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Extreme ultraviolet (XUV) transient reflectivity around the germanium M, s edge (3d core-level to valence
transition) at 30 eV is advanced to obtain the transient dielectric function of crystalline germanium [100] on
femtosecond to picosecond time scales following photoexcitation by broadband visible-to-infrared (VIS/NIR)
pulses. By fitting the transient dielectric function, carrier-phonon induced relaxations are extracted for the excited
carrier distribution. The measurements reveal a hot electron relaxation rate of 3.2 4= 0.2 ps attributed to the X-L
intervalley scattering and a hot hole relaxation rate of 600 & 300 fs ascribed to intravalley scattering within the
heavy hole (HH) band, both in good agreement with previous work. An overall energy shift of the XUV dielectric
function is assigned to a thermally induced band gap shrinkage by formation of acoustic phonons, which is
observed to be on a timescale of 4-5 ps, in agreement with previously measured optical phonon lifetimes. The
results reveal that the transient reflectivity signal at an angle of 66° with respect to the surface normal is dominated
by changes to the real part of the dielectric function, due to the near critical angle of incidence of the experiment
(66°-70°) for the range of XUV energies used. This work provides a methodology for interpreting XUV transient
reflectivity near core-level transitions, and it demonstrates the power of the XUV spectral region for measuring

ultrafast excitation dynamics in solids.

DOI: 10.1103/PhysRevB.97.205202

I. INTRODUCTION

Understanding the electronic response of solids to ultrashort
laser pulses is crucial for developing efficient optoelectronics
[1], hot carrier solar utilization [2], and other semiconductor
based devices. Recently, extreme ultraviolet (XUV) transient
absorption was shown to be capable of simultaneously record-
ing separate electron and hole dynamics in nanocrystalline
germanium thin films in a single measurement [3,4]. This work
confirmed intervalley scattering rates and revealed the time-
scales of carrier-recombination at defect-rich grain boundaries
of nanocrystals through a Shockley-Read-Hall mechanism.
These results highlight the ability of XUV transient absorption
to provide a spectrally resolved probe of complex dynamics in
solids [5-7]. However, electron and hole relaxation kinetics
measured in these films were ultimately limited by the high
defect density in the thin film samples, and the results were not
characteristic of the intrinsic, high purity, material itself. This
discrepancy highlights drawbacks of XUV transient absorption
in solids, namely that it can only be applied to very thin films
(<100 nm). These thin films are difficult to obtain and can
be of questionable relevance to representative semiconductors,
due to their low thermal conductivity and defect rich structure.
Developing a tool to provide a spectrally resolved, sub-femto-
second probe of carrier dynamics in well-defined, single-
crystal samples remains a significant challenge in unraveling
ultrafast processes in solids.

In contrast to absorption, XUV reflectivity allows spec-
troscopic access to dynamics in optically thick, well-defined
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samples, greatly extending the set of systems in which XUV
spectroscopy can be applied [8—12]. Static XUV reflection
spectra from high harmonic sources have been demonstrated
and shown to provide excellent surface sensitivity [13,14].
Quite recently, XUV transient reflectivity (XUV TR) was used
for time-resolved spectroscopic observation of surface electron
dynamics in metal oxides [15]. This work highlighted the
sensitivity of reflectivity to the full dielectric function e(w) =
e1(w) + iez(w), including both the dispersive part &;(w), and
the absorptive part i ().

Despite these advances, questions such as the relative
sensitivity of XUV TR to electronic or lattice dynamics, and the
role of the real vs imaginary parts of the dielectric function have
yet to be explored. These questions are made more difficult
by the fact that few XUV TR experiments to date have been
performed on single crystal samples. Accordingly, comparison
of XUV TR to the wide body of optical transient reflectivity in
single-crystal semiconductors is difficult.

