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Abstract

Understanding the electronic structure and dynamics of semiconducting nanomaterials at the atomic
level is crucial for the realization and optimization of devices in solar energy, catalysis, and opto-
electronic applications. We report here on the use of ultrafast X-ray linear dichroism spectroscopy to
unravel the carrier dynamics in epitaxial ZnO nanorods after band-gap photoexcitation. By rigorously
subtracting out thermal contributions and conducting ab initio calculations, we reveal an overall de-
pletion of absorption cross sections in the transient X-ray spectra caused by photogenerated charge
carriers screening the core-hole potential of the X-ray absorbing atom. At low laser excitation densi-
ties, we observe phase-space filling by excited electrons and holes separately. These results pave
the way for carrier- and element-specific probing of charge transfer dynamics across heterostructured

interfaces with ultrafast table-top and fourth generation X-ray sources.
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Introduction

The past decade has seen the development of photovoltaic cells with great chemical and structural com-
plexity. Highly-ordered epitaxial nanorods are promising alternatives to the mesoporous nanoparticle thin
films in dye-sensitized' and perovskite-sensitized solar cells.? Zinc oxide (ZnO) nanorods in particular,
have emerged as promising candidates for unidimensional electron transport due to their low-cost, high
optical transparency,® relatively high electron mobility,* and production through simple solution-based
techniques.® The directional carrier transport can be enhanced by the piezotronic properties of ZnO”2
upon deformation,® which calls for a deeper understanding of the interplay between excited charge carri-
ers and the local/non-local electronic and lattice structure of semiconductors.

X-ray transient absorption (XTA) spectroscopy, has become a powerful tool at third-generation syn-
chrotrons and X-ray free electron lasers (XFELSs) for the study of excited-state dynamics in solids, and
nanostructures '° at the atomic level of multiple element materials.” Combined with X-ray linear dichro-
ism (XLD), ' XTA can become sensitive to anisotropic changes in the electronic and lattice structure
upon semiconductor photoexcitation. A major limitation of XTA to the study of photovoltaic materials
is its apparent lack of sensitivity to delocalized charge carriers. Previous XTA studies on semiconduct-

11,13-16

ing (nano)materials have primarily reported local effects, such as polaron formation, carrier trap-

ping, '"~?° lattice expansion, ?' Jahn-Teller?? or piezoelectric?® distortion, and change of valence states.?*2’
Furthermore, lattice heating arising from laser excitation is often neglected, despite appreciable temper-
ature rises in excited nanoscale and thin-film materials on the picosecond (ps) timescale?'?® which are
often reported by time-resolved X-ray diffraction (XRD).2°

Here, we use transient ps-resolved XLD to reveal non-local electronic effects in the Zn K-edge XAS
of photoexcited epitaxial ZnO nanorods as a fingerprint of carrier transport. We first benchmark the pho-
tothermal temperature rise by static temperature-dependent XAS and show that heating contributions
cancel out in the transient XLD spectrum. The comparison between ab initio X-ray absorption simula-
tions including and omitting a 1s core-hole suggests that the non-thermal transient XANES is dominated

by screening/shielding of the core-hole potential by photogenerated mobile charge carriers. While such

effects are known to influence static XAS spectra, 33! here we show for the first time that variations in



core-hole screening caused by free charge carriers significantly contribute to fransient X-ray spectra of
photoexcited semiconductors. Furthermore, at the lowest laser fluence, we observe well-separated signa-
tures of excited hole and electron carriers across the band gap due to phase-space filling (PSF). Overall,
these observations have important implications for the use of ultrafast XAS in elucidating the dynamics
of free, dressed, and trapped charge carriers in semiconductor nano(hetero)structures for photovoltaic

applications.

