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ABSTRACT: Space and mirror charge effects in time-resolved photoemission
spectroscopy can be modeled to obtain relevant information on the
recombination dynamics of charge carriers. We successfully extracted from
these phenomena the reneutralization characteristic time of positive charges
generated by photoexcitation in CeO2-based films. For the above-band-gap
excitation, a large fraction of positive carriers with a lifetime that exceeds 100 ps
are generated. Otherwise, the sub-band-gap excitation induces the formation of
a significantly smaller fraction of charges with lifetimes of tens of picoseconds,
ascribed to the excitation of defect sites or to multiphoton absorption. When the
oxide is combined with Ag nanoparticles, the sub-band-gap excitation of
localized surface plasmon resonances leads to reneutralization times longer than
300 ps. This was interpreted by considering the electronic unbalance at the
surface of the nanoparticles generated by the injection of electrons, via localized
surface plasmon resonance (LSPR) decay, into CeO2. This study represents an example of how to exploit the space charge effect in
gaining access to the surface carrier dynamics in CeO2 within the picosecond range of time, which is fundamental to describe the
photocatalytic processes.

■ INTRODUCTION

In recent decades, the demand for active catalysts for
environmental protection applications has acquired a great
deal of interest, in part, due to the growing concern for global
warming.1 In this context, transition-metal oxides, such as
cerium oxide (CeO2) or titanium oxide (TiO2), are particularly
attractive, thanks to their efficiency in catalyzing redox
reactions. On the other hand, these materials have poor
light-induced activity in the visible range due to their wide
band gaps (4.0 eV for CeO2

2 and 3.7−3.4 eV for TiO2
3).

Several studies have demonstrated that the combination of
oxides with plasmonic metal nanoparticles (NPs), such as Au
or Ag, extends their photocatalytic activity into the visible
range.4−6 The strong interaction between visible radiation and
the NPs leads to the excitation of localized surface plasmon
resonances (LSPRs), which induce a charge or energy transfer
to the surrounding oxide, extending the spectral response range
of the material.7 A detailed description of photoexcited states
in these materials is very important in view of designing
materials with optimized light-induced functionalities.
Photoexcitation of CeO2 with photons in the ultraviolet

range leads to the transient occupation of localized states of the
Ce 4f character, located between the valence band and the

conduction band, with long lifetimes on the order of hundreds
of picoseconds,2 which may lead to a transient modification of
important properties of the material like, for example, oxygen
vacancy formation. When CeO2 is coupled to Ag NPs, LSPR
excitation with visible light leads to an efficient energy transfer
to the oxide, inducing a dynamic response in the excited states
of the oxide comparable to that observed by direct ultraviolet
(UV) photoexcitation.4,8

Photoelectron spectroscopy (PES) is a powerful technique
for the study of electronic properties in condensed matter
systems. The development of free electron lasers and high
harmonic generation (HHG) light sources allows the
production of ultrashort radiation pulses with photon energies
ranging from extreme ultraviolet to hard X-rays. The use of
ultrashort pulses in time-resolved PES (trPES) experiments in
the pump−probe configuration provides access to the

Received: March 29, 2022
Revised: June 15, 2022
Published: June 29, 2022

Articlepubs.acs.org/JPCC

© 2022 The Authors. Published by
American Chemical Society

11174
https://doi.org/10.1021/acs.jpcc.2c02148

J. Phys. Chem. C 2022, 126, 11174−11181

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 D

E
G

L
I 

ST
U

D
I 

D
I 

M
O

D
E

N
A

 o
n 

Ju
ly

 2
9,

 2
02

2 
at

 1
2:

38
:3

4 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jacopo+Stefano+Pelli+Cresi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Eleonora+Spurio"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lorenzo+Di+Mario"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Patrick+O%E2%80%99Keeffe"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Stefano+Turchini"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Stefania+Benedetti"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Stefania+Benedetti"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gian+Marco+Pierantozzi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alessandro+De+Vita"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Riccardo+Cucini"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Daniele+Catone"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Paola+Luches"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Paola+Luches"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpcc.2c02148&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c02148?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c02148?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c02148?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c02148?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c02148?fig=abs1&ref=pdf
https://pubs.acs.org/toc/jpccck/126/27?ref=pdf
https://pubs.acs.org/toc/jpccck/126/27?ref=pdf
https://pubs.acs.org/toc/jpccck/126/27?ref=pdf
https://pubs.acs.org/toc/jpccck/126/27?ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.jpcc.2c02148?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JPCC?ref=pdf
https://pubs.acs.org/JPCC?ref=pdf
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://acsopenscience.org/open-access/licensing-options/


dynamics of the transient electronic structure of the
investigated material on time scales typical of elementary
electronic and lattice processes.9

However, the use of ultrashort and highly brilliant photon
sources often gives rise to space charge effects, causing a
significant alteration of the PES spectrum and a consequent
loss of the information contained in the intrinsic photoelectron
energy distribution and its temporal dynamics. Since this
phenomenon represents a severe limitation for trPES experi-
ments, wide research efforts have been dedicated to under-
standing and minimizing it.10−16 Space charge effects are due
to the mutual Coulomb interaction between the photo-
electrons leaving the sample surface after the excitation by
an ultrashort light pulse of sufficient intensity. In pump−probe
trPES experiments, the intense laser pump pulse generates
numerous photoelectrons that leave the surface with a spatial
distribution determined by their kinetic energy. The photo-
electrons generated by the far less intense probe pulse, while
traveling toward the detector, interact with the space charge,
which introduces, in general terms, a broadening and a shift by
up to several eV of the apparent energy distribution, decreasing
the effective energy resolution of the experiment and
preventing the detection of important information related to
pump-induced photoexcited charge dynamics. Moreover, the
effect of space charge is combined with the effect of holes left
behind in the sample following the emission of photoelectrons,
which is often referred to as the mirror charge effect.10,12,13

Previous investigations showed that vacuum space and mirror
charge effects can be analyzed and modeled to infer important
properties of the materials under investigation, in particular, to
determine the lifetime of the holes photogenerated on the
sample surface by the pump pulse.10,12

In the present study, we use the intensity variation of a
specific PES feature generated by the space charge to study the
dynamics of the surface pump-generated carriers in a
prototypal system for photocatalysis composed of Ag NPs
embedded in a CeO2 film. The study was carried out by
modeling the dynamics of the space charge effect and its effect
on PES spectra. In this way, trPES can provide complementary
information to UV−vis pump−probe absorption techniques,
which are principally sensitive to the bulk properties of the
sample and inefficient in separating the contributions of holes
and electrons. Using the proposed procedure, we extracted
information on the reneutralization of positive carriers in the
Ag@CeO2 system by the pump, providing a physical
interpretation of the results, which is fundamental in the
view of future applications in photocatalysis of the investigated
systems.

■ METHODS
Previous studies showed that CeO2 films grow with a
comparable morphology and structure on several different
single-crystal metal supports with a hexagonal surface
symmetry, among which are Pt(111) and Cu(111).17−19

Pt(111) is a substrate that we have extensively used as a
support for the growth of ultrathin epitaxial cerium oxide
films.19−21 Cu(111) has also been used as a support, obtaining
films with comparable surface properties, as those obtained on
the Pt(111) crystal.17 In the present study, two different
samples were investigated: a CeO2 thin layer grown on
Cu(111) and a sample composed of Ag NPs embedded into a
CeO2 matrix on Pt(111). The ultrahigh vacuum (UHV)
experimental apparatus used for the growth of the samples has

