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ABSTRACT

Cuprous oxide (Cu,O) is a p-type semiconductor with promising applications as a photocathode material in photoelectrochemical cells for
hydrogen production, owing to its visible-range bandgap and suitable band edge positions for water splitting. The incorporation of metallic
Cu nanoparticles can further enhance light absorption and extend the absorption range of Cu, O toward the red and near-infrared due to the
excitation of localized surface plasmon resonances within the metal nanoparticles (NPs). Starting from molecular-beam-epitaxy-grown metal-
lic Cu NPs, post-growth thermal treatments under oxidizing and reducing conditions can be tuned to obtain either Cu@Cu,O core@shell NPs
or Cu;O nanostructured films. The surface stoichiometry of the samples is investigated using x-ray photoelectron spectroscopy and Auger
electron spectroscopy. Transmission electron microscopy, coupled with electron energy-loss spectroscopy, provides insights into the mor-
phology and the local oxidation state of the NPs with nanometric resolution. Steady-state and time-resolved optical characterization of the
samples confirms the presence of optical features related to localized surface plasmon resonances in the Cu cores and to exciton formation in
the Cu,O shell.

© 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0309793

I. INTRODUCTION the semiconductor/liquid interface, redox reactions occur that split

water into hydrogen and oxygen."”
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In recent years, the increasing impact of climate change has
significantly intensified the global demand for sustainable energy
sources. Among the various strategies explored, photocatalytic water
splitting is a promising approach to produce green hydrogen, a
fuel with great potential for energy applications."” The photocat-
alytic process can be driven by a semiconductor-based photocatalyst,
which interacts with solar light, generating electron-hole pairs. At

Copper oxides (Cu;O and CuO) are interesting candidates as
photoelectrocatalysts due to their favorable properties, including
visible-range bandgap, non-toxicity, earth abundance, and suitable
band edge positions for water splitting reactions.”* Both are p-
type semiconductors due to the low enthalpy of formation of Cu
vacancies,”” and they represent interesting materials to be used as
photocathodes.””” The optical response of Cu,O is characterized

J. Chem. Phys. 164, 124702 (2026); doi: 10.1063/5.0309793
© Author(s) 2026

164, 124702-1


https://pubs.aip.org/aip/jcp
https://doi.org/10.1063/5.0309793
https://pubs.aip.org/action/showCitFormats?type=show&doi=10.1063/5.0309793
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0309793&domain=pdf&date_stamp=2026-March-23
https://doi.org/10.1063/5.0309793
https://orcid.org/0000-0002-0708-0299
https://orcid.org/0009-0004-2301-0903
https://orcid.org/0000-0001-6424-9102
https://orcid.org/0000-0002-2002-2069
https://orcid.org/0000-0002-4185-6222
https://orcid.org/0000-0002-2059-1552
https://orcid.org/0000-0003-0122-0614
https://orcid.org/0000-0002-7649-2756
https://orcid.org/0000-0002-8676-4436
https://orcid.org/0000-0003-1310-5357
mailto:paola.luches@nano.cnr.it
https://doi.org/10.1063/5.0309793

The Journal

of Chemical Physics

by a complex excitonic structure arising from transitions between
the two topmost valence bands of mainly Cu 3d character and the
two lowest conduction bands of Cu 4s and 4p character. The yel-
low and green exciton series are due to the transitions between
the bands of equal parity, and therefore, excitations to 1ls exci-
tonic states are dipole-forbidden; optical activity emerges from 2p
excitonic states that give rise to weak transitions in the absorption
spectrum between 2.2 and 2.6 V. In contrast, the blue and violet
series involve the bands of opposite parity, making their 1s exci-
tons dipole-allowed and resulting in more intense absorption in the
spectral region above 2.6 eV.”” The material shows interesting opti-
cal properties linked to the formation of excitons with high binding
energies above 100 meV.'”"" On the contrary, CuO shows a nar-
rower indirect bandgap of ~1.35 eV.!? Despite these advantages, the
photocatalytic efficiency of copper oxides is often hindered by pho-
todegradation in aqueous environments and rapid recombination of
electron-hole pairs, which typically occurs with a rate comparable to
their migration rate to the photocatalyst surface, resulting in the loss
of a significant portion of charge carriers before the reaction.’

