurements [16]. All these effects of transient optical
anisotropy can be studied individually, but they are subsumed
in the underlying material properties, which means in general
the transient DF. Although some of the mentioned setups seem
to be capable of providing the data necessary for obtaining the
full DF tensor, this has not been demonstrated.
In this paper, we report the full transient DF tensor of ZnO
in the spectral range 1.4–3.6 eV obtained by tSE. We choose
the prototypical wide-band-gap semiconductor ZnO [17,18]
for this study because its wurtzite crystal structure leads to the
simplest form of optical anisotropy—namely, birefringence
and dichroism [6]. In addition, the strong carrier–longitudinal
optic (LO)-phonon interaction in ZnO has a significant effect
on the optical properties of ZnO [19,20]. Hence the transient
DF might hint on anisotropic carrier-phonon interaction upon
laser excitation. Earlier time-resolved spectroscopy studies
on ZnO in the reflection [3,21–24] or transmission [21,25–
27] configuration mostly neglected its anisotropic optical
properties.
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III. DATA ANALYSIS

The complex-valued dielectric function ε is typically written as
ε = ε1 + iε2 = (n + iκ )2 ,

FIG. 1. (a) Sketch of the Brillouin zone of ZnO near the 
point indicating relevant optical transitions along with the carrier
distribution after thermalization (a few hundred femtoseconds). The
pump transitions are indicated by violet arrows. Carrier-carrier scattering results in broad Fermi-Dirac distributions of electrons (filled
circles) in the conduction band and holes (open circles) in the valence
bands. (b) These hot carriers feature effective temperatures of several
thousand kelvins, which results in their quasi Fermi level (chemical
potential, dashed lines) being shifted into the band gap. Band-to-band
transitions indicated by black arrows are partially blocked. (Adapted
from Ref. [3].)
II. EXPERIMENT

The pump-probe-based tSE setup [28] is driven by a
kilohertz-repetition-rate Ti:sapphire laser (35 fs FWHM pulse
duration) that generates UV-pump and white-light probe
pulses. Polarization-resolved reflectance-difference spectra
are acquired in polarizer-sample-compensator-analyzer configuration by scanning an optical delay line up to 5 ns
at various compensator azimuth angles. The ellipsometric
spectra (isotropic Mueller matrix elements N, C, and S
[5]) at a given time delay t are reconstructed from the
reflectance-difference spectra after noise reduction [29] and
chirp correction (Appendix A). The spectral and temporal
bandwidths amount to 5 nm in the near-UV and about 100 fs,
respectively. The angle of incidence is 60◦ for the probe beam
and 54◦ for the pump beam, respectively. A sketch of the setup
is provided in Ref. [28]. All experiments were conducted at
room temperature.
We investigate an m-plane-oriented ZnO thin film of 38 nm
thickness (1 nm surface roughness) grown by molecular-beam
epitaxy (MBE) on an m-plane sapphire substrate [30]. X-ray
diffraction measurements confirm the single-crystal nature
of the thin film and its precise crystallographic orientation.
The structural characterization of the sample is detailed in
Appendix B. The material’s optic axis is oriented parallel to the sample surface. The sample is thin enough to
assume approximately homogeneous excitation by a nonresonant 4.67-eV (266 nm, polarization horizontal to the plane of
incidence) pump pulse with 50 nm penetration depth [31]. The
substrate is transparent for the pump light. The pump fluence
at the sample amounts to 720 μJ/cm2 such that the estimated
density of excited electron-hole pairs is 3 × 1020 cm−3 . We
sketch the relevant electronic transitions for 4.67 eV optical
excitation near the  point in Fig. 1 along with the carrier
distribution after thermalization [3].

(1)

where the second equality shows the connection to the complex index of refraction composed of the refractive index n
and the extinction coefficient κ [6,32]. The absorption coefficient is then α = 4π κE /hc (with photon energy E , Planck’s
constant h, and speed of light c). In the case of ZnO [17], the
wurtzite crystal structure entails a DF tensor of the form
⎛ sc
⎞
ε
0
0
0 ⎠,
ε = ⎝ 0 εsc
(2)
0
0 εpc
with the DF tensor components for polarization perpendicular
(εsc ) and parallel (εpc ) to the optic axis [insets in Figs. 2(a)
and 2(b)]. Therefore two spectroscopic ellipsometry measurements with perpendicular and parallel orientation of the optic
axis to the plane of incidence at the same spot on the sample
are combined to obtain the full DF tensor. The simultaneous
treatment of multiple measurements poses no source of error
in the data analysis, if (1) the sample is not modified over
the duration of the measurements and (2) equal excitation
conditions are provided for the individual measurements. In
our experiment, condition (1) is fulfilled because the pump
fluence is well below the ablation threshold of ZnO (a few
J/cm2 ) [33–35]. Condition (2) is also fulfilled because the
excited carrier density is almost equal for the two orientations
of the sample, which is related to the similar reflectance (2%
difference) at the pump photon energy.
The numerical DF tensor components were obtained from
a wavelength-by-wavelength analysis of the measured ellipsometric spectra using a transfer-matrix model [36]. Surface
roughness was implemented via the Bruggeman effectivemedium approach [37], and the substrate DF was taken
from a reference measurement. The numerical approach does
not require any beforehand assumptions on the line shape
of the DF.
IV. TRANSIENT DIELECTRIC-FUNCTION TENSOR

Figures 2(a) and 2(b) feature the spectra of the DF tensor components εsc and εpc of the ZnO thin film at selected
pump-probe delays t directly after pumping (left column,
“excitation”). The right column of Fig. 2 (“relaxation”) shows
the recovery of the DF to its steady-state value starting
approximately 1 ps after arrival of the pump pulse. The transient birefringence ne − no and dichroism κe − κo spectra [38]
shown in Figs. 2(c) and 2(d) are calculated from the DF
tensor components [39]. Complex-plane representations (see
Appendix E) of the DF tensor components are depicted in
Figs. 3(a)–3(d). First-principles DF tensor components are
shown as dashed gray lines. See Appendix C for technical
details about the first-principles calculations. Transient evaluations are shown in Fig. 4. See the Supplemental Material
for surface plots of the transient DF [40].
At negative t [41], the reference DF obtained from a
commercial ellipsometer is reproduced (black dotted lines in
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FIG. 2. Transient DF tensor components (a) ε2sc and (b) ε2pc as well as (c) birefringence and (d) dichroism [38] at selected time delays
t obtained using wavelength-by-wavelength analysis. The left column comprises time delays around t = 0 (excitation), whereas the right
column shows t  1 ps (relaxation). The blue rectangles (insets) feature the orientation of the optic axis (single arrow) in the sample in
relation to the direction of the DF tensor components (double arrow). The dashed gray lines show the results from first-principles calculations
accounting for 1020 cm−3 excited charge carriers at elevated temperatures [3], and the dotted black lines correspond to the reference spectra
obtained with a commercial ellipsometer. The black arrows mark a peak structure in ε2sc which is observed for t = 1 ps and leads to a
characteristic loop in the complex-plane representation (Fig. 3).

Fig. 2). The maximum in ε2sc (ε2pc ) is associated with excitonic absorption from the light-hole and heavy-hole (split-off)
valence bands according to optical selection rules [19]. The
spin-orbit splitting amounts to about 36 meV [42], which

determines the difference of the exciton energy of ε2sc and
ε2pc . The fine structure due to the crystal-field splitting (light
and heavy holes) cannot be resolved at room temperature
[42]. Thus we model the exciton resonance in ε2sc by a single

FIG. 3. Complex-plane representation (see Appendix E) of the DF tensor components in Figs. 2(a) and 2(b). The energy increases along
the counterclockwise direction of the curve. The dashed gray lines show the results from first-principles calculations accounting for 1020 cm−3
excited charge carriers at elevated temperatures [3], and the dotted black lines correspond to the reference spectra obtained with a commercial
ellipsometer. The black arrows mark a peak structure in ε2sc which is observed for t = 1 ps and leads to a characteristic loop in the complexplane representation.
013246-3
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FIG. 4. (a) Integrated value of ε2sc (black) and ε2pc (red) in the
spectral range 1.4–2.8 eV in units of meV. Note the horizontal axis
break at 1 ps. (b) Integrated value of ε2sc (black) and ε2pc (red) in the
spectral range 2.8–3.6 eV in units of meV. (c) Transient exciton energy EX (same color code as in previous panels) as obtained from the
line-shape-model equations (3a)–(3c) (squares and triangles) and the
read-off peak energy (crosses). The read-off peak energies are rigidly
shifted by −20 meV such that they agree with the steady-state values
from the oscillator model. The exciton energy cannot be determined
from the line-shape analysis when most of the absorption is shifted
out of the measured spectral range. The dashed lines indicate the
respective steady-state exciton energies.

oscillator (3a). The thin film is transparent for photon energies
below 3.2 eV and exhibits positive birefringence in this spectral range. With increasing photon energy, both birefringence
and dichroism display a negative-valued minimum followed
by a positive-valued maximum, which is an effect of the
aforementioned selection rules.
For small positive time delay t, the absorption above the
band gap represented by ε2 is strongly damped, accompanied
by the simultaneous decrease in ε1 . This is clearly visualized
by the shrinking radius of the semicircle of the DF in complexplane representation [Figs. 3(a) and 3(b)]. At t = 0, the
absorption edge is already smeared out and strongly decreased
[Figs. 2(a) and 2(b)]. We observe ε2 > 0 in the spectral range
3.0–3.3 eV. The line shape of the corresponding absorption
coefficient (Fig. 6) appears monoexponential, reminiscent of

Urbach-rule absorption [43,44]. Remarkably, the corresponding birefringence [Fig. 2(c)] switches from positive—being
the steady state—to negative until t ≈ 400 fs, and the local
peak structures above 3.2 eV almost disappear completely in
both birefringence and dichroism.
In addition, we observe a simultaneous shift of the absorption edge to higher photon energies [Figs. 2(a) and 2(b)].
The largest blueshift is reached after 700 fs when ε2sc (ε2pc )
has become zero up to 3.33 eV (3.38 eV) and most of the
spectral weight of the absorption is shifted out of the measured
spectral range also demonstrated by the integrated value of ε2
in Fig. 4(b) [45]. The exciton peak is not observed anymore
at the original peak position; instead a flat edge occurs around
3.6 eV [Figs. 2(a) and 2(b)] which transforms back to a clear
peak structure (marked by a black arrow) not until 1 ps has
passed. This peak structure produces a loop in the complexplane representation of the DF [Figs. 3(a) and 3(c)]. For ε2pc ,
we expect a similar peak to occur just above our measured
spectral range. Birefringence changes back from negative to
positive in the entire spectral range between t = 0.2 and 1
ps [Fig. 2(c)]. Absorption recovery starts from higher energies
for t > 1 ps [Figs. 2(a) and 2(b)] concomitantly shifting
to lower energies and is not yet fully completed after 5 ns
[Fig. 4(c)].
Broad weak absorption channels in the band gap [Figs. 2(a)
and 2(b) and Supplemental Material] with indications for a
local maximum around 1.7 eV are rapidly induced by the
pump laser pulse also seen in the integrated ε2 [Fig. 4(a)].
The related dichroism [Fig. 2(d)] is small, but a tentative local
minimum is located at 2.2 eV at t = 1 ps. The maximal
amplitude of the integrated absorption is reached after 100 fs
(i.e., instantaneous within the temporal resolution of our experiment) for both tensor components. These broad absorption
channels vanish with a characteristic time of 1 ps [Fig. 4(a)]
and are not observed anymore after 20 ps.
V. DISCUSSION

For both DF tensor components εsc and εpc , transient physical parameters are extracted from a line-shape analysis of the
imaginary part of the numerical DF ε2 = ε2X + ε2cont + ε2EPC in
the spectral range above 3.0 eV. The line shape is based on Elliott’s model [46] including a Gaussian broadening parameter
γ and extended by exciton-phonon complexes [20,47]:
ε2X (E )
ε2cont (E )


3 
AX  1
[E − EX (n)]2
= 2
exp
−
E n=1 γ n3
γ2
E −EG
AC 1 + erf γ
= 2
,
E 1 − exp (−2ξ )

ε2EPC (E ) = AEPC

2



bm−1 ε2X (E − mEPh ) .

, (3a)

(3b)
(3c)

m=1

Contributions of discrete exciton transitions at energies
EX (n) = EG − EBX /n2 with binding energy EBX and band
gap EG are represented by ε2X . We take n = 1, 2, 3 exciton states into account [48]. Exciton-continuum contributions
are parametrized by ε2cont , where ξ 2 = π 2 |EBX /(E − EG )|. AX
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FIG. 5. Line-shape analysis of the steady-state spectra for
t < 0 (black lines) of the wavelength-by-wavelength DF of ε2sc
(squares) and ε2pc (triangles) using the oscillator-model functions
(colored areas) given in Eqs. (3a)–(3c). The oscillator-model functions are shown here for ε2pc only.

and AC are amplitude parameters proportional to the corresponding transition matrix elements [19]. Exciton-phonon
complexes (EPCs) [19,49] are modeled via ε2EPC , where EPh is
an effective energy of the phonon cloud constituting the EPC.
AEPC is the overall amplitude factor, and b is the amplitude ratio of
the (m + 1)st to the mth phonon replica such that FEPC =
AEPC m bm−1 expresses the ratio of the EPC to the discrete
exciton contribution [49]. The parameters γ , EBX , AEPC , and
b are assumed to be identical for both DF tensor components
ε2sc and ε2pc to discard correlations. Furthermore, a constant
offset of 36 meV between the band-gap parameters EXsc and
EXpc is assumed [42], which means that we neglect a shift
between the topmost and the split-off valence band. The EPC
peaks are not clearly observed in the spectra [Figs. 2(a) and
2(b)], but their contribution is still necessary for a physically
meaningful line-shape fit [20,49]. Therefore we approximate
Eph = 50 meV in the line-shape analysis in accordance with
the literature [3,20,49]. Due to these assumptions, we cannot
directly deduce information on the transient electron-phonon
interaction from the line shape of the EPC.
Line-shape-model spectra for the steady-state DF are
shown in Fig. 5. The colored areas correspond to the contributions of discrete excitons and exciton-phonon complexes
as well as exciton-continuum contributions. Model parameters
for the steady-state spectra are tabulated in Table I. The
steady-state exciton energy EX is about 60 meV larger than the
literature value [42], consistent with the heteroepitaxial thin
film being under residual compressive in-plane strain [30].
TABLE I. Model parameters of the steady-state DF spectra as
shown in Fig. 5. See Eqs. (3a)–(3c) and the text for definitions. The
broadening parameter γ = 83 meV.
Parameter
AX (eV3 )
AC (eV2 )
EX (n = 1) (eV)
FEPC

ε2sc

ε2pc

1.97
12.67
3.38
0.19

2.11
13.54
3.41
0.19
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FIG. 6. Transient absorption coefficient corresponding to the
ordinary and the extraordinary [38] ray for t = −300 fs
(blue) to 300 fs (red) in steps of 100 fs. The vertical dotted lines indicate the position of the free-exciton energies in ZnO for polarization
either parallel or perpendicular to the optic axis, which coincide with
the high-energy limit of the exponential line shape of the absorption
coefficient. The circles mark a crossing region of the slope lines,
which is indicative of Urbach-rule absorption [43,52].