already been described in reference 20. The metallic substrates
were prepared by repeated cycles of sputtering with Ar+ ions (1
keV, 1 μA) and annealing (1040 K for Pt(111) and 620 K for
the Cu(111)) in UHV until no contaminants were revealed by
in situ X-ray photoelectron spectroscopy (XPS). The CeO2
films were grown via molecular beam epitaxy (MBE), by
evaporating cerium from an electron beam evaporator, in a
controlled oxygen partial pressure of 10−7 mbar. The substrates
were kept at room temperature (RT) during sample growth.
After the deposition of CeO2 on the Pt substrate, Ag was
deposited from a Knudsen cell, and, as already demonstra-
ted,21,22 it self-assembled into NPs on the CeO2 surface. The
growth chamber is equipped with a quartz microbalance, which
was used to calibrate both the Ag and the Ce evaporators. The
CeO2 film thickness was chosen to be 2 nm to have a full
coverage of the substrate surface.20 On top of the CeO2 film
grown on Pt(111), an equivalent thickness of 1.2 nm of Ag has
been evaporated. This procedure brings to the formation of
self-assembled NPs, as reported in reference 23. Here, the
nominal Ag thickness refers to the equivalent thickness of a
uniform Ag film completely covering the ceria layer. Since the
samples are grown on a highly reflective metal single crystal, it
is not easy to perform an optical characterization. However, a
sample grown on a transparent MgO substrate with the same
procedures and the same nominal thickness has shown a very
broad LSPR-related absorption band in the visible.23 Finally, a
protective capping layer of 0.5 nm CeO2 has been added. The
thickness of the uppermost CeO2 layer was chosen to be much
thinner than the bottom one to be sensitive to the interface
between Ag NPs and CeO2. The sample with Ag NPs will be
referred to as Ag@CeO2 in the following.
After the deposition of each layer, the samples were

characterized in situ by steady XPS and ultraviolet photo-
emission spectroscopy (UPS). XPS measurements were
performed with Al Kα photons from a double anode X-ray
source, while the UPS spectra were acquired using a He lamp.
For both acquisitions, a hemispherical electron analyzer in a
normal emission geometry was used. To obtain quantitative
information on the surface stoichiometry, the Ce 3d XPS
spectra were fit with Voigt-shaped Ce3+- and Ce4+-related
components, following the procedure introduced by Skala et
al.24

The samples were transferred to the NFFA-SPRINT (Spin-
Polarized Research Instrument in the Nanoscale and Time
domain25) facility at Elettra, Trieste, to perform trPES
measurements. To avoid air exposure, an ultrahigh vacuum
(P = 10−10 mbar) suitcase was used for the transfer.
The experimental apparatus used for the trPES measure-

ments is fully described in ref 26. The system is based on a
Yb:KGW-based integrated femtosecond laser system
(PHAROS, Light Conversion, 1030 nm, 300 fs) with two
separate amplifiers pumped by the same oscillator. This
configuration guarantees a high pulse-to-pulse stability. The
first amplifier is used to pump an optical parametric amplifier
whose output is used to provide pump pulses. The second
amplifier is used to produce high harmonics of the laser
fundamental constituting the probe signal. We chose the 11th
(26.5 eV) and the 13th harmonics (31.2 eV), with 5 106 and
107 photons per pulse. During the experiment, two pump
energies have been used: 4.1 and 2.8 eV. The repetition rate
has been set to 25 kHz, varying the energy-per-pulse between
0.3 and 1 μJ (see Table 1 for more details) concentrated on a
spot size of 300 μm. Electron detection is performed with a
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Scienta SES 2002 hemispherical electron analyzer equipped
with a phosphor detector and a charge-coupled device (CCD)
camera.
The data analysis was based upon the mean-field model

described by Oloff et al. in ref 12 and ref 13. One of the main
approximations of the model is to assume that the cloud of
electrons excited by the pump pulse has a Gaussian charge
distribution in the surface plane (x and y directions) and
moves along the direction normal to the surface (z direction).
Moreover, the number of electrons generated by the pump
pulse is assumed to be much higher than that of electrons
generated by the probe. This assumption is in agreement with
the conditions used for the present experiment since the drain
current generated by the probe ∼2 pA was significantly lower
than the pump-induced drain currents reported in Table 1.
The kinetic energy shift μ(t) experienced by a photoelectron