To surmount these challenges, here we develop XUV tran-
sient reflectivity to measure the time-resolved XUV dielectric
function of single-crystal germanium, a widely employed
group-IV semiconductor. By monitoring reflectivity around
the Ge M, s absorption edge subsequent to excitation with a
few-cycle 800 nm pump pulse, the XUV core-level transitions
provide a spectrally resolved, ultrafast probe of carrier dynam-
ics in the valence and conduction bands. The time-resolved
XUV dielectric function is retrieved from the data, allow-
ing spectral separation of electrons, holes, and band shift
contributions to the observed transient reflectivity. Analysis

©2018 American Physical Society
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FIG. 1. Femtosecond transient reflectivity in germanium. (a) A time delayed XUV pulse probe transient reflectivity in single-crystal
germanium, after excitation with a few cycle NIR pump pulse. (b). The NIR pump promotes electrons from the valence band (red) to the

conduction band (green). Subsequently, reflectivity of the XUV probes
valence and conduction bands at the M, s edge. (c) Static reflectivity of
reflectivity data measured, with marked reflectivity features 1, 2, and 3

of the recovered transient dielectric function reveals that the
XUV TR signal contains information from both the real and
imaginary parts of the dielectric function and that the real
part is more significant at the reflection angle chosen. Further,
kinetic analysis of the retrieved dielectric function allows
extraction of electron, hole, and lattice relaxation timescales.
The measurements reveal a hot electron relaxation rate of
3.2 £ 0.2 ps attributed to the X-L intervalley scattering and a
hot hole relaxation rate of 600 = 300 fs ascribed to intravalley
scattering within the heavy hole (HH) band, both in good agree-
ment with previous work. An overall energy shift of the XUV
dielectric function is assigned to band gap renormalization due
to the formation of acoustic phonons, which is observed to
be on a timescale of 4 & 1 ps, in agreement with previously
measured optical phonon lifetimes.

II. EXPERIMENTAL SETUP

The apparatus [Fig. 1(a)] consists of an 800 nm Ti/sapphire
laser, which is used to generate high harmonics (HHG) [16],
a toroidal focusing mirror, a Ge(100) sample, a variable time
delay line, a variable line spaced grating, and an x-ray CCD
camera to detect the reflected signal from the sample.

In the experiment, a NIR (near infrared) 5-fs pulse, spanning
a bandwidth from 550-1000 nm, is focused collinearly with
a time-delayed subfemtosecond XUV pulse created by high
harmonic generation (HHG) [16] onto a single-crystal germa-
nium [100] wafer [Fig. 1(a)] at an angle of 66° from the normal.
This angle was constrained by the geometric configuration of
the apparatus, but the value is fortuitous because it is near the
critical angle in the XUV wavelength range of interest, which
will be discussed further below. While the apparatus has the
capability to measure subfemtosecond processes, the results

the excited carrier distribution via transitions from 3d core states to the
germanium at 66° angle of incidence, s polarization. (d). Raw transient
as described in text.

here focus on the many-femtosecond to picosecond timescales
to perform an analysis of the transient reflectivity dielectric
function and carrier-phonon processes in germanium. The
NIR pulse photoexcites carriers across the direct band gap of
germanium (0.8 eV, indirect gap 0.66 eV), yielding a carrier
density of ~3 x 10* cm~3 [Fig. 1(b)], which corresponds to
an excitation of 0.6% of the germanium atoms. The resulting
excited carrier distribution is then probed via transitions from
Ge 3d (J =5/2 and 3/2, spin-orbit splitting 0.57 eV) core
states to unoccupied states in the valence and conduction
bands [17] by measuring the transient reflectivity defined
as AR/R = [R,(E,T) — Ro(E)]/Ro(E), where Ro(E) and
R,(E,7) are the intensity of reflected signal from the static
(unpumped, 0), and excited sample (pumped, p), respectively.

The Ti:sapphire amplifier produces 1.7 mJ, 25 fs pulses at
a 1 kHz repetition rate. The pulses are then compressed to
sub 5-fs duration (corresponding to less than 2 optical cycles)
and 800 uJ pulse energy using self-phase modulation in a
neon-filled hollow core fiber and chirped mirror compressor
(Ultrafast Innovations optics). Few-cycle compression is a
prerequisite for generation of an XUV continuum (see Supple-
mental Material [51]), which greatly enhances signal to noise
over the required large XUV bandwidth in the experiment.
The usable compressed pulse bandwidth extends from 550—
1000 nm, and the pulses are characterized using a dispersion
scan [18] showing a pulse duration of < 5fs (Supplemental
Material [51]). The compressed output is split with a 60:40
beam splitter. Sixty percent of the energy (480 uJ) is used to
generate the probe via HHG. High harmonics are produced by
focusing into a Xe gas target, yielding continuous harmonic
spectra from 25-40 eV (Supplemental Material [51]). Residual
NIR from the generation process is removed with a 100-nm-
thick Al filter. The XUV probe is then focused onto the sample
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using a grazing incidence gold-coated toroidal mirror. The
remaining 40% pump of the energy is time delayed using a
retroreflector on a piezostage and recombined collinearly with
the probe using an annular mirror. The NIR pump pulse is
focused to 200 um (FWHM) diameter onto the sample, and
the XUV beam is focused to ~100 um (FWHM) diameter.

