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Protected ultrathin cuprous oxide film for photocatalysis: Excitation and relaxation dynamics
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In the search for cost-effective ways to produce green hydrogen, harnessing the most abundant renewable
energy source—sunlight—directly through photoelectrochemical water splitting is highly desirable. Cuprous
oxide (Cu2O) has proven itself as a material with great potential for the hydrogen evolution reaction (HER)
and stands out by its Earth abundance and low processing cost. In this photoelectron spectroscopy study we
investigated the electron dynamics in a heterostructure comprised of a Cu2O surface oxide grown on Cu(111)
underneath a hexagonal boron nitride (h-BN) film, which replaces a conventional capping layer for corrosion
protection. Our results show that it can be a viable cuprous oxide-based photoelectrode material. The h-BN
film stays intact during the oxidation, and the oxide layer forms an ordered structure with defined valence and
conduction bands. The conduction band is at a suitable energy to drive the HER for water splitting, but the
photoexcited electrons display short lifetimes. Electrons are mainly excited in the copper substrate and are then
captured in long-lived defect states in the Cu2O layer. The water splitting efficiency of this photocathode may
still be improved by reducing the defect density.
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I. INTRODUCTION

In the growing efforts to mitigate the impact of climate
change, the reduction of greenhouse gas emissions is a central
objective. Photoelectrochemical water splitting offers a realis-
tic pathway towards a sustainable energy grid that is powered
by climate-neutral fuels. The water splitting reaction consists
of the hydrogen evolution reaction (HER) and the oxygen
evolution reaction (OER) simultaneously occurring on two
separate photoelectrodes, which are driven by photoexcited
electrons and holes, respectively. The biggest challenge is
designing a simple and reliable cell out of cheap materials
that can be prepared with relative ease. Cuprous oxide (Cu2O)
is one of the most promising photocathode materials due
to being an earth-abundant semiconductor with the desired
photocatalytic properties [1]. Many working designs have
been demonstrated by band gap engineering with protective
capping layers [1,2] and complementing photoanodes [3].
Some designs are produced in an industrially scalable way by
oxidizing flexible copper substrates without extra processing
steps [4], but these cathodes suffer from corrosion in the
aqueous environment and are only functional for a short time.
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Moreover, recent device measurements and simulations [5]
have highlighted that surface or interface defects are highly
detrimental to the efficiency and special precautions must be
taken during the deposition of overlayers to prevent defect
formation. Time-resolved two-photon photoemission studies
[6,7] have investigated the reasons for the low efficiency,
finding that defect states at the surface capture conduction
band electrons before they can drive a water splitting reaction.
To avoid modifying the freshly prepared Cu2O surface we
have devised a simple design that grows it as the last step. We
achieve this by oxygen intercalation underneath a monolayer
of hexagonal boron nitride (h-BN) deposited on Cu(111).

The large-scale epitaxial growth of highest quality h-BN
on Cu(111) wafers [8,9] and copper foils [10,11] has al-
ready been extensively studied and perfected, making it an
ideal starting point for more advanced heterostructures [12].
This atomically thin capping layer significantly increases
the corrosion resistance in aqueous environments [13] and
has exceptional catalytic properties [14]. The catalytic trans-
parency of h-BN has been demonstrated for different reactions
like the oxygen reduction reaction in hydrogen fuel cells
[15], graphene growth [16,17], and CO oxidation [18]. DFT
calculations regarding these results suggest that electrons
can migrate through the h-BN layer while the substrate is
chemically protected. Nevertheless, we were able to inter-
calate oxygen at the h-BN domain boundaries. Our surface
characterization after the oxidation shows that we obtain a
highly ordered Cu2O-like monolayer without destroying the
h-BN [19]. Previous studies of the oxidation protection of
h-BN and graphene monolayers on metals show that it is
highly dependent on the quality of the h-BN monolayer,
the oxygen pressure, and the sample temperature [20–22].
Scardamaglia et al. [22] did not observe any intercalated
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Cu2O underneath h-BN with ambient pressure x-ray photo-
electron spectroscopy (AP-XPS) below 300 °C. In contrast,
using Raman spectroscopy, Galbiati et al. [21] detected a
small amount of Cu2O underneath the h-BN layer for tem-
peratures between 150 °C and 300 °C, which agrees with our
results. A study on Ru(0001) corroborates the interpretation
of oxygen intercalation at grain boundaries [23]. The ability to
intercalate gas molecules into the confined space underneath
the two-dimensional (2D) material opens up rich possibilities
of confined catalysis [12,14,24].

