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ABSTRACT

Complex metal oxide semiconductors are promising candidates to be used as photoelectrodes in solar water splitting devices. One particular
example is copper bismuth oxide (CuBi;O4), which is a p-type semiconductor with an ideal bandgap of 1.6-1.8 eV and suitable band positions.
However, the performance has been reported to be limited by photocorrosion and the mismatch between its optical absorption and charge
carrier transport properties. It has been shown that the former can be overcome by the deposition of protection layers, while the latter can be
addressed by the modification of the bulk properties of the material. Here, we deposited thin films of CuBi,O4 using pulsed laser deposition
(PLD). This results in high quality films, as evident from the internal quantum efficiency, which is comparable to the best-performing CuBi, O4
photoelectrodes. We investigate the bulk modification of the films by exploring post-deposition annealing treatment at various temperatures
and oxygen partial pressures. These post-deposition annealing parameters influence the morphology of the films through the formation of
aggregated particles/islands with higher crystallinity. The anneal treatment reduces bulk recombination in the film and increases the AM1.5
photocurrent by a factor of more than three. The influence of the high temperature post-deposition annealing treatment on other properties
of CuBi, 04 (absorption, formation, and suppression of defects) is also discussed. This study underlines the importance of high temperature
post-deposition annealing treatment in optimizing the performance of complex metal oxide photoelectrodes.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0003005
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Copper bismuth oxide (CuBi;O4) has recently emerged as an
interesting material to be used as a photocathode in solar water split-
ting devices. It is a p-type semiconductor with a suitable bandgap
of 1.6-1.8 eV,"” corresponding to a theoretical maximum AMI.5
photocurrent of ~20 mA c¢m™ . The band positions straddle the
water reduction and oxidation potentials, and the photocurrent
onset potential is relatively high at ~1 V vs the reversible hydrogen
electrode potential (RHE).”” Like many copper-based oxides, how-
ever, it suffers from photocorrosion; cu** readily reduces to Cu*

and Cu under operating conditions.”'"'" This can be mitigated by
the deposition of protection layers. For example, the combination
of a CdS buffer layer, TiO, passivation layer, and Pt catalyst has
resulted in an extended stability of CuO and CuBi,O4 photocathodes
for photoelectrochemical hydrogen production.'”"”’

Another limitation of the material is the mismatch between
its optical absorption and charge carrier transport properties. The
charge carrier mobility is in the range of 107> cm? V™' s7', and
the charge carrier diffusion length is in the order of tens of nm.’
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On the other hand, the absorption coefficient is modest; a thick-
ness of ~300 nm is required to absorb enough photons to generate
10 mA cm™2. To overcome this, external metal dopants (e.g., Ag)
and gradient concentration of copper vacancies (Vé{l) have been
introduced in CuBi;O4 photocathodes.s’ll As aresult, record AM1.5
photocurrents of ~3 mA cm™ at 0.6 V vs RHE have been reported in
the presence of H,O; as an electron scavenger.'>'* Unassisted solar
water splitting devices with tandem oxide absorbers have also been
reported using CuBi; Oy as the photocathodes.ls'”’

Despite the recent progress, the reported photocurrents are
still far from the theoretical limit. One important aspect still over-
looked is the influence of the specific conditions (e.g., temperature
and oxygen partial pressure) during the post-deposition annealing
treatment. It has been found for other metal oxides (e.g., Fe;O3 or
BiVO,) that the annealing conditions can have a large influence
on the photoelectrochemical properties.”' In the present work, we
perform a systematic study to correlate the influence of temperature
and oxygen partial pressure during the post-deposition annealing
treatment to the photoelectrochemical properties of CuBi,O4 thin
films prepared by pulsed laser deposition (PLD). PLD-deposited
CuBi, Oy films have been recently reported to demonstrate superior
photoelectrochemical stability.” We find that an optimized anneal-
ing environment and temperature improve the photocurrent and the
absorbed photon-to-current efficiency (APCE) of the CuBi; Oy films
by a factor of >3. The true nature of this performance improvement
is then revealed through detailed structural and defect investigations
of the various films.