The construction of a heterojunction photocatalyst offers an
effective strategy to overcome this challenge by enabling spatial
charge carrier separation.”’ " The specific materials to be com-
bined are a key factor in optimizing heterogeneous systems. In this
context, previous studies have demonstrated that coupling metal
oxides with metal nanoparticles (NPs) in the form of a core@shell
structure can enhance photocatalytic performances.”'® Literature
suggests that metal NPs can help to separate the photoexcited
charges by acting as electron scavengers and increasing the lifetime
of the photoexcited hole and the consequent photocatalytic activ-
ity."” In specific cases, the nanoparticles have a high extinction cross
section via the excitation of localized surface plasmon resonances
(LSPRs), coherent collective oscillations that occur when the inci-
dent light frequency matches the natural frequency of surface elec-
trons that oscillate against the restoring force of positive nuclei.'* ™’
After excitation, LSPRs can relax through energy or charge transfer
to the surrounding medium."” >’ By selecting plasmonic NPs with
a resonance frequency that falls within the bandgap of the coupled
semiconductor, it is also possible to extend the range of wavelengths
absorbed by the system.”' ** In addition, the shell typically protects
the metallic core from oxidation and degradation.” ** Cu NPs are
a promising alternative to more commonly used noble metals, such
as Au and Ag, due to their low cost and ease of synthesis. Cu NPs
exhibit a plasmonic resonance in the red/near-infrared region,”””
whereas copper oxide primarily absorbs in the visible range.

A dynamic description of the modifications occurring in com-
posite materials upon photoexcitation is crucial to clarify the pro-
cesses that take place and optimize the systems in view of achieving
enhanced functionality. Femtosecond transient absorption spec-
troscopy (FTAS) is a powerful pump-probe technique, with a tem-
poral resolution suitable to capture processes such as excited charge
relaxation and transfer, occurring on timescales ranging from fem-
toseconds to picoseconds. The technique provides a time-resolved
picture of the carrier population across the energy levels of the semi-
conductor upon bandgap photoexcitation.” *>*** On Cu oxide-
based systems, the method has identified excitonic features in Cu, O
and direct bandgap-related features in CuO.*’

The present work describes a procedure that allows us to stabi-
lize Cu@Cu, O nanostructured films in a core@shell architecture. By
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finely tuning thermal treatments under oxidizing and reducing con-
ditions, either Cu,O nanostructured films or Cu@Cu,O core@shell
systems can be obtained. The systems are characterized in local com-
position, in average surface stoichiometry, and in steady-state and
transient optical absorption properties after photoexcitation above
the bandgap of the oxide.

Il. RESULTS AND DISCUSSION
A. Morphology and stoichiometry

The starting point to obtain core@shell NPs with a Cu core and
a copper oxide shell is metallic Cu NPs of 6 nm equivalent thick-
ness, deposited by molecular beam epitaxy (MBE) and annealed after
the growth, as in our previous work.’! The first step to obtain an
oxide shell was a treatment in a furnace in O,/N, flux at 373 K for
30 min. The resulting morphology is shown in the scanning trans-
mission electron microscopy (STEM) image reported in Fig. 1(a),
which shows the formation of irregularly shaped NPs with a bright
core region and a dark shell. A statistical analysis of the NPs’ size
gives an average NP diameter of 23 nm, a core size of 15 nm, and
a shell thickness of 4 nm (see Figs. S1 and S2 of the supplementary
material). In many cases, the NPs show a darker area between the
core and the shell, suggesting a different local density. To investigate
the stoichiometry of the different morphological features, electron
energy loss spectroscopy (EELS) maps were acquired on selected
representative NPs and fitted with reference EELS spectra acquired
on Cu, CuO, and Cu, O reference samples, taken from Ref. 31.

The results of the analysis of an individual NP are shown in the
inset of Fig. 1(a). The NP core is assigned to metallic Cu (cyan), while
the shell region is composed mainly of Cu in the 1+ oxidation state
that corresponds to the Cu,O stoichiometry (magenta). The outer-
most layers of the shell show the prevalence of the Cu** component
(green), ascribed to CuO.

To promote the reduction of the CuO component that con-
tributes to the outermost layers to Cu,O, a thermal treatment at
773 K in ultrahigh vacuum (UHV) for 30 min was performed. The
morphology, as shown by the TEM image in Fig. 1(b), is not sig-
nificantly modified, although the smallest NPs show a core region
with a darker contrast than their shell. The smallest NPs probably
undergo the Kirkendall effect,”” which induces the full conversion
of the metallic NP into a hollow oxide shell due to an unbalanced
diffusion of O and Cu ions in the oxide. The same effect can also be
observed in Fig. 1(a), where regions with darker contrast between
the core and the shell are present in various NPs. The statistical
analysis of the NP gives an average NP size of 34 nm, an average
core size of 22 nm, and a shell size of 6 nm (see Fig. S3 of the
supplementary material). The analysis of the EELS map of one of the
largest NPs is shown in the inset of Fig. 1(b). In this case, the shell
is entirely Cu,O (magenta), while the core is metallic (cyan), and a
dominant Cu@Cu,O architecture was obtained. The high tempera-
ture treatment reduces the oxide in the shell and induces a slightly
larger average nanoparticle size, possibly due to the partial agglom-
eration of the smallest NPs (see Figs. S2 and S3 of the supplementary
material).