We obtain FEPC = 0.19, which implies that the EPC contribution to our thin-film DF compared with discrete exciton
contributions is rather weak [20,49]. The transient exciton
energy EX is depicted in Fig. 4(c). The range of time delays
−100 fs < t < 3 ps is excluded from the line-shape analysis
because the model parameters are uncertain for these t,
where the absorption peak is not observed anymore in the
measured spectral range. Instead, the peak position is simply
read off from the maxima in the ε2 spectra [Figs. 2(a) and
2(b)] to approximate the exciton energy, which is slightly
lower than the true peak energy. The transient exciton energy
EX is increased by 80 meV at most after 3 ps and remains
close to this value for another 3 ps. We conclude that in this
case the increase in EX due to band filling (Pauli blocking)
and reduction in EBX dominate over the decrease in EX due to
band-gap renormalization [50]. The steady-state value of EX
is almost reached again after 20 ps, followed by a minimum
observed for t ≈ 200 ps similar to Ref. [3]. The minimum
can be qualitatively explained by a maximum of the transient
lattice temperature [1,51] leading to a decreased band-gap
energy. After 5 ns, the transient exciton energy EX is still
about 10 meV lower than its steady-state value. Similarly,
neither birefringence nor dichroism is fully restored yet. This
observation can be a result of persistent carrier trapping [27].
However, we expect complete relaxation within 1 ms [51].
The absorption edge (Fig. 6) is smeared out upon optical excitation starting at t = −100 fs until about t =
300 fs and shows an exponential line shape whose slope lines
intersect approximately at a single point. These observations indicate Urbach-rule absorption [43,52]. As originally
reported by Urbach [53], the slope lines of the absorption
coefficient cross at a common point for varying lattice temperature. However, the lattice temperature should not have
changed much until t = 300 fs. Considering the intense
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excitation of optical phonons (the hot-phonon effect [2]), it is
also not clear whether the lattice temperature is a well-defined
parameter in this nonequilibrium situation. See Appendix F
for further discussion.
The physical origin of Urbach-rule absorption lies in the
presence of microscopic (possibly stochastic) electric-field
distributions, which are able to ionize the excitons [54]. Such
electric fields can arise from defects in the crystal lattice,
from disorder, or from a local lattice deformation [44,54,55].
Even if the MBE-grown ZnO thin film is subject to an
anisotropic strain relaxation governed by interfacial dislocations [56], we suggest the exciton–LO-phonon interaction,
which is paramount for the optical properties of polar semiconductors, to be responsible for the exponential line shape of
the absorption coefficient: The charge carrier relaxation generates hot phonons that perturb the lattice potentials, which
then act like disorder on the excitons. Furthermore, free excitons are still available exactly on the time scale of the
appearance of Urbach-rule absorption t = −100 to 300 fs
and become screened by the high carrier density later on
[57]. Only weakly correlated electron-hole pairs (so-called
Mahan excitons [58,59]) exist for high carrier density, which
we assign to the peak structure in the DF after 1 ps [arrows in
Figs. 2(a), 3(a), and 3(c)] as observed earlier [3].
The high-energy limit of the exponential absorption coefficient appears to coincide with the steady-state exciton energy
([60], vertical dotted lines in Fig. 6) without the blueshift due
to the residual strain [42]. The spectral position of this feature
does not change much (about 10 meV blueshift) [61]. The
built-in electric field induced by the residual strain could be
screened by the excited charge carriers. This observation hints
again at the exciton–LO-phonon interaction as the decisive
mechanism for the Urbach-rule absorption in this case [44].
Interestingly, the exciton energy seems to be stable on
the time scale of the abovementioned Urbach-rule absorption (until t = 300 fs, Fig. 6) and increases only afterwards
[Fig. 4(c)]. We speculate that this is related to the carrier density of states near the valence-band (VB) maximum
and conduction-band (CB) minimum: These states become
occupied only after thermalization among the carriers taking
200 fs (400 fs) for holes (electrons) [3]. Hence many-body effects modifying the transient exciton energy would set in only
after carrier thermalization, i.e., establishment of a FermiDirac distribution (further explanation below), which is in
accordance with earlier investigations [62].
The photoexcited electron-hole pairs are expected to feature optical properties that can be described by the Drude
model in the IR spectral range [50]. In Fig. 7 we compare
the transient DF ε sc (symbols) at t = 200 fs and the corresponding steady-state DF (dashed lines) to the simulated line
shape of the sum of two Drude terms (solid lines) using the
known carrier density and reasonable effective carrier masses
[63,64] and mobilities. The transient data feature a reduction
in ε1sc and a slight increase in ε2sc . The line shape of ε1sc resembles the Drude contributions for εb = 4 background dielectric
constant, 50 cm2 /(V s) electron mobility and 3 × 1020 cm−3
carrier density. Still, the same line shape can also result from
the low-energy absorption combined with the reduction in the
background dielectric constant ε1 = εb induced by KramersKronig relations [65] due to the absorption bleaching at the

FIG. 7. Comparison of experimental data ε2sc (symbols) at t =
200 fs and the corresponding steady-state DF (dashed lines) to the
simulated line shape of the sum of two Drude terms resulting from
the electron-hole plasma [50]. The Drude model parameters are
3 × 1020 cm−3 charge carrier density, εb = 4 background dielectric
constant, and 0.24 m0 (0.59 m0 ) effective electron (hole) masses
[63,64] with m0 electron rest mass. The electron mobilities are indicated in the plot, and hole mobilities are assumed to be lower by
a factor of me /mh . Note that the ε1 curves for 50 and 100 cm2 /(Vs)
electron mobility coincide within the line thickness in the plotted
spectral range.

band gap. The line shape of ε2sc reveals no conclusive information here because our measured spectral range does not extend
far enough into the IR spectral range to overlap with the strong
curvature of the Drude term. Therefore we cannot rule out one
or the other mechanism.
VI. CONCLUSION

In the experiment, the UV-pump laser (266 nm and
4.67 eV) promotes electrons from the light-hole, heavy-hole,
and split-off VB to the CB in the vicinity of the  point and
transfers excess energy to electrons and holes (Fig. 1). The
optical excitation conditions are identical to Ref. [3]. Thus
we expect similar carrier and phonon dynamics: Initially, the
carrier distribution in momentum space follows the spectral
distribution of the pump laser; that is, it features a peak and
is nonthermal. A Fermi-Dirac distribution is reached within
a few hundred femtoseconds. The process is called thermalization, and the state is typically referred to as “hot carriers.”
Thermalization is provided by carrier-carrier scattering and
carrier-phonon scattering [1,2,51]. The thermalized carrier
distributions are very broad because the large excess energy
leads to carrier temperatures of a few thousand kelvins [66].
Multiple effects result from the presence of these hot carriers:
(1) The VB maximum and CB minimum are occupied leading
to partial Pauli blocking of band-to-band and excitonic transitions (band filling) [24,27,57]. Additional suppression of the
excitonic absorption is expected from the screening by free
charge carriers [67]. Hence absorption bleaching (decrease in
ε2 ) is observed at the band gap. Kramers-Kronig relations
[65] enforce a simultaneous reduction in ε1 in the nearby
spectral range. (2) Holes scatter along the flat VB to the
edge of the Brillouin zone, thereby dynamically promoting
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new electronic transitions between valence bands [68] and
prohibiting higher-energetic transitions, e.g., the E1 transition
at 9 eV [69], which is, however, outside our measured spectral range. (3) Exchange and correlation interaction between
the carriers leads to band-gap renormalization [50,57,70,71].
See Ref. [3] for a more thorough discussion of these
effects.
The hot-carrier effects are captured by our first-principles
calculations [59] for 1020 cm−3 electron-hole pairs in ideal
bulk ZnO where confinement effects are neglected (Fig. 2).
First-principles dichroism spectra [Fig. 2(d)] agree qualitatively with our measurements. Differences result from
neglecting EPC and carrier confinement in the ideal bulk-ZnO
model. The calculated birefringence features an offset already
in the steady state which is related to the limited spectral range
(up to 10 eV) for the Kramers-Kronig integral for ε1 .
Dichroism in the spectral range of the low-energy absorption could be expected, because various possible optical
transitions in the Brillouin zone are subject to selection rules
[72]. Yet, dichroism is small for all t in this spectral range,
but the difference of the integrated spectra of ε2 seems larger.
Here, ε2sc > ε2pc during the first picosecond after excitation.
Both observations can be explained by inter-valence-band
transitions near the A point (Fig. 1), where the energy difference between the topmost valence bands amounts to about
2.1 eV. Those inter-valence-band transitions are symmetry
suppressed by optical selection rules [72] for light polarization
parallel to the optic axes (ε2pc ). The presence of this weak
dichroism hints at inter-valence-band transitions, but defectrelated transitions cannot be totally excluded. This, in turn,
diminishes the importance of the Drude term on the lowenergy side of our measured spectral range.
The main differences compared with the observations for
a polar c-plane-oriented ZnO thin film [3] are related to the
remaining strain induced by the substrate and the missing
surface band bending of the nonpolar m-plane surface [73,74].
Less excitonic enhancement at the absorption edge is expected
on a nonpolar surface [42] while the phonon-dispersion relation seems to be resilient to polarity changes [74].

VII. SUMMARY

In summary, we have shown that time-resolved spectroscopic ellipsometry is an excellent tool to study pump-laserinduced transient optical anisotropy and enables distinction
between birefringent and dichroic effects. The transient DF
tensor in the spectral range 1.4–3.6 eV of an m-plane-oriented
ZnO thin film after nonresonant UV excitation was obtained,
and transient physical parameters were deduced from a lineshape analysis. Pump-induced switching from positive to
negative birefringence was observed in the entire measured
spectral range for 1 ps. Weak dichroism in the spectral range
below 3.0 eV hints at contributions of inter-valence-band transitions, while the exponential line shape of the absorption
coefficient just below the absorption edge can be related to
Urbach absorption caused by exciton–LO-phonon interaction.
Finally, the transient exciton energy corresponding to the
three upper valence bands was increased by at most 80 meV
after 3 ps.
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APPENDIX A: NOISE REDUCTION AND
ELLIPSOMETRIC DATA GENERATION

The experimental setup and the data reduction as well
as error estimation are described in Refs. [3,28]. Additional
steps of the data treatment are described in this Appendix.
The experimental spectra are subject to noise due to intensity
fluctuations of the driving Ti:sapphire laser and the nonlinear
nature of the probe-white-light generation process. In order to
reduce noise, we employ the combined interpolation, scalechange, and noise-reduction filter proposed by Le et al. [29].
The filter is based on a Gaussian kernel and trapezoidal-rule
integration. In the same process, the spectra are interpolated
from an unevenly spaced wavelength scale determined by the
dispersion of the prism spectrometer to an equidistant energy
scale [75]. This is generally desirable for the spectral analysis of the resulting dielectric function. Exemplary filtered
reflectance-difference spectra are shown in the Supplemental Material. Note the fluctuations around 1.55 eV (800 nm)
which result from diffraction effects the physical edge of
a laser filter. Linear interpolations of the final ellipsometric
parameters N, C, and S, which are much smoother than the
reflectance-difference spectra, are used to generate the parameters around 1.55 eV.
The probe white light is chirped, i.e., photons with higher
energy are delayed with respect to lower-energy photons,
which results from the dispersion of the refractive index of
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FIG. 9. The AFM image of the main sample reveals a smooth
surface with about 1 nm roughness.

FIG. 8. (a) 2θ-ω x-ray diffraction scan of the main sample. (b) Xray (Cu K-α anode) reflectivity along with a model fit of a reference
m-ZnO thin film on an m-sapphire substrate which was grown under
nominally identical conditions to those of the main sample. The inset
in (b) shows the rocking curve of the (100) ZnO peak.

the CaF2 crystal used for white-light generation and the glass
support of the wire-grid polarizer ahead of the sample. As
a consequence, the zero time delay t = 0 is not the same
for every probe photon energy. The zero time delay is in
principle arbitrary and was set during data acquisition to the
position of the largest reflectance-difference signal. Therefore
we readjust the energy–time-delay grid for the chirp, which
is modeled with an even polynomial. Exemplary plots of the
chirp-corrected data are provided in the Supplemental Material.
APPENDIX B: SAMPLE CHARACTERIZATION

The ZnO thin film was grown by molecular beam epitaxy
(MBE) on an m-plane-oriented sapphire substrate similar to
Ref. [30]. The c axis of ZnO is oriented perpendicular to
the c axis of sapphire in this case. In Fig. 8(a), 2θ -ω x-ray
diffraction scans demonstrate the sole (100) orientation [corresponding to (101̄0) orientation in (hkil) notation] of the ZnO
film with no sign of parasitic orientations. X-ray reflectivity
data of a reference m-ZnO thin film grown on an m-sapphire
substrate under identical conditions to those of the main sample are shown in Fig. 8(b). A layer stack model yields a film
thickness of 37 nm and 2-nm roughness. The smooth surface has been confirmed by atomic force microscopy (AFM)
measurements as displayed in Fig. 9 which indicate a rootmean-square roughness of about 1 nm. The rocking curve of
the heteroepitaxial ZnO thin film shows a FWHM of about
1.5◦ [Fig. 2(b) inset], which is relatively narrow for such a thin
film. Furthermore, the grain size along the growth direction,
as extracted from the x-ray scans using the Scherrer formula,
is limited by the film thickness confirming the overall high
structural quality.
APPENDIX C: FIRST-PRINCIPLES CALCULATIONS

The first-principles calculations are based on many-body
perturbation theory in order to investigate the optical properties of ZnO subject to electron-hole interactions. We use

density functional theory (DFT) [76,77] to calculate KohnSham states and energies and employ these to solve the
Bethe-Salpeter equation (BSE) for the optical polarization
function [78]. All DFT calculations are carried out using the
Vienna ab initio simulation package [79–81] and the computational parameters given in Refs. [59,82]. The BSE calculation
employs the implementation detailed in Refs. [83,84]. More
details on the calculations are presented in Ref. [3]. The
first-principles calculations constitute an ideal bulk-ZnO DF
in contrast to the thin film measured here. The energy of
the absorption edge is lower (no strain effect) and features a
higher amplitude (ideal crystal structure).
APPENDIX D: KRAMERS-KRONIG CONSISTENCY

Kramers-Kronig relations (KKR) connect the line shape of
the real and imaginary part of the DF. In order to check KKR
consistency of a given DF, one can fit a KKR-consistent Bspline representation [85] to it. In our experiment, the relative
difference between the wavelength-by-wavelength DF and the
B-spline DF is at most 3%, which means that the wavelengthby-wavelength DF is approximately KKR-consistent. The
wavelength-by-wavelength description was preferred over the
B-spline representation in order to avoid any artificial oscillations [86,87] at the high-energy side of the spectrum for the
subsequent line-shape analysis.
APPENDIX E: COMPLEX-PLANE REPRESENTATION
OF THE DIELECTRIC FUNCTION

Complex-valued functions can be represented in the plane
spanned by its real and imaginary part, which is called an
Argand diagram [88]. This representation is termed a “ColeCole plot” when the dielectric function (DF) ε = ε1 + iε2
is plotted in the ε1 -ε2 plane [89]. The resulting line shows
characteristic counterclockwise curves corresponding to resonances in the spectrum which are determined by the
Kramers-Kronig relations [90]. This complex-plane representation is rarely reported [91,92] although it provides a
beautiful way to emphasize the DF changes in resonances.
The DF tensor components for the same time delays and
spectral range as in Fig. 2 in complex-plane representation are
shown in Fig. 3. Photon energy increases counterclockwise
along the curve. Low-energy absorption is depicted near ε2 =
0, while absorption bleaching is clearly seen by the shrinking
radius of the semicircle.
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FIG. 10. (a) Transient Urbach energy EU and steepness parameter σ as defined in Ref. [52] for exponential model fits (not shown) of the
absorption coefficient. Squares correspond to the absorption coefficient of the ordinary ray, and circles correspond to the extraordinary ray.
We assume 300 K lattice temperature and Eph = 50 meV effective phonon energy in accordance with the literature [3,20,49]. (b) Theoretical
steepness parameter σ and Urbach energy EU for varying lattice temperature and Eph as calculated from Eqs. (1) and (2) in Ref. [52]. Dashed
lines indicate room temperature (RT) and the maximal electron (hole) temperature Te (Th ) in the present experiment.
APPENDIX F: URBACH RULE ANALYSIS

An exponential line shape of the absorption coefficient [53]
below the band gap can indicate the presence of Urbach-rule
absorption [43,52]. It was demonstrated that the absorption
coefficient of the ordinary ray and the extraordinary ray for
t = −100 to 300 fs shows such an exponential line shape
and that the corresponding slope lines cross each other approximately at the same point. The appearance of a “focal
point” for varying lattice temperature is another criterion for
Urbach-rule absorption [43]. In contrast to the original definition of the Urbach rule, we do not expect a change in lattice
temperature on this time scale. Only the effective carrier temperatures are increasing in the sense that carriers gain excess
energy. Note, however, that quasi-thermal equilibrium, which
allows the definition of a temperature, might not be reached
yet [3].
The transient Urbach energy EU = kT /σ [Fig. 10(a)] as
defined in Ref. [52] and obtained from a model fit of the
absorption coefficient (Fig. 6) increases to EU ≈ 190 meV at
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4
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1 Noise reduction and ellipsometric data generation
In this section, we provide exemplary plots for the reflectance-difference spectra after the data reduction procedure (Fig.S1) and the chirp correction (Fig.S2).
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Figure S1: Reflectance-difference spectra for different time delays ∆t ps and constant compensator azimuth-angle
(-69◦ ). Raw data are depicted in blue, filtered data in red.