The influence of post-deposition annealing treatment on the
crystal structure of CuBi; Oy thin films was first investigated through
x-ray diffraction (XRD) measurements. Details on the sample prepa-
ration steps and characterization methods can be found in the sup-
plementary material. The grazing incidence x-ray diffractograms of
all CuBi;Oy4 films on fluorine-doped tin oxide (FTO) annealed at
different temperatures between 450 °C and 650 °C in air show a
pure tetragonal CuBi,O4 phase (space group P4/nnc, JCPDS 01-080-
0994) (Fig. S2). No traces of phase impurities (e.g., CuO and Bi,O3)
are detected. The crystallinity of the films increases with higher post-
deposition annealing temperature, as evidenced from the decrease in
the full width at half maximum (FWHM) of the reflections.”””' Post-
annealing in argon (pO; ~ 1 x 10™* bar) has also been attempted, but
this results in phase segregation (Fig. S3). Since phase segregation is
undesired in our study, we therefore focus further analysis only on
films post-annealed in air and at higher pO,.

Figure 1(a) shows the AMI1.5 photocurrent-voltage curves
measured in dark and under illumination for CuBi,O4 films
annealed in air at temperatures between 450 °C (black) and 650 °C
(red). The electrolyte used was 0.1M potassium phosphate buffer
(KP;, pH ~ 7) with H,0; as an electron scavenger as it has been
reported that CuBi,O4 is relatively stable in this electrolyte.””"”
Higher photocurrents are clearly detected with the increase in
annealing temperature. This is summarized in Fig. 1(b), where the
photocurrents at 0.8 V vs RHE for the various films are plotted
as a function of the annealing temperature. The main photocur-
rent improvement is achieved between 500 °C and 550 °C; in this
temperature range, an increase in the post-deposition annealing
temperature by only 50 °C results in a 3-fold enhancement of the
photocurrent.
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FIG. 1. (a) AM1.5 photocurrent-voltage curves and (b) the photocurrent trend
at 0.8 V vs RHE of CuBi,O4 films annealed in air at 450 °C (black), 500 °C
(blue), 550 °C (orange), and 650 °C (red). The electrolyte was a 0.1M potassium
phosphate (KP;) buffer (pH ~7) with added 6% H,O, as electron scavengers.

We note that the obtained photocurrents in Fig. 1 are modest
compared to the highest photocurrents reported for CuBi,O4. We
attribute this to the fact that relatively thin films of only 120 nm were
used (see Fig. S4), which limits the amount of absorbed photons.
Moreover, we note that no further improvement strategies, such as
Ag-doping or gradient homojunction of copper vacancies,”' " were
used for these films. We will show later that the films nevertheless
have comparable APCE with the best-performing CuBi,O4 photo-
electrodes. Despite the limited thickness, the direction of illumina-
tion was found to affect the photocurrent; the AM1.5 photocurrent
at 0.6 V vs RHE is ~65% higher under back-side illumination as
compared to that under front-side illumination (see Fig. S5). Since
more photogenerated electrons are located far from the CuBi,O4-
electrolyte interface under back-side illumination (for the 120 nm
thickness, the number of absorbed photons within the first 25 nm
thickness is ~60% larger than within the last 25 nm; see Fig. S6), and
assuming a homogeneous distribution of defects and/or crystalline
quality throughout the thickness of the film, the higher photocurrent
suggests that electrons are transported more efficiently than holes in
CuBizO4.

The relatively large photocurrents for the films after anneal-
ing may be caused by several factors. First, the higher anneal-
ing temperature could introduce changes in the surface chemistry
of the film, which influences the charge transfer efficiency at the
CuBi,O4/electrolyte interface. However, this is unlikely to be the
reason since H>O, was used in our photoelectrochemical (PEC)
measurements; it has been shown that H,O, acts as a facile electron
scavenger for CuBi;O4 photocathodes.‘;‘““]g

Another possible explanation for the enhanced photocurrent is
an increase in the optical absorption upon high temperature anneal-
ing. This would result in a higher generation rate of electron-hole
pairs and a concomitant increase in the PEC performance. We there-
fore measured the absorption and the IPCE (incident photon-to-
current efficiency) of the films (see Figs. S7 and S8). The absorbed
photon flux (Jintaps) and the collected electron flux (Jingipce) in
the CuBi;O4 films annealed at different temperatures can then be
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FIG. 2. (a) Total absorbed photon flux expressed in cur-
rent, Jint abs (black), and total collected electron flux, Jint ipce
(blue), for CuBi,O4 films annealed in air at 450 °C, 500 °C,
550 °C, and 650 °C. (b) Absorbed photon-to-current con-
version efficiency (APCE) at 0.8 Vgye of CuBi; Oy films post-
deposition annealed at temperatures of 450 °C (black),
500 °C (blue), 550 °C (orange), and 650 °C (red) in air. The
measurements were done under back-side monochromatic
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calculated using the following equations:

Jouass = [ [@asnis(0) x AR) x el )

JintIPCE = f [Pam15(A) x IPCE(A) x e]d). (2)

@ami5(A) is the flux of incident AM1.5 photons at a specific wave-
length, A(A) is the absorption at a specific wavelength, and e is the
electronic charge (1.602 x 10™* C). Figure 2(a) shows the calcu-
lated Jintabs and Jint1pCE- Jintabs decreases with the increase in anneal-
ing temperature between 450°C and 550 °C. A further increase
in annealing temperature to 650 °C results in a 20% increase in
Jintabs- In contrast, Jinipce monotonously increases with the increase
in annealing temperature; film annealed at 650 °C shows ~5-fold
higher Jin, ipce as compared to that annealed at 450 °C. The discrep-
ancy between Jintabs and Jingipce suggests that a change in optical
absorption cannot be the main factor behind the improved PEC
performance.

Based on the absorption and the IPCE of the films (Figs. S7 and
S$8), the absorbed photon-to-current conversion efficiency (APCE,
also called the internal quantum efficiency) values were calcu-
lated [Fig. 2(b)]. The APCE of the CuBi;O4 films increases with
the increase in post-deposition annealing temperature, consistent
with the trend in the AM1.5 photocurrent. For the film annealed
at 650 °C, the APCE values reach 45% at wavelength <400 nm.
These APCE values are much higher than the electrodeposited
CuBi;04/Ag-CuBi; O4 films and comparable with the drop casted
CuBi, Oy films reported in the literature.”® This result therefore
shows that our film is of relatively good quality; the difference
between our modest AM1.5 photocurrent (Fig. 1) and that of the
state-of-the-art CuBi,Oy4 is caused by the moderate absorption in
our relatively thin (120 nm) films.

Next, we investigate the possibility that the high tempera-
ture annealing leads to the formation or suppression of defects
in our CuBi;Oy4 films. Although all films show crystalline tetrago-
nal CuBi;Oy4 (see Fig. S2), the defect concentration in the films is
typically not large enough to be detected in a normal XRD scan.
Therefore, Mott-Schottky measurements were performed in order
to determine the effective acceptor density in each film. Since both
donor- and acceptor-type defects (e.g., cation and anion vacancies)
may be present in our films, we define the effective acceptor density
as the difference between the ionized acceptor density (N, ) and the
ionized donor density (Np). Figure 3(a) shows the effective acceptor
density (N, — Np) in the CuBi,O4 films as a function of the post-
deposition annealing temperature in air (pO, = 0.2 bar); see Fig. S9

illumination, and the electrolyte was 0.1M KP; buffer (pH
~ T) with added 6% H,0,.

Wavelength [nm]

for the Mott-Schottky curves of each films. The effective accep-
tor density decreases with the increase in post-deposition annealing
temperature. This may be caused either by a decrease in N or an
increase in Np,. Sharma et al. and Ong et al. reported that the dom-
inant acceptor species that defines the p-type nature of CuBi, Oy is

the copper vacancy (Vé/u).j"l2 Since there is no external Cu source

in our experiments, it is not obvious how the concentration of Vé/u
can be decreased during our high-temperature annealing treatment.
Diftusion of Cu atoms from either the original lattice positions or
interstitials would not change the effective acceptor density. Thus,
it seems more likely that the decrease in the effective acceptor den-
sity is due to an increase in the compensating ionized donor density
(Np).

Several defects may act as a donor species in CuBi,O4. One pos-
sible defect is copper interstitial (Cuf®). The formation of Cu® can
be described by the dissolution of Cu,O into CuBi; Oy,

Cu,0(g) +4h* - 2Cuf* +120,(g). (3)

Again, since no external Cu source is present during our annealing
treatment, this possibility is unlikely to occur and can be ruled out.
Alternatively, tin (Sn) could diffuse from the FTO (F-doped SnO>)
substrates into the CuBi;O4 films and occupy a Cu lattice site. Sn
doping from the FTO can be written as either an electronic or as an
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FIG. 3. The effective acceptor density (i.e., the difference between the density of
ionized acceptors and ionized donors) of CuBi,O4 films post-deposition annealed
(a) at different temperatures between 450 °C and 650 °C in air (pO, = 0.2 bar)
and (b) at 550 °C in different pO; (0.1-1 bar).
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ionic compensation reaction,

SN0, + 05(g) "2 Sngy +40% +2VI/ 440", (4)
$n0, 2 snee 208 + 2V 4 2vE". (5)

Equation (4) shows that in the case of electronic compensation, the
formation of Sn&, is accompanied by an increase in the concentra-
tion of holes, i.e., an increase in the effective acceptor density. This is
clearly inconsistent with the results from the Mott-Schottky mea-
surements. Similarly, in the case of ionic compensation [Eq. (5)],
the formation of Sn¢y does not change the concentration of holes.
Again, this does not agree with our experimental observation. Based
on this, we conclude that tin diffusion into CuBi,Oy4 films is unlikely
to occur.