The average EELS spectra before and after the reducing treat-
ment are shown in Figs. 1(c) and 1(d). Expectedly, they appear as
the superposition of EELS of a Cu’ metallic phase and of a Cu'* and
Cu*t phase (see also Ref. 31).
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FIG. 1. (a) STEM image of Cu NPs
annealed in an Oy/N, flux at 373 K
for 30 min and (b) after annealing in
URV at 773 K for 60 min; insets of
[(a) and (b)]: EELS maps of a single
NP, in which the Cu® concentration is
reported in cyan, the Cu'* concentra-
tion is reported in magenta, and the Cu?*
concentration is reported in green. [(c)

counts
counts

CU‘L23

and (d)] Average Cu L,3 EELS of [(a) and
(b)), respectively.

CU'L23
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TEM selected-area diffraction (SAED) patterns, reported in
Fig. S8 of the supplementary material, confirm the assignment
derived from EELS. Peaks related to a crystalline metallic phase and
to a Cu, O phase are visible both before and after the reduction treat-
ment. CuyO-related peaks become more intense and narrower after
the reduction treatment.

Figure 2 shows the results of the x-ray photoelectron spec-

troscopy (XPS) and Auger electron spectroscopy (AES) analysis of

the sample shown in Fig. | after the two thermal treatments. The
data provide information on the average surface stoichiometry to
be compared with the results obtained by STEM-EELS, which offers
high in-plane spatial resolution but is sensitive to the entire sample
thickness in the out-of-plane direction. After the oxidation treat-
ment in O2/N3, the Cu 2p XPS spectrum reported in Fig. 2(a) (green
spectrum) shows two main peaks at 933 and 953 eV, related to
emission from Cu 2ps/; and 2pyy; levels, respectively, with marked

960 980 1000 1020
energy-loss (eV)

satellites on the high binding energy side of each peak. The presence
of satellites, characteristic of the CuO stoichiometry,”” demonstrates
a non-negligible Cu®* surface concentration, in agreement with the
results obtained by STEM-EELS that show an outermost CuO layer
on the NP shell. After the UHV annealing treatment (magenta spec-
trum), the main peaks appear much narrower, and the satellites lose
most of their intensity, in agreement with the reduction of most of
the external CuO layer to Cu,O, observed by STEM-EELS. How-
ever, since metallic Cu and Cu,O exhibit Cu 2p XPS peaks with a
very similar shape and binding energy,” the presence of metallic Cu
in the subsurface region cannot be excluded by the analysis of Cu 2p
peaks. Cu L3 MysMys AES spectra provide a higher sensitivity to the
Cu oxidation state than the analysis of Cu 2p XPS spectra.*

Figure 2(b) shows the AES spectra of the sample after the
two treatments. After oxidation in O»/N,, the AES peak appears
rather broad and centered at 917.7 eV kinetic energy. The fit using

a) b)
 om K —— 0,/N, 373K
0:/N, | — +unv773K
- —— + UHV 773K ?
£ €
g =
s £
£ s FIG. 2. (a) Cu 2p XPS and (b) Cu
- > LpsMasMas AES of the sample in Fig. 1
"é [ after oxidation in O/N, flux and after
g 3 reduction in UHV.
c £
1 1 1 P I I R
970 960 950 940 930 920 908 912 916 920 924

binding energy (eV)

kinetic energy (eV)
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TABLE 1. Growth parameters for the four samples investigated: nominal Cu thickness,
post-growth annealing temperature, oxidation temperature and time in O2/N, flux, and
UHV reduction temperature and time.

Thickness tox
Sample (nm) Tox (K) (min) Tieq (K) treq (min)
Cu@Cu,O0 TEM 6 373 30 773 30
Cu, O thin 2 423 40 623 30
Cu, O thick 6 423 60 623 30
Cu@Cu,0O FTAS 6 393 30 623 30

spectra from reference samples provides a Cu®* concentration ccya+
= (60 + 5)% and a Cu'" concentration ccuis = (40 + 3)% [see Fig.
S4(a) of the supplementary material]. After the reduction treatment
in UHV, the spectrum shows two peaks at 918.6 and 916.6 eV kinetic
energy, which correspond to metallic Cu and Cu; O coming from the
core and the shell of the NPs, respectively. The metallic component,
detected by a surface sensitive technique such as AES, is possibly due
to some partially uncovered NPs and/or non-uniform Cu,0O shells.
The fit of the spectrum identifies a Cu® concentration ccyo = (45
+2)% and a Cu'* concentration ccurs = (55 + 2)% [see Fig. S4(b)
of the supplementary material].