1

Figure S2: Differences of the experimental ellipsometric parameters N, C, S during the first picoseconds with respect
to the steady state of the ZnO thin film oriented with the optic axis parallel to the plane of incidence in the top
rows (perpendicular plane of incidence in the bottom rows) The chirp of the probe white-light is fitted with an even
polynominal indicated by the black line. Chirp correction is facilitated by readjustment of the ”true” zero delay for each
photon energy.

2 Transient dielectric function of ZnO

Figure S3: Imaginary part of the DF tensor components in linear time delay scale. The color code features the
difference to the steady-state spectra depicted by the solid line. The dashed lines correspond to the respective spectra
for ∆t = 0.4 ps, 2.5 ps and 5 ps.

The transient dielectric function (DF, Fig. S3 and S4) was obtained from a wavelength-by-wavelength
analysis of the ellipsometric parameters such that no assumptions on the line shape of the DF are made.
Zoomed-in views on the low-energy absorption are shown in Fig. S5. A tentative local maximum is seen
around 1.75 eV, which could be related to inter-valence-band transitions or defect-related transitions.

2.1 Urbach rule analysis
In Fig.S6, we show the exponential line-shape fits to the transient absorption coefficient just below
the bandgap.

2

Figure S4: Imaginary part of the DF tensor components for higher time delay ∆t. Note the logarithmic time-delay
scale. The color code features the difference to the steady-state spectra depicted by the solid line.
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Figure S5: Same data as in Fig. 1(a, b) of the main part of the manuscript for a better view of the low-energy absorption.
The left column comprises time delays around ∆t = 0 (excitation) whereas the right column shows ∆t ≥ 1 ps (relaxation).
The dashed grey lines show the results from first-principles calculations accounting for 1020 cm−3 excited charge carriers
at elevated temperatures [S1] and the dotted black line corresponds to the reference spectra obtained with a commercial
ellipsometer.

2.2 First-principles calculations
The imaginary part of the DF tensor components of ZnO for different electron-hole pair density
calculated from first principles is shown in Fig.S7.
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Chapter 2 Transient charge-carrier and lattice dynamics in photo-excited semiconductors

2.3.3 Femtosecond-time-resolved imaging of the dielectric
function of ZnO in the visible to near-IR spectral range
The energy and momentum transfer from charge carriers to the lattice after pumped optical excitation occurs simultaneously with the combined motion of carriers and phonons
initiated by the depth-dependent excitation prole due to the nite pump penetrationdepth. Simulation of this spatio-temporal evolution is very complex and requires a lot of
assumptions [36, 184, 193, C6]. Thus, an ultrafast imaging technique is indispensable to
obtain complementary experimental data. The same thin lm studied in Ref. [C2] was
investigated under similar exciation conditions by time-resolved imaging ellipsometry at
the corresponding setup at Laserinstitut Hochschule Mittweida [C5]. Spatial maps of
the transient DF of ZnO were obtained at ve mid-bandgap photon energies. Also here,
induced absorption channels were observed and attributed to inter-valence-band transitions conrming the results of Ref. [C2]. These low-energy transitions result from the
presence of holes in the uppermost valence bands, which allows to distinguish between
transport eects of holes and electrons. From the analysis of the spatial prole of the
transient DF, the combined eects of carrier diusion and fast ballistic transport were
observed and an eective diusion coecient of (1.1 ± 0.1) × 104 cm2 /s was estimated.
Furthermore, a ring structure was detected in the image of the real part of the DF after a few picoseconds, which was explained by a random-walk model including ballistic
transport due to the thermal gradient induced by the hot-phonon eect [9, 20, 162]. The
results of this work conrms, that fast lateral transport can drastically alter the carrier
density within the pumped area. In turn, this means that transport eects additionally modify the optical response measured by pump-probe experiments without spatial
resolution when the respective beam spot sizes are of the order of the characteristic
propagation distances of the carriers.
Reprinted from [C5], with the permission of AIP Publishing.
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ABSTRACT
We demonstrate micrometer-resolved imaging of the transient dielectric function of a c-ZnO thin ﬁlm with femtosecond resolution in the
visible to near-IR spectral range measured by pump-probe ellipsometry at ﬁve different probe photon-energies. The spatial proﬁle of the real
part of the dielectric function broadens drastically with increasing time delay, which we associate with the combined effect of carrier cooling
and fast carrier transport with an effective diffusion coefﬁcient of ð1:1 6 0:1Þ  104 cm2/s. A ring structure is detected in the image after a
few picoseconds, which can be explained by a random-walk model including ballistic transport due to the thermal gradient induced by the
hot-phonon effect.
Published under license by AIP Publishing. https://doi.org/10.1063/1.5128069

Future communication systems are foreseen to be based on optoelectronic control of coherent light. Speciﬁcally, small wave-guiding
structures such as wires1 and cavities2 can be building blocks of lightmanipulating devices that are able to provide high switching speed at
low power consumption. Their performance relies on precise spatial
manipulation of light, which demands an imaging technique on the
speciﬁc material optical properties represented by the complex dielectric function (DF). Ellipsometry is a well-suited method to determine
the DF of a given material and can be employed in imaging mode.3,4
Time-resolved imaging ellipsometry (tIE) experiments were reported
for silica spheres,5 molybdenum,6 silicon,7 and gold.8 In this letter, we
report pump-probe imaging-ellipsometry experiments on the direct
wide-bandgap oxide-semiconductor ZnO and discuss the physical
mechanisms ruling the observed dielectric function dynamics. Timeresolved spectroscopy studies on ZnO reported in the literature in
the reﬂection9–12 or transmission9,13–15 conﬁguration do not utilize
polarization resolution except for ellipsometry experiments.16
Time-resolved absorption imaging17 and photoluminescence
imaging1,2 experiments on ZnO microwires display effects induced
by high charge carrier density convolved with optical resonances,
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which hampers unambigious distinction of the involved physical
processes.
Pump-probe tIE measurements are performed as described
previously8 (see also the supplementary material). The experimental
parameters are listed in Table I. The ellipsometer is built in the PSCR A
conﬁguration where the polarizer and analyzer are ﬁxed at a 45
azimuth angle, respectively. Pseudoinversion of pump-probe reﬂectance-difference images16,18 of the sample at different compensator
azimuth angles yields ellipsometric parameters W and D. The DF is
computed separately for each probe photon-energy from a transfermatrix model.19 The experiments are performed at room temperature.
A c-plane oriented ZnO thin ﬁlm (30 nm) grown by pulsed-laser
deposition on a fused silica substrate is used. The crystal orientation
was conﬁrmed by XRD measurements, and time-resolved photoluminescence spectra were recorded with a streak camera.16 The substrate
is transparent for the pump wavelength such that the pump laser
pulses generate an electron-hole-pair density of 5  1020 cm3 in
the ZnO ﬁlm only. The carrier density is well above the ZnO Mott
density (5  1017 cm3), which implies that the formation of an
electron-hole plasma is expected.20 The transient DF obtained in this
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TABLE I. Experimental parameters of the pump-probe imaging ellipsometry measurements. The values of the ﬂuence, absorption coefﬁcient of ZnO, and the induced
carrier density are averaged over all probe photon energies.

Parameter
Wavelength
Photon energy
Pulse duration
Angle of incidence
ZnO absorption coefﬁcient
Fluence
Induced carrier density

Pump

Probe

266 nm
4.67 eV
50 fs
0
1:8  105 cm1
2900 l J/cm2
5  1020 cm3

550  975 nm
1:27  2:25 eV
70 fs
60
4
10 cm1,a
1 l J/cm2
1017 cm3

a
Estimate from time-resolved spectroscopic ellipsometry data for the maximal induced
inter-valence-band absorption.16

study is compared to recent results obtained by time-resolved spectroscopic ellipsometry (tSE) on ZnO.16 The transient DF  ¼ 1 þ i2 in
the spectral range of 1.3–3.6 eV at selected time delays Dt obtained by
tSE (lines) and tIE (symbols) is shown in Fig. 1. The tIE data points
represent an average value of the dielectric function within the central
area of maximal pump laser excitation (Fig. 2). The tSE and tIE spectra
overlap in the spectral range of 1.75–2.25 eV. The transient change of
absorption represented by 2 is attributed to hot-carrier-induced intervalence-band (IVB) transitions16,21 and agrees well for both methods.
The decrease in 1 results from both the occurrence of IVB absorption
and the Kramers–Kronig-consistent effect of absorption bleaching at
the band edge of ZnO (3.4 eV) and agrees very well with the tSE data,
too. There are indications for a local absorption maximum at around
2.0 eV, which might be related to IVB transitions near the M-point of
the Brillouin zone.16 The involved valence bands near the M-point22
are almost horizontal and nearly parallel to each other, which can be
the origin of a critical-point-like feature in the DF.23 The absorption
increase below 1.5 eV can be related to free-carrier absorption23
(Drude term with 1020 cm3 carriers) and IVB absorption, also supported by ﬁrst-principles calculations.16

FIG. 1. Transient dielectric function of ZnO at selected time delays Dt obtained
with tSE16 (solid lines) compared to this work (symbols). The tIE data points represent an average value of the dielectric function within the small area of maximal
pump laser excitation (Fig. 2). Steady-state DF spectra obtained with a commercial
ellipsometer are given as dashed lines.
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The recovery time s of the real and imaginary part of the DF after
optical excitation is obtained from the model 1;2 / exp ðt=sÞ for
both tSE and tIE data in the spectral range of 1.3–3.2 eV. Model ﬁts to
the transient DF as well as spectra of the recovery time are shown in
the supplementary material. The recovery time s amounts to about
1 ps for 2 and between 2 ps and 4 ps for 1 .
The DF images for 2.25 eV probe photon-energy (Fig. 2) are considered throughout the rest of this manuscript, while the DF images
obtained at the other probe photon-energies can be found in the
supplementary material. 1 decreases from 3.8 to 3.0 upon pumping,
whereas 2 increases from 0 to 0.3. The DF in the time range of
100 fs < Dt < þ100 fs represents the convolved effect of the probe
(50 fs) and pump (70 fs) pulse: only after 100 fs, the entire energy of
the pump pulse is absorbed and all reﬂected radiation of the probe
pulse reached the detector. The DF recovers its equilibrium value after
100 fs (supplementary material).
The pump-probe imaging technique allows us to investigate the
spatiotemporal evolution of the optical properties of the area where
the pump laser radiation induced an increased charge carrier density.
The transient change of the size of this area is a measure for the diffusion that should be greatly enhanced during the ﬁrst picoseconds after
optical excitation when the carrier temperature and density are very
high.24–28 Cross sections in the x-direction of the difference of 1;2
with respect to their reference value without excitation (D1;2 ) are
visualized in Figs. 3(a) and 4 for selected time delays Dt. The cross
section in the x-direction of the imaginary part of the DF D2 corresponds to a Gaussian distribution within the irradiated area, which
becomes maximal for Dt  400 fs and subsequently decreases. The
cross section corresponding to the real part of the DF D1 is found to
be broader for all Dt than the cross sections of the imaginary part D2 .
Furthermore, a plateau, respectively, a local maximum, is observed in
D1 for Dt > 600 fs, which means that a ring is formed in the image.
A ring structure is also found for 1.46 eV, 1.75 eV, and 2.00 eV probe
photon-energy, but in neither case for D2 . We attribute it to the low
signal-to-noise ratio and the limited spatial resolution hindering the
unambiguous detection although the appearance of a ring might be
expected for D2 , too. In fact, the ring is deformed to an elliptical ring
because it is imaged under a 60 angle of incidence. We will consider
only the cross section in the x-direction in the following because it is
not compressed as a result of the imaging. The ring is modeled by a
linear combination of two two-dimensional Gaussian distributions
(Fig. 4) with the relation





(1)
1;2 ðx; yÞ / exp ðr  qÞ2 þ exp ðr þ qÞ2 ;
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
where r ¼ ðrxx Þ2 þ ðryy Þ2 . The radius of the ring in the image of 1 is
approximated by R1 ¼ qrx;y , where q is a dimensionless parameter.29
Here, rx;y correspond to the full width at half maximum of a twodimensional Gaussian distribution in x- and y-directions, considering
the elliptical image of the pump beam spot. A simple two-dimensional
Gaussian distribution [q ¼ 0 in Eq. (1) for all time delays] is used to
model D2 . Here, we determine the distance R2 from the full width at
half maximum of the Gaussian distribution as R2 ¼ ry . The temporal
evolution of R21;2 ðtÞ is shown in Fig. 3(b). The fast increase in R21;2 due
to the convolved effect of the arrival of the pump and probe laser pulse
is observed in the time range between 100 fs < Dt < þ100 fs. For
larger time delays, R22 ðtÞ decreases and can only be determined until
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FIG. 2. Femtosecond-time-resolved images
of the difference of the ZnO DF with respect
to its equilibrium value for 2.25 eV and
selected time delays Dt. The upper (lower)
row shows the real (imaginary) part of the
DF. The color scale is the same for all time
delays.

around 3 ps when the amplitude of 2 becomes insigniﬁcant compared
to the background value (Fig. 1) due to the low signal-to-noise ratio. A
linear model of R21 ðtÞ / a t up to 10 ps yields the expansion rate
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
a ¼ ð4:4 6 0:4Þ lm2 =ps. We identify the distance R(1) as MSD,
where “MSD” is the mean squared displacement of a random-walk trajectory of carriers that started at x ¼ 0 similar to a diffusion process.
Thus, the effective diffusion coefﬁcient of this random-walk becomes
R2

2

a
1
¼ 2d
¼ ð1:1 6 0:1Þ  104 cms , where d is the dimension of
D ¼ 2dDt
the random walk. We set d ¼ 2, which overestimates the diffusion coefﬁcient, because the carriers propagate in three dimensions, but the ﬁlm
thickness conﬁnes the random walk mostly to the near-surface volume.
The ring is still visible at 100 ps (Fig. 4) but R1 is smaller than
expected from D such that diffusion must have slowed down.
The observations are explained by the combined effect of fast
carrier transport and carrier cooling, which are both determined by
the pump-laser-induced carrier-density proﬁle. Optical excitation of
ZnO by 4.67 eV photons excites electron-hole pairs apart from the
C-point16 with large crystal momentum and narrow energy distribution given by the pump-laser linewidth (90 meV). Until around
Dt ¼ 400 fs scattering among the carriers broadens the initial carrier
distribution to a Fermi-Dirac distribution with high carrier temperature

FIG. 3. (a) Cross sections in the x-direction of D1;2 and their model according
to Eq. (1) for 2.25 eV and Dt ¼ 400 fs (blue), Dt ¼ 2 ps (red), and Dt ¼ 6 ps
(yellow). The central shaded area corresponds to higher excited charge-carrier density compared to the surrounding area. (b) Temporal evolution of the squared radius
R12 ðR22 Þ given as circles (squares) extracted from 2D Gaussian models of D1;2 .
The straight line is a linear model R12 / at where a ¼ ð4:4 6 0:4Þ lm2 /ps (see
the main text).
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and quasi-Fermi level within the bandgap.16 The excess energy is distributed among all charge carriers according to their effective mass.25
Thus, all electrons (holes) have the same initial carrier temperature
Te ðTh Þ if nonlinear excitation processes are neglected. The speed v of
these hot carriers is on the order of a few 105 m/s as calculated from
22
the derivative @E
@k of the ZnO band structure where the electron speed
is larger by a factor ve =vh ¼ 2:5 around the C-point due to the larger
hole mass.30,31 In effect, a Dember ﬁeld32 between electrons and holes
additionally inﬂuences the actual value of the carrier speed. Electrons
near to the C-point can easily reach 1.1  106 m/s. A change of the
electronic band structure due to the large induced charge-carrier density can also change the carrier speed. For simplicity, the spatial carrierdensity proﬁle is assumed to consist of an inner region I [dark shaded
area in Fig. 3(a)] where the maximal pump intensity creates the largest
electron (hole) density nIe (nIh ) surrounded by the outer region O (light
I
shaded area) where a lower charge-carrier density (nO
e < ne and
I
<
n
)
is
created.
The
density
of
electrons
and
holes
n
determines
nO
e;h
h
h
the changes of the DF: in the inner region I, the high hole density nIh
and their broad distribution in the Brillouin zone determined by Th
lead to the occurrence of IVB absorption,16,21 as visible in 2 , which is
not detected in the outer region O where the hole density nO
h is much
lower. The electron density in the inner region nIe has no direct effect
on 2 in the visible spectral range of ZnO, but it does strongly inﬂuence
1 via the Kramers–Kronig relations (KKR) as explained before.16 This
I
“KKR-effect” is weakly present in the outer region O where nO
e < ne