The donor density (Nj,) may also be increased through the
formation of oxygen vacancies based on the following equation:

L] {1} 1
05 +2h* = V§ +£Oz(g). (6)

Since the net change in entropy for reaction (6) is positive (AS
> 0), the thermodynamic driving force for the creation of oxygen
vacancies increases with the increase in annealing temperature. This
should lead to a decrease in the electronic conductivity of the mate-
rial, which is indeed what we observe [Fig. 3(a)]. Equation (6) also
predicts a decrease in conductivity with a decrease in oxygen partial
pressure. To confirm this, we measured the effective acceptor density
of CuBi, 04 films as a function of the oxygen partial pressure (pO;)
during the annealing treatment. The results are shown in Fig. 3(b)
for a constant annealing temperature of 550 °C. Indeed, the effec-
tive acceptor density decreases with the decrease in pO,, which is in
agreement with the expected increase in Nj; due to the formation of

T=450°C
pO, = 0.2 bar

T =500°C
pO, = 0.2 bar

= 200 nm

T=550%C
pO,= 0.1 bar

+ p0,=0.2 bar

scitation.org/journal/apm

oxygen vacancies. We note that all these films show a pure tetrago-
nal CuBi;O4 phase (see Fig. S10), unlike the one annealed in argon
(Fig. S3).

A decrease in the effective acceptor density would increase the
depletion or space charge layer width. This would in turn enhance
the overall charge separation efficiency and improve the photocur-
rent. This argument can satisfactorily explain our experimental
observation for CuBi;O4 films annealed in air at different temper-
atures: a higher annealing temperature decreases (N, — Np) [see
Fig. 4(a)] and increases the photocurrent (see Fig. 1). However, the
explanation no longer holds for films annealed at different pO,. The
photocurrent reaches a maximum at a pO, of 0.2 bar (Fig. S11),
despite the continuous decrease in (N, — Np,) with the decrease
in pO; [see Fig. 3(b)]. Figure S12 summarizes the data from both
series of samples, and clearly no correlation exists between the effec-
tive acceptor density, (N, — Np), and the measured photocurrent.
Therefore, we can conclude that changes in defect chemistry, i.e.,
the formation and suppression of oxygen vacancies (V¢ ), are most
likely not the main reason for the observed PEC trend.

We now turn our attention to the morphology of the sam-
ples. An increase in grain size, for example, can potentially lead to
a decrease of charge carrier scattering at the grain boundaries and
results in an improved mobility and photocurrent. Figure 4 shows
the scanning electron microscopy (SEM) images of our CuBi;O4
films. Indeed, the grain size of the films increases with the increase
in temperature [Figs. 4(a)-4(d)]. For example, the film annealed
at 550°C [Fig. 4(c)] has more than two and a half times larger
grains compared to that annealed at 450 °C [Fig. 4(a)]. A quanti-
tative analysis of the grain sizes reveals average grain sizes of 41 nm,
91 nm, 108 nm, and 210 nm for films annealed at 450 °C, 500 °C,
550 °C, and 650 °C in air, respectively (see Fig. S13 for the sta-
tistical histogram). However, annealing the films at different pO,
barely affects the grain size of CuBi,O4 (Fig. S14), suggesting that
other factors may play a more important role. A closer look into the

T=650°C
pO, = 0.2 bar

—_— 1pm

T =550°C
pO, =0.2 bar

(c) AEORT)

T=550°C
pO,=1bar

T=550°C

FIG. 4. Scanning electron microscopy (SEM) images of CuBi, Oy films [(a)-(d)] annealed in air (pO, = 0.2 bar) at varying temperatures (450 °C, 500 °C, 550 °C, and 650 °C)
and [(e)—(g)] annealed at a temperature of 550 °C with varying pO; (0.1 bar, 0.2 bar, and 1 bar).
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SEM images at smaller magnifications (Fig. 4) reveals the presence
of large aggregation of particles, in the following termed “islands”
(see Fig. S15 for SEM images within which these are highlighted), at
post-deposition annealing temperatures of above 500 °C. The con-
centration of islands also changes considerably with varying pO:
fewer islands were formed after annealing at pO, lower or higher
than 0.2 bar.