Single-crystal germanium [100] wafers, undoped, were
obtained from commercial sources. Any ambient oxide is not
removed. The static (unpumped) dielectric function of the
sample was measured by fitting reflectivity measured at six
angles with synchrotron radiation, s-polarized, to the Fresnel
equations [19]:

nycost; —nyy/1 — (% sin 9,-)2
Rs = ) (D
nycosb; +ny /1 — (Z—; siné‘i)2

where ny = /€ is the complex valued index of refraction of the
wafer, 6; is the angle of incidence measured from normal, and
ny is the index of refraction of the vacuum. Since the pressure
in the experimental chamber is ~1 x 1077 Torr, we take n;
to be 1. Static reflectivity measurements were performed at
the Advanced Light source at Lawrence Berkeley National
Laboratory.

III. RESULTS AND DISCUSSION

A. Transient reflectivity

The static reflectivity spectrum shown in Fig. 1(c) is
characterized by a sharp decrease and subsequent increase
of the reflectivity around the Ge M, s edge (29.2, 29.8 eV),
corresponding to transitions from the 3ds; 3/, core states into
unoccupied states in the valence and conduction bands. The
onset of the reflectivity increase around 30 eV mimics the
evolution of the imaginary part of the refractive index, i.e.,
the absorbance of the material (Supplemental Material [51]
Fig. 1).

The transient XUV reflectivity changes, AR/R as a func-
tion of pump-probe delay and reflected photon energy are
shown in Fig. 1(d). The transient features observed can be
broadly classified as follows: a decrease in reflectivity from
28-29 eV that persists for at least 10 ps (feature 1), an increase
in reflectivity from 29-30 eV (feature 2) that decays within
3 ps, and a pair of features at 30.1 and 30.7 eV (feature 3) that
gradually grow in on a many-picosecond timescale.

Ultimately, the transient features in Fig. 1(d) need to be
linked to the pump-induced creation of holes in the valence
band (below 29.2-29.8 eV), electrons in the conduction band
(above 29.8-30.4 V), and the subsequent relaxation processes
[3]. Both features 1 and 2 lie below the formal onset of the
conduction band (29.8 eV), requiring a detailed analysis (dis-
cussed below) to make this link and to spectroscopically assign
features 1, 2, and 3. The analysis also considers the 3d spin-
orbit splitting of the major features due to electrons and holes.

B. Decomposition of transient reflectivity
into carriers and energy shift

The recorded transient reflectivity [Fig. 1(d)] results from
changes in the real and imaginary parts of the dielectric

function of germanium due to state-blocking by excitation
of both electrons and holes and energy level shifts due to
changes in core-hole screening and phonon dynamics. In order
to disentangle and recover these separate effects from the XUV
transient reflectivity data, we start with the premise that the
changes to the dielectric function can be fit by a sum of a few
complex oscillator terms. Thus a fit of the transient reflectivity
data is made via Eq. (1) to an excited state transient dielectric
function, eexc(w), of the following form:

Eexc (W) = Egpife(@) + Ecarrier(®)
= Eshift(w) + Sholes(a)) + gelectmns(w)’

2

Wy
Eexc(@) = €0(® — Eqitt) + — 2
Wy — 0+ iol'y,

w?

p.e
_ , 2
wj, —? +iol, @

where egnifi(@) and Ecarier(w) represent contributions to the
dielectric function from global shifts and the carriers (electrons
+ holes), respectively. In Eq. (2), go(w) is the ground-state
dielectric function (measured by multiangle reflection), and
eo(w — Egnire) describes the impact of global shifts to the ex-
cited state dielectric function, which physically corresponds to
the energy shifts of the core-level or the unoccupied conduction
band states. The two Lorentzian terms are Lorentz-Drude oscil-
lators, one for the electron and one for the hole contributions to
the excited state dielectric function. The Lorentz-Drude model
is frequently used to model the dielectric function in the optical,
UV, or XUV frequency ranges [20,21].

