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Ultrafast electron energy-dependent delocalization
dynamics in germanium selenide

Zhesheng Chen® "23™ Heqi Xiong? Hao Zhang® Chaofeng Gao?® Yingchun Cheng® >,

Evangelos Papalazarou?, Luca Perfetti® 3, Marino Marsi® 2 & Jean-Pascal Rueff@ >

Ultrafast scattering process of high-energy carriers plays a key role in the performance of
electronics and optoelectronics, and have been studied in several semiconductors. Core-hole
clock spectroscopy is a unique technique for providing ultrafast charge transfer information
with sub-femtosecond timescale. Here we demonstrate that germanium selenide (GeSe)
semiconductor exhibits electronic states-dependent charge delocalization time by resonant
photo exciting the core electrons to different final states using hard-x-ray photoemission
spectroscopy. Thanks to the experiment geometry and the different orbital polarizations in
the conduction band, the delocalization time of electron in high energy electronic state
probed from Se Is is ~470 as, which is three times longer than the delocalization time of
electrons located in lower energy electronic state probed from Ge 7s. Our demonstration in
GeSe offers an opportunity to precisely distinguish the energy-dependent dynamics in
layered semiconductor, and will pave the way to design the ultrafast devices in the future.
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role in the performance of electronics and optoelectronics,

and it can be directly observed by pump-probe
spectroscopies! =3, such as time-resolved photoemission spectro-
scopy. In pump process, valence electrons are excited to the
conduction band by a pump pulsed laser, and then they are
ionized with another pulse with enough energy to probe the
unoccupied electronic structure. In such a case, the dynamics of
photoexcited states can be monitored®> by varying the pump-
probe delay. However, the time resolution of pump-probe spec-
troscopy is dependent both on the time resolution of the laser
itself and the whole spectroscopy setup, which is limited to
femtosecond. In addition, the energy level of the final state in
pump-probe spectroscopy is limited by pump energy, which is
not a suitable way to study the electron dynamics in a semi-
conductor with band gap larger than the pump beam energy, as
well as electron dynamics in very high electronic states. In recent
years, the core-hole clock (CHC) spectroscopy has provided
dynamics information as fast as tens of attoseconds®~!l, thus
appearing as an ultrafast, complementary approach to pump-
probe spectroscopy. This method uses an intrinsic timescale due
to the core-hole lifetime of a specific atomic level, which allows us
to elucidate electron-electron correlation effects and their role in
excited electron dynamics. It has been widely used in the ultrafast
charge transfer determination between the interfaces, such as
absorbed molecules and substrates. Generally, the faster of charge
transfer, the higher transport properties of the electronic devices
due to efficient electron decoupling from atoms and less carrier
recombination. Fohlisch et al. showed that the charge transfer
from an adsorbed sulfur atom to a ruthenium surface proceeds in
~320 as®. Moreover, CHC method can also distinguish the pho-
toexcited electron delocalization time in layered materials. For
example, in layered SnS, semiconductor, Eads et al. found spin-
dependent attosecond charge delocalization time, which is ~400
as within intralayer, while >2.7 fs between interlayers!'2. In addi-
tion, Johansson et al. also observed the anisotropy in the x-ray
absorption cross section in polarization direction in plane and
our of plane of the SnS, crystal, by using CHC spectroscopy!3.
However, to the best of our knowledge, most of the previous work
are focused on the carrier dynamics in fixed unoccupied states by
resonant x-ray excitation, and it is still unclear the carrier
dynamics behavior between different unoccupied states mainly
due to the difficulty of finding a suitable system, which is very
important for carrier dissipation and transport properties in
electronic and optoelectronic devices.