generated by the probe pulse traveling toward the detector is
due to the electric fields generated by the pump-induced
electron cloud and by the positive carriers on the sample
surface

t E E e V z t V z t( ) ( ( ( )) ( ( )))k k0μ = − ′ = −− +
(1)

where Ek0 is the unperturbed electron kinetic energy, Ek
’ is the

perturbed one, e is the elementary charge, and V− and V± are
the electrostatic potentials generated by the space charge
(electrons) and by the mirror charge (positive charges)
measured at a distance zdet (analyzer aperture distance from
the sample). Figure 1b reports a scheme of the space charge
effect in trPES depending on z, which is correlated to the delay
time t between the pump and probe.
The electrostatic potential generated by the pump-induced

electron and hole clouds in the Gaussian shape approximation
can be written as27
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where N− and N+ are, respectively, the number of photo-
electrons and holes generated by the pump, e is the elementary

charge, ε0 is the vacuum permittivity constant, σx,y,z are the
standard deviations of the Gaussian distribution in the three
spatial directions, and z(t) is the distance between the probe-
generated electron and the space charge distribution.
Following Oloff et al.’s works,12,13 the electron cloud spatial
expansion was taken into account using a correction linearly
dependent on the cloud velocity. In eq 2, the number of holes
on the surface (mirror charge) can be written as

N t X N e( ) t/= · · τ+ − − (3)

where X is the fraction of holes that survive rapid
recombination such as Auger recombination and τ is the
hole recombination time constant in the material. For negative
delay times (i.e., when the probe pulse reaches the sample
before the pump pulse), the photogenerated hole distribution
is assumed to be completely screened by the pump-electron
cloud, so V+ (z(t ≤ 0)) = 0.
Figure 1a reports an example of the PES valence band

spectra of the CeO2 sample at a positive (100 ps) and a
negative (−100 ps) delay time with the pump at 4.1 eV as well
as a reference spectrum acquired without the pump. The
spectra were acquired with a HHG probe at 31.2 eV (13th
harmonics). The spectra show an intense and broad peak
between 7 and 4 eV (binding energy (BE)) due to emissions
from the valence band of the O 2p character and a less intense
peak between 3 and 1 eV due to emissions from occupied Ce
4f levels. At positive (negative) delay times, the spectrum
appears rigidly shifted toward lower (higher) kinetic energies,
with respect to the reference spectrum. The energy shift of the
spectrum is the combination of the effects of space charge,
which shifts the spectrum toward higher kinetic energies, and
mirror charge, which shifts the spectrum in the opposite
direction. The spectra, at the delay times that have been
considered for the analysis (i.e., for |t| ≳ 15 ps), only show a
rigid shift in kinetic energy while their shape is unaltered (see
Figure S2 in the Supporting Information, SI). For this reason,
the PES intensity within a fixed kinetic energy window,
centered where the spectrum intensity shows large variations,
e.g., at the top of the valence band, can be directly correlated to
the energy shift of the spectra (red box in Figure 1a). We thus
restricted the acquisition to an energy window of 1 eV width,
centered at 4 eV. In this way, we can acquire fast and
repeatable measurements, rapidly improving the statistics in
relatively stable conditions.