The two oscillators are described by the parameters w, j,
Wp,es WO,1> W0, ', and T, which include the amplitude, cen-
tral frequency, and width of excited electron and hole induced
changes to the dielectric function. At each time-delay point, the
broadband transient reflectivity signal is fit to (2), giving a pa-
rameterization of the excited state dielectric function in terms
of electron, hole, and global shift contributions, and allowing
separation of the transient contribution from each term.

Previous work accounted for the spin-orbit splitting of the
core hole by deconvolving the dynamics under the assumption
that the 3ds;, and 3d3/, core states give rise to a statistical
distribution of transient features, with ratios 3:2 [3,4]. In the
presented model, this would be accounted for by splitting
each oscillator into two components, spaced by the spin-orbit
splitting (0.57 eV), with a set amplitude ratio of 3:2. Fitting
using this model is unable to match the experimental data. This
could be due to the broad nature and complex shape of the M4 5
transition, especially in the dispersive part of the dielectric [17],
and it will be shown below that the real part of the dielectric
function dominates the reflected signal at the specific angle
used here. There could also be a nonstatistical branching ratio
from the two spin-orbit core-level states [22—-24]. Both of these
could result in the M, 5 edge being experimentally better fit a
single, broadened transition. Consequently, we use only two
oscillators, one for the electrons, and one for the holes, to
model changes to the dielectric function near the M, 5 edge.
As shown below, this simple model provides a very good
description of the observed dynamics, further justifying the
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FIG. 2. Transient reflectivity modeling and decomposition.
(a) Electron contribution to A R/ R computed from dielectric function
fitin Eq. (1). (b) Hole contribution to A R/ R computed from dielectric
function fit. (c) Shift contribution to AR/R computed from the
dielectric function fit. (d) Total recovered AR /R computed from the
dielectric function fit.

simplying assumption of a single oscillator for each electrons
and holes.

The extracted reflectivity contributions for the holes, elec-
trons, and shifts [Figs. 2(a)-2(c)] allow assignment of the
features in the experimental data. The total recovered transient
reflectivity [Fig. 2(d)] closely tracks the experimental data
[Fig. 1(d)] indicating that the model captures the dynamics
present. The transient reflectivity contributions of both holes
and electrons show a dispersive line profile at each time delay.
This dispersion line has opposite signs for electrons and holes,
and it changes sign at the center energy of the carriers, resulting
from the fact that the electrons and holes have opposite effects
on the available states for XUV transitions. Holes contribute a
depletion from 28.3 to 29 eV and an increase from 29 to 31 eV,
which narrows, but persists for the entire 10 ps duration of
the measurement [Fig. 2(a)]. Electrons contribute an increase
from 28.3 to 30 eV and a depletion from 30 to 31.5 eV, which
decays within approximately 4 ps [Fig. 2(b)]. The global shift
contributes a depletion below 29.9 eV and an increase above
29.9 eV, which gradually increases on a longer timescale.

Interestingly, both the electron and hole AR/R contribu-
tions in Figs. 2(a) and 2(b) show broadband changes spanning
from a 3.2 eV range from 28.3 to 31.5 eV, including changes
within the band gap region ~29-30eV. This is because AR/R
is sensitive to both g; in addition to &,. Previous work has
observed changes to the dispersive €, in the gap region of semi-
conductors following interband excitation [25]. Accordingly,
we attribute A R/ R in the gap region to pump-induced changes
in g;.

C. Assignment of time resolved dielectric function

The transient dielectric function, Ag(w) = gexe(w) — go(w),
was recovered from the fit of the experimental data to Eq. (2)
and is shown in Figs. 3(a) and 3(b). The real part, Ae, shows
a transient depletion from 29-30 eV right at the M, s edge,
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FIG. 3. Recovered time-resolved dielectric function. (a) Transient
dispersive Ag; retrieved from model. (b) Transient absorptive Ag,
retrieved from model. (¢) Carrier contribution to Aeg; retrieved from
model. (d) Carrier contribution to Ag, retrieved from model, showing
carrier center energies of electrons (red line), and holes (blue line),
respectively.

persisting for 4 ps, and an increase below 29 eV, which persists
out to 10 ps. The imaginary part, Ae,, shows a persistent
increase from 28.5 to 29.3 eV (just below the M, s edge),
and a transient depletion from 29.9 to 31 eV (just above the
M, s edge), which is replaced by an increase growing in within
around 4 ps. Both A¢; and Aeg; shift toward the M, s edge (29.6
eV) on a multipicosecond timescale.