Phosphorene-like structured two-dimensional materials, such
as IV-VI (V =Ge, Sn; VI =S, Se) semiconductors have attracted
strong interest due to their outstanding properties of high carrier
mobility and planar anisotropy recently!4-1°. The group of IV-VI
compounds have advantages of unique orthorhombic structures
and environmentally friendly features, which have opened up
possibilities for various photonic and optoelectronic applications,
such as polarization-dependent photodetectors and optical wave-
plates. Among these, the puckered lattice structure in germanium
selenide (GeSe) gives rise to in-plane anisotropic response to
external stimulations, such as polarized light illumination®’. GeSe
has suitable band gap of 1.14 eV, high absorption coefficient of
>10° cm ™!, and high carrier mobility of 128.6 cm~! V~1s~1. The
GeSe-based phototransistor has ultrahigh photoresponsivity of
1.6 x 10° AW, which is two orders of magnitude higher than
that of monolayer MoS, (ref. 2!). From first-principle calculations,
the thermoelectric figure of merit ZT in hole-doped monolayer
GeSe is expected to be higher than that of other semiconductors,
the experimentally confirmed material with the record value??.

Here, we performed the CHC experiment on layered GeSe
semiconductor and investigated the electron dynamics in

l ' Itrafast electron dynamics in semiconductors play a key

different electronic states by using hard-x-ray resonant Auger
spectroscopy at the Ge and Se K-edges. The delocalization
timescales of electrons in conduction band probed from Ge 1s
and Se 1s core levels are estimated at ~150 and ~470 as, respec-
tively, which is three times different because of the different
energy final states. Our findings demonstrate that CHC is a
powerful method to study the electron energy-dependent
dynamics. The state-dependent dynamics revealed in this study
provides a unique handle to fine tune the ultrafast response of
materials, offering an opportunity to design high performance
ultrafast optoelectronic devices.

Results and discussion

Geometry of x-ray photoemission and electronic band struc-
ture of GeSe. GeSe compound has the similar layered structure
compared to the elemental phosphorene single crystal. It contains
double-layer slabs of Ge-Se in a chair configuration. There are
two nonequivalent in-plane crystal directions armchair and zig-
zag, and the adjacent layers are stacked by weak van der Waals
forces. GeSe has indirect band gap of ~1.1eV with the valence
band maximum and the conduction band minimum at different k
points along armchair (I'-Y) direction. The anisotropic proper-
ties of GeSe can be identified from the significant difference of
band dispersions between armchair and zigzag (I'-X) directions.
All the sharp features from Raman spectrum and photoemission
peaks of core levels indicate the high quality of our sample that
grown by chemical vapor transport method (see Supplementary
Note I for the Raman and x-ray photoemission spectra). CHC
spectroscopy involves the resonant excitation of core electrons,
which results in atomic and orbital specificities. For example, it
can photoexcite the core electrons of a particular element of
interest to the unoccupied sates of specific symmetry selectively.
The cross section for x-ray absorption that electrons are probed
from core levels of Ge 1s or Se 1s can be approximated by the
following equation?3:

0 = dn*hwa X | (18 - 1@, )|*8(E; — Ey, — hw) (1)