FIG. 4. Images of D1 ðtÞ for 2.25 eV and selected time delays. The dashed
lines indicate the position of the cross sections. The scale of the cross sections
(symbols) is the same in both directions and the same as in the image at the
respective time delay.
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because it requires a lower carrier density than the IVB absorption,
which explains why it holds R1 > R2 after a few picoseconds. Charge
carriers undergo diffusion due to the pump-induced concentration
gradient and loose their excess energy, i.e., the carrier gas reduces its
temperature Te;h , by scattering preferably with longitudinal-optical
(LO) phonons at a scattering rate of a few 1=ð100 fsÞ.33 Most excess
energy is lost until 2 ps after excitation,16 but the reabsorption of phonons (hot-phonon effect25,26) delays the carrier relaxation for several
picoseconds and keeps the carrier temperature higher than the lattice
temperature. The hot-phonon effect is dominating in the inner region I
because the larger carrier density induces a larger local phonon density,
which increases the probability for phonon reabsorption contrary to O.
Therefore, the energy loss rate is larger in the outer region O, and thus,
the carrier temperature is larger in the inner region I. In effect, there is
a thermal gradient radially outwards and as soon as the resulting force
becomes stronger than the diffusion due to the concentration gradient,
a ring forms gradually in the image of 1 . This can be regarded as the
Seebeck effect due to the temperature gradient between the outer and
inner regions as suggested by Refs. 27 and 28, which depends on the
induced charge-carrier density and thus on the pump ﬂuence.
A random-walk simulation starting from a two-dimensional
Gaussian distribution of particles mimicking carrier transport within
the relaxation time approximation (Fig. 5; cf. supplementary material)
strongly indicates that ballistic carrier transport contributes simultaneously to the diffusion to the observed spatiotemporal evolution of
the DF. This transport simulation reproduces the observed ring structure on the same time scale as observed in the experiment assuming
the speed of 1.5  106 m/s and the scattering rate of ss ¼ 1010 Hz of
the particles. The expected number of scattering events k in the time
interval Dt of each particle is determined by the Poisson distribution
with the parameter k ¼ Dt ss . The particle speed in the simulation is
at least half an order of magnitude larger than the estimation from
the band structure and agrees with the upper limit of the results
found by Guo et al.34 It also agrees well with the exciton-polariton
propagation speed that was observed in time-resolved photoluminescence experiments on ZnO microwires.1,2 In any case, it hints
on very fast lateral carrier transport, which could potentially lead
to a drastic decrease in the carrier density at the excitation site. In
turn, this would inﬂuence the results of pump-probe experiments
without spatial resolution when the respective beam spot radii are
of the same magnitude as the carrier’s propagation distance. Our
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simulation can be regarded as a very simpliﬁed version of the
microscopic models reported in Refs. 27 and 28.
Similar ring structures were reported in transient absorptionimaging measurements34 and photoluminescence measurements.28,35
Transient fast charge transport upon optical excitation is well known
for metals,36–38 where the charge carrier density is orders of magnitude
larger than in this work, and also for electrically driven semiconductor
devices.39,40 The transient DF is not only inﬂuenced by the value of
ne;h but also by their distribution in the Brillouin zone, which is determined by Te;h . Thus, only the combination of carrier transport and
their cooling leads to the increase in R1, which means that the expansion rate of R1 cannot be solely attributed to carrier transport as suggested by Ref. 34. The carrier diffusion slows down for Dt > 10 ps
because the hot-phonon effect is not present on that time scale25,26
anymore and the carrier’s kinetic energy is transferred entirely to the
lattice.
In summary, we have demonstrated femtosecond-time-resolved
pump-probe imaging ellipsometry with micrometer spatial resolution
on a c-ZnO thin ﬁlm and obtained spatial maps of the transient dielectric function. The ellipsometry results allow us to separate electron
and hole (transport) effects in this case. The results are in accordance
with recent results of time-resolved spectroscopic ellipsometry measurements. Fast ballistic carrier propagation plays a major role in ZnO
during the ﬁrst picoseconds of typical pump-probe experiments and
should be taken into account in the transient charge carrier density.
Similar effects for other (oxide) semiconductors with strong electronphonon coupling are expected. Furthermore, spatially resolved pumpprobe ellipsometry provides access to the transient carrier speed,
allowing us to draw conclusions on the carrier temperature. This information can be used to understand carrier and lasing dynamics in
wave-guiding structures, such as wires, disks, and microcavities, which
can be building blocks of future optoelectronic devices. It is also useful
for the development of hot-carrier-extraction devices such as solar
cells.
See the supplementary material for the details of the experimental
setup, the reduction of the ellipsometric parameters, the random-walk
simulation, imaging ellipsometry measurements for other probe photon energies, and the transient DF analysis.
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1 Experimental Setup
The experimental setup scheme is shown in Fig. S1. The applied laser radiation, provided by an
amplified Ti:sapphire laser System (Astrella, Coherent Inc.,λ = 800 nm, τ = 35 fs, M 2 = 1.2, f =
1 kHz), is divided into pump (blue) and probe (red) radiation. The wavelength of pump and probe
radiation are tunable in the range of 240 nm < λ < 20 µm by two optical parametric amplifiers (OPA,
TOPAS Prime, Light Conversion Inc.). The length of the optical path of the probe radiation can be
changed relative to the pump radiation by a mechanical delay stage, resulting in a temporal delay
of −0.1 ns < ∆t < 3.8 ns. The pulse energy of the pump and probe radiation is tuned by two laser
beam attenuators (Watt Pilot, Altechna). A lens (f = 150 mm) focuses the pump radiation onto the
sample surface S, resulting in excitation of the sample material. The ellipsometric setup with rotatable
compensator (PSCR A configuration) enables to detect the spatially resolved transient change of the
dielectric function of the excited sample material. The polarizer P defines the polarization state of
the probe radiation (+45◦ ). A half-wave phase retardation plate W ahead the polarizer P allows
additional tuning of the pulse energy of the probe radiation.

a)

b)

Figure S1: Scheme of the pump-probe imaging ellisometry setup.

The probe radiation is reflected off the sample surface, with the probe beam diameter at the surface
being orders of magnitude larger than that of the pump beam (dprobe > 1 mm). The imaging setup

1

consists of an objective O (20x, NA = 0.42), a tube lens T (f = 200, mm) and the CCD detector (greateyes GE 1024 1024 BI UV3, greateyes GmbH, 1024 × 1024 pixel, 13 µm pixel size). The
band-pass filter B (40 nm spectral bandwidth) between the objective O and the tube lens T absorbs
scattered pump radiation and ambient light. The band-pass filter is exchanged according to the applied wavelength of the probe radiation. The rotating compensator CR and analyzer A (+45◦ ) analyze
the change of the amplitude and phase ratio of the parallel and orthogonal polarization states of the
probe radiation, due to reflection on the sample surface S. Additional information in the setup can
be found in references [1, 2, 3].

2 Reduction of ellipsometric parameters
The data reduction of the ellipsometric angles Ψ and ∆ from reflectance-difference data is described
in references [4, 5, 6]. An ellipsometric reference spectrum of the sample obtained with a commercial ellipsometer is used to correct intensity fluctuations of the laser and non-ideal alignment of the
polarizing optics.
Exemplary images of Ψ and ∆ at 2.25 eV probe photon energy at ∆t = 100 fs are shown in Fig. S2.
The ZnO film is assumed to be isotropic in the transfer-matrix model such that the DF becomes a
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Figure S2: Pump-probe imaging ellisometry for 2.25 eV probe photon energy at ∆t = 100 fs on a c-ZnO thin film:
Experimental ellipsometric angles Ψ and ∆ (left column) are modelled within a transfer-matrix algorithm that yields the
dielectric function  = 1 + i2 (middle) which is used to simulate the transient reflectance and transmittance difference
(right).

scalar, because the experimental configuration is mostly sensitive to the DF for ordinary polarization
[7].
Photoluminescence Photoluminescence from the sample interferes with the reflected light in general
which can cause problem in the reduction of the ellipsometric angles. However, this is not the case in
this experiments, because of the following reasons:
• Time-resolved photoluminescence spectra of the sample under 266 nm, fs-pulsed laser excitation
measured with a streak camera are shown in Figure S5 of the supplementary materials of reference [5]. The PL emission is dominated by a broad emission peak centered at 2.4 eV, which
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points to radiative recombination via defect states. The 1/e onset time of the defect luminescence
is about 60 ps at 2.4 eV, which is larger than the time scale studied in the imaging ellipsometry
experiment.
• We detect light under 60◦ angle of reflection, whereas the PL emission is strongest in the cone
around the sample normal.
• The directly measured background signal containing PL and scattered light in the measurements
reported in reference [5] (Fig. S2 b) is nearly indistinguishable from the background signal.
Thus, we conclude that the contribution of PL emission to the detected light is negligibly small and
no correction for it is necessary.

3 Transient DF analysis
The recovery time τ of the real and imaginary part of the DF after optical excitation is obtained from
an exponential model 1,2 ∝ exp (−t/τ ) for both tSE and tIE data in the spectral range 1.3 − 3.2 eV.
Exemplary model fits to the transient DF at 2.25 eV photon energy are shown in Fig. S3 b. τ (Fig.
S3 c) ofR about 1 ps is determined from 2 and between 2 ps to 4 ps for 1 . The decay of the spectral
weight 2 (E) dE as a measure for the strength of IVB absorption yields also a value of 1 ps [5]. This
effect is related to the Kramers-Kronig relations: They transfer changes in 2 at the absorption edge
which last longer than 10 ps [5] to changes in 1 at lower photon energies.
The spectrum of τ follows roughly the trend of the DF spectrum at ∆t = 200 fs when the carrier
density (1×1020 cm−3 ) is already distributed according to Fermi-Dirac statistics [5]. As 2 in this
spectral range is mainly determined by IVB transitions, the recovery time corresponding to 2 is mainly
a measure for the cooling of the holes by scattering with phonons. Higher energy IVB transitions are
available for a short time only, because the distribution of cooled holes is located near the Γ-point of
the ZnO bandstructure [8], where mainly IVB transitions with photon energy E < 2 eV are possible.
Again, due to the Kramers-Kronig relations, the recovery time obtained from 1 contains integrated
information from a broader spectral range. It is clear, that the value of τ depends strongly on the
number of excited charge carriers and their excess energy.
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Figure S3: a Transient dielectric function of ZnO at selected time delay steps ∆t obtained with tSE [5] (solid lines)
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small area of maximal pump laser excitation. Steady-state DF spectra obtained with a commercial ellipsometer are
shown as dashed lines. This is the same plot as Fig. 1 in the main part of the manuscript. b Exponential model of
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from tSE [5] (black ) and tIE is represented as red symbols. It follows the trend of the tSE-DF at ∆t = 200 fs where the
maximal electron-hole-pair density was approximately 1020 cm−3 (blue lines).

4 Transient DF images
The DF images corresponding to the 2.00 eV, 1.75 eV and 1.46 eV probe photon-energy are shown in
Fig. S4 to S8, respectively. The corresponding cross sections are presented in Fig. S5 to S9.
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Figure S8: The same as Fig. S4 but at 1.46 eV probe photon energy.
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5 Carrier transport simulation
The transport of charge carriers including processes such as scattering with phonons, ionized impurity
scattering or scattering with crystal defects can be simulated within the framework of the Boltzmann
transport equation (BTE) [9]. The numerical solution of the BTE for a large number of charge carriers
has high computational cost. Therefore, we choose to simulate the transport within the simpler
relaxation-time approximation in two dimensions. The simulation parameters are shown in table S1.
Carriers propagate without scattering in the time interval corresponding to their inverse scattering rate
τs which can be calculated for ZnO [10]. Inelastic scattering is neglected and the occurrence of a single
scattering event is assumed to not influence the position and speed of the remaining charge carriers.
If a scattering event occurs, then the new propagation direction is randomly chosen in the plane of
propagation. The particular number of scattering events k in the time interval of the simulation tmax
of an individual charge carrier is estimated from the Poisson distribution [11]
P (k) = exp (−λ)

λk
k!

(S1)

where λ = ∆tmax τs is the expected number of scattering events during ∆tmax . We set ∆tmax = 6 ps as
the time delay when the ring structure in 1 is clearly detectable (Fig. 4 in the main part). The initial
spatial carrier distribution assumes a 2D-Gaussian shape with broadening σ = 5 µm corresponding
to the experimentally observed spatial distribution of the transient dielectric function. The carrier
propagation speed v is assumed to be constant for all carriers as they carry the same excess energy
determined by the pump photon-energy of 4.67 eV. The total propagation distance of each carrier regardless of whether it scatters or not is set to v∆tmax . Absorbing boundary conditions are applied in
order to remove back reflection of charge carriers from the boundary of the spatial grid. In particular,
charge carriers are removed from the spatial grid if they scatter to a position outside of the grid. The
simulation involves two regimes with different scattering rates τs,i : Regime 1) spans the temporal range
0 ≤ ∆t < 2 ps when the carriers possess large excess energy and therewith large speed. Scattering
occurs mainly among the carriers and with longitudinal optical (LO) phonons [12, 13] at ≈ 1014 Hz
scattering rate [10]. Regime 2) lasts until ∆tmax during which carriers scatter mainly with transverse
optical (TO) as well as longitudinal (LA) and transverse acoustical (TA) phonons at < 1011 Hz scattering rate [10]. The transition from regime 1) to 2) is related to the thermal drift of charge carriers
as result of the thermal gradient (Seebeck effect) due to the hot-phonon effect which becomes stronger
than the diffusion of charge carriers [14, 15].
The flow chart of the simulation is given as follows:
I) Initialize the
 carrier
 distribution as 2D Gaussian distribution with broadening σ. The i-th carrier
x0,i
position is
.
y0,i
II) Set the constant carrier speed to v for each individual charge carrier.
III) Set the particular number of scattering events k for each carrier according to eq. (S1) with
∆tmax,1 and τs,1 .
IV) Calculate the maximal path length as smax,1 = v∆tmax,1 .

Table S1: Transport simulation parameters separated for the two regimes of scattering separated at ∆t = 2 ps. The
scattering rates are estimated from reference [10]. The λ parameter of the Poisson distribution gives the expected number
of scattering events during ∆tmax .

Regime
< 2 ps
≥ 2 ps

v (106 m/s)
1.5
1.5

∆tmax (ps)
2
6

7

τs (Hz)
1014
1010

λ
200
0.06

V) Calculate the new i-th carrier position


x1,i
y1,i






k 
X
smax,1
cos αi
x0,i
=
+
sin αi
y0,i
k+1

(S2)

i=1

for the uniformly distributed random angle αi ∈ [0, 2π).
VI) Repeat the steps II) to V) with ∆tmax,2 and τs,2 .
The results of the simulation (Fig. S10) feature a ring structure in the simulated carrier distribution
which occurs due to the majority of carrier which did not scatter more than three times after ∆t > 2 ps,
i.e. due to ballistic carrier transport. The most frequent number of scattering events is one (Fig.
−1
S10d) since ∆tmax,2 << τs,2
such that the mean free path of most carriers becomes comparable to the
dimension of the initial carrier distribution. Therefore, the actual value of the scattering rate τs,2 is not
critical as long as it is below 1011 Hz. The carrier speed v = 1.5 × 106 m/s needed to produce the ring
structure is much larger than the speed estimated from the band structure (0.2 m/s to 0.9 m/s). This
is likely related to the simplicity of the model which neglects three-dimensional propagation as well
as inelastic scattering and assumes only a single dominant scattering rate and constant propagation
speed. It is to mention, that large particle propagation speed was observed in ZnO microwires [16, 17]
which was related to the propagation of exciton-polaritons in the refractive-index landscape induced
by the charge carriers.

Figure S10: Colormap of the particle distribution in the random-walk transport simulation a initially, b after 1 ps and
e after 6 ps. The color scale is the same in all three images. Panel c,f show the horizontal (blue) and vertical (red ) cross
section of b,e as points and the initial cross section as solid line. The histogram (panel d) of the number of scattering
events of the particle ensemble was generated with a Poisson distribution (see text for further details).