Pure Cu,; O samples have also been grown as references. Start-
ing from a 2 nm Cu equivalent thickness, using a slightly harsher
oxidation treatment (423 K in O,/N; flux for 40 min) and a milder
reduction treatment (623 K in UHV for 30 min) as compared to
the Cu@Cu,O NP sample (Table I), a sample with the morphology
shown in the STEM image reported in Fig. 3(a) is obtained. Dense
NPs with irregular shapes can be observed. The darker contrast core

Cu-Lys
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of the NPs shows that the NPs are hollow, as expected, because of
the Kirkendall effect.”’”” The average size of the NPs, identified via
statistical analysis, is 21 nm, and the average shell thickness is 2.5 nm
(see Fig. S5 of the supplementary material). No variation in the local
stoichiometry is detected by STEM-EELS, with the average spec-
trum having the characteristic Cu'* shape [Fig. 3(c)]. This spectrum
appears different from those in Figs. 1(c) and 1(d) in the intensity of
the L, and L3 white lines and in their branching ratio.

A second Cu,O sample with a 6 nm thickness was also grown
to have a better signal to noise ratio in optical and FTAS spectra. It
was treated as the 2 nm film with only a slightly longer oxidation
treatment at 423 K in O,/N; flux (Table I) to account for the larger
thickness. The details of its morphology [Fig. 3(b)] are difficult to
measure due to the presence of high-density interconnected grains
of 7 nm average size (see Fig. S6 of the supplementary material) and
to the possible superposition of grains over the surface that possi-
bly decrease the contrast and do not allow us to clearly determine
whether hollow shells are present.

Figure 3(d) shows the average Cu L3 EELS of the sample,
consistent with a dominant Cu,O stoichiometry, as in the case of
the 2 nm sample [Fig. 3(c)].”! UV-Vis spectrophotometry spec-
tra and TEM-SAED patterns, reported in Figs. S7 and S8 of the
supplementary material, respectively, confirm the dominant Cu,O
stoichiometry in the two samples.

To assess the surface composition, in situ XPS and AES
characterization was performed (Fig. 4).

After the oxidation treatment for both samples, the Cu 2p XPS
spectrum shows Cu 2pi2 and 2ps;, peaks at 953.5 and 933.7 eV
binding energy, respectively, with marked satellites on the high bind-
ing energy side, typically observed in the CuO phase [Figs. 4(a) and
4(b)]. After the reduction treatment, the satellites lose most of their

FIG. 3. STEM images of Cu, 0 films with
a thickness of 2 nm (a) and 6 nm (b) and
corresponding average Cu Ly EELS [(c)
and (d)].

CU'L23
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FIG. 4. Spectroscopic characterization of
the 2 nm [(a) and (c)] and 6 nm [(b)
and (d)] Cu,O samples, after the oxidiz-
ing treatments in O,/N, flux and after
the reducing treatment in UHV: [(a) and
(b)] Cu 2p XPS and [(c) and (d)] Cu
|_23 M45M45 AES.

intensity, and the main peaks appear again narrow and intense, in
agreement with the reduction of most of the CuO phase to Cu,O
[Figs. 4(a) and 4(b)]. The Cu L3M4sMas AES spectra shown in
Figs. 4(c) and 4(d) confirm the assignment, with the spectrum after
the oxidation treatment having a peak at 917.7 eV, assigned to a CuO
stoichiometry, and the spectrum after the final reduction treatment
having a peak at 916.8 eV, assigned to Cu,O. The fit gives ccui+
= (14 + 2)% and ccuw+ = (86 £ 7)% for the 2 nm sample and ccur+
= (12 £ 2)% and ccu2+ = (88 = 7)% for the 6 nm sample [see Figs.
S9(a) and S9(b) of the supplementary material]. After the reduc-
ing treatment, the Cu'* concentration is significantly increased in
both samples with ccui+ = (66 + 3)% and ccuw+ = (34 + 3)% for
the 2 nm sample and ccui+ = (73 + 7)% and ccuwz+ = (27 £ 3)% for
the 6 nm sample [see Figs. S9(c) and S9(d) of the supplementary
material]. The comparison between the results obtained by XPS/AES
and STEM-EELS indicates that in the Cu,O samples, the Cu,O sto-
ichiometry is largely dominant and that the minority CuO phase is
only present in the topmost layers to which electron spectroscopies
are sensitive. The minor difference in Cu'* concentration between
the two samples may be attributed to their significantly different sur-
face morphologies, which may host sites in which Cu'* ions have a
variable stability.