where |®@,,) is core orbital of Ge 1s (or Ge 1s) and |f) is the
corresponding unoccupied states of the system. The dipole
operator ¢ - r results in selection rules, which dictate the allowed
change for the angular momentum quantum number (e.g., Al =
+1 for dipolar transitions). It also imposes that the probed orbital
must lie in the polarization plane. Figure 1a shows the experiment
geometry of our x-ray photoemission experiment, including
sample plane and p polarization of x-ray, which it can populate
the specific orbital p, in our case of an oriented sample. The band
structure of GeSe is calculated from first-principles pseudopo-
tential calculations that performed by using the projector aug-
mented wave pseudopotentials implemented in the Vienna ab
initio Simulation Package, and the GeSe band structure with Ge
p. and Se p, orbitals are illustrated in Fig. 1b, ¢, respectively. We
find very strong energy-dependent orbital contribution in GeSe,
for example, the Ge p, orbitals mainly distributes in the con-
duction bands and the density is very strong in the I'-Y valley
near to the conduction band minimum. In contrast, the Se p,
orbitals mainly distributes in the valence bands, and also the
conduction bands that are 2~3 eV above the conduction band
minimum. In this case, in x-ray absorption of our experiment,
electrons from Ge 1s and Se 1s core levels can be resonantly
excited to the corresponding final states |f) by p-polarized hard-x-
ray, which is the Ge p, orbital and Se p, orbital contributed
unoccupied states. In this case, the carrier dynamics in the two
different final states can be compared separately, which also
means GeSe semiconductor is an ideal system to study the
energy-dependent dynamics by using CHC method. The other
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Fig. 1 Experimental geometry and orbital contributions. a The geometry of the sample and incident x-ray in our experiment; the horizontal polarized light
(purple arrows) excites the p, orbitals preferentially. b Calculated Ge p, orbital contribution in GeSe band structure. ¢ Calculated Se p, orbital contribution
in GeSe band structure. The colorbar indicates the weight of p, contribution in the states.

calculated orbital contributions, such as Ge p,, and Ge p,, are
shown in Supplementary Note II, and we cannot distinguish them
because of our experiment geometry.

Core-hole clock spectroscopy in GeSe. The CHC method is
briefly explained in the following. A core-hole (for example, Ge
Is or Se 1s) is created following the photoemission of a core
electron by the incident x-rays. For the Auger process, an upper-
level electron fills the core vacancy and another electron is
emitted to the vacuum when a core-hole is formed, and the
kinetic energy of the emitted electron contains information about
the decay steps. The normal Auger decay generates a two-hole
final states, as shown in Fig. 2a. However, two different phe-
nomena may occur if the core-hole is created by a resonant
excitation shown in Fig. 2b: on the one hand, the excited electron
may recombine with the core-hole, causing a one-hole final state
shown in Fig. 2c. On the other hand, the excited electrons can
stay in the unoccupied state before recombining with the holes,
leading to a two-hole and one electron final state shown in
Fig. 2d. The two different relaxation processes are called parti-
cipator and spectator, respectively. Furthermore, the photoexicted
electron can be further transferred into bulk (delocalization) or
substrate (charge transfer), if the transfer time is faster than the
core-hole lifetime, as shown in Fig. 2e. Normally, the participator
enhances the photoemission line of the resonant Auger spectra,
while the spectator shifts kinetic energies slightly compared to
normal Auger feature because of the screening of the spectator
electron on the two core-holes. Moreover, the kinetic energy of
the spectator Auger varies proportionally as a function of the
photon energy. The time resolution of the CHC is limited by the
lifetime of the core-hole, and normally lies within roughly one
order of magnitude deviation from the core-hole lifetime. The p-
polarized x-ray can excite core electrons from Ge 1s and Se 1s to
different conduction bands according to the Ge p, and Se p,
orbitals distribution, which gives us an opportunity to study the
energy-dependent electron dynamics in GeSe.

X-ray absorption near-edge spectra (XANES). We firstly studied
the x-ray absorption of Ge K-edge and Se K-edge in GeSe single
crystal by using hard-x-ray photoemission spectroscopy
(HAXPES). HAXPES has advantage of probing depth of the
electrons up to tens of nm, which is a true bulk-sensitive probe
compared to the soft-x-ray photoemission. In addition, since a
deep, short-live, core-hole is created, HAXPES can probe ultra-
fast dynamics well within the attosecond regime. As shown in
Fig. 3a the XANES of Ge K is recorded from sample current,
which is proportional to the emitted electron numbers. At the