In this paper we will focus on the photocatalytic water
splitting aspect, but future experiments with our heterostruc-
ture may reveal additional use cases. First, we outline the
experimental setup and our sample preparation methods fol-
lowing the recipe described in [19]. We characterize the
sample with x-ray photoelectron spectroscopy (XPS) and low-
energy electron diffraction (LEED), revealing the ordered
Cu2O-like surface oxide and the intact h-BN layer. We then
show the valence and conduction band structure with UV
photoelectron spectroscopy (UPS) and two-photon photoelec-
tron spectroscopy (2PPE) and compare the electronic states to
unoxidized h-BN/Cu(111) and bulk Cu2O(111). We identify
the valence and conduction bands of the Cu2O-like surface
oxide, which are both lower in energy than on bulk Cu2O, and
observe the expected band structure of h-BN. Time-resolved
2PPE reveals a short relaxation time of the conduction band
and a strong defect state at the Fermi level that is populated
by hot electron capture from the metallic substrate. We con-
clude with the proposed energy and excitation scheme of this
heterostructure and its implications for photocatalytic water
splitting.

II. EXPERIMENTAL METHODS

A. Experimental setup

The sample was prepared in an ultrahigh vacuum prepa-
ration chamber with a base pressure <10−9 mbar and
transferred to the analysis chamber with a base pressure of
2 × 10−10 mbar for in situ photoelectron spectroscopy. The
analysis chamber is a modified Vacuum Generators ES-
CALAB 220 design [25] with a dual anode x-ray source
providing Mg Kα and Si Kα photons with energies of hν =
1253.6 eV and hν = 1740.0 eV, respectively. The He Iα
photons with hν = 21.22 eV for Fig. 1 are generated by a
Gammadata VUV 5050 microwave driven monochromated
He plasma source. All measurements were performed at room
temperature.

After the characterization, the sample was transferred in a
vacuum suitcase to the time-resolved photoemission chamber
described in [26]. This chamber is equipped with a SPECS
PHOIBOS 150 WAL hemispherical electron analyzer with a
2D detector and a wide-angle lens with 60 ° acceptance angle
for fast acquisition of angle-resolved photoemission spectra
(ARPES). A nonmonochromated helium lamp is used for
He IIα ARPES in Fig. 2, emitting the main He IIα line at
hν = 40.81 eV and a noticeable He IIβ satellite at
hν = 48.37 eV. The base pressure of this chamber is below
2 × 10−10 mbar.

FIG. 1. LEED images at (a) 120 eV and (b) 48 eV after the
first preparation. (c) h-BN/Cu2O/Cu(111) ARPES, combined from
angular scans in the K̄ and M̄ directions.

Femtosecond laser pulses for time-resolved 2PPE are gen-
erated in a mode-locked Coherent Mira Ti:sapphire oscillator
with a Coherent RegA 9050 regenerative chirped pulse am-
plifier at a repetition rate of 100 kHz. The pulses have a
wavelength of 820 nm with a spectral width of 36 nm and
a pulse energy of 6 μJ. The pulses are frequency-doubled
in a β-barium borate (BBO) crystal and then split in a
beam splitter. One beam serves as the pump pulse and is
routed over a computer-controlled delay stage. The other
beam is frequency-doubled again in a second BBO crystal
and then dispersion-compensated with a CaF2 prism com-
pressor. The pump beam is not dispersion compensated. Both
beams are made p-polarized with respect to the sample by λ/2
wave plates, and the pulse energies are adjusted with neutral
density filters. Finally, the beams are recombined and fo-
cused collinearly onto the sample. The measured wavelengths
and Gaussian widths are λPump = 413 ± 4 nm, hνPump =
3.00 ± 0.03 eV and λProbe = 208 ± 1 nm, hνProbe = 5.96 ±
0.03 eV. The beam profile was measured with a CMOS
camera and fitted with a 2D Gaussian, giving a 1/e2 beam
waist of 85 μm for the pump pulse and 65 μm for the
probe pulse as shown in Fig. S8 of the Supplemental Ma-
terial [27]. For the time-resolved spectra, a bias voltage
of −5 V was applied to the sample and the Fermi level
was determined from the spectra at negative delays. The
not-time-dependent background at negative delays was then
subtracted.

