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ABSTRACT: Photoelectrochemical (PEC) water splitting devices rely  pee| off from

on light-absorbers to absorb sunlight, and the photogenerated SiOZIM
electrons and holes further react with water to generate hydrogen

and oxygen. Fabricating light-absorbers on textured substrates offers
alternative routes for optimizing their PEC performance. Textured Si0,/Si
substrates would greatly enhance both light absorption and surface
reactions of photoanodes and thus reduce the total amount of light-

absorbers needed. Herein, we report the fabrication of ultrathin BiVO, Transfer. Flat
photoanode film on textured polydimethylsiloxane (PDMS) substrates O T §Ub§£rat€4
by using a modified water-assisted transfer printing method. BiVO,/SnO,/Au - Powmal(Vw.RHE T
Significantly, a pristine BiVO, photoanode of only 80 nm thick
shows a photocurrent density of 1.37 mA/cm” at 1.23 Vgyg on
patterned PDMS substrates, which is further increased to ~2.0 mA/
cm’® at 1.23 Vi when FeOOH oxygen evolution catalyst is added. We believe that our transfer printing method can be
broadly applied to integrate photoelectrodes and other thin-film optoelectronic devices (e.g., solar cells and electronics)
onto diverse textured substrates to enhance their performance.
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hotoelectrochemical (PEC) water splitting devices maintaining efficient light absorption and large surface area.
P depend on light-absorbers to absorb sunlight, and the Recently, light-absorbers were directly deposited on optically

photogenerated electrons and holes further react with designed textured substrates for efficient light trapping while
water to generate hydrogen and oxygen. Efficient PEC devices reducing the charge transport distance.'”~"* For example, a 26
demand simultaneous high light absorption, charge separation, nm thick Co-decorated Ti-doped a-Fe,O; film was deposited
and charge-transfer efficiencies. Currently, most light-absorbers by pulse laser deposition on a V-shaped gold—silver coated
are fabricated on flat conductive substrates (e.g., fluorine-doped glass, and it achieves about 0.4 mA/cm® at 1.23 Viyy; due to
SnO, coated glass, FTO); hence, most efforts on improving both resonant light trapping and light retrapping effects.'”
photoelectrodes have been focused on optimizing the light- All these previous integrations of light-absorbers with
absorbers themselves, such as engineering their nanostructures surface-textured substrates were realized by directly depositing
to maximize light absorption while reducing minority carrier light-absorbers onto textured substrates.'”"> Nevertheless,
diffusion distance,' modifying their chemical compositions by surface-textured substrates can be expensive to synthesize or
doping to change their charge transport2’3 and charge-transfer fabricate. Also, the deposition conditions of light-absorbers
properties,* ® and adding plasmonic metal nanoparticles to further limit the material choice of the textured substrates. In
enhance light absorption.”” addition, it could be difficult to achieve conformal coating of

Instead, fabricating light-absorbers on surface-textured

substrates offers alternative routes for optimizing photo- Received: March 25, 2016
electrodes for enhanced PEC performance.” Light-absorbers Revised:  April 20, 2016
have been coated onto transparent-conductive oxide nanowire Accepted: April 22, 2016

arrays that aim to improve the charge transport efficiency while
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Figure 1. Schematic illustration of the design rationales and the transfer process for integrating BiVO, onto patterned PDMS substrates. (a)
Enable resonant light trapping by adding Au underneath BiVO,. (b) Patterned PDMS substrates enable both resonant light trapping and light
retrapping and increase the surface roughness factor. (c) Schematic of the modified water-assisted transfer printing process: (i) spin coating
PVA protection layer and attaching TRT on top of BiVO,; (ii) the BiVO,/Sn0,/Au film is peeled off from SiO,/Si wafer in a water bath; (iii)
dissolving PVA layer in water to separate the photoanode from TRT; (iv) the floating BiVO,/SnO,/Au film is fished out by a patterned PDMS
substrate; and (v) the BiVO,/Sn0O,/Au film is textured on the patterned PDMS because of the capillary force induced by water drying.