Results and Discussion

The samples consist of epitaxial wurtzite ZnO nanorods (1-2 ym long, 674+14 nm wide) on monocrys-
talline quartz substrates. Figure 1a shows top- and side-view scanning electron microscopy (SEM) images
of the nanorods. The synthesis procedure is provided in the Supporting Information 1 and detailed char-
acterizations are given in Supporting Information 2. The nanorods are primarily oriented along the c-axis,
which is confirmed by a single (001) reflection observed in the XRD pattern (Figure 1b). Figure 1d shows
the Zn K-edge XAS with an incidence angle of 90° (normal) and 45° (diagonal) between the X-ray polar-
ization and the crystal c-axis (see also Figure 1c for the experimental setup). The resulting XLD spectra
(diagonal minus normal incidence) at room temperature (RT, 25 °C) and 70 °C are also depicted (see
Supporting Information 2.4 for details of the data correction and normalization procedures, Figure S4 for a
detailed XLD measurement in small angular steps, and Figure S5 for comparison with the literature). The
XANES primarily consists of dipole-allowed 1s—4p transitions and transitions to the continuum.®? Weak
pre-edge features arising from dipole-forbidden 1s—-3d transitions may emerge due to oxygen vacancies
in semiconducting metal oxides. ®® The absence of such features in the present XAS spectrum evidences a
low oxygen vacancy concentration, in agreement with XPS and photoluminescence measurements (Sup-
porting Information 2.3 and 2.5). The strong XLD in the XANES spectrum is due to anisotropy in bond
lengths of the o Zn-O bonds in the (a,b)-plane and the m-bonds along the ¢-axis.3*3°

Figure 1c schematically shows the geometry for static and transient XLD experiments (see Supporting

information 1.2 and 1.3 for details). Laser pump (355 nm, ~10 ps) and X-ray probe (~70 ps) pulses were
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Figure 1: (a) Top- and side-view SEM images of the epitaxial ZnO nanorods. The relative orientation of the wurtzite
unit cell lattice vectors is shown in yellow. The white scale bars represent 1 ym; (b) XRD of the epitaxial nanorods
on a quartz substrate (black) with the calculated pattern for a random orientation distribution of wurtzite unit cells
(red); (c) Schematics of the laser pump — X-ray linear dichroism (XLD) probe experiment. The sample is rotated
around an axis (angle ¢) such that the electric field vector of the X-rays (E) makes an angle of 90° (normal) or 45°
(diagonal) with the c-axis. X-ray fluorescence is detected using two APDs at ~85° relative to the X-ray beam (only
one shown). The ZnO unit cell is schematically shown on the right. A similar setup was used for the static XLD
measurements, but without laser excitation; (d) Normalized Zn K-edge XAS of the nanorods at normal (red) and
diagonal (blue) incidence (left axis). XLD at room temperature (RT; black) and at 70 °C (green) (right axis).

delivered to the sample in near-collinear geometry (5° relative angle). The incident laser fluence (0.2 to
7.3 mJ/cm?, calculated with 1/e? beam diameter) was kept relatively low to minimize heating and sample
damage. More details about the beam alignment procedure, calibration, and sample damaging tests are
provided in Supporting Information 3.

Figure 2a shows the XTA spectra in the XANES at normal and diagonal incidence at ~100 ps after
photoexcitation at a similar laser excitation density of ~3-10'" cm™ (see Supporting Information 4 for
details on excitation densities). All forthcoming XTA spectra are normalized to the XAS edge jump. In
both spectra, the transient shows a pronounced bleach at ~9670 eV with positive wings at 9660-9665

and ~9675 eV. The XTA spectra at normal and diagonal incidence exhibit clear differences, in particular
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Figure 2: (a) Transient XANES at normal (red circles) and diagonal (blue circles) incidence at ~100 ps after pho-
toexcitation at 355 nm with an excitation density of ~3-10'® cm™ (left axis). The resulting transient XLD spectrum
(diagonal-normal) is shown in shaded green (left axis). The inverted static XLD spectrum (scaled by 0.01) is shown
with a solid black curve. The XAS at normal (solid red) and diagonal (solid blue) incidence are shown for reference
(right axis). Note that the static XLD spectrum in this figure slightly deviates from the one in Figure 1d due to small
differences in the static spectra of the two different samples. Error bars are & standard deviations between indi-
vidual measurements (applies to all forthcoming plots). (b) Normalized time traces at normal incidence at 9661 eV
(filled circles) and 9669.5 eV (open circles) for a fluence of 7.3 mJ/cm? (a few error bars are shown for reference).
Biexponential fittings are shown with continuous and dashed lines at the respective energies. (c) Transient EXAFS
spectrum at diagonal incidence at ~100 ps after photoexcitation at 355 nm and 6.1 mJ/cm? (blue circles). Simulated
static difference spectrum for a lattice temperature of 60 °C (red shaded curve). Calculated difference spectrum for
a Zn Debye-Waller (DW) factor increase of 0.54 mA?2 (black dashed curve). The static EXAFS spectrum is shown
for reference (gray curve); (d) Transient XANES spectrum at diagonal incidence at ~100 ps after photoexcitation at
355 nm and 6.1 mJ/cm? (blue circles). Simulated static difference spectrum for a lattice temperature of 60 °C (red
shaded curve). The difference between the experimental transient (blue) and the thermal difference spectrum (red)
results in the non-thermal XTA spectrum (green shaded curve).