To aid in assignment of the features in the transient
dielectric function, the carrier contributions to the transient
dielectric function (Aécamier = AEelectrons + AEholes) are shown
in Figs. 3(c) and 3(d). Comparing the carrier contributions
to the total contributions reveals that most of the features
of Agj ot and Agj a1 near the My s edge come from the
carrier contributions to the transient dielectric function. Indeed,
the depletion in Ag o below 29 eV and transient increase
from 29-30 eV are well captured by the carrier contribution,
Ag] carier Similarly, the increase below 29.6 eV and depletion
above 29.8 eV present in A& tora1 1S almost entirely captured
by features in the carrier contribution, A&, carrier-

Near the Ge M, 5 edge, the XUV dielectric function is
dominated by direct, interband transitions from the 3d core
levels, to unoccupied states in the valence and conduction
bands [26,27]. Accordingly, the imaginary part of the linear
dielectric function can be written as [28]

) = 8( )’ Z|Pﬂ| Jri@), 3)

where e is the electron charge, m is the electron mass, p;,
is the transition dipole matrix element between the initial and
final states, Jy; is the joint density of states, f runs over all
unoccupied states, and i refers to the 3d core states. Inspecting
(3) reveals that carriers created by the pump can modify
the XUV dielectric function either through state blocking
(represented as a change in the joint density of states) or though
renormalization of the 3d core hole potential manifesting as a
change in the transition matrix element and the joint density
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of states). Consequently, the amplitude Ag, can be directly
related to modifications of the density of states (i.e., state
blocking by an excited carrier distribution), weighted by the
transition dipole moment.

Because Ag; is directly related to the change in XUV
absorption of the material [29], we can interpret the transient
features in A& camier Near the band edge as arising from state
blocking of the M, 5 transition by photoexcited carriers. The
NIR pump promotes electrons from the valence band (VB)
to the conduction band (CB), creating holes in the VB. The
electrons in the CB reduce the available density of states for
transitions from the 3d core levels, resulting in the transient
depletion of Ag, from 30-31 eV [Fig. 3(d)]. Similarly, holes
in the VB increase the available density of states for core-level
transitions, resulting in a positive Ag, below the band edge.
The assignment of Ag, features to state blocking is supported
by recent XUV transient absorption in germanium in which
similar state blocking contributions were observed near the
M, 5 edge [3].

D. Enhanced sensitivity to &;

To better understand the relationship between the measured
transient reflectivity in Fig. 1(d) and the recovered transient
dielectric function, we computed the transient reflectivity
contributions from the measured real and imaginary parts
of the transient dielectric function [Figs. 4(a) and 4(b)]. For
example, the imaginary contribution [Fig. 4(a)] was computed
as follows:

%(Am - %(Re(em i Im(eee)), @)

31.5 @ ARR 315 A @
£ R/R(e
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FIG. 4. Sensitivity of transient reflectivity to &;: (a) AR/R
computed with static &; and transient ¢, retrieved with model.
(b) AR/ R computed with static £, and transient &;. (c) Red, d R /d¢e; at
experimental angle of incidence (66), computed from static dielectric
function, showing zero at 29.8 eV. Grey, dR/de; at experimental
angle of incidence (66), computed from static dielectric function,
showing no zero. (d) Heatmap: dR/de, as a function of angle of
angle of incidence, computed from static dielectric function. Red
line: critical angle for XUV computed from static dielectric function,
clearly tracking the zero of dR/d¢;.