B. Sample preparation

The Cu(111) single crystal with 7 mm diameter was sput-
tered with Ar+ ions at 1.5 keV acceleration voltage and
0.5 μA sample current for 20 min, and then annealed at
1050 K for 20 min. A second sputter/anneal cycle was done
with 10 min duration each. The sample cleanliness and surface
order were monitored by x-ray photoelectron spectroscopy
(XPS) and low-energy electron diffraction (LEED), respec-
tively. We found little carbon contamination of 0.11 ± 0.02
atoms per surface unit cell that could not be further reduced
by more cleaning cycles or by the subsequent oxidation. After
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(a) (b) (c)

FIG. 2. (a) Detail from a He IIα spectrum of h-BN/Cu(111) including the Fermi edge, the Shockley surface state, the He IIβ satellite of
the h-BN π-band, and the onset of the Cu d bands. (b) Same region after oxidation with logarithmic color scale for both images. The surface
state vanishes and an additional band above the d bands appears. (c) Gaussian fit with exponential background of the spectrum after oxidation
integrated between −0.7 and −1.2 Å−1, with the spectrum before oxidation for reference. The Gaussian peak assigned to the Cu2O valence
band is centered at EB = 1.28 ± 0.01 eV with the FWHM 0.48 ± 0.01 eV.

the second anneal cycle, hexagonal boron nitride was grown
by chemical vapor deposition (CVD) of borazine (B3N3H6) at
4 × 10−6 mbar for 11 min for a dose of 2000 Langmuir with
the sample temperature held at 1050 K.

The oxide thin film of the first preparation was grown by
oxygen intercalation at 0.08 mbar O2 pressure for 5 min with
the sample at 430 K. In the second preparation, the oxygen
pressure was held at 0.10 mbar for 10 min instead. The oxygen
exposures are 1.8 × 107 and 4.5 × 107 L, respectively. These
high exposures are necessary to overcome the protective h-
BN layer, but the h-BN layer is not affected despite the high
oxygen exposures [19].

III. RESULTS

A. Physical characteristics

The surface was characterized with XPS and LEED to
compare with the preparation described in [19]. A more thor-
ough investigation of the surface structure is given therein.
The XPS results in Fig. S1 [27] show that the h-BN layer
is still intact after the oxide preparation with a B : N sto-
ichiometry (1.03 ± 0.03) : 1, but the N 1s and B 1s peaks
are shifted by 0.3 eV to lower binding energies relative to
the Fermi level, showing an increased work function. The
reason for the shift is that the h-BN layer is weakly bound
and far away from the surface, so its electronic states are
aligned to the shifted vacuum level instead of the Fermi level
[28]. The O 1s peak indicates a Cu2O-like overlayer with
an oxygen coverage of 0.6 ± 0.1 atoms per primitive surface
unit cell, indicating a thickness of one monolayer. The longer
oxidation in the second preparation does not lead to a thicker
oxide layer, but a reduced defect density, as will be shown
later.

A LEED image at 120 eV kinetic energy [Fig. 1(a)] con-
tains the six principal spots of the Cu(111) surface unit cell,
a faintly visible ring from the different rotational domains
of h-BN, and many spots from the oxide layer. This pattern
agrees with the one observed by Judd et al. [29], which they

assign to a | 3 2
−1 2| overlayer with three rotational domains.

Different spots from the same pattern are visible at 48 eV
[Fig. 1(b)]. LEED images before oxidation and at other ener-
gies are provided in Figs. S2–S4 [27] with further discussion
of the structure. These results confirm that our method repro-
ducibly forms a well-ordered surface oxide below the h-BN
layer by intercalation without destroying it.