light-absorbers onto textured substrates. Those challenges can
be alleviated by developing alternative methods for integrating
light-absorbers with textured substrates. Herein, we report the
use of a modified water-assisted transfer printing method'®™"*
(WTP) to integrate light-absorbers with surface-textured
substrates. We demonstrated this new approach by using a
bismuth vanadate (BiVO,) photoanode as a model system
because BiVO, (bandgap, ~2.4 eV), when deposited on flat
FTO substrates, has exhibited great PEC performance with
high photocurrent densities and low onset potentials."””"**’
We used patterned PDMS substrates to represent a challenging
surface-textured substrate for PEC because existing methods
cannot directly deposit light-absorbers onto PDMS substrates.
In addition, PDMS substrates are transparent, flexible, and easy
to fabricate with diverse surface patterns. Those capabilities of
PDMS substrates will facilitate the optimization and integration
of photoelectrodes to form tandem cell systems. Significantly,
our transferred BiVO, film (~80 nm) on patterned PDMS
substrates achieves a photocurrent density of ~2.0 mA/cm? at
1.23 Vyyg, which is comparable or even better than those of
typical BiVO, films (200 nm or thicker) deposited on FTO
substrates in the literature.””*"**

Figure 1 illustrates the design rationales and the transfer
process for integrating BiVO, onto patterned PDMS substrates.
Integration of BiVO, onto patterned PDMS substrates not only
increases the surface roughness factor but also enables the
implementation of a dual light-trapping strategy.' The ﬁrst
light-trapping strategy is based on resonant light trapping,'” for
which a gold (Au) film is added beneath BiVO,/SnO, (hole
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blocking layer) as a current collector and back reflector (Figure
1a). As such, an optical cavity is formed within the ultrathin
BiVO,/SnO, film that enhances the light absorption by
increasing the light intensity and photon lifetime in the film.
The increase of photon lifetime is due to the reduced leakage
rate of photons into the Si substrate underneath the gold layer.
The second light-trapping strategy is based on light retrapping
among the surface-textured BiVO,/SnO, film, for which some
of the escaped back-reflected photons from the ultrathin film
are redirected into the film and absorbed (Figure 1b).

Figure 1c illustrates the process of transferring the ultrathin
BiVO,/SnO, film from Si wafers onto patterned PDMS
substrates. First, a 300 nm thick Au film was deposited onto
a SiO,/Si wafer by electron beam evaporation, and thin films of
SnO, and BiVO, (~80 nm; see Figure S1 for thickness
optimization) were then spin coated on top of the Au film
(Figure la). The Au film serves as the back electron collector
and light reflector, and Au was chosen for its high electrical
conductivity, good chemical compatibility, and thermal stability
during the fabrication conditions of BiVO,. The thin SnO, layer
(~10 nm) serves as a selective electron transport layer because
of the large valence band offset between SnO, and BiVO,,
which blocks the hole injection into the Au film and hence
reduces the interfacial charge recombination.””*>** Next, a thin
layer of water-soluble poly(vinyl alcohol) (PVA) was spin
coated on top of BiVO,. On top of PVA, a thermal release tape
(TRT, NittoDenko) was further attached serving as a
temporary transfer holder (Figure lc (i)). Then the entire
structure (TRT/PVA/BiVO,/Sn0O,/Au) was peeled off from
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Figure 2. Morphology characterization of various BiVO, photoanodes. (a) Photographs of BiVO,/SnO,/FTO (left), BiVO,/SnO,/Au on flat
Si wafer (middle), and BiVO,/SnO,/Au on patterned PDMS (right). (b) Cross-sectional SEM image of BiVO,/SnO,/Au film on the Si wafer
before transfer. (c) Top-view SEM images of BiVO,/Sn0,/Au film before and after the transfer to a 9 um rod PDMS substrate. (d) Optical
microscope image of BiVO,/Sn0O,/Au film on a 9 gm rod PDMS substrate. (e¢) AFM image of the transferred BiVO,/Sn0O,/Au film on a 9 um

rod PDMS substrate.