The spatial charge carrier distribution agrees qualitatively with the simulation of [14, 15] such that it
can be regarded as a very simplified version of these detailed microscopic models.

6 Time-resolved reflectivity measurements
It could be suspected, that the image of some stain on the optics in combination with the changing
pointing of the pump beam introduced by the moving delay line could potentially create a ring-like
structure at the CCD camera. During the experiment, the mirrors on the delay line are moved by less
than 1 mm only in order to induce 10 ps time delay between pump and probe laser-pulses. In order to
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exclude such artifacts by the setup configuration, time-resolved reflectivity measurements for 2.25 eV
probe photon energy were conducted on the same sample by removing the polarizing optics from
the beam path. Furthermore, the optical path of pump and probe beam was interchanged such that
the probe beam was guided through the mechanical delay line. The appearance of the elliptical ring
structure is observed also here (Fig. S11). The relative reflectance-difference change in the unexcited
area is not constant for all time delays, because of intensity fluctuations of the laser. Similar images
from transient absorption measurements where reported by Guo et al. [18].

Figure S11: Images of the time-resolved relative reflectivity change ∆R
for 2.25 eV probe photon energy of the same
R
ZnO thin film measured on the same setup but without polarizing optics and interchanged beam paths of pump and
probe beam (see text).
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Chapter 2 Transient charge-carrier and lattice dynamics in photo-excited semiconductors

2.4 Transient dielectric functions of Ge, Si and InP
The semiconductors Si and Ge represent the classic elemental semiconductors lying at
the heart of many electronic and photovoltaic devices. Doped germanium is of current research interest for laser applications [194]. Together with InP, they share a very
similar valence band structure [88, 195] and their dierent electronic and optical properties result from their particular conduction bands. The transient DF of these three
semiconductors is measured with femtosecond-time-resolved spectroscopic ellipsometry
employing three dierent pump photon energies (1.55 eV, 3.10 eV and 4.65 eV) to reach
approximately 1020 cm−3 carrier density [C3]. The wavelength-dependent penetration
depths of pump and probe beam lead to a mixed optical response of the optically excited
and the equilibrium material. In the case of Ge, theoretical considerations about such
experiments were reported more than 20 years ago by Zollner et al. [196, 197]. The
excited electrons scatter quickly to the L valley where they dampen the E1 and E1 + ∆1
transitions. By contrast, holes reside at the Γ point where their presence mildly inuences the E0′ and E0′ + ∆′0 transitions. Furthermore, line-shape analysis of the critical
points [198] in the transient DF of Ge hints on strain waves [199] inside the material
volume whose analysis is subject of current work. In the case of InP, the excitation with
3.1 eV is resonant with the E1 and E1 + ∆1 transitions near the L valley. The presence
of the high carrier density dampens these transitions strongly similar to Ge. However,
the relaxation occurs much faster compared to Ge, because carriers can scatter away
from the L valley to the energetically lower-lying Γ point or the X valley. For Si, the
pump-induced changes are almost negligible because the excited carriers occupy states
in the Brillouin zone that do not contribute much to the optical properties in the measured spectral range. In addition, the excited carrier density might have been lower
compared to the other experiments of this work due to the signicant non-negligible
ambipolar diusion of the carriers [161]. The assertion of Kalt and Rinker that manybody eects (screening, bandgap renormalization) are local in k -space was conrmed in
this work [200]: the presence of a high carrier density at the Γ point does not modify
renormalize the electronic bands near the L point and vice versa. This work is reprinted
on the basis of the public license CC BY 4.0.

Author contributions

Steen Richter, Oliver Herrfurth, Shirly Espinoza and Mateusz Rebarz built the experimental setup. Shirly Espinoza and Stefan Zollner provided
the Ge, Si and InP single crystals. Shirly Espinoza and Mateusz Rebarz conducted the
measurements on Ge, Steen Richter and Mateusz Rebarz conducted the measurements
on Si and InP. Mateusz Rebarz wrote the computer code for the data collection. Steffen Richter and Oliver Herrfurth wrote the computer code for the data reduction, data
analysis and uncertainty estimation. Stefan Zollner and Shirly Espinoza conducted the
data analysis. Jakob Andreasson and Rüdiger Schmidt-Grund supervised the work and
discussed approaches and results. Stefan Zollner wrote the manuscript with input from
all authors.

24

Applied Physics Letters

ARTICLE

scitation.org/journal/apl

Transient dielectric functions of Ge, Si, and InP
from femtosecond pump-probe ellipsometry
Cite as: Appl. Phys. Lett. 115, 052105 (2019); doi: 10.1063/1.5109927
Submitted: 14 May 2019 . Accepted: 1 July 2019 .
Published Online: 1 August 2019
€ diger Schmidt-Grund,2
Shirly Espinoza,1,a) Steffen Richter,1,2 Mateusz Rebarz,1 Oliver Herrfurth,2 Ru
Jakob Andreasson,1,3 and Stefan Zollner4,5,b)
AFFILIATIONS
1

 v.v.i., Za Radnicı 835, 25241 Dolnı Brez
lnı u
 stav AV CR,
any, Czech Republic
ELI Beamlines, Fyzika
€ t Leipzig, Felix-Bloch-Institut fu
€ r Festko
€ rperphysik, Linne
 str. 5, 04103 Leipzig, Germany
Universita

2
3

Department of Physics, Chalmers University of Technology, Kemigården 1, 41296 Gothenburg, Sweden
 v.v.i., Sekce optiky, Na Slovance 2, CZ-18221 Praha 8, Czech Republic
 lnı u
 stav AV CR,
Fyzika

4

5

Department of Physics, New Mexico State University, P.O. Box 30001, Las Cruces, New Mexico 88003, USA

a)

Email: shirly.espinoza@eli-beams.eu
Email: zollner@nmsu.edu. URL: http://ellipsometry.nmsu.edu

b)

ABSTRACT
Transient dielectric functions with a 120 fs time resolution of Ge, Si, and InP were acquired from 1.7 to 3.5 eV with a femtosecond pump-probe
rotating-compensator ellipsometer. The intensity of the pump laser (with 1.55, 3.10, or 4.65 eV photon energy) was adjusted to create an initial
near-surface carrier density of 1020 cm3. In Ge, there is a signiﬁcant (15%) decrease in the E1 and E1 þ D1 critical point absorption and a
Kramers–Kronig consistent change in the refractive index because photoexcited electrons at L block these transitions and reduce their amplitudes.
Only a small redshift of the E1 critical point is observed, which we attribute to lattice heating and exchange-correlation effects. Minimal changes
were found for Si and InP, where electrons near D and C do not participate in interband transitions between 1.7 and 3.5 eV.
C 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
V

creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5109927

Transient effects in semiconductors1 occur on multiple time
scales from femtoseconds (1015 s) to microseconds (106 s), spanning
many orders of magnitude. They govern the performance of electronic
and optoelectronic devices,2 including transistors, detectors, and lasers.
The corresponding matrix elements for the related scattering processes2,3 enter the Boltzmann4 or semiconductor Bloch equations.5–7
The dielectric function6 (DF) of a semiconductor determines its
absorption, transmission, and reﬂection properties. It depends on the
distribution functions of electrons, holes, and acoustic as well as optical
phonons. Excitation with an intense quasimonochromatic femtosecond laser pulse changes these distributions and therefore makes the DF
dependent on the pump-probe delay time and probe photon energy.
Taking advantage of recent improvements in femtosecond
pump-probe ellipsometry8,9 with a continuum white light probe beam,
we measured the transient dielectric functions of Ge, Si, and InP from
1.7 to 3.5 eV after excitation with a femtosecond pump pulse of 1.55,
3.10, and 4.65 eV photon energy. These three semiconductors have
similar valence band structures formed by p-bonding orbitals, but their
conduction bands10 lead to different transient responses.
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In Ge, a nearly direct elemental semiconductor, excitation by
1.55 eV pulses produces a uniformly high density of electrons and
holes throughout the probed crystal volume near the center of the
Brillouin zone, see Fig. 1. The electrons quickly scatter to the L- and
X-minima in the conduction band. Our DF data show how L-valley
electrons affect the amplitudes and energies of the E1 and E1 þ D1
peaks due to band ﬁlling and bandgap renormalization (BGR). (The
E1 and E1 þ D1 critical points arise from a van Hove singularity in the
joint density of states in diamond and zinc blende semiconductors,10
because the two highest valence bands are parallel to the lowest conduction band along the K-direction of the Brillouin zone.) The DF
changes are consistent with the Kramers–Kronig relations between the
real and imaginary parts. Comparison with higher-energy pump
pulses and with Si and InP conﬁrms our interpretation.
In our experiments (Fig. 2), an ampliﬁed Ti:sapphire laser
(Coherent Astrella) produced 35 fs pump pulses at 800 nm with a 1 kHz
repetition rate and a pulse energy of 6 mJ. A small fraction (1 lJ) of
the fundamental beam was diverted and focused on a rotating 2 mm
thick CaF2 platelet to generate white light continuum probe pulses. The
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FIG. 1. Schematic band structure of Ge (ignoring nonparabolicity and warping)
showing optical interband transitions (red) from the heavy (hh), light (lh), and splitoff (so) hole bands into the conduction band (CB) with 1.55 eV photoexcitation.
Electron-phonon coupling with multiple phonon modes (magenta) scatters the electrons to the L- and X-valleys, where they relax.

main part of the beam provided pump pulses at 800, 400, or 267 nm
(generated by frequency doubling or tripling). Their intensity could be
adjusted with a variable neutral density ﬁlter. Ellipsometry measurements11 were performed in the polarizer-sample-rotating compensatoranalyzer (PSCRA) conﬁguration. The probe beam was focused on the
sample (diameter <200 lm) by a spherical mirror with a 20 cm focal
length at an incident angle of 60 with respect to the surface normal and
then passed through a wire grid polarizer (Thorlabs).
The s-polarized pump pulses had an incidence angle of 45 and
were focused onto the sample (1/e2 diameter 350 lm) to overlap
with the probe beam. The delay between pump and probe pulses was

FIG. 2. Experimental setup of the femtosecond pump-probe spectroscopic rotatingcompensator ellipsometer. Ch, chopper; A, analyzer; P, wire-grid polarizer; CR,
rotating compensator; L, lens; S, sample; DL, delay line; BS, beam splitter; SHG/
THG, second/third harmonic generation (optional), SCG, super-continuum generation; and CCD, charge-coupled device detector. A photograph is shown in Fig. S1.
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controlled by an optical delay line based on a high precision linear translation stage (Newport). The reﬂected probe beam was collimated and
transmitted through a superachromatic quarter wave plate compensator
(Halle) and a Glan-Taylor prism analyzer (Thorlabs). The polarizer and
analyzer were ﬁxed at 645 , while the compensator was rotated in ten
steps of 50 each. Reﬂectance spectra for each probe pulse were recorded
by a detection system consisting of a charged-coupled device (CCD)
camera with submillisecond readout (Entwicklungsb€
uro Stresing) and a
prism spectrograph. For each compensator position j and for each
pump-probe delay, reﬂectance-difference spectra (DR/R)j were averaged
over 500 probe pulses to reduce the effects of intensity ﬂuctuations of
the white-light continuum.
Using two choppers in the pump and probe beams enabled correction of ambient and pump-related background (including photoluminescence, Rayleigh scattering, and second-harmonic generation). In
addition, spectra taken without the pump were compared with reference measurements on a steady-state commercial ellipsometer to correct systematic errors.9 The pump-probe spectra for short time delays
(<1 ps) were corrected for the group velocity dispersion (chirp) introduced mainly by the wire grid polarizer and the CaF2 plate. The temporal and spectral resolutions were 120 fs and 5 nm, respectively.
Our experimental design has signiﬁcant advantages9 over singlewavelength time-resolved ellipsometry12–14 or multiple-angle polarized reﬂectance15,16 and does not rely on a speciﬁc dielectric function
model.17
Since the probe area easily ﬁts inside the pump area, we can
neglect the radial symmetry of the experiment and assume homogeneous planar excitation without lateral diffusion. For an 800 nm pump
beam, the penetration depth in bulk Ge is 220 nm, while it ranges
from 10 to 60 nm for probe photon energies between 2.0 and 3.5 eV,
much smaller than the pump penetration depth. Therefore, the Ge volume reﬂecting the probe beam has a uniform initial carrier concentration of 1020 cm3 for an 800 nm pump beam with an incident areal
energy density of 2 mJ/cm2 per pulse.9 (Static values of the optical constants were used to estimate the initial carrier concentration. Transient
bleaching at the pump wavelength will decrease the absorption, while
a decrease in the refractive index will reduce reﬂection losses.) We can
thus ignore the depth-dependence of the dielectric function and
directly convert the ellipsometric angles (Fig. 3) into a transient pseudodielectric function, see Fig. 4.
Within the ﬁrst 500 fs, we see a steady decrease in the amplitudes
of the E1 and E1 þ D1 transitions18 in h2 i for Ge, accompanied by a
small redshift of E1 (but not E1 þ D1). These peaks do not change much
from 500 fs to 2 ps and then recover. Full recovery takes about 500 ps,
except that the E1 and E1 þ D1 broadenings are still smaller after 4 ns
than initially. For a 2.6 eV probe energy (above E1 þ D1), the recovery is
much faster. It starts at 500 fs delay time and is completed after 2 ps. At
the highest probe energies above 3 eV, the time-dependence of h2 i is
weak. Below 2 eV, a blue-shift of the rising slope of h2 i below E1 during
the ﬁrst 2 ps is difﬁcult to distinguish from the E1 amplitude decrease.
Changes in h1 i over time are related to the h2 i changes by
Kramers–Kronig transform. For example, the low-energy limit of h1 i
decreases within the ﬁrst 2 ps as the E1 amplitude decreases.
The corresponding changes for Si and InP (see Figs. S11 and S5
in the supplementary material) for the 800 nm pump with the same
electron-hole concentration of 1020 cm3 are much smaller. We conclude that the origin for the large changes in the transient dielectric
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FIG. 4. Real (top) and imaginary (bottom) parts of the transient pseudodielectric
function of Ge (with 4.5 nm native oxide) vs photon energy near the E1 and E1
þ D1 transitions during the ﬁrst 2 ps (left) and at later times (right) after photoexcitation of 1020 cm3 electron-hole pairs with a pump photon energy of 1.55 eV.