where gy and & are the (static) ground and excited state
dielectric functions from Eq. (2). Despite the fact that disper-
sive Aeg; and absorptive Ag, are both of similar magnitudes,
the majority (74 £ 10%) of the AR/R signal observed over
the range of 28.3-31.5 eV can be attributed to the Aeg; (real)
contribution [Fig. 4(a)]. The Ag, (imaginary) contribution
[Fig. 4(b)] by contrast is smaller, contributing only 26 + 10%
of the reflectivity changes from 28.3—31.5 eV. The insensitivity
of the measured transient reflectivity signal to Ag, near the
M, s edge can be explained by examining 0 R /de; and 0 R /0¢e,,
which are shown in Fig. 4(c). For small Ae, the magnitude
of the computed derivatives in Fig. 4(c) provides an estimate
of the sensitivity of the transient reflectivity to the real and
imaginary parts of the dielectric function. Over the range of
28.3to31.5eV, dR/de; contributes 72% of the total derivative,
indicating that relative sensitivity of AR/R to Ag; can be
mainly explained by the static ground-state dielectric function.
Interestingly, due to the zero crossing at 29.8 eV, from 29.7 to
29.9 eV Ag, contributes less than 5% to the total derivative,
indicating a substantial lack of sensitivity to Ag; in this region.

More intuitively, the lack of sensitivity to Ag, at 29.8 eV
can be explained by the fact that at this energy, the angle of
incidence is near the critical angle for germanium. This is
illustrated in Fig. 4(d), which shows dR/de, computed as a
function of the angle of incidence (heat map), overlaid with the
critical angle (red line), computed as /2(1 — n), where n is the
real part of the ground state refractive index (recovered from
the multi angle fit described in the SI). Interestingly, the critical
angle closely tracks the zero of d R /d¢;, indicating that 9 R /d¢e,
can be selectively tuned to greater or lower values by changing
the angle of incidence nearer or further from the critical angle.
Consequently, near-critical-angle transient reflectivity allows
for selective sensitivity to ¢; in many systems. In light of
recent work demonstrating that the real part of the index
of refraction shows enhanced surface sensitivity [15], the
prospect of selective probing through the dispersive ¢, provides
a promising approach to achieve enhanced surface sensitivity
with XUV transient reflectivity.

E. Carrier and phonon thermalization kinetics

The dielectric function extracted in Figs. 3(a) and 3(b)
allows determination of carrier dynamics initiated by the NIR
pump. The electron and hole positions, extracted by the fit
to Eq. (1), are shown in Fig. 5(a), along with biexponential
fits. Both features show a rapid shift toward the band edge
(1 = 600 % 300 fs for holes, 7; = 400 = 300 fs for electrons)
followed by slower shifts toward the respective band edges
(7 = 4.8 £ 0.7 ps for holes, 7, = 5.5 £ 1.2 ps for electrons),
which are similar within experimental error.

The timescale of the initial rapid decay of the carrier features
toward the band edge is consistent with thermalization of the
hot carrier distributions by carrier-carrier and carrier-phonon
scattering following excitation with the pump. Because these
dynamics have been studied in detail recently in the XUV
[3], and thoroughly in the past [30-32], we only provide a
brief discussion here. For holes, thermalization is dominated
by intravalley scattering within the heavy hole band, which
should occur on a timescale of approximately 600 fs [30].
Consequently, we assign the 600-fs hole relaxation time to
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FIG. 5. Kinetics extracted from dielectric fit. (a) Electron (red) and hole (blue) positions (central energies) obtained from Eq. (3) with
biexponential fits. The electron position stops at 4 ps due to depletion of electron signal. (b) Ae, obtained for electrons (red) and holes (blue)
with fits from model (see text). (c) Redshift extracted from modeled dielectric function, along with biexponential fit.

intravalley scattering within the HH band. For electrons, the
rapid decay toward the band edge is dominated by intervalley
scattering from the I and L valleys to the X valley, due to its
high density of states [30,31]. Accordingly, we attribute the
400 fs timescale to electron thermalization, mediated by I'-X
and L-X intervalley scattering. Note the large error bars on this
number specified above.