It has to be pointed out that the Cu'" surface concentration
does not change significantly after air exposure (see Fig. S10 of the
supplementary material).

B. Optical characterization

An extensive optical characterization of the 6 nm Cu,O sample
and of a Cu@Cu, O sample (Table I) was performed.

Figure 5(a) shows the absorption spectra of the Cu,O and
Cu@Cu, 0O samples. The Cu,O sample exhibits an absorption band
in the 2.5-2.7 eV range [indicated by an arrow in Fig. 5(a)] that
we have assigned to a possible overlap between the blue and vio-
let exciton series, which, according to the literature, have transition
energies of ~2.6 and 2.7 eV, respectively.”” Below 2.4 eV, the absorp-
tion is at least an order of magnitude less, as the exciton transitions in
this range have much weaker intensities (the yellow and green exci-
ton series, measured at 77 K, are observed in the energy ranges of
2.0-2.2 and 2.2-2.3 eV, respectively).”® The absorption spectrum of
the Cu@Cu,O sample also shows a similar absorption band above
2.2 eV, related to the formation of violet excitons in the Cu,O
shell—as evidenced by the change of slope at ~2.6 eV—and to inter-
band transitions in metallic Cu.”” The Cu@Cu, O sample also shows
an additional broad peak below 2.1 eV, centered at ~1.38 eV, which
is ascribed to LSPR excitations in the metallic Cu cores, as previously
observed in Cu@CuOy NPs.”"*” The absorption feature related to
plasmonic resonances extends over a broader and redshifted energy
range, as compared to the case of uniform dilute NPs.** An impor-
tant observation is that there is no spectral overlap between the
plasmonic transition of the Cu core and the excitonic transitions in
the Cu,O.

The absorption of the Cu@Cu,O sample was simulated by
boundary element method calculations®” using the optical constants
of Cu measured by Palik for Cu® and by Ito et al. for Cu;O.*
The experimental data are compared with the calculated extinction
coefficient, given by the sum of the absorption and scattering cross
sections. We considered individual nanostructures with three differ-
ent shapes: a 22 nm diameter Cu nanosphere with a 6 nm thick Cu,O

J. Chem. Phys. 164, 124702 (2026); doi: 10.1063/5.0309793
© Author(s) 2026

164, 124702-5

92 :0€ :ST 9202 AeN 90


https://pubs.aip.org/aip/jcp
https://doi.org/10.60893/figshare.jcp.c.8338822
https://doi.org/10.60893/figshare.jcp.c.8338822
https://doi.org/10.60893/figshare.jcp.c.8338822
https://doi.org/10.60893/figshare.jcp.c.8338822

The Journal
of Chemical Physics

(o
~

a)

ARTICLE pubs.aip.org/aipl/jcp

| |

041~
— Cu@Cu,0 121
—— Cu,0
5 10-
8
@
8 s 08
g 8
S e 06
o o
© -
[5
£ 04f
x
o
02}
|
15 20 25 30 35 15 20

photon energy (eV)

C) d)

Cu@Cu,0
2~ 0.1ps
0.2 ps

AA (MOD)

0.3 ps
4 0.5 ps

— 1ps(x0.5) PB
8 | | | | ] |
20 22 24 26 28 30

photon energy (eV)

photon energy (eV)

Ly E’Vea
A A

25 3.0 3.5

FIG. 5. (a) UV-Vis absorbance spec-
tra of the Cu;0 and Cu@CuO sam-
ples; (b) simulation of the absorption
coefficient for Cu@Cu,O core@shell
NPs with different shapes; (c) TA spec-
tra of the Cu;0 and Cu@Cu,O sam-
ples at selected delay times—pump
3.35 eV; (d) schematic illustration of the
pump-induced perturbation of the band
structure of an excitonic semiconductor
material and the expected line shape
of the transient absorption; (€) kinetic
traces and fits of the PA (2.40 eV) and
PB (2.70 eV) TA features of the Cu,0
sample—pump 3.35 eV; and (f) kinetic
traces and fits of the LSPR (2.10 eV),
PA (2.40 eV), and PB (2.70 eV) TA fea-
tures of the Cu@Cu,O sample—pump
3.35eV.
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shell; a Cu prolate nanospheroid with major and minor axes of 22
and 11 nm, respectively, and a 6 nm thick Cu,O shell; and a 40 x 10
x 10 nm® Cu nanobar with a Cu,O shell giving a 60 x 20 x 20 nm’
external size. The edges of the nanobar are rounded with profiles
of radius 3 nm to more realistically simulate the actual geometries
and to avoid spurious effects due to sharp edges. The simulations,
reported in Fig. 5(b), show that the energy of the plasmonic reso-
nance is significantly shifted to lower energy with increasing aspect
ratio of the particles. The broad LSPR resonance band observed
in the experimental absorption spectrum of Cu@Cu,0O in Fig. 5(a)
can, therefore, be ascribed to the broad distribution of particle sizes
that results in a broad distribution of aspect ratios.’’ In addition,