B. Electronic valence band structure

The He Iα ARPES spectra after oxidation [Fig. 1(c)]
clearly show the sharp σ and π bands of an intact h-BN
monolayer [16,28], as well as the Cu 3d bands of the substrate
between 2 and 4 eV binding energy. The second derivative has
been applied to enhance sharpness and reduce the background
intensity. Between the d-band maximum and the Fermi en-
ergy, another electronic state with negligible dispersion is
visible just below 1 eV binding energy, which is not part of the
Cu(111) or h-BN band structures. In Fig. 2 we compare this
region in detail between the oxidized and unoxidized sample
using He IIα ARPES spectra.

The most prominent features are the Cu 3d bands with high
intensity, and the He IIβ satellite of the h-BN π band. The
binding energy of the π band decreases after the oxidation
due to the increase in work function, as it is tied to the
shifted vacuum level like the B 1s and N 1s states [28]. The
unoxidized sample also exhibits the Shockley surface state
(SS) of Cu(111) [30], whereas the latter disappears on the
oxidized surface. The last feature is the shoulder above the
d band in the oxidized sample, between 1 and 2 eV, that
also appears in Fig. 1(c), but not on the unoxidized sample.
We integrate the spectra between −0.7 and −1.2 Å−1 for
comparison without interference from the satellite and display
the result with a Gaussian fit in Fig. 2(c). This feature must
stem from the oxide layer, and density of states calculations
have indeed predicted a hybridization of Cu 3d and O 2p
orbitals at about 1 eV binding energy for chemisorbed oxygen
on Cu(111) [31]. Thus, we assign this feature to the valence
band maximum of the Cu2O film at 1.28 ± 0.01 eV.
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FIG. 3. Composite pump-only angle-resolved 2PPE and 3PPE
spectra for bare Cu(111), h-BN/Cu(111), and h-BN/Cu2O/Cu(111).
The spectra are individually normalized and the relevant features
are labeled. The dashed lines denote EF + 2hν, and the white circle
highlights the resonant transition between SS and IPS.

C. Unoccupied states

The unoccupied electronic states have been studied by
static two-photon and three-photon photoemission (2PPE and
3PPE) using only the pump beam with low and high flu-
ence, respectively. The 2PPE and 3PPE spectra for Cu(111),
h-BN/Cu(111), and h-BN/Cu2O/Cu(111) are combined in
Fig. 3. The energy scale is the final state energy relative to the
Fermi level, so the low energy cutoff of the spectra directly
represents the work function. For Cu(111), it is measured at
� = 4.9 eV, with h-BN it drops to � = 4.1 eV, and with the
Cu2O layer it rises again to � = 4.6 eV. Electrons from the
Fermi level appear at a final state energy of 2hν = 6.0 eV,
indicated by the dashed line. Energy values are given with
no better than 0.1 eV accuracy because of surface inhomo-
geneities and space charge effects especially for the high
fluences used in 3PPE. A work function map assessing the
surface homogeneity after oxidation is included in Fig. S5
[27].

The occupied part of the Shockley surface state (SS) is well
defined on Cu(111), and the unoccupied part is transiently
populated by transitions from the d band and appears in the
3PPE spectrum [30]. Above the 3PPE d-band edge the first
image potential state (IPS) [32] appears at 7.1 eV. Its binding
energy relative to the vacuum level can be calculated as

En=1 = � − (Efinal − hν) = 0.8 eV.

The Shockley surface state binding energy is reduced by
0.1 eV on the h-BN covered surface, which is consistent
with previous STM results [33]. The IPS is shifted down by
0.8–6.3 eV along with the vacuum level, which means that
its binding energy remains the same. However, it cannot be
accurately distinguished from the onset of the 2PPE spectrum.
The Shockley state and the IPS have a different effective
mass and intersect in a resonant transition at Efinal = 6.8 eV,
highlighted in the figure with a white circle.