the SiO,/Si wafer in water at room temperature (Figure lc
(ii)). Here, the Au film, similar to the Ni film in the original
WTP method,”'*™*® can be easily peeled off from the SiO,/Si
wafer. In addition, we replaced the poly(methyl methacrylate)
in the original WTP method with water-soluble PVA as a
protection layer to avoid contamination and damage to the
ultrathin BiVO, film during the transfer process. Then, the
peeled off TRT/PVA/BiVO,/Sn0O,/Au film was soaked in the
water bath for a few hours to fully dissolve the water-soluble
PVA layer (Figure 1c (iii)), and the TRT is consequently lifted
off as well. The remaining BiVO,/SnO,/Au film naturally floats
on the water surface and can be fished out by patterned PDMS
substrates (Figure lc (iv)). Finally, the entire substrate was
dried in air, and the capillary force induced by water
evaporation pulls down the BiVO,/SnO,/Au film to follow
the t;)spography of the patterned PDMS substrates (Figure lc
™).

Figure 2a shows three types of control samples of BiVO,
films that we used to study the effect of surface-textured
substrates on the PEC performance. The first type is a flat
yellowish BiVO,/SnO, thin film on FTO, which is the most
common configuration for PEC study. The second and third
types are the BiVO,/SnO,/Au thin film on a flat Si substrate
and on a patterned PDMS substrate, corresponding to before
and after the transfer process, respectively. The detailed
morphology of the BiVO,/SnO,/Au film before and after the
transfer were examined by using scanning electron microscopy
(SEM) (Figure 2b,c), optical microscopy (Figure 2d), and
atomic force microscopy (AFM) (Figure 2e). The BiVO,/Sn0O,
film is about 80 nm thick (Figure 2b) and rather flat and
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uniform on the Au-coated SiO,/Si wafer before transfer (Figure
2¢, left). The BiVO, film is composed of densely packed
monoclinic phase BiVO, nanoparticles around 100 nm in
diameter (Figures S2 and S3). After being transferred to
PDMS, the BiVO,/SnO, film exhibits patterns of brightness
contrast that follow the underlying PDMS pattern (right SEM
image in Figure 2c,d). The AFM topography measurement
confirms that the transferred BiVO,/SnO,/Au film follows the
topography of the PDMS pattern (9 pm rod pillar substrate,
Figure 2d) and its peak and valley height difference is about 500
nm (Figure 2e). All of these results confirm that the modified
WTP method has successfully transferred and further textured
the BiVO,/SnO,/Au film on patterned PDMS substrates.
Figure 3 compares the PEC performance of the three types
of BiVO, photoanodes shown in Figure 2a. First, the typical
BiVO,/Sn0O,/FTO configuration used for PEC photoanode
(Figure 2a, left) has the lowest photocurrent density (0.34 mA/
cm” at 1.23 Vi) (Figure 3a). Second, by adding the Au film
underneath BiVO,/SnO, for resonant light trapping (Figure 2a,
middle), the photocurrent density is increased to 0.87 mA/cm?
at 1.23 Vyyg, about 2.6 times of the control sample on FTO
without Au (Figure 3a). It should be noted that we deposited
Au on flat Si wafers instead of FT'O because the flat Si surface is
needed for the following WTP process. Because the Au film is
very reflective and inert, the underlying Si wafer with a 300 nm
thick SiO, top layer has no contribution to the PEC
performance. Third, after being transferred to the patterned
light retrapping PDMS substrate, the photocurrent density of
the BiVO,/Sn0O,/Au/patterned PDMS (9 um rod, Figure 2c,
right) reaches 1.37 mA/cm? at 1.23 Vyy;; (Figure 3a), which is
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Figure 3. Comparison of photoelectrochemical performance of BiVO, photoanode on different substrates. (a) Current density—voltage (J—V)
curves (solid lines, under simulated AM 1.5G illumination; dotted lines, dark conditions) and (b) incident photon-to-current efficiency
(IPCE) measured at 1.23 Vg for the control BiVO,/SnO,/FTO sample, the flat BiVO,/Sn0,/Au film on Si wafers, and the textured BiVO,/
SnO,/Au film on a 9 pm rod-patterned PDMS substrate. The current densities listed are integrated from IPCE over standard AM 1.5G
spectrum, and they match well the measured photocurrent densities.