The timescale of the slower shifts toward the respective
band edges (t, = 4.8 ps for holes, 7, = 5.5 ps for electrons)
is too slow to be attributed to thermalization of the excited
electronic distribution [as seen in Fig. 5(a)], which has been
observed to occur in <1 ps [33]. Instead, we propose that
the slower carrier shifts track the renormalization of the band
gap by acoustic phonons created by electron-phonon and
phonon-phonon scattering [34]. Initially, the pump produces
an excited electron distribution with nearly 8000 K of ex-
cess kinetic energy. These carriers should then thermalize
via carrier-phonon scattering (~10s—100s of fs), resulting
in a buildup of optical phonons [35]. Optical phonons then
decay via anharmonic decay into two lower-energy acoustic
phonons [36]. The resulting acoustic phonons then modify the
band gap via either electron-phonon coupling, or thermally
induced lattice expansion [37-39]. The observed timescales
are inconsistent with previous work which observed thermally
induced lattice expansion in germanium on a much longer
time scale (75 ps) [40]. Accordingly, we attribute the band gap
shrinkage to the renormalization by acoustic phonons, which
results in the apparent movement of the carrier energies in
Fig. 4(a) toward the band gap. In this case, we can then identify
the time constants of 4.8 and 5.5 ps (similar within error) as
decay times for anharmonic decay of an optical phonon into
two acoustic phonons. Our measured decay times match well
with LO lifetimes of 4 ps, previously measured in Ge [41].
Accordingly, we attribute the 4.8- and 5.5-ps timescales to
decay of the LO phonon population, which tracks the thermally
induced bang gap shift.

Lineouts along the maximum of the electron and hole
features from 3d are incorporated into Fig. 5(b), showing the
decay of the electron and hole contributions to the absorptive
Aeg;. Both contributions decay rapidly, although the decay
cannot be well fit with a single exponential. By definition,
the carrier contribution to Aeg, is directly proportional to
excited carrier density, weighted by the XUV transition dipole
element [Eq. (3)], hence decay of the transient dielectric
function modification reports on two processes: depletion of
the excited carrier distribution and intervalley scattering of the

carrier distribution between regions of different XUV oscillator
strengths.

The fact that the electron- and hole-induced dielectric
changes [Fig. 5(b)] show substantial decay within 10 ps
means that surface recombination cannot explain the kinetics
observed, as carrier recombination is observed to occur on
the us timescale [42]. To further understand the origin of the
electron and hole kinetics, we modeled the spatial evolution of
the excited carrier distribution after excitation (Supplemental
Material [51]), including Auger recombination, and a
temperature dependent diffusion constant [32,43—46]. Because
the pump is much larger than the probe (Supplemental Material
[51]), diffusion parallel to the surface of the wafer is neglected,
and only diffusion normal to the surface is considered [32].
By assuming that Aeg; is proportional to the surface carrier
density, our simulations [blue solid line in Fig. 5(b)] recreate
the hole kinetic trace (blue circles) using an initial carrier
density of 3 x 10**cm™3. Based on the agreement with
simulations, we attribute the depletion of the hole signal
to diffusion of holes out of the probe interaction region, in
conjunction with Auger recombination, in which an electron
and hole recombine and transfer excess energy to another
electron or hole. These results agree with previous work in
germanium, in which carrier diffusion was shown to play a
substantial role in hole bleaching on a 6-ps timescale [32].

By contrast, the electron contribution to Ag, decays more
rapidly and is almost entirely gone by 3 ps. This depletion
cannot be explained by a combination of diffusion and Auger
recombination, as both of these processes should lead to
a persistent signal for over 10 ps (Supplemental Material
[51]). Previous studies have shown that initial excitation in
germanium results in rapid transfer of population from the
I'-X valleys, via deformation potential interaction (~200fs),
followed by slow transfer of population of electrons from X-L
within ~3 ps [30,32]. Because the L valley is mainly Ge 4s
character, while the X valley is mainly Ge 4 p character, XUV
transitions from the 3d core state to the L valley are forbidden
by angular momentum selection rules, while transitions to the
X valley are allowed [3]. Thus electron scattering from the
X to the L valleys should result in a depletion of electron
signal. Accordingly, we model the depletion of the electron
contribution to Aeg, by considering Auger recombination,
diffusion, and a single exponential decay representing X-L
intervalley scattering Fig. 5(b), red line. This allows extraction
of an X-L population transfer time constant of 3.2 & 0.2 ps,
which is in good agreement with previous results [30].
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TABLE I. Recovered time constants and assigned processes