Figure 1. (a) PES spectrum of the valence band of the CeO2 sample without the pump (blue curve) at +100 ps (green curve) and −100 ps (purple
curve) delay times (pump at 4.1 eV) obtained using the HHG 13th harmonic (31.2 eV). The red box represents the energy window to which the
acquisition was restricted. (b) Space charge generation (the electrons are denoted in blue and the holes are denoted in red) and its effects on the
probe electron dynamics depending on z(t) (the distance between the electron cloud and the probe electron).
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The valence band spectra shown in Figure 1 were modeled
using three Gaussians, two to reproduce the O 2p and one for
the Ce 4f peak (details in the SI; Figures S3 and S4). For each
Gaussian, the kinetic energy shift μ(t), generated by the space
charge and calculated using eq 1, can be related to the integral
of the measured PES intensity in the chosen energy interval by

J t I e E( ) di i

E

E
E t( )

0
( ) ( ( )) /i i

1

2
0
( ) 2 ( )0

2

∫= · ·μ μ σ− − −

(4)

where μ0
(i), I0

(i), and σ0
(i) represent, respectively, the position of

the centroid, the intensity, and the variance of the ith Gaussian
in the spectrum acquired without the pump (evaluated from
the fit of the full PES spectra reported in the SI; Figures S3 and
S4) and E1 and E2 are the extremes of the chosen energy

interval. The overall intensity integral variation, as a function of
delay time between the pump and the probe pulses, is given by
the sum

J t J t J t J t( ) ( ) ( ) ( )(1) (2) (3)= + + (5)

The PES intensity, measured within the chosen energy
window, as a function of the delay time was fit using eq 4. The
fitting variables were N− (the number of photogenerated
electrons), X (the fraction of holes in the sample), and τ (the
hole recombination time constant). The x and y dimensions of
the electron cloud for eq 2 at t = 0 were derived from the size
of the spot on the sample (about 300 μm of FWHM),26 while
the z dimension was fixed to tens of nanometers. The number
of pump-generated electrons N− is compared with that of the

Figure 2. (a) XPS Ce 3d spectra of CeO2 (red) and Ag@CeO2 (green) with Al Kα photon energy (1486 eV). The black lines are the fits of the
spectra using Ce4+- and Ce3+-related components. (b) UPS spectra of CeO2 (red) and Ag@CeO2 (green) at a photon energy of 21.2 eV.

Figure 3. PES area intensity within the chosen energy for the CeO2 sample pumped (a) above (4.1 eV) and (b) below (2.8 eV) the band gap as a
function of delay time (blue dots). The dynamics were obtained using a HHG probe of 31.2 eV for panels (a, d) and 26.5 eV for panels (b, c).
Panels (c, d) show the intensity for Ag@CeO2 pumped above (4.1 eV) and below (2.8 eV) the CeO2 band gap. Panel (c) is obtained using a HHG
probe of 26.5 eV, while panel (d) is obtained using a HHG probe of 31.2 eV.
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drain current, as reported in Table 1. However, only in the case
of the CeO2 sample pumped below the gap, the current is close
to the limit conditions for the validity of the model, being just
1 order of magnitude higher than the probe-generated one.

■ RESULTS AND DISCUSSION
In situ XPS and UPS measurements have been acquired after
sample growth to obtain information on the surface electronic
structure of the samples. The Ce 3d XPS spectra of the two
samples show a line shape compatible with a dominant CeO2
stoichiometry, confirmed by the good quality of the fit
obtained using only Ce4+-related components (Figure 2a).
The Ce3+ concentration is therefore below the sensitivity of the
technique, as observed for ultrathin films grown in similar
conditions.17,20 The UPS spectra of the two samples, reported
in Figure 2b, show a broad feature between 2 and 5 eV
assigned to the valence band with the O 2p character. The
minor differences in shape as compared to the spectra shown
in Figure 1 can be ascribed to the difference in photon energy
between the UPS lamp, 21.2 eV, and the HHG at the SPRINT
facility (26.5 and 31.2 eV). In the Ag@CeO2 sample, the O 2p-
related main feature around 3 eV is attenuated in intensity as
compared to the CeO2 sample and Ag-related features around
5 eV and at the Fermi level.23 The absence of valence band
features related to the metallic substrates confirms the
complete coverage of the substrate surface by the oxide films.
The samples investigated here are grown on highly reflective