edge, it contains the resonant excitation information that the
electrons are photoexcited from the Ge 1s to the unoccupied
bands built up from Ge 4p, orbitals according to the excitation
geometry. In addition, the XANES spectrum of Se K shows the
similar feature that corresponds to the resonant excitation from
Se 1s to the unoccupied bands built up from Se 4p, orbitals as
seen from Fig. 3c. The experiment absorption spectra are in good
agreement with the simulations. Furthermore, we calculated the
density of states (DOS) in GeSe, and the orbital contributions of
Ge p, and Se p, in DOS are shown in Fig. 3b, d. It is worth
noticing that the DOS used in the calculations includes the
core-hole effect that is indicated in the figures. According to the
DOS calculation, the states with main contribution of Ge p, in
conduction bands are close to Fermi level, while the states with
main contribution of Se p, in conduction bands is 2 eV above the
Fermi level, which are in excellent agreement with the orbital
distribution in GeSe band structure shown in Fig. 1b, c. There-
fore, the final states of resonant photoemission from Ge 1s and Se
Is locate at different energy regions. The XAS simulations
demonstrate that the absorption spectrum reflects the DOS of the
atom of the same nature, meaning a Ge (resp. Se) 1s electron will
be promoted to Ge (resp. Se) p, orbital. Nonlocal dipolar tran-
sitions from Ge to Se (and vice versa) are not favored and can be
considered as negligible.

Resonant Auger photoemission spectra. The resonant photo-
emission maps of Auger emission intensity as functions of photon
excitation energy and photoelectron kinetic energy are shown in
Fig. 4. The intensity map in Fig. 4a shows a strong resonant
enhancement of the Ge KLL (1s2p;/,2ps,2) Auger features when
the photon energy is scanned across the Ge K-edge. The domi-
nant transition in the Ge KLL normal Auger spectrum is the
transition at electron kinetic energies of 8.562 keV accompanied
with several weaker structures at 8 eV lower kinetic energy. The
coherent normal Auger feature and dispersing in-coherent feature
of spectator are clearly observed. The delocalization time Tgejoc Of
resonant photoexcited electron in the p, orbital states of con-
duction band can be obtained directly from the ratio of the
integrated spectral components:

Tdeloc = (ISA/INA) X Tys (2)

where 1, is the core-hole lifetime of Ge 1s, Iy and Iy, are the
intensities of the spectator and normal Auger component,
respectively. The lifetime of the core-hole is reflected in a Lor-
entzian broadening of the spectral profile. The Ge 1s x-ray pho-
toelectron spectrum was taken at photon energy of 11.5keV, far
above the ionization threshold. The lifetime of 7,, can be obtained
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Fig. 2 Schematic overview of working principle of the core-hole clock spectroscopy. a Normal Auger process. b Resonant photoexcitation from core level
to conduction band. ¢ Participator decay process. d Spectator decay process. e Charge delocalization or charge transfer process. CB and VB indicate
conduction band and valence band, blue solid circles and hollow circles indicate electrons and holes from Ge core levels, and green solid circles and hollow

circles indicate electrons and holes from Se core levels, respectively.
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Fig. 3 X-ray absorption: experimental results and theory calculation. a XANES and the calculated x-ray absorption spectra of Ge K. b Calculated density
of states with orbital contributions of Ge p,. € XANES and the calculated x-ray absorption spectra of Se K. d Calculated density of states with orbital

contributions of Se p,. The open circles in a and ¢ are experimental data, and the lines are the calculated data. In all the plots, we use a relative energy scale
with respect to the Fermi energy Er. To ease the comparison with the experimental data (hollow circle line), the calculated XANES spectra (dotted line)
were convolved with a Lorentzian profile, resulting in broadened spectra (solid line). The black dashed lines in b and d indicate the positions of maximum p,

orbital contributions in the unoccupied states.