On the oxidized surface the spectra look significantly dif-
ferent. The Shockley surface state is missing, and there is very
little intensity above the Cu2O valence band onset at 5.2 eV,

or E − EF = −0.8 eV, because of the high surface sensitivity
of 2PPE. Using sufficiently high pulse energy an unoccupied
state appears in the 3PPE spectrum at Efinal = 7.1 eV. The
binding energy relative to the vacuum level would be only
0.5 eV if interpreted as an image potential state, and the
spectral weight is concentrated at the 	̄ point in contrast to
the clearly visible parabola in the other spectra. This leads
us to the conclusion that it is not an IPS, but rather the
conduction band minimum of the Cu2O film at an energy of
E − EF = 1.1 ± 0.1 eV.

D. Charge carrier dynamics

The charge carrier dynamics in this heterostructure have
been measured with time-resolved 2PPE as described in the
experimental methods. Figure 4 shows a time-resolved de-
lay scan taken with 3 nJ pump pulse energy together with
spectra at selected pump-probe delays and the detector im-
age at t = 50 fs. The time-independent background has been
subtracted. The short-lived conduction band occupation is
visible at 0.95 ± 0.1 eV, and a much stronger state with long
lifetime exists right above the Fermi level. This state is not
discernible in the static 2PPE spectrum of Fig. 3 because it
is not populated yet at t = 0. There is a diffuse background
above it that extends over the whole energy range and has the
same long relaxation time. The dispersion of the conduction
band looks parabolic in the detector image, but the intense
state close to EF has no observable dispersion in the small
accessible parallel momentum range. We assign this latter
state to a localized oxygen vacancy defect state “DS1” that
naturally occurs on oxygen-poor Cu2O(111) surfaces close to
the Fermi energy [34]. The long-lived states at higher energies
can then be attributed to higher defect states “DS2,” follow-
ing the terminology of a previous photoemission study on
the (

√
3 × √

3)R30◦ reconstructed surface of bulk Cu2O(111)
that has demonstrated the efficient trapping of hot electrons
in these two types of defect states [7]. In the extreme case of
maximum defect density studied there, the conduction band
is effectively quenched. In the present sample, we expect a
smaller number of these defects. This means that we see a
superposition of slowly decaying electrons in Cu2O-like de-
fect states which are populated by capturing the hot electrons
from the metallic substrate, and of the hot electrons that pass
the atomically thin oxide layer without being trapped.

We take a rate equation approach to model the hot electron
dynamics. The pulse energy in our work equates to a fluence
of ∼60 μJ/cm2, which is in the low-excitation regime with
negligible increase of the electronic temperature [35]. As the
defect states are populated by capturing these hot electrons
from the substrate, we describe their dynamics by another
rate equation with the hot electron population as the source
term. For simplicity, we will phenomenologically call the two
components the “fast” and “slow” components. We obtain this
system of differential equations:

dρfast

dt
= a I (t − t0) − ρfast

τfast
,

dρslow

dt
= b

ρfast

τfast
− ρslow

τslow
.
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(a) (b) (c)

FIG. 4. (a) Time-resolved 2PPE scan after the first preparation, 3 nJ pump energy, linear color scale normalized to the maximum intensity.
The spectra at negative delays were used for background subtraction. (b) Background-subtracted spectra at different delays. (c) Background-
subtracted detector image at 50 fs delay, showing the dispersion of defect state and conduction band.

The first equation describes the change in hot electron
population with the fast relaxation time τfast. The influence of
the pump pulse is represented by the Gaussian pulse envelope
I (t − t0), where t − t0 is the delay between pump and probe
pulse. The second equation is the change in defect state oc-
cupation, which is populated by capturing electrons from ρfast

and decays with the slow relaxation time τslow. The intensities
scale with the empirical parameters a and b.