around three times and 60% higher than those of the first and
second control samples, respectively. The photocurrent density
of BiVO,/SnO,/Au/patterned PDMS is quite high considering
the facts that the BiVO, film here is of low quality, made by the
sol—gel method without any doping or surface modification,
and is only about 80 nm thick, which is much smaller than the
light absorption depth for BiVO, (~200—500 nm).”>*® We
have also transferred BiVO,/SnO,/Au film to a FTO substrate.
The PEC performance of BiVO,/SnO,/Au/FTO photoanode
is very similar to that of BiVO,/SnO,/Au/Si (Figure S4), which
shows the effectiveness of surface texturing in improving the
PEC performance. Finally, the integrated photocurrent
densities from the incident photon-to-current conversion
efficiency (IPCE) measurement (at 1.23 Vgyg) over standard
AM 1.5G spectrum are 0.35, 0.86, and 1.35 mA/cm? (Figure
3b), respectively, which match very well with the measured
photocurrent densities (Figure 3a), confirming the accuracy of
our PEC characterization. The IPCE is increased with
application of each light-trapping scheme over a broad
wavelength range, confirming the successful implementation
of two light-trapping schemes through our transfer-based
approach.

Because the textured PDMS substrates potentially affect both
light absorption and surface roughness factor, we first quantify
the light absorption enhancement from the dual light-trapping
scheme. Figure 4a compares the light absorption of three types
of BiVO, photoanodes (Figure 2a): the control flat sample of
BivO,/Sn0,/FTO, the flat BiVO,/SnO,/Au film on Si wafers,
and the textured BiVO,/SnO,/Au film on patterned PDMS
substrates. First, the light absorption spectra of all three BiVO,,
samples exhibit an absorption onset around 520 nm that
matches the BiVO, bandgap of 2.4 eV. Second, the control
sample on FTO has the lowest amount of light absorption, as
expected, because of its thin thickness around 80 nm. The
amount of light absorption is increased by 10—15% by addition
of Au and another 5—7% by texturing the film. To further
validate our light absorption measurements, we also calculated
the light absorption of these three films using the rigorous
coupled wave analysis (RCWA)>” with experimentally meas-
ured refractive index for BiVO, (Figure 4b, inset) and Au by
spectroscopic ellipsometry. The calculated light absorption
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agrees with the experimental results very well in terms of the
light absorption onset wavelength and the relative amount of
light absorption increase. To see the origin of light absorption
increase from the flat substrate to the patterned substrate, we
plotted the electric field distribution of both structures at a
wavelength of 400 nm in Figure 4c. The electric field
distribution of the textured film shows clear diffraction patterns.
Because the textured film has a periodicity larger than the
wavelength, it operates as a 2D grating that causes the
diffraction pattern. In addition, the electric field in the textured
BiVO, film is also higher than that in the flat film, which
confirms the light-trapping effects and its associated higher light
absorption.