FIG. 3. Transient ellipsometric angles w and D for bulk Ge (covered by a 4.5 nm
thick native oxide) at a 60 angle of incidence with a 1.55 eV pump (1020 cm3 carrier concentration) as a function of photon energy and pump-probe delay time.
Increases relative to the initial spectra before excitation (black) are shown in red
and decreases are shown in blue.

function of Ge after the 800 nm pump are due to its peculiar band
structure, where the conduction band minimum is at the L-point.10
The temperature increase inside the probed Ge volume exposed
to one pump pulse can be estimated from DT ¼ E(1 – R)/cV q to be
on the order of 25 K, where E ¼ 2.9 lJ is the incident pump pulse
energy, R ¼ 0.54 the reﬂectance of the pump pulse, V ¼ 3  108 cm3
the excited volume, c ¼ 0.32 J/g K the speciﬁc heat of Ge, and q ¼ 5.3
g cm3 its density. (Radiative recombination will reduce this temperature increase.) The temperature dependence of the E1 energy is about
–0.4 meV/K (see Ref. 18), and therefore, we expect an E1 red-shift due
to heating of no more than 10 meV. The observed redshift, while difﬁcult to quantify, is about 20 meV. We conclude that heating is responsible for a signiﬁcant portion of the observed redshift. On the other
hand, it is difﬁcult to explain why heating affects E1 and E1 þ D1 differently, since D1 is independent of temperature and doping.19,20
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In the discussion of our Ge results, we neglect screening of the E1
excitons by the high carrier concentration because it is not important
for Ge: the E1 and E1 þ D1 peaks in Ge are much less affected by excitonic effects than in Si or GaAs.21 It is known that the E1 and E1 þ D1
amplitudes in Ge are much less reduced by doping than in Si.20,22
Band-ﬁlling20 dominates exciton screening.
We explain the evolution of the transient pseudodielectric function of Ge after excitation with 800 nm pump pulses in reference to
Fig. 1: the 1.55 eV pump photons excite three different electron-hole
populations through interband transitions originating from the heavy,
light, and split-off hole bands. The excess energy of these electrons
(heavy holes) is up to 0.6 eV (0.1 eV), which would correspond to electron and heavy hole temperatures of 4600 and 800 K, respectively.
Through the electron-phonon deformation potential interaction,23 some electrons quickly scatter to the L-valleys, where the density
of states is ten times higher than in the C-valley. There are four different phonon modes at the L-point (transverse and longitudinal acoustic
and optical phonons), all of which contribute to the scattering processes, because the selection rules are only valid at high-symmetry
points.23 Due to the small transverse electron mass at the L-point (out
of the plane of the ﬁgure), a broad range of transitions is possible (dotted lines in Fig. 1). The electrons will populate several ellipsoidal energy
surfaces in ~
k-space around the four L-points. Due to the large scattering
vector for these processes, intervalley scattering is not screened by the
photoexcited carriers, see the supplementary material. Even more electrons, however, scatter into the X-valleys, where the density of states is
even higher than in the L-valleys. The transfer of electrons from the Cto the L- or X-valleys requires only one scattering process by a single
phonon with a time scale of less than 50 fs, i.e., below our time resolution.24 The photoexcited holes, on the other hand, have insufﬁcient
energy to scatter to the L-point and therefore remain near C.
The transient pseudodielectric function of Ge with 50 fs time
delay is similar to the steady-state spectra. This means that nearly
1020 cm3 electrons in the X-valley and a similar number of holes near
C have only a small impact on the pseudodielectric function between
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1.7 and 3.5 eV because they do not participate in the E1 and E1 þ D1
transitions. Many-body effects are local in ~
k-space.25 Only carriers
with a wave vector ~
k 0 can renormalize transitions at ~
k 0 . Therefore,
electrons at X and holes at C cannot impact the E1 transitions at L and
along K.
Subsequently, the carriers form thermal Fermi-Dirac distributions
and cool down by phonon emission (mostly deformation-potential scattering because the Fr€
ohlich interaction does not exist in a nonpolar semiconductorlike Ge).1,3,10 Within 500 fs, they scatter from the X-valley to
the L-valley, which has about 0.4 eV less energy. The nonequilibrium
electron distribution in the L-valley partially blocks the E1 and E1 þ D1
transitions (Pauli blocking), thus reducing the amplitude of the E1 and
E1 þ D1 peaks in the pseudodielectric function (Fig. 4).
Because the electron temperature is still very high after 500 fs,
Pauli blocking extends beyond 2.6 eV. At 2 ps, the electrons have
cooled down signiﬁcantly, and therefore, the pseudodielectric function
at 2.6 eV has recovered its equilibrium value. On the other hand, the
carrier density at L has not changed much yet, indicated by the
reduced amplitudes of the E1 and E1 þ D1 peaks.
Between 2 ps and 500 ps, the E1 and E1 þ D1 amplitudes of Ge
recover. This means that the electron concentration falls below the
measureable threshold, ﬁrst by the highly nonlinear Auger recombination and later by ambipolar diffusion and electron-hole pair (radiative
or nonradiative) recombination. The next pump pulse arrives after
1 ms, much longer than the recombination or diffusion time.
We note that the broadenings of the E1 and E1 þ D1 peaks in Ge
do not change much with time, only their amplitude. These broadenings are mostly due to the lifetime of holes near the L-point and not
affected by the electrons.26 Therefore, they do not depend on the delay
time.
The E1 peak of h2 i in Ge redshifts by no more than 20 meV,
while the E1 þ D1 peak does not redshift at all. This limits the magnitude of BGR, which seems to be of the same order of magnitude as
laser heating. The redshift might also indicate that the K4,5 and K6
valence bands are not exactly parallel to the corresponding K6 conduction bands.20 Because of the large density of ﬁnal states available for
the E1 and E1 þ D1 transitions, we do not expect a Burstein-Moss shift
due to Pauli blocking, only a reduction of the peak amplitudes.27
The redshift due to BGR in doped semiconductors has three contributions: (1) the self-energy due to the breaking of the translational
crystal symmetry by ionized impurity atoms,22 (2) the correlation hole
due to Coulomb repulsion, and (3) Pauli exclusion.25 While all three
of these are present in doped Ge, only the latter two occur under high
photoexcitation. For the E1 gap in n-type Ge with an electron concentration of 1020 cm3, a BGR redshift of 61 meV was found,20 much
larger than the redshift seen in our experiments at the same electronhole concentration. We conclude that the main contribution to the
BGR redshift in doped semiconductors is impurity disorder scattering,
not exchange-correlation effects.
In summary, we observe signiﬁcant changes due to band ﬁlling
in the femtosecond transient dielectric function of Ge near the E1 and
E1 þ D1 transitions, but not for Si and InP. The difference is explained
by the conduction band structure of these materials, where the minimum is located at L, D, and C, respectively. There is also a small redshift of these critical points due to laser induced lattice heating and
many-body effects (bandgap renormalization).
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See the supplementary material for experimental results with discussion for Si and InP and data acquired with 3.1 and 4.65 eV pump
photon energy, while this manuscript focuses on the results for Ge
with 1.55 eV pump pulses.
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S1.

EXPERIMENTAL SETUP

A photograph of the experimental setup is shown in
Fig. S1.

S2.

RESULTS FOR 4.65 EV PUMP EXCITATION OF GE

Experimental data for bulk Ge with 4.5 nm native
oxide were also acquired with 4.65 eV (267 nm) pump
pulses. To achieve the same electron-hole density of
1020 cm−3 near the surface as for 800 nm excitation,
the incident intensity was reduced with a variable neutral
density filter to take into account the smaller penetration
depth. The transient pseudodielectric functions from this
experiment are shown in Fig. S2.
At the 4.65 eV pump energy, the penetration depth is
only 5.6 nm, much smaller than the penetration depth of
the probe pulse (10 to 60 nm between 1.7 and 3.5 eV).
Therefore, the pseudodielectric function is not only affected by the highly photoexcited surface region of Ge,
but also by those regions in the sample not excited by the
laser. We therefore expect a weaker transient response
of the pseudo-dielectric function with a 4.65 eV pump
excitation than with 1.55 eV pump pulses, because the
responses of excited and equilibrium regions of Ge are
averaged.
If we refer to the band structure of Ge, see Ref. 10
and Cohen (1988), we find that the X5 valence band is
3.3 eV below the valence band maximum and 4.5 eV below the X5 conduction band. Excitation with 4.65 eV
pump pulses is therefore nearly resonant with the band
gap at the X-point, as shown in Fig. S3. Such UV excitation is also nearly resonant with the E2 transitions
in Ge, which occur at 4.5 eV and arise from transitions
in a broad region of reciprocal space near the point with

coordinates 2π/a (0.75, 0.25, 0.25) (Alouani 1988). That
is not too far from the X-point, as shown in Fig. S3.
With 4.65 eV pump pulses, electron-hole pairs are
therefore created in a broad region of reciprocal space
not too far from the X-valley. Much fewer carriers are
created in the Γ- and L-valleys. The photoexcited holes
will relax and scatter towards the valence band maximum
at Γ, where they no longer participate in the experiment.
The electrons, on the other hand, will first relax towards
the conduction band minimum near X and then scatter
to the L-valley through deformation potential interaction. At later times, relaxation in the L-valley continues
followed by Auger and electron-hole pair recombination.
The main differences between 4.65 eV and 1.55 eV excitation are therefore the following: (1) The first step in the
relaxation with 1.55 eV excitation, i.e., the scattering of
electrons from the Γ- to the X-valley does not occur with
4.65 eV excitation, because electron-hole pairs are created
directly in a region not too far from the X-point. This
first step is extremely fast and its omission does therefore not affect our experimental results. (2) Despite the
very high photon excitation energy, the initial electron
temperature in the X-valley is not much higher than for
1.55 eV excitation, because most of the excess energy is
dumped into the hole system, see Fig. S3. (Photoexcited
electron-hole pairs are created not far from the X-point,
where the hole energy is about 3 eV below the valence
band maximum.) These holes are scattered throughout
the Brillouin zone during the early stages of relaxation by
optical phonon emission and only a small fraction of them
is sampled by the probe beam, but the phonons created
by hole relaxation will lead to a temperature increase of
the sample. (3) Since the photon energy is three times
larger for 4.65 eV excitation, the initial temperature increase in the photoexcited volume due to the pump laser
might be up to 60 K (ignoring radiative recombination
losses) and therefore the temperature-related redshift of
the E1 and E1 + ∆1 peaks might also be three times
larger, up to 25 meV. (4) For 4.65 eV excitation, the carrier density is reduced not only by Auger and electronhole pair recombination, but also by ambipolar diffusion,
since the penetration depth of the pump laser is much
smaller than that of the probe beam.
As we compare the experimental results for 4.65 eV
pump excitation (Fig. S2) with the 1.55 eV pump results
(Fig. 4), we must consider that the absolute time scale
introduced as part of the chirp correction might be off by
up to 100 fs in these two experiments. At first glance,
the experimental results are indeed quite similar. With
4.65 eV excitation, the amplitudes of the E1 and E1 + ∆1
critical points decrease steadily over the first 200 fs and
then remain constant up to ∆t=500 fs. The recovery of

S2

FIG. S1. Photograph of the experimental setup for femtosecond pump-probe ellipsometry. The sample stage is shown in the
center on the bottom. The pump and probe beams enter from the right. The reflected beam exits towards the left. S: Beam
stop. M: Spherical mirror. Other acronyms are defined in Fig. 2.

these amplitudes sets in near 2 ps and is mostly complete
after 500 ps. We notice that the initial recovery of the E1
and E1 + ∆1 amplitudes is faster with 4.65 eV excitation,
probably due to an earlier onset of diffusion because of
the shallow pump penetration. For both excitation energies (1.55 eV and 4.65 eV), cooling of the electron population in the L-valley is mostly complete after 2 ps, as seen
by the recovery of <2 > at 2.6 eV. The broadenings of
the E1 and E1 + ∆1 critical points are larger for 4.65 eV
excitation, possibly due to the higher hole temperature
than for 1.55 eV probe pulses, since these brodenings are
mostly determined by the lifetime of holes near the Lpoint.26

S3.

RESULTS FOR 3.1 EV PUMP EXCITATION OF GE

We now proceed to discuss the transient pseudodielectric function of Ge with 3.1 eV (400 nm) pump excitation. In this case, the penetration depth of the pump
laser is about 15 nm, which is comparable to the penetration depths in the spectral region of the probe beam.
Therefore, diffusion will be a significant factor contributing to our data. Just like with 4.65 eV excitation, the
dielectric function of the sample depends on depth and a

pseudodielectric function is measured.
The pump pulse energy was again adjusted to excite an
electron-hole density of 1020 cm−3 (assuming a steadystate absorption coefficient). For 3.1 eV pump excitation,
the pump laser overlaps with the energy spectrum of the
quasicontinuous probe beam. Our rotating-compensator
ellipsometer setup does not allow us to separate the pump
and probe beams with crossed polarizers. Our firstgeneration dual-chopper setup was unable to reject the
pump beam completely from contributing to the signal.
This led to artifacts in the transient pseudo-dielectric
function. Because of these artifacts, we are not able to
show the transient dielectric function of Ge with 3.1 eV
laser excitation at this time. Experimental improvements
in our second-generation design were successfully applied
to Si and InP (see below) and removed these artifacts.
We hope that we can also show such results for Ge in a
future publication.
If we refer again to the band structure of Ge, see Fig.
S4, we recognize that the 3.1 eV pump is sufficient to excite the E1 and E1 + ∆1 transitions. Most electron-hole
pairs will therefore be created in the L-valley or with
wave vectors along the Λ-direction. The pump energy is
too high to excite many electrons in the Γ02 -valley and too
low for excitation near the X-point. The density of states
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FIG. S2. As Fig. 4, but for a pump photon energy of 4.65 eV, produced by third-harmonic generation of the fundamental
800 nm laser beam.

for E00 transitions (from the Γ025 valence band to the Γ15
conduction band) is small. The holes will quickly relax
towards the center of the Brillouin zone. Some, but not
all of the electrons have sufficient energy to scatter to the
X-valley, where the density of states is higher, and will
certainly do so, but it is reasonable to assume that the
carrier density in the L-valley is much higher for 3.1 eV
excitation than for a 1.55 or 4.65 eV pump beam. The
initial temperature increase with 3.1 eV pump excitation
is twice as large as with 1.55 eV excitation and expected
to be 40 K, which might lead to a redshift of the E1 and
E1 + ∆1 transitions of up to 15 meV. (This might be
reduced by heat losses due to radiative recombination,
carrier diffusion, and thermal transport.) Just like for
the excitation with 4.65 eV pulses (which is nearly resonant with the E2 critical point and the band gap at the
X-point), for excitation with 3.1 eV pump pulses most
energy is deposited into the hole system, see Fig. S4.

S4.

RESULTS FOR INP

The same experiments as for Ge were also performed
for InP, with 800 nm, 400 nm, and 267 nm photoexcitation. The angle of incidence was 60◦ for the pump,
and 45◦ for the probe beam. The incident pump pulse
energy was again adjusted to reach a carrier density of
about 1020 cm−3 , calculated from the steady-state optical
constants of InP (Aspnes 1983). The resulting transient
pseudodielectric functions are shown in Figs. S5, S8, and
S10. From the magnitude of the pseudodielectric function near the E1 peak at 3.15 eV we estimate a native
oxide thickness of 3 nm.
As shown in Fig. S6, the direct band gap E0 of InP is
1.34 eV (Lautenschlager 1987), significantly larger than
that of Ge (0.8 eV). The spin-orbit splitting of InP (dominated by the P anion) is very small, only ∆0 =0.11 eV
(Lautenschlager 1987). Most importantly, the conduction band satellite valleys at the L- and X-points are
high above the Γ point. There is some controversy about
their exact location. We select ∆EΓL =0.086 eV and
∆EΓL =0.096 eV (Zollner 1990). Given this band struc-
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FIG. S3. Schematic band structure of Ge (ignoring nonparabolicity and warping) showing E2 optical interband transitions (red) with 4.65 eV photoexcitation in a broad region
of reciprocal space, followed by relaxation and scattering of
electrons to the L-valley.
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FIG. S4. Schematic band structure of Ge (ignoring nonparabolicity and warping) showing E1 and E1 + ∆1 optical
interband transitions (red) with 3.1 eV photoexcitation along
the Λ-direction of the Brillouin zone. Pump and probe beams
are shown by dashed and solid arrows, respectively.

ture, a pump laser with 1.55 eV photon energy (800 nm
wavelength) can only excite electron-hole pairs near the
Γ-point. Interband transitions occur from the heavy,
light, and split-off hole bands to the conduction band,
as indicated by the dashed arrows. The carriers quickly
thermalize by carrier-carrier collisions. The initial electron temperature of about 2000 K is dominated by transitions from the heavy hole to the conduction band. The

initial hole temperature is about an order of magnitude
lower. Subsequently, the carriers cool by emission of
longitudinal optical (LO) phonons with a characteristic
emission time on the order of 100 fs. This leads to the
build-up of a nonequilibrium phonon distribution with a
lifetime of 5-10 ps, which slows the cooling of the carriers
(Pötz 1983, Lugli 1989). Eventually, the carrier density
is reduced by diffusion and recombination, The distribution cools further by scattering with acoustic phonons,
once emission of LO phonons is no longer possible.
To interpret our experiments for 1.55 eV pump photon energy, we note that the penetration depth of InP
at 800 nm is 360 nm (Aspnes 1983), while that of the
probe beam is much lower (14 to 250 nm). Therefore,
our experiment probes a uniformly excited volume and
we do not need to worry about interference effects in analyzing the pseudodielectric function obtained with this
pump energy.
In our transient dielectric functions with 800 nm pump
photon energy, see Fig. S5, we observe minimal changes
with delay time, at least one order of magnitude lower
than for Ge. (When comparing the pseudodielectric functions of Ge and InP, we must consider that the spin-orbit
splitting is only ∆1 =0.13 eV, which is not observed in our
room temperature data.) Since no electrons can scatter
to the L-valley, there is no band filling and therefore no
reduction in the amplitude of the E1 transitions. The
large density of electrons at Γ apparently does not reduce
the excitonic enhancement of the E1 transitions, which is
expected to be moderate in InP (Lautenschlager 1987).
Furthermore, the carriers at Γ do not renormalize the E1
transition energy (no redshift of the peak), because band
gap renormalization is local in k-space. A high density of
carriers at Γ does not lower the energies of the conduction
band energies at the edge of the Brillouin zone, and vice
versa.25 Some small changes are observed at the lowest
probe beam energies (where our experimental errors are
larger), due to the electron dynamics in the Γ-valley that
might be probed here.
For a 400 nm pump beam (3.1 eV photon energy), see
Fig. S7 the excitation is nearly resonant with the E1 energy (3.15 eV). Due to the resonant excitation, the initial
electron temperature at the L-valley is rather low. Despite the spectral broadening of the pump pulse (about
30 meV) and the broadening of the transitions (about
80 meV at room temperature), the probability of E1 +∆1
transitions (3.28 eV) is low. Therefore, we expect a high
density of electrons in the L-minimum of the conduction
band and of holes in the L4,5 valence band, but not in
the L6 valence band. The holes will scatter towards the
Γ-point with a scattering time of 8 fs, losing energy at a
rate of 3.5 meV/fs (Zollner 1990). The electrons at the
L-point scatter to the Γ-valley with a scattering time of
200 fs (Zollner 1991). Some electrons, especially those
created with wave vectors along Λ further away from the
L-point, have sufficient energy to scatter to the X-valley,
as shown by the horizontal magenta arrow. Therefore,
the initial accumulation of electrons at the L-minimum
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about 3 nm native oxide) versus photon energy during the first 2 ps (left)
and at later times (right) after photoexcitation of 1020 cm−3 electronhole pairs with a pump photon energy of 1.55 eV.
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FIG. S6. Schematic band structure of InP (ignoring nonparabolicity and warping) showing optical interband transitions (red) from the heavy (hh), light (lh), and split-off (so)
hole bands into the conduction band (CB) with 1.55 eV photoexcitation. No scattering to the satellite valleys is possible,
because they are at much higher energies.