We solve these equations numerically with a Runge-Kutta
method to fit the transient intensities in 0.1-eV energy win-
dows above the Fermi level as a function of pump-probe delay.
The width of the Gaussian pulse envelope, corresponding
to the laser pulse intensity cross correlation, is selected to
produce the best fit agreement for all energies. This became
necessary because a virtual state with no lifetime where the
photoemission signal directly follows the laser pulse cross
correlation is not available in this case. The relaxation time
of the slow component is fixed in the same way because we
do not observe a significant difference between the dynamics
at low and high energies after the fast component has decayed,
leaving only the maximum intensities of both components and
the relaxation time of the fast component as free parameters.
The transient intensities of the window at 1.0 eV containing
the conduction band and the window at 0.1 eV containing the
defect state DS1 are displayed as examples with their best
fits in Fig. 5. The best overall fit agreement was found with
a slow component relaxation time of 4 ps and a laser pulse
intensity cross correlation with a full width at half maximum
of 150 fs. We obtain a relaxation time of the fast component of
38 ± 20 fs at the conduction band energy, and 127 ± 20 fs at
the defect state energy. Leaving t0 as a free parameter leads to
a better agreement with the data, in this case the source term
shifts to later times for lower intermediate state energies. The
shift is indicated by dashed vertical lines and amounts to 34 fs
between the high and low energy trace. This indicates that
secondary electrons from scattering events are dominating the
source term for lower energy states. The presence of surface
defects and disorder can provide these additional scattering
channels, leading to electron cascades that are much stronger
than on a pristine Cu(111) surface. We do not attempt to model
the complex electron dynamics of the substrate in detail,

because secondary electron cascades and various additional
effects were discussed in previous studies [35,36].

The fit results for the relaxation time of the fast component
at each energy window from the Fermi level to the conduction
band energy are compiled in Fig. 6. Besides the results for
3-nJ pulse energy, we also include results for 20-nJ pulse
energy, which should be in the medium excitation regime at
∼0.4 mJ/cm2. This measurement was performed after the
second preparation with a longer oxygen exposure. For com-
parison, we add our results for h-BN/Cu(111), obtained with
a single rate equation, and literature results for Cu(111) from
[37], obtained by fitting an exponential function to the decay-
ing part of the delay trace after the intensity maximum. Note
that this way, the effective relaxation times of the electron
population are measured, instead of the bare electron-electron
scattering lifetime predicted by Fermi liquid theory [38]. We
see that the relaxation times agree quite well with those

FIG. 5. Least-squares fits of electron dynamics at the conduction
band energy, defect state energy and in between with the model
described in the text.
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FIG. 6. Fit results for the relaxation time of hot electrons in the h-
BN/Cu2O/Cu(111) system excited with 3 and 20 nJ pump pulses. Fit
results obtained with the same model on h-BN/Cu(111) and literature
values for Cu(111) taken from [37] are included for comparison. The
literature data are extrapolated to low energies.

observed in bulk copper, except at the lowest energies. For
the energies close to the Fermi level, the relaxation times are
reduced on the oxidized surface because of efficient electron
capture in the defect state DS1 in contrast to the unoxidized
h-BN/Cu(111) surface. The effective relaxation time for 20 nJ
pump energy at low energies is longer than for 3 nJ pump
energy, and we notice that the relative intensity of the de-
fect state compared to the hot electrons is much smaller (see
Fig. S7 [27]). This indicates that the longer oxygen exposure
of the second preparation leads to a reduced defect density at
the surface, and for a pump fluence high enough the defects
are saturated. The relaxation time of the conduction band
minimum at 1.0 eV, τCBM = 38 ± 20 fs, does not deviate
from the hot electrons because it is also affected by fast
electron capture, making it extremely short compared to bulk
Cu2O(111) where the initial relaxation time is τCBM = 2 ps
[7].

IV. DISCUSSION AND OUTLOOK

We have prepared an ordered surface oxide on Cu(111)
protected by an h-BN layer through oxygen intercalation. XPS
and ARPES spectra show that the h-BN layer stays intact.
After oxidation a new state between EF and the onset of
the Cu d bands appears, which is reminiscent of the valence
band of Cu2O. The onset at E − EF ≈ −0.8 eV is lower
than in p-type bulk Cu2O where the Fermi level is found
close to the valence band maximum [7], but agrees with DFT
calculations for a surface oxide on Cu(111) [31]. The conduc-
tion band minimum was measured at 1.1 ± 0.1 eV in static
2PPE and 0.95 ± 0.1 eV in tr-2PPE, for an average value of
1.0 ± 0.2 eV. It is shifted the same way, as the conduction
band minimum of p-type bulk Cu2O has been measured at
1.6 eV [6,7]. Therefore, the band gap stays almost the same.
We measure 1.8 ± 0.2 eV between the valence band onset
at −0.8 eV and the conduction band at +1.0 eV, slightly
smaller than the bulk value 2.1 eV [6,7] but reasonably close