by:
T, =h/W ®3)

where W is the full-width at half-maximum of the core-level
spectrum. The lifetime of Ge 1s core-hole is estimated at 0.32 fs
from the full-width at half-maximum of the 1s core-level pho-
toemission spectrum. In the following, the normal Auger spec-
trum taken at photon energy of 11.123 keV was fitted above the
ionization threshold, in order to get a fixed energy position for the
main peak, as shown in Fig. 4c. Figure 4d shows the maximum
resonance excitation Auger spectrum taken at the photon energy
of 11.111 keV, which corresponds to the photon energy at max-
imum x-ray absorption in XANES curve of Fig. 3a. The spectrum
can be fitted very well by normal Auger peak and spectator Auger
peak, and the electron delocalization time Tgeoc Of electron from
Ge KLL can be calculated from equation, which is ~150 as. We
also analyzed the delocalization time Tgeoc of Se KLL according to
the resonant Auger map in Fig. 4b, and the corresponding normal
Auger spectrum taken at phonon energy of 12.678 keV in Fig. 4e,
as well as the maximum resonance excitation Auger spectrum
taken at photon energy of 12.665 keV in Fig. 4f. The lifetime of Se

1s core-hole is estimated at ~0.30 fs, which is almost the same
compared to that of Ge 1s, while the delocalization time 7ge1oc Of
electron from Se KLL is estimated at ~470 as, which is three times
longer than that of Ge KLL. We recall that the resonant photo-
excitation of Ge 1s and Se 1s have ~2 eV energy difference, as
shown in the p, peak in the DOS of Fig. 3¢, d, thus we attribute
the significant difference of delocalization time to the final states
with different energy levels. The differential carrier dynamics as a
function of final states have been also observed from pump-probe
spectroscopy, for example, in our previous study, the final states
of electrons that pumped by second harmonic pulse (3.12¢eV)
have access energy of >1 eV in InSe semiconductor, and the hot
electrons can stay in the conduction band ~2 ps before cooling
down to conduction band minimum, while the cooling time of
hot electrons pumped by fundamental pulse (1.56 eV) is ~0.47 ps
as the final states are very close to conduction band minimum?4,
The ultrafast dynamics that we extracted from CHC spectroscopy
is relevant to the performance of electronic devices. As the
excitation by x-ray is localized on a specific site due to the
creation of a core-hole, the timescale measured by CHC method
reflects the decoupling time of an excited electron from a specific
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Fig. 4 Resonant Auger photoemission spectra. a Resonant Auger maps of Ge KLL. b Resonant Auger maps of Se KLL. ¢, d Resonant photoemission spectra
of Ge KLL are recorded at the photon energy at 11.123 and 11.1171keV. e, f Resonant photoemission spectra of Se KLL are recorded at the photon energy at
12.678 and 12.665 keV. These excitation energies are indicated by dashed lines in a and b. The experimental spectra are shown in dotted black curves, and
they are are fitted by normal Auger peak (red curves) and spectator Auger peak (blue curves) in c-f.

atom, which gains information for the transport properties in real
devices. The method can be also well adopted to study charge
dynamics in spintronic devices. For example, in materials based
on Mn perovskites, charge transfer between a Mn3* ion and a
Mn#* ion via a double exchange mechanism involving oxygen
atoms is the main reason for the colossal magnetoresistance
effect, and such charge transfer dynamics can be determined from
CHC technique®. However, it is worth emphasizing here again
that the timescales measured by CHC are different from that of
pump-probe spectroscopy. The difference arises from the fact that
the exciton created by optical excitation between valence band
and the conduction band is delocalized, and the timescale mea-
sured by pump-probe technique is the relaxation dynamics of hot
carriers that corresponds to electron-phonon scattering process.
On the other hand, the energy of final states from pump-probe
technique is limited by the pump energy and the size of band gap,
while it is dependent on the geometry and orbital contribution in
CHC method. The localization property makes CHC spectro-
scopy chemically specific and the resonant Auger pathways are
very sensitive to the local energy landscape of the excited electron.
Therefore, we demonstrate that the CHC spectroscopy can be an
efficient way to study the delocalization time of photoexcited
electrons in different energy final states by selective x-ray exci-
tation of core elections into unoccupied states, which is a com-
plementary method with pump-probe techniques.