will deplete very rapidly, in contrast to Ge, where the Lminimum has the lowest energy in the conduction band.
In the experimental data for the 400 nm pump beam
(see Fig. S8), the penetration depth of the pump beam
is about 20 nm, comparable to that of the probe beam
or larger. We see that a spectral hole at 3.1 eV is burnt
into the sample for zero time delay. The amplitude of
the E1 peak drops during the first 100 fs, as electrons ac-
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FIG. S7. Schematic band structure of InP (ignoring nonparabolicity and warping) with 3.1 eV photoexcitation. The
energies of the pump and probe pulses are shown by the red
dotted and solid lines, respectively.

cumulate near the L-point. Because of the spectral hole,
it is difficult to determine if there is a redshift of this
critical point. After 100 fs, the E1 amplitude recovers,
as carriers scatter from the L-valley to the Γ-valley. To
our knowledge, this is the first experimental observation
of intervalley scattering from the L-point to the Γ-valley
using ultrafast laser techniques. (Scattering from the Γvalley to the L-valley, the reverse process, was studied
using hot-electron luminescence by Alekseev 1988. Intervalley scattering in GaAs has been reviewed by Shah.1 )
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For InP with 267 nm excitation, the penetration depth
of the pump beam is only 7.7 nm, much less than the
probe penetration depth. Therefore a probe photon energy of 3 eV is influenced not only by the photoexcited
sample volume, but also by equilibrium material, which
will weaken the transient signals in the pseudodielectric
function. This pump photon energy (4.65 eV) is not sufficient to excite electrons directly in the X-valley, because
the pump photon energy is lower than the E2 critical
point energy (5.0 to 5.5 eV, see Lautenschlager 1987).
Therefore, electrons are created in a broad volume in kspace around Γ and along Λ. See Fig. S9. Therefore the
transient response for 267 nm excitation is weaker than
for 400 nm excitation, as shown by Fig. S10.

FIG. S8. As Fig. S5, but with a
pump photon energy of 3.1 eV.

3.0
2.5
2.0
1.5
1.0

Energy (eV)

2.0

0.5
0.0

E1

D

E1 +

1

X

probe

-0.5
-1.0

CB

-1.5

hh
lh

-2.0

-3.0

so

InP

-2.5

4.65 eV

-3.5
L -0.9

S5.

RESULTS FOR SI

We also measured the transient pseudodielectric function for Si, with 800 nm, 400 nm, and 267 nm photoexcitation. The angle of incidence was 60◦ for the pump, and
45◦ for the probe beam for 800 and 400 nm excitation.
For 267 nm pump pulses, the angle of incidence of the
probe beam was 70◦ . For 267 nm and 400 nm excitation, the incident pump pulse energy was again adjusted
to reach an initial carrier density of about 1020 cm−3 ,
calculated from the steady-state optical constants of Si
(Aspnes 1983). For 800 nm pump excitation, however,
the penetration depth is very large (11 µm) and therefore
even a high fluence of 8.7 mJ/cm2 could only achieve a
carrier density of 2×1019 cm−3 . The resulting transient
pseudodielectric functions are shown in Figs. S11, S15,
and S16. From the magnitude of the pseudodielectric
function near the E1 peak at 3.4 eV, we estimate a na-
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FIG. S9. Schematic band structure of InP (ignoring nonparabolicity and warping) with 4.65 eV photoexcitation. The
energies of the pump and probe pulses are shown by the red
dotted and solid lines, respectively. Transitions near the Xpoint are not possible, because the pump photon energy is
too low. Instead, electron-hole pairs are generated in a large
k-space volume around Γ and along Λ.

tive oxide thickness of 2.8 nm. We note that our rotatingcompensator ellipsometer design leads to high accuracy
for small values of <2 > below 2 eV, not affected by the
rotating-analyzer artifact discussed by Aspnes (1983).
For 800 nm excitation, the changes of the transient
pseudodielectric function are very small, see Fig. S11.
At the E1 maximum <1 > and <2 > drop by about 3%
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FIG. S10. As Fig. S5, but with a
pump photon energy of 4.65 eV.
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within 20 fs. While this initial drop is quite fast, the recovery is very slow. Most of the recovery occurs between
1 and 5 ns delay time. Si is an indirect semiconductor
(see Fig. S12 for a band structure plot), where no direct transitions are possible at the pump photon energy
of 1.55 eV. Therefore, the absorption of the pump beam
is caused by indirect transitions, which create electrons
at the ∆-minimum and holes near the Γ-point. Twophoton absorption might also be a factor. The probe
beam mostly tests the presence of electrons at the L-point
and along Λ, which are not excited in large numbers by

3.5

FIG. S11. Real (top) and imaginary (bottom) parts of the transient
pseudodielectric function of Si (with
2.8 nm native oxide) versus photon
energy during the first 40 fs (left) and
at later times (right) after photoexcitation of 2×1019 cm−3 electron-hole
pairs with a pump photon energy of
1.55 eV.

this pump beam. Therefore, the transient dielectric function changes should be minimal with 800 nm excitation,
as we observed experimentally. The small (3%) drop in
the amplitude of the E1 peak might be due the nonequilibrium hole distribution near the Γ-point. They partially
block the E00 transitions, which occur at the Γ-point and
have nearly the same energy as the E1 transitions. Apart
from this small effect, the holes at Γ and the electrons
at ∆ do not influence the energies, broadenings, and amplitudes of the E1 transitions. This again confirms the
results of Kalt and Rinker25 that electrons with one spe-

S8

FIG. S12. Band structure of Si calculated with the nonlocal
empirical pseudopotential method (Cohen 1988) with 1.55 eV
photoexcitation. The energies of the pump and probe pulses
are shown by the red dotted and solid lines, respectively. The
pump beam creates electrons in the ∆-minima and holes near
Γ through indirect transitions. The probe energy is resonant
with the E00 and E1 transitions along the Λ-direction.

FIG. S13. Band structure of Si calculated with the nonlocal
empirical pseudopotential method (Cohen 1988) with 3.1 eV
photoexcitation. The energies of the pump and probe pulses
are shown by the red lines. The pump beam creates electronhole pairs along the Λ-direction between Γ and L. Both pump
and probe beams are nearly resonant with the E00 and E1 transitions along the Λ-direction, but have slightly lower energy.

cific wave vector ~k do not renormalize transitions that
occur at a different wave vector. It is also remarkable
that the high electron density at ∆ does not screen the
E1 excitonic enhancement.
The transient pseudodielectric functions for 400 nm excitation are shown in Fig. S15. There are some artifacts
in the probe spectra near the pump energy of 3.1 eV.
There is a small drop in the amplitude of the E1 transitions during the first 100 fs. The amplitude remains low
for about 1 ps and then recovers within 50 ps.
These results can be understood in comparison to the
Si band structure shown in Fig. S13. The energy of the
pump beam with 3.1 eV photon energy is almost resonant
with the E1 and E00 critical points (3.4 eV), see Ref. 21.
Because of the broadening of the critical points (about
100 meV) and the spectral bandwidth of the pump beam
(30 meV), electron-hole pairs between L and Γ along the
Λ-direction can be created through direct interband transitions. Transitions near Γ are more likely than near L,
because the E00 transition energy is slightly lower than
that of E1 . The holes will quickly scatter towards the
Γ-valley and the electrons to the ∆-valleys. Therefore,
there is no heavy build-up of electrons along Λ, which
might block the E00 and E1 transitions. This explains
why the changes observed in the transient pseudodielectric function of Si with 3.1 eV pump excitation are minimal. The E1 and E00 transitions are not shifted or reduced in amplitude by the electrons at ∆ and the holes
at Γ.

Finally, the transient pseudodielectric functions of Si
for 267 nm excitation are shown in Fig. S15. There is
a slight reduction of the amplitude of the E1 peak during the first 100 fs. The peak recovers mostly between
500 fs and 10 ps delay time. For 4.65 eV excitation, the
pump laser penetration depth is only 4 nm, while the
pump penetration depth is 130 nm or larger. Therefore,
the probed volume is mostly Si in equilibrium. It is difficult to interpret the pseudodielectric function without
a careful graded-layer analysis, taking into account the
ambipolar diffusion of the charge carriers. For 4.65 eV
excitation, the pump laser is nearly resonant with the
E2 transitions. It creates electron-hole pairs in a large
volume of ~k-space not too far from the X-point. The
electrons will scatter towards the ∆-minimum, while the
holes will scatter towards Γ. Both should not affect the
E1 and E00 transitions, which are probed by the probe
beam. It is possible that the reduction of the E1 transition amplitude is due to screening of electric fields present
at the surface. This wafer was (111)-oriented and slightly
p-type (boron-doped) with a resistivity of 9 Ωcm.

S9
electron-phonon scattering processes will play no more
than a minor role even at such high carrier densities.
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FIG. S14. Band structure of Si calculated with the nonlocal
empirical pseudopotential method (Cohen 1988) with 4.65 eV
(267 nm) photoexcitation. The energies of the pump and
probe pulses are shown by the dashed and solid lines, respectively. The pump beam is nearly resonant with the E2
transitions and therefore creates electron-hole pairs in a large
volume of ~k-space not too far from the X-point. The probe
beam is nearly resonant with the E00 and E1 transitions along
the Λ-direction.
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According to Kittel (2005), the Thomas-Fermi wave
vector kTF and screening length λTF are given by
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=
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where aB is the Bohr radius, taken here as the excitonic radius of Ge, aB =240 Å. For a carrier density
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FIG. S15. Real (top) and imaginary (bottom) parts of the transient
pseudodielectric function of Si (with
2.8 nm native oxide) versus photon energy during the first 100 fs
(left) and at later times (right) after photoexcitation of 8×1019 cm−3
electron-hole pairs with a pump photon energy of 3.1 eV. There are
some artifacts in the spectra near the
pump energy of 3.1 eV, which could
not be removed by the dual-chopper
data acquisition setup.
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photoexcitation of about 1020 cm−3
electron-hole pairs with a pump photon energy of 4.65 eV.

Chapter 2 Transient charge-carrier and lattice dynamics in photo-excited semiconductors