FIG. 7. Energy scheme of the heterostructure showing the differ-
ent excitation and relaxation pathways.

despite the low thickness. STM studies have investigated the
electronic density of states of thin cuprous oxide films on
metal substrates and confirmed that the Cu2O electronic states
are shifted down due to the influence of the metal [39–41].
The different substrates and surface reconstructions exhibit
slightly different electronic structures, but in general the low-
est unoccupied states have been found approximately 0.8 eV
above the Fermi level.

The proposed energy and excitation scheme for this het-
erostructure is sketched in Fig. 7. The wide band gap of
the h-BN layer precludes any significant contribution to the
electronic states close to EF discussed here [18,42]. The light
is predominantly absorbed in the copper substrate, creating a
nonequilibrium distribution of hot electrons that we identified
by their relaxation times. These electrons can subsequently
populate the Cu2O conduction band, the pronounced defect
state DS1 at the Fermi level, and the broad defect state DS2
at higher energies. We seem to have a lower defect density
than on the (

√
3 × √

3)R30◦ reconstructed Cu2O(111) surface
because there the conduction band is not visible at all and
the defect states dominate the spectrum [6,7]. Only for the
defect-free (1 × 1) reconstruction the conduction band could
be measured with its relatively long lifetime of 10 ps [7]. The
defect state DS1 has a high electron capture coefficient, which
significantly reduces the relaxation time of low energy hot
electrons. The hot electrons at higher energies show the usual
relaxation dynamics of a Cu(111) surface. The relaxation time
of the defect states varies with surface quality and excitation
density. For the low fluence delay scan discussed in this paper
the best fit was found with a relaxation time of 4 ps for both
defect states. This is shorter than what has been measured on
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bulk Cu2O(111) [7]. We explain this with the high electron
density of copper at the Fermi level, which increases the
relaxation rate of the defect state through electron-electron
scattering at the interface.

Finally, we will discuss the implications of our results for
the viability of this heterostructure for photocatalysis. The
challenges of Cu2O photoelectrodes for solar energy conver-
sion are discussed in [1], and the authors note that this material
is an excellent candidate for use as a photocathode driving
the hydrogen evolution reaction (HER). However, its chemical
instability during operation in water, where the Cu2O surface
segregates into metallic Cu and insulating CuO grains, pre-
vents its long-term use in an aqueous environment. Based on
the corrosion resistance of h-BN/Cu(111) in water [13] we
predict that the h-BN on our surface acts as a barrier for water
molecules, which prevents the Cu2O corrosion while allowing
electrons to tunnel through for the HER. Moreover, the change
in work function to � = 4.6 eV shifts the energy scale with
respect to the standard hydrogen electrode, which has an ab-
solute potential of ESHE − Evac = −4.44 ± 0.02 eV [43], so
that ESHE − EF ≈ 0.2 eV. The conduction band minimum lies
0.8 eV above the SHE, very similar to the conduction band
position of bulk Cu2O. This gives sufficient overpotential to
efficiently drive the hydrogen evolution reaction. One concern
is the trapping of hot electrons in oxygen vacancy defect
states, but the longer oxygen exposure of our second prepara-

tion leads to an appreciable reduction of these defects, as seen
in Fig. S7 [27]. Further refinement of the preparation param-
eters may improve the surface quality enough to offer similar
performance to other cuprous oxide photocathodes with pro-
tective overlayers. Photoelectrochemical measurements of a
device constructed with this material will be needed to quan-
tify the efficiency and stability. Transferring the approach of
h-BN deposition and oxygen intercalation to copper foil may
turn this system into an economically viable photocathode
with scalable production and easy handling of the flexible
substrate.

All data used to produce the findings of this paper are
publicly available on the Zenodo repository [44].
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