between 9665 and 9675 eV, which constitute the transient XLD spectrum. Figure 2b shows time traces
at normal incidence and at two different energies (9661 and 9669.5 eV). A biexponential fitting indicates

that the transient signal recovers with two time constants of 1-10 ns and 200-300 ns, independent of the



energy within the confidence intervals. The shorter process is assigned to carrier recombination based
on the similarity with the band-edge photoluminescence lifetime, and the longer time scale is assigned to

heat dissipation (Supporting Information 5).

Calibration of Photothermal Effects in Transient X-ray Absorption Spectroscopy. We briefly discuss
the extent of laser-induced heating in the XTA spectra. The slight excess energy (~10 meV) introduced
into the carriers by photoexcitation at 355 nm (see Supporting Information 2.5), is transferred to the phonon
bath by carrier-phonon scattering within <500 fs.*® A temperature rise of the ZnO lattice is expected on
the ~100 ps time scale due to a large interfacial thermal resistance with air and the substrate.

Figure 2c shows the transient EXAFS at ~100 ps after photoexcitation at 6.1 mJ/cm? (diagonal inci-
dence). The transient shows oscillations with the same periodicity and opposite sign as the static spec-
trum, which indicates a mere damping of the EXAFS oscillations in the photoexcited state. This damping
is due to an increased amplitude of the incoherent vibrational motion of atoms in a warmer lattice, and
can be accounted for using a Debye-Waller (DW) factor.®”* No changes in the frequency of the EXAFS
modulations are observed implying that no significant bond length changes occur in the vicinity of the Zn
atoms after photoexcitation. The transient EXAFS can thus be used to accurately calibrate the lattice tem-
perature as a result of laser heating, which is then used in the analysis of the transient XANES spectrum.
The temperature calibration is based on the measurement of XAS between RT and 500 °C with small
temperature increments, following a similar procedure as Mahl and coworkers on laser-excited CuO at
the O K-edge?® (detail in Supporting Information 6.1). The excited-state lattice temperatures derived by
this method are summarized in Table S4 (Supporting Information 6.2). A best-match example is given
in Figure 2¢ for a corresponding lattice temperature of 60 °C in the excited state. We note that even for
relatively moderate laser fluences of a few mJ/cm?, appreciable temperature increases of tens of degrees
occur. This analysis is corroborated by full-multiple scattering calculations (Supporting Information 6.1).
In Supporting Information 7, we show that the excited carrier density is homogeneously distributed across
the nanorod volume in <3 ps, leading to a homogeneous lattice heating of the nanorods ~100 ps after
photoexcitation. The warm nanorod lattice can therefore be modeled by a single temperature despite the

large mismatch between the laser and X-ray penetration depth of ~110 nm and ~8.5 um,*° respectively.



The analysis of the transient EXAFS demonstrates the absence of large changes in Zn—O bond distance
and therefore excludes the formation of hole polarons“® and trapped holes*' in the epitaxial ZnO nanorods

studied here.