2.5 Conclusions
This section comprises conclusions that are drawn from the aggregated publications and
provides a comprehensible picture of the underlying physical processes in semiconductors
after photo-excitation by incorporation of the results into the body of literature.
In the femtosecond ellipsometry experiments, the semiconductors are optically excited
by above-bandgap femtosecond laser pulses resulting in high excess energy of the carriers. This is dierent from many pump-probe studies in the literature, which employ
near-bandgap absorption thereby transferring less excess energy to the carriers. The
high excess energy of the carriers is accompanied by high carrier temperature. Several
thousand Kelvin are reached in the case of ZnO. In particular, the dierent eective
masses lead to 7200 K for the electrons and 2800 K for the holes [C2, C4]. In the case of
Ge, electrons acquired 4600 K and heavy holes 800 K [C3]. Similar values are attained
in the experiments involving Si and InP.
The initial distribution of the carriers after photo-excitation follows the spectrum of
the pump laser. Hence, it features a peaked distribution which is non-thermal in the sense
that it does not follow the Fermi-Dirac distribution. Mainly carrier-carrier scattering
supported by fast contributions of carrier-phonon scattering yields thermalization among
the electrons and holes, respectively, on a time scale of several 100 fs. In particular, holes
need 200 fs for thermalization while 400 fs are needed for electrons in ZnO [C2]. Not
more than 500 fs are estimated for Ge [C3], while characteristic times for thermalization
of both carrier types of less than 200 fs are reported in literature [201]. From the same
study, the thermalization time for electrons is slightly lower by 30 fs, which might result
from phonon-assisted Γ-L inter-valley scattering, however, this cannot be resolved within
our experimental resolution.
The large excess energy of the charge carriers is successively transferred to the phonons
(Fig. 2.1), where most energy is taken away by scattering with the high-energy phonons,
i.e. longitudinal optical (LO) and transverse optical (TO) phonons. Thus, the preferred
creation of high-energy phonons increases the occupation of their corresponding states,
which in turn increases the average phonon energy as well. This eect is nicely seen in the
increased energy of the exciton-phonon complexes in ZnO [C2], which is counteracting
the energetic decrease due to many-body eects (see below). The energy transfer to
the phonon systems can also be understood as a heating process. Simulations showed
a signicant increase of the LO phonon temperature by several ten degrees Kelvin for
large excess energy [C6]. The experimentally estimated lattice temperature increases by
less than 50 K assuming full absorption of the pump pulse-energy The heating is initially
localized to the spot size of the pump-excitation laser. Hence, there is thermal gradient
radially outwards in the direction of the colder surroundings of the pump spot, which can
induce high-speed carrier drift similar to the Seebeck eect [162]. Simultaneously, there
exists a natural carrier-density gradient due to the localized nature of the pump-laser
excitation, which leads to diusion in order to overcome the carrier-density gradient.
The combined eect of carrier drift and diusion out of the region of high carrier density
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as observed by femtosecond imaging ellipsometry [C5] can produce ring structures in the
optical response, which are often observed in photoluminescence experiments [202205].
The combined diusion and drift speed of the carriers is additionally inuenced by the
Photo-Dember eect [206] and the corresponding eective diusion coecient estimated
in this work is (1.1 ± 0.1) × 104 cm2 /s for ZnO [C5].
Another consequence of the strong LO-phonon occupation is the increased probability
for scattering with the carriers, i.e. the more phonons are available, the higher the
probability to scatter with them. This results in energy transfer back and forth between
carriers and phonons, which delays the actual carrier cooling by several picoseconds.
The particular eect is termed hot-phonon eect [9, 20] and its inuence on the carrier
dynamics was calculated for ZnO and CuI in this work [C6]. This is was not realized for
Ge, Si and InP, because their indirect band gap allows a broad range of phonon wavevectors to occur during scattering, which cannot be captured with the simple model used
in [C6]. Carriers with high excess energy would cool down directly to the temperature
of the thermal bath, however, the decrease in temperature is hindered by the interaction
with LO and TO phonons. Electrons and holes attain a common temperature with
the phonons rst after few picoseconds and cool down to the bath temperature on the
nanosecond time scale, which is ruled by the anharmonic decay of LO and TO phonons
to acoustic phonons. In the experiments, the delayed recovery of the exciton peak in
ZnO was observed during the rst two picoseconds after excitation, which is evident
by a plateau in the exciton-peak amplitude [C2] and similarly in the transient exciton
energy [C4].
The transient re-distribution of carriers to dierent electronic states by the pump
excitation blocks several absorption channels, but simultaneously allows other transitions
to take place. This is quantied by sum rules [8, 207], which are derived from the fact
that the total number of carriers in the system is a constant. It was estimated in the
experiment with Ge that less than one of the four available valence electrons per Ge
atom were excited. This shows that sum rules consider only an eective number of
carriers when the integration is extended over a small spectral range.
Especially low-energy transitions lying in the bandgap of semiconductors are promoted
by the carrier re-distribution. In particular, inter-valence-band transitions are very likely
to become possible [189]. However, they are not easy to distinguish from absorption
resulting from activated electronic defects whose states have energies across the entire
bandgap. In the experiments with ZnO thin lms, such low-energy absorption was found
and attributed to inter-valence-band transitions because of the large absorption cross
section [C2, C5] and the induced dichroism [C6]. Both eects are not expected to result
from defect-related absorption [92], but contributions from defects cannot be excluded
because the optical properties of ZnO thin lms can vary strongly in dependence on the
growth conditions [208]. The relative contributions of inter-valence-band transitions and
defect-related transitions could be identied from experiments at dierent pump-pulse
energy, i.e. when the excited carrier density is varied. A recent report in the literature
identies similar mid-bandgap absorption as an artifact resulting from the optical Kerr
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eect or two-photon absorption [93]. However, no optical properties were reported in this
study such that the interpretation of the data remains vague as explained in section 1.3.
Induced absorption due to free carriers occurs predominantly in the infrared spectral
range for semiconductors and the actual contribution to the optical properties depends
on the actual carrier density, mass and mobility. In this work, the combination of those
parameters was not ideally suited to unambiguously identify free-carrier absorption because the Drude term did not extend too far into the measured spectral range. Hints
for free-carrier absorption where found in Ref. [C4], but the observations could also be
explained by induced inter-valence-band absorption and the decrease of ε1 due to absorption damping at the bandgap energy in combination with Kramers-Kronig-relations.
Measurements with infrared probe or even in the THz regime [52] are much better suited
for such investigations.
The most remarkable result of the transient ellipsometry measurements seems to be
the persistence of excitonic peak structures in the DF of ZnO upon intense UV photoexcitation [C2, C4]. This was observed for both polar and non-polar ZnO samples when
the excited carrier density was well above the Mott density nM . At a rst glance, the
true value of the excited carrier density appears as a debatable point, because if the
carrier density was just not high enough, then many-body eects should be too weak
to cease the existence of excitons. However, the carrier density can be easily estimated
assuming only single-photon absorption as the pump photons have larger energies than
the bandgap of ZnO. Furthermore, transport and diusion eects do not signicantly
lower the carrier density over time within the typical probe-beam spot-size of 200 µm as
observed in the transient imaging ellipsometry experiments [C5]. Hence, the persistence
of excitonic peaks appears to be no artifact. They are interpreted as a signature of
Mahan excitons [15, 174] resulting from the screened residual coulomb interaction of
the electron-hole pairs. However, it is not clear in which way they are related to other
high-excitation signatures in optical spectroscopies of ZnO [209, 210]. The time scale
of the re-appearance of free excitons is dicult to detect experimentally. THz timedomain spectroscopy nds 700 ps formation time of excitons in Ge probing transitions
between dierent excitonic substates [211]. It is also important to distinguish the eects
on the optical properties due to classical unipolar doping of semiconductors from those
eects due to optical excitation, which is sometimes referred to as photo-doping, that is
ambipolar. In doping experiments, a strong increase of the bandgap due to the dominant
band lling would be expected, but that is not what we observe when both carrier
types are promoted by optical excitation. In particular, a maximal dynamic increase of
the transient exciton energy in ZnO by 80 meV was found for 1020 cm−3 carrier density,
which is in accordance with theoretical calculations which consider band lling as well as
screening and bandgap renormalization [15]. By contrast, an increase of about 400 meV
is expected considering only band lling and the usual eective masses [158].
Kalt and Rinker [200] asserted that many-body eects are local in k -space, i.e. the
occupation of electronic states at point k1 in the Brillouin zone does not directly alter
the electronic transitions (by neither screening, nor bandgap renormalization) at some
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distant point k2 . The ndings of this work support the assertion of Kalt and Rinker:
The E1 and E1 + ∆1 transitions in Ge correspond to electronic states near the L point
of the Brillouin zone. However, their peaks in the transient spectra of ε2 do not shift
much until about 50 fs after 1.55-eV excitation when holes and most electrons are still
situated at the Γ point. This is similarly observed for InP and Si. Furthermore, it is
found that free excitons in ZnO are not screened by the high carrier density located at
high k values away from the Γ point until about 300 fs after UV excitation. This time
range corresponds again to the thermalization time of the carriers, i.e. the time they
need to scatter to the Γ point that is k = 0. This eect is to distinguish from the actual
buildup of screening at a given k value occurring on the time scale of the inverse plasma
frequency typically taking few 10 fs [178, 179].
Indications for strain waves related to coherent phonon oscillations were only observed
in the line-shape analysis of Ge and their analysis is subject of current work. However,
there are reports in the literature on such oscillations in similar experiments for both
ZnO [87,93,111,114] and Ge [201,212]. These experiments involve single crystals mostly,
which was not the case for the experiments in this work. The visibility of the oscillations
might be related to the polarization of pump and probe being parallel to each other
[111]. This case is included in ellipsometry analysis, but it might be averaged out by
contributions from all other non-parallel relative polarization orientations.
Finally, it is not entirely clear why no optical gain, that is negative ε2 , is observed
in the experiments on ZnO, although the photo-excited carrier density is high enough
to expect it [17, 118]. On the one hand, the ZnO thin lms might represent optical
resonators, which have too low quality factors, that hamper the coherent superposition
of electric elds. On the other hand, this issue might be related to the reection geometry of the ellipsometry experiments, because optical gain in ZnO is only reported
in transmission geometry as so-called gain spectroscopy [22]. Optical gain results from
stimulated emission of photons with identical wave vector compared to the stimulating
photon. In the reection geometry, the wave vector of the incoming photon points into
the sample and not in the direction of the detector. Hence, gain might exist, but it is
just not measured in the presented experimental setup. If it was measured, then the
interpretation of the observed carrier decay and characteristic time constants should
change only quantitatively.
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In this work, transient carrier and lattice dynamics in photo-excited semiconductors
were studied by analyzing the transient optical response, i.e. the transient dielectric
function (DF), after femtosecond-pulsed laser excitation. To this end, the an experimental setup for femtosecond time-resolved spectroscopic ellipsometry was developed in
close cooperation with ELI Beamlines and described herein [C1]. The setup is based on
a combination of the pump-probe method employing a broadband spectral probe and
ellipsometry. It allows to obtain the transient DF of solids from the near-IR to UV
spectral range (1.3 eV3.6 eV) with a temporal resolution of about 100 fs.
First experiments were conducted on the prototype oxide-semiconductor ZnO [C2,C4]
and the classical semiconductors Ge, Si, and InP [C3]. For ZnO, the most remarkable
nding is the persistence of the excitonic absorption peaks although the carrier density
was well beyond the critical Mott density. Instead, the remaining absorption peaks
were attributed to Mahan excitons. Furthermore, the eect of non-equilibrium phonons
on the optical properties was investigated using the transient absorption-peak shift of
excitons and exciton-phonon complexes as well as calculations of the carrier relaxation
in the framework of the non-equilibrium statistical operator approach [C6]. It is found,
that the dominant electronlongitudinal-optic-phonon (Fröhlich) interaction of carriers
with the hot phonons delays carrier cooling by several picoseconds.
The entire anisotropic optical response of ZnO was measured and described on the
basis of material properties by the full transient DF tensor using an m-plane-oriented
ZnO thin lm [C4]. From the merits of the method, eects of birefringence and dichroism
were separated and the transient exciton energy was obtained by means of line-shape
analysis of the DF. The transient DFs were supported by rst-principles simulations of
the optical response of hot carrier showing good agreement with the experimental data
[C2,C4]. Additionally, the underlying spatio-temporal evolution of the charge-carrier and
the phonon system was investigated by femtosecond time-resolved imaging ellipsometry
using a corresponding setup at Laserinstitut Hochschule Mittweida [C5]. From spatial
maps of the DF, the formation of a ring structure was detected as often reported in
time-resolved photoluminescence experiments. It was explained by fast transport and
diusion of carriers interacting with the lattice and quantied by an extremely high
eective diusion coecient.
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Finally, the transient DF of the semiconductors Ge, Si and InP was measured for three
dierent pump photon energies [C3]. The pump-induced change of the DF was almost
negligible for Si, while for InP a slight damping of the absorption edge was observed. In
the case of Ge, the excited electrons scatter quickly to the L valley where they dampen
the E1 and E1 + ∆1 transitions.

Outlook

From the view point of applications, the results of this work have already
a direct impact. The transient optical properties are interesting for material systems
and devices, which are employed in scenarios with hot carriers or high carrier density,
e.g. hot-carrier solar cells or water-splitting devices. The fast cooling of holes in the
valence band of ZnO producing distinct low-energy absorption in the bandgap renders
them interesting for optical switches with sub-picosecond response time. More sophisticated material-science applications could be laser-based propulsion [213] and all-optical
computing [214].
A lot more theoretical eorts are needed to compute realistic transient optical properties. In particular, carrier-phonon interaction must be included in rst-principles calculations [33], which poses a considerable numerical challenge. Furthermore, the recent
publication by Tong and Bernardi [37] on the simultaneous prediction of carrier and
lattice dynamics with femtosecond time steps in graphene within the framework of realtime density-functional theory seems to be an approach, that could be applicable to
other semiconductors as well.
Also, ellipsometric models must be improved. In particular, the depth gradient of the
excited carrier density and its temporal evolution must be included in the layer structure
model in a way, that is both practical from the viewpoint of numerical calculation and
consistent with the physical interpretation. Otherwise, thick bulk-like samples should
be excluded when the penetration depth of the pump beam is much smaller than the
sample thickness and homogeneous excitation cannot reliably be assumed.
On the experimental side, several improvements of the setup are already in progress.
Broader probe spectral ranges can be delivered from supercontinuum generation in
other materials and with other seed wavelength [41]. Simple variation of the pump uence allows deeper investigations of the carrier-density dependence of many-body eects
(screening, bandgap renormalization) and would also help to distinguish between defectrelated and induced inter-band absorption. Low- and high-temperature measurements
would require a cryostat and a heat cell, respectively. Materials with spin degrees of
freedom could be studied by applying magnetic elds corresponding to magneto-optical
Kerr-eect (MOKE) measurements. Various time scales can be addressed by shorter
laser pulses using nonlinear pulse compression in a multipass cell or a hollow-core ber
and manipulation of the laser repetition-rate via an acousto-optic or electro-optic modulator or a chopper wheel. Active chirp correction of the probe beam is in principle
possible with a deformable mirror, spatial light modulator or chirped grating. Ellipsometry measurements in transmission mode could allow it to actually observe optical
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gain in strongly pumped semiconductors, which is necessary to describe laser processes
correctly.
Various additional experimental schemes can be designed, that are created by dierent pump and probe photon energies. In the case of ZnO, an interesting experiment
comprises a phonon-resonant pump and the probe energy located at the bandgap and
the exciton-phonon complexes. Already the steady-state experiment should yield considerable insights into the scarcely known exciton-phonon complexes, that also occur in
other materials. Similarly, eects on higher order transitions can be studied such as
the E1 transition in ZnO at 9 eV when the pump and probe energies are tuned to the
spectral range of the involved initial or nal state. Free-carrier absorption requires an
IR probe. For Ge and Si, it could be interesting to investigate eects of hot carrier on
the E0 transition (direct bandgap) and to conduct low-temperature measurements to
observe strong band-lling eects [194].
With regard to fabrication of complex devices, ZnO-based microresonators represent
interesting study objects. Such structures contain a thin layer of ZnO sandwiched between two dielectric mirrors. They were measured with time-resolved spectroscopic
ellipsometry already, but the data analysis and the interpretation is restricted by their
complexity resulting from the multi-layer structure. Finally, solar cells or structures for
solar water-splitting should feature interesting transient carrier and lattice dynamics that
could be studied very well with time-resolved spectroscopic ellipsometry. The immense
potential of the presented technique could yield signicant technological developments
in the semiconductor and material-science elds.
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ε
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e
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Abbreviations
DF
IR
LO
MOKE
TO
tSE
UV
VUV

dielectric function tensor
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transverse-optical (phonon)
time-resolved spectroscopic ellipsometry
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The current direction of advancement in semiconductor research aims for continuously
decreasing size of the integrated circuitry [10] resulting in the need for knowledge of the
optical properties on increasingly shorter time scales and of highly non-equilibrium systems. Those can be measured by pump-probe time-resolved measurements [9,20,21], but
there is a major drawback inherent to conventional pump-probe reection or transmission experiments, that hinder them from obtaining the complex-valued optical response
(dielectric function, DF) without ambiguity. It is the fact, that they lack detection of
light polarization and thereby acquire only amplitude and no phase information of the
light, that interacted with a sample. The lack of phase information has to be compensated in the data analysis by assumptions, that can hardly be proven right or wrong
which could lead to misinterpretation of the results [2225]. Moreover, the determination of anisotropic transient optical properties by conventional transient spectroscopy
is even more challenging [2631]. Therefore, understanding of the underlying physical
processes, that led to the measured response is usually hampered and the results remain questionable. Hence, there is a need for an experimental technique allowing the
unambiguous determination of the transient DF upon excitation, which is inseparably
connected to the implementation of a detection scheme for time-resolved ellipsometric
information. Over the years, the combination of the pump-probe technique [20, 21]
with ellipsometry seemed to be superior compared to detection schemes employing fast
photodiodes [39] or a streak camera [40], because of its better signal-to-noise ratio.
With the advent of amplied pulsed lasers, the generation of broadband white-light
pulses [41] matured and rst spectroscopic ellipsometry setups were reported. However, they also lacked direct acquisition of phase information which was compensated
by combined analysis of two measurements at dierent angle of incidence [23, 4245]
or dierent linear polarizations [46, 47]. Various ellipsometric congurations were pro-
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posed in the last decades [4850] some of them capable of determining transient circular
dichroism [53, 54], but they do not aim to obtain full ellipsometric information.
This works aims to establish a deeper physical understanding of the transient optical
properties of semiconductors, in particular the prototypical wide-bandgap semiconductor
ZnO, after femtosecond-pulsed optical excitation. To this end, an ellipsometric setup
for the determination of the transient complex-valued DF of materials is developed.
The underlying electronic and lattice processes are investigated by means of line-shape
analysis of the experimental DF spectra and comparison to results from rst-principles
calculations.
The results of this work comprise the development of the new experimental method
femtosecond time-resolved spectroscopic ellipsometry which was designed in close cooperation with ELI Beamlines and described herein [C1]. The setup is based on a
combination of the pump-probe method employing a broadband spectral probe and
ellipsometry. It allows to obtain the transient DF of solids from the near-IR to UV spectral range (1.3 eV3.6 eV) with a temporal resolution of about 100 fs. First experiments
were conducted on the prototype oxide-semiconductor ZnO [C2, C4] and the classical
semiconductors Ge, Si, and InP [C3]. For ZnO, the most remarkable nding is the
persistence of the excitonic absorption peaks although the carrier density was well beyond the critical Mott density. Instead, the remaining absorption peaks were attributed
to Mahan excitons. Furthermore, the eect of non-equilibrium phonons on the optical
properties was investigated using the transient absorption-peak shift of excitons and
exciton-phonon complexes as well as calculations of the carrier relaxation in the framework of the non-equilibrium statistical operator approach [C6]. The entire anisotropic
optical response of ZnO was measured and described on the basis of material properties
by the full transient DF tensor using an m-plane-oriented ZnO thin lm [C4]. From
the merits of the method, eects of birefringence and dichroism were separated and the
transient exciton energy was obtained by means of line-shape analysis of the DF. The
transient DFs were supported by rst-principles simulations of the optical response of
hot carrier showing good agreement with the experimental data [C2, C4]. Additionally,
the underlying spatio-temporal evolution of the charge-carrier and the phonon system
was investigated by femtosecond-time-resolved imaging ellipsometry using a corresponding setup at Laserinstitut Hochschule Mittweida [C5]. From spatial maps of the DF,
the formation of a ring structure was detected as often reported in time-resolved photoluminescence experiments. It was explained by fast transport and diusion of carriers
interacting with the lattice and quantied by an extremely high eective diusion coefcient. Finally, the transient DF of the semiconductors Ge, Si and InP was measured
for three dierent pump photon energies [C3]. The pump-induced change of the DF
was almost negligible for Si, while for InP a slight damping of the absorption edge was
observed. In the case of Ge, the excited electrons scatter quickly to the L valley where
they dampen the E1 and E1 + ∆1 transitions.
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