time delay (ps)

given their proximity, the NPs also possibly interact with each other,
resulting in absorption at even lower energies than in bare metallic
and Cu,0 covered Cu NPs.”"*

Figure 5(c) shows the transient absorption (TA) spectra
acquired with a pump at a photon energy of 3.35 eV: the Cu,O
TA spectrum at 1 ps (thick blue line), shown as a reference, and
the Cu@Cu,O TA spectra at selected time delays (0.1, 0.2, 0.3, 0.5,
1.0, 2.0, and 5.0 ps). The Cu,O TA spectrum presents two main fea-
tures: (i) a negative peak corresponding to a photobleaching (PB)
signal centered at 2.70 eV, and (ii) a positive peak corresponding
to photoinduced absorption (PA) centered at 2.46 eV. We suggest
that both the PB and PA signals arise from the same perturbation of
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the excitonic transition observed in the steady state absorption. The
effect of photoexcitation is to induce an energy shift of the exciton
resonance due to the competing effects of bandgap renormalization
and exciton screening. Figure 5(d) shows a schematic illustration
of these effects in which E; and Ej, are the electronic bandgap and
the exciton binding energy in steady state conditions; E'g and E'y
are the electronic bandgap and the exciton binding energy after
pump excitation, and J indicates the total shift of the excitonic reso-
nance. This is in agreement with the literature descriptions of the
transient absorption of strongly excitonic materials'** but con-
trasts with previous works on ultrafast spectroscopy of Cu,O in
which the PB and PA are assigned to separate ground-state bleach-
ing and excited-state absorptions.”” However, we point out that
this derivative-like spectral line shape with a zero-crossing corre-
sponding to the excitonic energy transition (2.6 eV) in the steady
state absorption spectrum is characteristic of the transient optical
response of excitonic materials.””** The TA spectra of the Cu@Cu, O
sample also show the characteristic PB and PA signals (centered at
~2.70 and ~2.40 eV, respectively) observed in the case of the Cu,O
sample, which we have assigned to the perturbation of the excitonic
transition by photoexcitation in the material. In addition, a broad
positive signal centered at 2.12 eV is observed, which we assign to
the positive wing of the transient modification of the plasmonic res-
onance. In the case of Cu NPs, the pump induces a broadening
and a decrease of the central intensity of the plasmon resonance,
giving rise to a transient spectrum with a negative feature at the
energy of the plasmon resonance and to positive features in the
wings of the plasmon resonance.*” This TA spectral line shape is due
to changes in the complex dielectric function of the metal following
photoexcitation.”"”” Here, we only observe the high-energy positive
wing of the full TA feature due to the limited range of the white light
used as a probe. As already mentioned in the case of the steady state
absorption spectrum, also in the TA spectra, the transient signals due
to the modification of the plasmonic resonance of the Cu core and
the excitonic transition of the Cu,O are spectrally separated, with
only a minor overlap between the PA and LSPR features.