We further quantify the concentration of islands in the films
by taking the relative ratio of the sum area of islands to the total
area investigated with SEM (Ajgand/Atotal). The detected photocur-
rents for all samples are plotted against the respective concentration
of islands in the samples, as shown in Fig. 5(a). A clear correlation
is visible: films with higher concentration of islands exhibit higher
photocurrents. The photocurrent is also plotted against the recipro-
cal of the full-width at half-maximum (FWHM) of the dominant 211
reflection in the XRD pattern, i.e., representing the degree of crys-
tallinity, as shown in Fig. 5(b). Again, a clear correlation is observed:
films with higher crystallinity feature higher photocurrents. These
two correlations [Figs. 5(a) and 5(b)] indicate that the islands may
have higher crystallinity than the film matrix. To confirm this, we
performed electron backscatter diffraction (EBSD) measurement on
the CuBi; Oy film annealed at 550 °C in air (pO; = 0.2 bar). Although
no dominant orientation exists within the islands, the phase distri-
bution map suggests that the island regions are indeed more crys-
talline than the rest [see Fig. S16, the area of islands corresponds
to the dark smoother regions in panel (a)]. Based on these results,
we conclude that the higher crystallinity of the films due to the
“island” formation is most likely the main reason for the detected
photoelectrochemical performance trend in CuBi;Oy4 films.

We note that the difference in the EBSD signal may also be
caused by the different roughness between the island and non-island
regions, but our atomic force microscopy measurements do not
reveal a significant difference in roughness for films with different
concentration of islands (see Fig. S17). This also implies that our
analysis of the effective acceptor density (Fig. 3) is not affected by

4 -0.44 (b) B
o

-04 - O pOy = 0.2 bar, various T/
O T =550"°C, various pO,

o
w
1
1
)
=4
w
1
1
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&
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0
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o
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g
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Agiand! A 1/FWHM,,, [a.u.]

island” " “total
FIG. 5. Photocurrent of various CuBi, O, films at 0.8 VV vs RHE plotted with respect
to (a) relative area of the “island” extracted from SEM images (Aisiand/Atotar) and
(b) reciprocal of the full-width half-maximum (FWHM) for the (211) XRD reflection
peak, i.e., degree of crystallinity. The CuBi, O, films were either annealed at a con-
stant temperature of 550 °C but different oxygen partial pressures (pO,) between

0.1 bar and 1 bar or at a constant pO, of 0.2 bar but different temperatures
between 450 °C and 650 °C.
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the difference in roughness or surface area and therefore still valid
(see Fig. S18). Finally, while it is rather straightforward that higher
temperatures may have an impact on the formation of islands with
higher crystallinity, it is unclear how the oxygen partial pressure dur-
ing post-annealing may affect the formation of the island morphol-
ogy. Further investigations beyond the scope of the current work are
required in order to reveal the nature of these “islands” and a detailed
mechanism of their formation.

In summary, we investigated the influence of a post-deposition
anneal at various temperatures and oxygen partial pressures on the
PEC properties of pulsed-laser deposited CuBi;O4 photocathodes.
Under optimized conditions, i.e., at a temperature of 650 °C and
at pO, = 0.2 bar, an increase in the AM1.5 photocurrent by a fac-
tor of 3 was detected. We showed that this performance improve-
ment is related to the bulk modification of CuBi;O4 and not to the
change in optical absorption or to the formation and suppression
of defects in the film. Detailed morphological and crystal structure
analyses reveal that this improvement originates from the forma-
tion of islands with higher crystallinity and results in increased
photocurrent. The formation of islands is shown to depend on
the temperature and the oxygen partial pressure during the post-
deposition annealing treatment. Overall, the present study highlights
the importance and the various roles of post-deposition anneal-
ing procedures at elevated temperatures for the modification of the
structural, morphological, and photoelectrochemical properties of
complex metal oxide photoelectrodes.

See the supplementary material for (i) detailed experimen-
tal methods, (ii) x-ray diffractograms, (iii) profilometry data, (iv)
photocurrent-voltage curves under front- and back-side illumina-
tion, (v) absorption and IPCE spectra, (vi) photocurrent trends, (vii)
Mott-Schottky plots, and (viii) further microstructural analyses of
the CuBi,O4 samples.
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