metal single crystals, which do not easily allow for optical
characterization. A sample grown on a transparent MgO
substrate with the same procedures and the same Ag nominal
thickness shows a very broad LSPR-related absorption band in
the visible.23 Thus, in analogy with previous experiments made
on these systems,2,4 the trPES measurements have been
acquired on the CeO2 and the Ag@CeO2 samples using two
different pumps: one at 4.1 eV, above the CeO2 band gap, and
one at 2.8 eV, at the Ag LSPR maximum and below the CeO2
band gap. The trPES data for each pump and delay time have
been acquired in the 1 eV energy window centered at the top
of the valence band, as described in the Methods section.
Figure 3 shows the area of the PES intensity J in the selected
window with respect to that of the spectrum without the pump
as a function of delay time (blue dots) for the two different
samples and the two pump energies. The differences in the
error bar intensities depend on the statistics (the number of
acquisitions).
The acquisition was limited to delay times larger than |t| ≳

15 ps (and up to 200 ps) for which the valence band spectrum
did not show evident deformations (see SI Figure S2).
Unfortunately, this limitation prevents the detection of
ultrafast dynamic decays, often observed in oxides after
band-gap excitation.28,29 At negative delay times, J shows an
increasing intensity as the delay time approaches zero for both
samples and pump energies. The observed behavior agrees

with a progressive shift of the spectra toward higher kinetic
energies with decreasing |Δt| because of the pump-generated
space charge. The effect of the positive potential generated by
the holes left in the sample, which are screened by the pump-
generated electron cloud, is in fact negligible, as assumed by
the model described in the Methods section. At positive delay
times, the two samples pumped above the band gap (Figure
3a,c) show a marked decrease (faster than the rise time at
negative delays) and then, at delays longer than 100 ps, a
slower increase of J, indicating that for positive delay times
both space and mirror charge contributions are simultaneously
at play. The rapid decrease of J(t) is due to the shift toward
lower kinetic energies induced by the positive mirror charge,
which dominates at short delay times,10,12 while this is partially
compensated by the presence of the space charge at longer
delay times. At longer delay times, J(t) should tend to the same
values; however, our temporal window was not wide enough to
reach that condition. Similar behavior is observed at positive
delays also for the Ag@CeO2 sample with the pump at the
LSPR (Figure 3d), although in this case, the variation with
respect to negative delays is less pronounced, in agreement
with a lower density of holes generated in the sample in this
case. The CeO2 sample pumped below the band gap instead
shows an almost symmetric behavior at positive and negative
delay times (Figure 3b). This is consistent with a fast
recombination and with the expected very low density of
holes formed in this sample, which has an extremely low
absorbance at 2.8 eV.2

Following the model presented in the Methods section, the
data in Figure 3 were fit using eq 4. The fitting curves obtained
are reported as red lines in the figure. The free fitting
parameters, reported for each sample and pump energy in
Table 1, are the fraction X of excited holes, their lifetime τ, and
the number of photogenerated electrons N−. The Gaussian
functions, which describe the PES for each probe energy and
for each sample, are reported in the SI Figures S3 and S4.
The analysis of the space charge effect gives relevant

information on the dynamics of charge recombination in the
material, in particular, on pump-induced holes, within the
investigated time-scale range. The ultrathin films used for the
present experiment are grown on metallic substrates, and the
Fermi level of the sample is at equilibrium with that of the
experimental apparatus connected to the ground. The
correlation between the space charge effect and the drain
current is evident by comparing the values of current and the
N− factor extracted by the fit (Table 1). The pump excitation
leads to the formation of holes on the surface of the samples
induced by different processes. The fitting procedure makes it
possible to extract information on the compensation of such
holes by the drain current from the ground and to infer
important properties of the material based on the observed
behavior.