The temporal dynamics of the principal features of the TA spec-
tra of the Cu,O [Fig. 5(¢)] and of the Cu@Cu,O [Fig. 5(f)] samples
were analyzed by fitting with exponential decay functions. In partic-
ular, the fast dynamics of the excitonic features in the Cu,O sample
for both PA (2.40 eV) and PB (2.70 eV) signals gives a decay con-
stant of (480 + 50) fs, which is comparable with the experimental
results reported in the literature for bare Cu,O.*" The signal kinetics
are largely independent of probe energy across the positive (PA) and
negative (PB) features, suggesting that their decay dynamics arise
from the same mechanism. On the other hand, the Cu@Cu,0O sam-
ple shows a decay time of (450 + 50) fs for the PB feature (2.70 eV),
in agreement with bare Cu,O, whereas the PA feature (2.40 eV)
exhibits a shorter decay time of (160 + 50) fs. Here, we suggest
that the faster dynamics of the PA in the Cu@Cu,O sample, com-
pared either to the PA in the Cu, O sample or to the LSPR response
of the Cu@Cu,O sample, may arise from additional contributions
associated with electron thermalization processes in the Cu core
following above-bandgap photoexcitation. Indeed, previous studies
have shown that non-thermalized electrons in plasmonic nanopar-
ticles can exhibit a markedly different spectral response during the
first few hundred femtoseconds after photoexcitation compared to
that of thermalized electrons.”*"” The kinetics of the PB feature
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(2.70 eV), which is spectrally well separated from the LSPR feature in
the Cu@Cu, O sample, is the same in Cu,O and Cu@Cu,O samples.
Conversely, the LSPR signal (2.10 eV) exhibits slower decay dynam-
ics with a characteristic time of (710 + 40) fs, typical of the relaxation
pathways in Cu NPs, where electron-electron and electron-phonon
scattering processes dissipate the plasmonic energy into the lattice.**
The above measured decay time is only slightly larger than those
reported for interband-excited Cu nanorods (565 fs)*® and 30 nm
nanospheres (510 fs).*” This suggests that the electron-phonon
coupling dynamics is not significantly influenced by size in Cu nano-
structures above a few tens of nm. The spectral separation of the
plasmonic and negative excitonic features has allowed us to measure
the decay times of the metal core and semiconductor shell indepen-
dently. This situation contrasts with the case of the Cu,O core and
Cu shell system, where the plasmonic resonance of the metallic shell
overlaps with the excitonic resonance of the oxide.* The PB trace
also shows a very weak signal at longer decay times, which does not
permit us to extract reliable information. Such long lasting kinetics
was ascribed to defect trapping in a previous study.”

Steady-state and time-resolved optical results show that the
Cu@Cu; 0 sample combines the unique characteristic optical fea-
tures of CuzO in the visible region and those of metallic Cu NPs
in the red/near-infrared region. The intense LSPR-related absorp-
tion indicates that the core@shell morphology not only extends the
absorption range, but also preserves the metallic core from oxi-
dation, in line with the results obtained by TEM (Fig. 1), while
bare Cu NPs exposed to air typically show only rather weak plas-
monic resonances.’’ Furthermore, the present results indicate that
the oxidation of the Cu,O shell to CuO is not significant, since the
characteristic optical features of CuO*’ are not observed in either the
steady-state or time-resolved spectra.

Ill. CONCLUSIONS

Composite systems made of cuprous oxide coupled with Cu
NPs can be obtained by physical synthesis methods. The formation
of pure Cu;O nanostructured films or core@shell Cu@Cu,O NPs
depends on the temperature of the post-growth oxidation and reduc-
tion treatments. TEM combined with STEM-EELS and XPS/AES
spectroscopies was used to identify a procedure to obtain the desired
Cu@Cu, O morphology by following the effect of various treatments.
Mild oxidation treatments at 373-393 K are necessary to partially
oxidize the outer layers of the metallic Cu NPs to a mixture of CuO
and Cu;O, with CuO mainly present on the surface. A reduction
in UHV above 623 K leads to a dominant Cu,O shell stoichiome-
try. Longer thermal oxidation treatments at a higher temperature of
423 K, followed by reducing treatments in UHV at 623 K, lead to
nanostructured films with dominant Cu,O stoichiometry. Steady-
state and time-resolved optical spectroscopies have shown that the
Cu@Cu, O samples combine a stable plasmonic Cu metal core and a
protective Cu,O shell with excitonic properties.

IV. MATERIALS AND METHODS
A. Sample preparation

The samples examined in this work were grown using MBE, a
bottom-up deposition technique operating under UHV conditions.
The UHV (P ~ 107'° mbar) setup consists of two interconnected

J. Chem. Phys. 164, 124702 (2026); doi: 10.1063/5.0309793
© Author(s) 2026

164, 124702-7

92 :0€ ‘ST 9202 AenN 90


https://pubs.aip.org/aip/jcp

The Journal
of Chemical Physics

chambers: one dedicated to MBE growth and the other for in situ
XPS, AES characterization, and UHV annealing treatments.

The samples for TEM characterization were deposited on a
Si microchip with 15 nm thick electron transparent silicon nitride
windows. The TEM microchips were cleaned using plasma treat-
ment for 3 minutes at 40% power before sample deposition. For
XPS/AES, optical, and FTAS characterization, the samples were
deposited on UV-grade fused silica substrates. These substrates
were pre-cleaned in boiling acetone for 5 minutes and subsequently
treated in an ultrasonic bath—first in boiling acetone and then in
boiling isopropanol—for 3 min each. To remove residual surface
contaminants and ensure high-quality deposition, all substrates were
annealed in UHV at 773 K for 15 min before deposition.