Non-Thermal Transient XANES and X-ray Linear Dichroism. We now use the calibration of the lat-
tice temperature to establish the non-thermal contributions in the transient XANES. Figure 2d shows the
transient XANES at diagonal incidence (~100 ps, fluence 6.1 mJ/cm?) together with the static difference
spectrum at 605 °C, which is the lattice temperature determined in the transient EXAFS analysis for
these conditions (Figure 2c). By subtracting the thermal difference spectrum from the ~100 ps transient
XANES spectrum, we obtain the non-thermal XTA spectrum (green shaded curve in Figure 2d). The XTA
decomposition into thermal and non-thermal contributions is readily extended to different angles of in-
cidence and excitation fluences (Supporting Information Figures S15 and S16). This separation shows
that positive features in the transient XANES originate from increased lattice temperature. In particular,
the first positive peak at ~9660 eV in the transient matches the shape of the thermal contribution while
it could be mistaken for a red shift of the edge as a result of charge trapping (Supporting Information 8).
Interestingly, as seen in Figure 2d, the non-thermal transient XANES at ~100 ps is characterized by a
purely negative triple-peak structure centered at and above the absorption edge.

To corroborate these findings, we return to the XLD spectra. First, the static XLD spectrum does not
significantly depend on temperature in the range RT—70 °C (Figure 1d and Supporting Information Figure
S13). This means that the laser-induced heating effects effectively cancel out in the transient XLD spec-
trum. Second, the transient XLD spectrum resembles the scaled inverted static XLD spectrum (Figure
2a), confirming the existence of an excited-state process that leads to a mere depletion of the absorption
cross-section in the XANES (mathematical justification and additional data in Supporting Information 10).
Figure 3 illustrates this in more detail by showing the non-thermal XTA spectra at diagonal incidence at
various laser fluences (similar plots at normal incidence in Supporting Information 6). The amplitude of
the bleach features at ~9663 and ~9670 eV increases linearly with pump fluence above ~2 mJd/cm?
(see Figure S26a and Supporting Information 11). Since the amplitude of the entire XTA signal scales lin-

early with pump fluence above ~2 mJ/cm? (Figure S26b), we conclude that both thermal and non-thermal
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Figure 3: Non-thermal XTA spectra at diagonal incidence (colored circles, left axis). The static XAS is provided with
a black line for reference (right axis). The difference XAS of ZnO nanorods under solar illumination with respect to
a dark spectrum is provided for comparison (gray shaded curve, scaled arbitrarily, adapted from Chen et al. *?).

contributions scale linearly with pump fluence in this range.

The transient EXAFS analysis described above ruled out significant structural distortions in the vicinity
of the Zn atoms in the excited state. We therefore interpret the non-thermal transient XLD/XANES spec-
trum as originating from excited free, delocalized carriers (as opposed to trapped carriers). Interestingly,
Figure 3 shows that the non-thermal transient at diagonal incidence resembles a difference spectrum
obtained under continuous light irradiation of ZnO nanorods (grey shaded curve, adapted from ref.*?) or
other sensitized ZnO nanomaterials ***° (see Supporting Information 12). We thus conclude that the non-
thermal XTA spectrum is dominated by the effect of free electrons photoexcited in the conduction band of

ZnO, as opposed to trapped holes previously reported for photoexcited ZnO nanoparticles. '°

Non-Local Core-Hole Screening by Excited Charge Carriers. To explain the depletion of XANES
spectral intensity by delocalized photoexcited electrons, we invoke the effect of Coulomb screening in
core-level spectroscopy.“®™® Absorption of an X-ray photon leaves a hole in the 1s core orbital (core-
hole), which causes a rearrangement of the valence electrons and a contraction of the unoccupied energy
levels. The overall effect is a partial shielding, or screening, of the core-hole Coulomb potential. In the

XAS spectrum, such final-state screening effects are visible as changes in the peak position (chemical



shifts) “84° and absorption cross-section (XAS intensity).*® Based on these findings, we propose that the
photoexcited electrons in the conduction band of ZnO increase the screening of the core-hole interaction,
causing a renormalization of the dipole matrix elements (i.e. cross-sections) of the transitions to the 4p-
DOS and to the continuum which represents a many-body non-local screening effect in the XAS final state.
In ZnO, hole screening can be neglected due to the difference in effective masses (m = 0.23 m*° and

m; = 3.6 my,°" with m the electron rest mass’).