Table 1. Hole Lifetime, Fraction of Excited Holes (Obtained from the Fitting of the Data in Figure 3), and Measured Drain
Current for the CeO2 and Ag@CeO2 Samples at the Two Different Pumps (4.1 eV above the CeO2 Gap and 2.8 eV below)a

sample pump (eV)/fluence (μJ) hole lifetime (ps) fraction of holes X N− drain current (pA)

CeO2 4.1/0.7 150 0.46 2700 104 (2.6 104 carriers)
2.8/0.9 87 0.29 140 27 (6.7 103 carriers)

Ag@CeO2 4.1/0.7 153 0.54 6500 600 (1.5 105 carriers)
2.8/1 300 0.35 1900 320 (8 104 carriers)

aThe values of the drain current are normalized to the laser frequency.
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The increase in electron yield in the presence of Ag NPs
(Table 1) is partially caused by the direct emission of electrons
from the NPs into the vacuum through multiphoton processes
at both 4.1 and 2.8 eV, although the latter energy is expected to
be less efficient (considering that the intensity of the two
pumps is low and similar). For this reason, we expect that the
photoemission from defect levels should play a predominant
role in the space charge formation. The Ag insertion in the
CeO2 matrix should increase the density of defects in the oxide
matrix.
As reported in Table 1, the band-gap excitation by the 4.1

eV pump leads to the formation of a large fraction of holes
with a lifetime on the order of 100 ps on both samples. The
fraction of estimated mirror charges and their lifetime does not
show significant changes if Ag NPs are introduced into the
oxide film since at this pump energy the holes are mainly
formed within the oxide film. This is a further confirmation of
the fact that the two films have comparable properties in spite
of the different substrates used. This can be rationalized by
considering that charge reneutralization by electrons from the
grounded substrate most likely takes place not only at ideal
interface sites (film/substrate) overcoming the Schottky
barrier but mainly along domain boundaries and defect sites.
Although the pump wavelength of 4.1 eV is energetic enough
to excite interband transitions in the Ag NPs, these are
expected to have a lower cross section and to decay much
more rapidly, compared to the above-band-gap excitation in
the surrounding oxide,4 thus having a negligible effect on the
photoelectrons at delay times longer than 15 ps. A lifetime for
the holes above 100 ps, determined from trPES measurements,
is consistent with the persistence of the ground-state bleaching
feature for hundreds of picoseconds, observed in the same
systems by femtosecond transient absorption spectroscopy
after the above-band-gap excitation.4 Some other oxides, like
TiO2 in the form of single crystals with low defect
concentrations, show comparatively long lifetimes of photo-
excited states.30,31 On the other hand, hole lifetimes on the
order of a few picoseconds have been reported for Fe2O3 thin
films unless trapping states are involved.32

In contrast, the results obtained with a pump at 2.8 eV are
quite different. As reported in Table 1, in the CeO2 sample, a
small fraction of holes is detected, with a lifetime of less than
100 ps. These mainly generate the excitation of low-density
defect sites but cannot exclude the multiphotonic absorption.
The holes recombine in less than 100 ps, with electrons
coming from the grounded metallic substrate, expected to
propagate via hopping or through CeO2 defects like domain
boundaries. When Ag NPs are introduced, the efficiency of
carrier generation increases by more than 1 order of magnitude
(see drain currents and N− values reported in Table 1). This
can be related to the increased defect density generated at the
interface between CeO2 and the Ag NPs and to the excitation
of LSPRs, which introduces a significant perturbation in the
system. The fraction of excited holes is comparable to the case
of the CeO2 film (Table 1); however, the mirror charges
persist for significantly longer lifetimes of several hundreds of
picoseconds, i.e., above the considered delay time. The
significantly higher lifetime, observed in Ag@CeO2 with a
2.8 eV pump, can be qualitatively explained by considering that
a high number of positive carriers are formed at this energy on
the NP surface due to the injection of electrons, stemming
from the LSPR decay, into CeO2. The sketch in Figure 4
summarizes the processes that are expected to occur. At an