Cu was evaporated from a Knudsen cell held at 1453 K. Cu
atoms self-assembled on the substrate, forming Cu NPs. The nomi-
nal thickness of each sample was estimated using the Cu deposition
rate, which was measured before growth using a quartz crystal
microbalance.

Different post-growth treatments in UHV and in a quartz tube
furnace in 50% N> and 50% O, flux were performed to obtain
Cu,0 and Cu@Cu;O. The treatments undergone by each sample are
summarized in Table 1.

B. XPS and AES characterization

The chemical composition of the sample surface was investi-
gated in situ by XPS and AES, using Al Ka (1486.6 V) radiation
and a hemispherical analyzer with a pass energy of 30 eV. To obtain
the surface concentration of the different Cu ionic species, the AES
spectra were fit using a linear combination of spectra measured on
reference Cu, CuO, and Cu,O samples.’! The uncertainties associ-
ated with the concentrations of the different Cu ionic species were
derived from the standard deviations of the fitting parameters.

C. UV-Vis spectrophotometry characterization

The optical properties of the systems were studied using
UV-Vis absorption spectroscopy. The spectrometer setup consists
of a xenon lamp, a monochromator, a linear polarizer, a silicon
photodetector, and a picoammeter. The sample holder was posi-
tioned so that the sample surface formed an angle of 22° with the
incident beam. The absorbance (A) spectrum was calculated from
the collected transmittance (T) and reflectance (R) signals using the
relation A = 1 — T — R. The optical absorption spectrum of the
Cu@Cu,O sample was simulated via a boundary element method,*”
using the optical constants from Palik for Cu*’ and from Ito et al. for
CuzO.“

D. FTAS characterization

The FTAS measurements were performed at the EFSL labora-
tories of CNR-ISM. The experimental setup employs an amplified
femtosecond laser system delivering 35 fs pulses at a 1 kHz repeti-
tion rate, with an average power of 4 W centered at 800 nm. Tunable
pump pulses are generated using an optical parametric amplifier. A
pump wavelength of 3.35 eV and a pump fluence of 660 yJ/cm? were
used for the present study. The probe beam is either a visible white-
light supercontinuum (1.60-3.45 eV), produced by focusing 3 uJ of
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the 800 nm laser pulse into a rotating CaF, crystal, or an IR super-
continuum (0.82-1.38 eV), generated by focusing the 800 nm laser
into a 3 mm YAG crystal. The pump and probe beams are focused
on the sample with spot diameters of ~200 and 150 ym, respectively.
The delay time between the two beams is controlled by adjusting the
optical path length of the probe, yielding an instrument response
function of about 50 fs. More detailed information about the setup

28,51

can be found elsewhere.”"

E. TEM characterization

TEM was employed to investigate the morphology of the sam-
ples using a ThermoFisher Talos FS200, equipped with a Schottky
gun operating at 200 kV. STEM in the dark-field mode (ADF-STEM)
was used to investigate the sample morphology. EELS in the STEM
mode, with an analytical probe of ~0.5 nm, was used to acquire
spectral images to determine the sample’s local stoichiometry. In
particular, the Cu Ly; edge at 920-980 eV was used to determine
the local oxidation state of Cu within the nanoparticles. Statistical
analysis of the STEM images was performed using machine learning
algorithms implemented in the Python libraries sklearn and skimage.
The method is sketched in Fig. S1 of the supplementary material.
The STEM images were first segmented by intensity using a kMeans
algorithm to obtain three binary masks for the background, shell,
and core. The particles were subsequently separated using a stan-
dard watershed algorithm applied to the sum of the core and shell
masks. The equivalent diameters of the NPs were evaluated and
analyzed using a Gaussian mixture model to account for possible
multimodal distributions, providing a quantitative description of the
particle size dispersion. The local thickness of the shell region was
statistically determined for each particle from the shell mask, pro-
vided that a core was detected in the corresponding core mask. The
chemical maps of individual particles were obtained by fitting the
Cu L,3-edge spectral images with a linear combination of three ref-
erence spectra for Cu’, Cu'", and Cu®", taken from Ref. 31, plus a
power-law function to account for the spectrum background. The
four fitted coefficients were used to obtain the concentration of the
three different Cu components at each spatial position in the spectral
image.

SUPPLEMENTARY MATERIAL

The supplementary material includes the statistical analysis of
TEM images and the fittings of the AES spectra.
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