Time constant Error Process Source

600 fs 300 fs Hole relaxation Carrier center

400 fs 300 fs Electron relaxation Carrier center

1.8 ps 0.4 ps Diffusion/Recombination Band shift decay

3.2 ps 0.2 ps X-L Electron scattering Electron signal decay
4.0 ps 1.0 ps LO Phonon lifetime Band shift growth
4.8 ps 0.7 ps LO Phonon lifetime Carrier center

5.5ps 1.2 ps LO Phonon lifetime Carrier center

The transient band shift extracted from Eq. (2) is shown
in Fig. 5(c). It is fit with a combined step function and
biexponential decay and rise of the redshift (note negative
numbers on the graph) with time constants of 1.8 & 0.4 and
4.0 £ 1.0 ps. The timescale of the rapid initial redshift is too
rapid to distinguish in the longer time experiments emphasized
here, and it is accordingly attributed to a carrier induced
dynamic redshift of the conduction band due to screening
by carriers [47]. The observation is additionally supported by
a similar carrier induced dynamic redshift in XUV transient
absorption in germanium [3]. Previous work has shown that
the redshift of the conduction band should scale as the cube
root of the excited carrier density [48]. Accordingly, the 1.8-ps
decay of the redshift is thus attributed to a depletion of carriers,
via Auger recombination and diffusion. Because the rate of
Auger recombination goes as n°, (where n s the carrier density)
initially, recombination is relatively faster, and it slows down
as recombination occurs. Accordingly, the recovered 1.8-ps
timescale retrieved for the band shift should not result in
complete depletion of the carriers within 1.8 ps, and this is
consistent with the observation of excited carriers out to 10 ps.
Finally, the 4 £ 1.0 ps growth of the redshift is attributed to
band gap renormalization by the population of acoustic phonon
modes, which matches previously measured optical phonon
lifetimes [49]. Within error, the agreement of the 4-ps redshift
with the 4.8- and 5.5-ps timescales shown in Fig. 5(a) provides
further support to the assignment of these processes to phonon
decay, since all three timescales should ultimately report on the
same process. The recovered time constants, their associated
errors, and the assigned processes are summarized below in
Table 1. Although the LO phonon lifetimes derived from the
band shift, electron carrier center, and hole carrier center differ
slightly, the time constants retrieved are consistent within
error. The impact of acoustic phonon induced gap shrinkage is
expected to differ for different bands [43,50]. Because the 4-ps
timescale obtained from the band shift [Fig. 5(c)] is obtained
from a global shift of the entire static spectrum, it should be
the most reliable, since it should average out differences in
the valley specific band shifts. Accordingly, we take the 4-ps
timescale to be the LO phonon lifetime, in good agreement
with previous work.

IV. CONCLUSION

XUV transient reflectivity at the Ge M4 s edge was de-
veloped, and a framework for interpreting the XUV spectral
changes in terms of electron, hole, and phonon contributions
spectral contributions was reported. This framework allows

simultaneous, independent measurement of electron, hole, and
phonon thermalization processes as well as recovery of the
time dependent dielectric function following photoexcitation.
Further analysis reveals that under our experimental conditions
near the critical angle, the XUV TR is dominated by changes
to the real part of the dielectric function. Retrieval of the real &,
and imaginary &, allows tracking of carrier centers of energy
and relative populations, allowing independent thermalization
rates to be simultaneously measured. Hot electron relaxation
via I'-X and L-X intervalley scattering are observed within
400 £+ 300fs, hot hole relaxation via intravalley scattering
within the HH band are observed within 600 =+ 300fs, in
agreement with previous work [30]. Additionally, electron
X-L intervalley scattering was observed within 3.2 + 0.2 ps.
Band gap renormalization by electron-phonon coupling via
acoustic phonons, previously unresolvable in XUV absorption
measurements, was observed within 4-5 ps, in good agreement
with previously measured optical phonon lifetimes [41]. The
agreement of the observed relaxation kinetics with those
previously measured using optical methods highlights the fact
that XUV transient reflectivity can be used quantify the carrier
dynamics and band gap shifts in semiconductors, and the
method can overcome the thin sample issues associated with
XUV Transient absorption. The framework put forth in this
work allows for rigorous interpretation of XUV Transient
Reflectivity spectral components, and opens the door for
attosecond investigation of ultrafast process in materials that
are inaccessible by absorption methods.
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