excitation energy of 4.1 eV, the holes on the NPs are mainly
generated by defects and multiphotonic photoemission (Figure
4a), while using a 2.8 eV pulse, the holes are expected to be
mainly generated by plasmon-mediated electron injection into
CeO2 (Figure 4b). Most of the carriers formed in the Ag NPs
after LSPR de-excitation survives for relatively long times due
to the presence of a Schottky barrier between the NPs and the
oxide, which prevents their recombination with electrons
injected into the oxide. The corresponding injected electrons
possibly compensate the holes directly formed on the oxide
within shorter times, leading to a situation in which most of the
unscreened positive charge is located on the NP surface within
relatively short times (certainly well below 15 ps) from
excitation (Figure 4c). On the contrary, at 2.8 eV in the CeO2
film, the holes due to defect state absorption are neutralized by
means of fast nonradiative recombination with the electrons
from the substrate. The mirror charge lifetimes resulting from
the fit are related to the decay of the populations of the
positive charges in the NPs and in CeO2. Thus, the
significantly different lifetimes extracted for the excitation at
2.8 eV for the CeO2 sample (87 ps) and Ag@CeO2 (300 ps)
agree with the expected longer reneutralization times of the
positive carriers generated in the metal NPs as compared to the
holes present in CeO2.
A further consideration that can be made based on the

results obtained is that even the positive carriers generated
after LSPR excitation in the Ag NPs recombine within a few
hundreds of picoseconds, preventing the accumulation of
charges, which would hinder further electron injection to the
oxide. This is a relevant aspect for an effective application of
CeO2 combined with plasmonic NPs as an efficient visible light
photocatalyst. In previous works by the authors,4,8 based on
ultrafast optical UV−vis and XUV spectroscopies, it was shown
that either during or after the excitation of the LSPR in the Ag
NPs there is significant efficiency of injection of electrons from
the Ag into CeO2. This process was shown to occur on a time
scale of fewer than 200 fs, which is well below the temporal
window available in the present experiment. However, the
dynamics of the neutralization of the positive charges (holes)
in the Ag NPs could not be easily studied using the techniques
employed in the previous works. The approach here used
allows us to isolate the effect of photogenerated holes, which

Figure 4. Sketch of the processes that dominate at different pump
energies for the Ag@CeO2 sample. (a) The pump at 4.1 eV induces
the formation of holes both in the NPs and in the oxide by defect
states and multiphoton-induced photoemission; (b) the pump at 2.8
eV induces the formation of a few holes in the oxide and in the NPs
by multiphoton-induced photoemission (blue contours) and of a
relevant number of holes on the NPs via plasmon-mediated electron
injection from the NP to the oxide (green contour); (c) the electrons
and holes in the oxide recombine within short times (<15 ps), leaving
a relevant fraction of uncompensated positive charges on the NP
surface.
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play a relevant role in the functionality of the investigated
system.

■ CONCLUSIONS
The present work exploits the space charge effect in time-
resolved photoelectron spectroscopy to gain information on
the dynamics of photoexcited holes in a cerium oxide film, also
in combination with plasmonic Ag nanoparticles on time scales
above 15 ps. We have applied a procedure that makes it
possible to significantly reduce the acquisition times, allowing
an increase in the number of samples and pump energies to be
investigated in a single experiment. More importantly, the
analysis of the time-resolved photoemission spectra allowed us
to infer that the above-band-gap excitation in cerium oxide
leads to the formation of holes with lifetimes exceeding 100 ps,
independent of the presence of Ag nanoparticles. The sub-
band-gap excitation, on the other hand, results in the formation
of holes with lifetimes on the order of a few tens of
picoseconds in CeO2, possibly induced by defect-related
transitions or multiphoton absorption. Interestingly, when
the oxide is coupled with Ag nanoparticles, the excitation of
the sub-band-gap localized surface plasmon resonance leads to
the formation of positive charges in the metal with lifetimes
exceeding 300 ps. This study represents an example of how to
exploit the space charge effect in gaining access to the carrier
dynamics in the CeO2-based materials within the picosecond
range of time, which is fundamental to describe the
photocatalytic processes.
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