Ab Initio XAS Calculations. To support our interpretation, we performed ab initio self-consistent single-
particle XAS calculations at the Zn K-edge with a static fully-screened core-hole and without a core-hole
(see Supporting Information 1.4 and 13 for details). The comparison between two extreme cases (hole
and no hole) is used to qualitatively investigate the effect of a suppressed interaction between the core-
hole and the valence electrons due to the strong screening of the core-hole potential common in transition
metal oxides.*"°? Figure 4a shows the XANES spectra calculated using the real-space density functional
theory (DFT)-based FDMNES code.%® When the core-hole is present, the spectrum is red shifted and the
XANES intensity close to the ionization threshold is enhanced as expected from the evolution of the wave-
functions.®* The calculated difference spectrum (without minus with core-hole) in Figure 4a shows a net
negative signal, qualitatively matching the experimental non-thermal XTA spectrum. Similar results were
obtained using the reciprocal-space DFT-based XSpectra code®® (Figure S35). The enhanced screening
of the core-hole potential predominantly depletes the X-ray absorption cross-section, while the edge shift
plays a subordinate role. The theoretical and experimental difference spectra show moderate agreement

because of i) discrepancies in the calculation of static spectra (which could be improved by employing the

56,57) 58,59

Bethe-Salpeter equation and ii) the genuine screening effect is only partial and highly dynamic.
Overall, these discrepancies are expected to be independent of the X-ray polarization used in the calcu-
lation. Figure 4b compares the theoretical difference XLD spectrum with the experimental transient XLD
spectrum for an excitation density of ~3-10' cm™. Indeed, we find an excellent agreement which shows

that the errors between calculations at normal and diagonal incidence cancel out in the difference XLD

spectrum. Theoretical XAS codes can thus predict transient XLD signals, despite significant theoretical

'Average effective masses along the ordinary and extraordinary directions.
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Figure 4: (a) Calculated Zn K-edge XAS of ZnO at diagonal incidence with core-hole (red line) and without core-
hole (blue line) using the FDMNES code,®® and the resulting scaled difference spectrum (without minus with core-
hole, pink dashed line). The normalized experimental XAS at diagonal incidence is shown for comparison (all
left axis). The non-thermal transient XANES spectrum at diagonal incidence (~100 ps, 3.5 mJ/cm?) is shown as
a shaded green curve (right axis); (b) Experimental transient XLD spectrum at ~100 ps (gray circles, excitation
density ~3-10"° ¢cm™) and the calculated difference XLD spectrum (black curve, difference between pink dashed
curve in panel (a) and the one in Figure S32b). The calculated difference spectrum has been scaled to match the
amplitude of the experimental spectrum.

errors due to, e.g., many-body effects.

Phase-Space Filling by Excited Electrons and Holes. The non-local core-hole screening discussed
above plays a major role for electron densities of >5-10'® cm™ comparable to the Mott density. 6" At lower
laser fluences and densities (<1 mJ/cm?, <1-10'® cm®), both thermal and core-hole screening effects are
diminished and transient phase-space filling (PSF) by excited charge carriers becomes visible in the XTA
spectrum. PSF (or Pauli blocking) refers to the occupation of the conduction band by electrons and the

valence band by holes, giving rise to a decreased (bleached) or increased photoabsorption cross-section,

62,63 64-67

respectively. Transient PSF has been previously observed at L- and M-edges.
Figure 5a shows the transient XTA spectrum at normal incidence and at low laser fluence (~0.2
mJ/cm? 2), together with the scaled XTA spectrum at higher fluence (3.0 mJ/cm?) for comparison. The

absence of any positive features at ~9661, ~9665, and ~9677 eV (marked with arrows in Figure 5a)

shows that thermal effects are negligible at fluences of ~0.2 mJ/cm?. In addition, the negative features