Conclusions

In conclusion, we performed CHC measurement on bulk semi-
conductor GeSe by using HAXPES. Owing to the geometry of our
experiment and the energy-dependent p, orbital contribution of
Ge and Se, we could resonant probe the electrons from core levels
of Ge 1s and Se 1s to different final states, respectively. Our data
show that the delocalization time of electron in higher energy final
states from Ge KLL Auger spectra are three times longer than that
of lower energy final states from Se KLL Auger spectra. Our
observation demonstrate that the CHC spectroscopy is an efficient

way to investigate the electron delocalization dynamics in energy-
dependent final states, and is a complementary method with
pump-probe technique. The attosecond delocalization time
determined in GeSe could advantageously serve to engineer
ultrafast devices based on layered semiconductor heterostructures.

Methods

Sample and HAXPES experiment. High-quality single crystals of GeSe were
grown by chemical vapor transport method?>. The clean surfaces of the samples
were obtained by cleaving the sample in the preparation chamber under high
vacuum of 5 x 10~8 mbar, and were transferred into experiment chamber imme-
diately at the base pressure of 5 x 1072 mbar. All the photoemission experiments
were performed at the Synchrotron SOLEIL on the hard-x-ray photoelectron
spectroscopy endstation of the GALAXIES beamline, which covers the 2.3-12 keV
photon energy range and provides horizontal polarization?®27. Electrons are ana-
lyzed by a large-acceptance-angle EW4000 SCIENTA hemispherical analyzer, with
its lens axis set collinear to the x-ray polarization. The binding energy of the spectra
was calibrated by measuring the Fermi edge of an Au film. The overall energy
resolution was estimated to be ~0.25 eV from Fermi edge fitting. The photon beam
is horizontal linearly polarized and perpendicular to our GeSe sample.

Electronic band structure calculation. All first-principles pseudopotential cal-
culations for the band structure in the present work were performed, by using the
projector augmented wave pseudopotentials?® implemented in the Vienna ab initio
Simulation Package?’. The Perdew-Burke-Ernzerhof approximation® was used to
describe the exchange and correlation functional. The cutoff energy for the plane-
wave basis and Monkhorst-Pack k-point mesh were set to 500 eV and 7 x 6 x 3,
respectively. To achieve the optimization of structure, the energy convergence
threshold was set to 1x 105 eV and the forces on each atom was set <0.01 eV/A.
The van der Waals interactions were considered in all calculations based on the
DFT-D3 Grimme method31-32. The space group of GeSe is Pnma, a = 3.87569 A,
b =4.44484 A, and ¢ = 10.94380 A. The primitive cell contains four Ge and four se
atoms. The Ge ions are at positions of (0.2499a, 0.3826b, 0.1210c), (0.7501a,
0.6174b, 0.8790c¢), (0.7500a, 0.8826b, 0.3790c), (0.2501a, 0.1174b, 0.6210c), and the
Se ions are at positions of (0.2500a, 0.4964b, 0.3538c), (0.7500a, 0.5036b, 0.6462c),
(0.7500a, 0.9963b, 0.1462c), and (0.2500a, 0.0037b, 0.8538¢).

XANES simulation. Simulations of the x-ray absorption near-edge spectrum at the
Ge and Se K-edges were carried out with the finite difference method near-edge
structure code33. The calculations were performed using self-consistent non-muffin-
tin potentials in an atomic cluster of 7 A radius. Both dipolar and quadrupolar
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contributions to the XANES cross section were taken into account. To compare to
the experimental data, the computed spectra were convolved by a Lorentzian profile
of full-width at half-maximum of 1.1 and 0.7 eV for Ge and Se, respectively.

Data availability

All data needed to evaluate the conclusions are present in the paper. Additional data
related to this paper are available from the corresponding author upon reasonable
request.
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