2The presence of residual harmonics used to generate the 355 nm pump beam compromises the accuracy of fluence
estimates <1 mJ/cm?.
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Figure 5: (a) XTA spectra at normal incidence, ~100 ps, low laser fluence (~0.2 mJ/cm?, red circles) and higher
laser fluence (3.0 md/cm?, scaled by 0.2, gray shaded curve, both left axis). The solid red line is a trendline. The
experimental static XAS is shown with a black curve for reference (right axis). (b) Calculated Zn s-projected (shaded
red), p-projected (shaded green), and d-projected (shaded blue) DOS with core-hole calculated with the FDMNES
code. Vertical dashed lines are centered at the PSF features in the low-fluence XTA. The Fermi energy is indicated
in (b) by an arrow.

around ~9670 and ~9682 eV indicate only a small (~20%, see Figure S26a) contribution from transient
core-hole screening. Interestingly, the amplitude ratio of the two bleach features around 9662.5 eV and
9670 eV clearly depends on laser fluence; the low-energy bleach feature is larger than the high-energy
one in the low fluence data set (Figure 5a) and vice versa for the high-fluence data set (Figures 2d and 3).
Furthermore, at even lower energy (~9658 eV), and separated by a region with no signal, a weak positive
feature appears that has not been discernable in the high-fluence data sets because it was submerged
by the strong thermal peak around ~9661 eV.

In Figure 5b, we show that the position of these features (vertical dashed lines) matches the band

edges in the Zn |-projected DOS calculated with the FDMNES code®® in the presence of a core-hole

12



(see Supporting Information 13.1 for the DOS calculated without a core-hole). In ZnO, Zn atoms are in
a tetrahedral environment, hence K-edge transitions to s- or d-states become partially allowed through
hybridization with the p-DOS. The positive feature is therefore attributed to excited hole carriers at the top
of the valence band below the Fermi level (Eg), which gains intensity through hybridization of Zn d- and
p-states, while the negative feature around ~9662.5 eV is (partially) due to PSF of excited electrons in
states of p-symmetry at the bottom of the conduction band. The bleach features at higher energies (~10—
20 eV above Eg) cannot be due to PSF since the population of such states would require exceedingly
large carrier densities and hot carrier populations; these features are due to transient core-hole screening

instead.

Conclusions

Our results demonstrate the use of ps-resolved transition-metal K-edge spectroscopy to track the evolution
of excited charge carriers in a widely used prototypical ZnO semiconducting material. ®3%° We use transient
XLD as a new methodology to isolate non-thermal contributions in the transient XANES. Our approach
revealed, for the first time, the screening of the core-hole potential by delocalized excited electrons in the
transient XAS of photoexcited semiconducting materials. These results are in contrast with a large body of
previous ultrafast XAS studies on semiconducting materials that report on charge trapping and/or polaron
formation upon photoexcitation. Our results thus have profound implications for future pump-probe and
quasi-equilibrium XAS studies on photovoltaic and photocatalytic nanomaterials. “~4°

The methodology presented here paves the way for the study of charge transfer dynamics in more
complex heterostructured materials and devices such as dye- or quantum dot-sensitized nanomaterials,
multilayered thin films, or solid/liquid interfaces in photoelectrochemical cells. The element specificity of
hard X-ray spectroscopy enables the selective tracking of charge transfer across heterostructured inter-
faces. We show here that phase-space filling in the pre-edge XAS region can be used to track electrons

and holes separately. In addition, the future use of transient X-ray linear dichroism may yield information

on the anisotropy of carrier screening, transfer, and trapping in photoexcited strongly dichroic materials

13



such as transition metal dichalcogenides, ”° 2D lead halide perovskites,”' or layered materials.”? Finally,
extending these studies to the femtosecond time regime at X-ray free electron lasers and table-top in-
struments offers an exciting perspective for the study of ultrafast processes such as hot carrier injection,

carrier cooling, and trapping in nanoscale solar energy materials.
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Supporting Information Available

The Supporting Information is available free of charge which contains sample synthesis and characteriza-
tions, experimental details about the XTA measurements, calculation of the excitation densities, additional
kinetics, evolution of XAS with lattice temperature, simulation of the timescale of heat diffusion, effect of
the penetration depth mismatch between the laser and the X-rays, chemical shift simulations, thermal and
screening effects in previous XTA measurements at the metal K-edge, mathematical derivation of tran-
sient XLD, XTA fluence dependence, XAS of ZnO under solar illumination — non-local screening effects,

ab initio calculations.
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