We then quantify the contribution from light absorption
increase to the overall PEC performance enhancement for
several different PDMS patterns. In Figure 4d, the black circles
are the measured PEC photocurrent density increase
AJincrease PEC measurement at 1.23 Vrgg before and after the transfer
process for four different PDMS patterns, including 6 ym rods,
9 pum rods, 9 pm ribbons, and 15 um square pillars, and the
associated error bars are indications of sample variation. The
amount of photocurrent density increase shows a weak
dependence on the PDMS patterns; this is because all those
patterns are at the micrometer scale. The red triangles in Figure
4d are the calculated maximum possible photocurrent
density increase from light absorption enhancement
(AJincreaselight absorption) DY assuming the absorbed photon-to-
current efficiency (APCE) being 1 and using the following
equation:

520 nm
]increase,lightabsorption = >/3-00 om Anabs(l) P(l) da
where An,, (1) is the measured light absorption increase
between the flat BiVO,/SnO,/Au film on Si wafers and the
deformed BiVO,/SnO,/Au film on patterned PDMS substrates
at the wavelength of A (Figure 4a) and P(4) is the incident light
intensity at A under standard 1 sun AM 1.5G. As shown in
Figure 4d, AJincreaseight absorption (red triangles) is consistently
smaller than AJj, eae PEC measurement (Dlack circles) for all four

PDMS patterns. This suggests that light absorption enhance-
ment (Figure 4d) is responsible for around 60%
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Next, we examine the PEC performance enhancement from
the increased electrochemically active surface area (ECSA) due
to the textured substrate. We first estimated the relative reactive
surface area ratio before and after transfer by measuring the
capacitance ratio (Cpivo,/at/ Crivo,/pattemed) Using the cyclic
voltammetry (CV) method (Figure SS). Figure Sa plots the
capacitive current as a function of the scan rate, and its slope is
proportional to capacitance and ECSA (Figure S5).***” The
slope for BiVO, on patterned PDMS is about twice that of
BiVO, on flat Si, suggesting that the ECSA of BiVO, is doubled
after being transferred to patterned PDMS.”* We also
conducted electrochemical impedance spectroscopy (EIS)
measurements to evaluate the charge—transfer resistance across
various interfaces before and after the transfer. Figure Sb
compares the Nyquist plots of the control BiVO,/SnO,/FTO
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sample, the flat BiVO,/SnO,/Au film on Si wafers, and the
textured BiVO,/SnO,/Au film on patterned PDMS substrates.
All three samples are modeled with the same equivalent circuit
(inset of Figure Sb) based on a midgap charge carrier-trapping
mechanism,”*® where R1 represents the series resistance and
R2 represents the resistance of trapping and detrapping
electrons in and out of the mid gap state; Q2 represents the
pseudocapacitance of the space charge region; R3 and Q3
represent the charge-transfer resistance and constant phase
element between BiVO, and the electrolyte. First, the addition
of Au reduces the series resistance R1 because of the higher
electrical conductivity of Au and potential Au doping into
S$n0,.”" Second, the addition of Au also significantly lowers R2
and R3, indicating that the presence of Au improves the quality
of BiVO, by reducing overall charge-transfer resistance within
BiVO, and substrates and improving its interface with
electrolyte. Finally, surface texture also reduced R3 as expected
because of the increased ECSA. The EIS results indicate that
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photoanodes before (on flat Si) and after transfer (on patterned PDMS). (b) Electrochemical impedance spectra of ultrathin BiVO,
photoanodes on different substrates. The dashed lines are the fitted curve based on the proposed equivalent circuit (inset).

the combination of Au and textured substrates reduces the
charge-transfer resistance across various interfaces.

In addition, the XRD spectrum after the transfer process
shows a new BiVO, (220) peak (Figure S2), for which {110}
facets of BiVO, have been suggested to have faster hole transfer
for the water oxidation reactions.”” The new exposed (220)
plane might be caused by the bending or crack formation when
texturing the ultrathin BiVO, film (Figure S3). The combined
CV, EIS, and XRD analyses suggest that adding Au and trans-
ferring BiVO, onto textured substrates increase the charge-
transfer efficiency, which is responsible for
A]increase,PEC measurement A]increase,light absorption as observed in
Figure 4c.

The PEC performance of our ultrathin BiVO, photoanode
on textured PDMS substrates can be further improved by
coupling with oxygen evolution catalysts (OECs). Specially,
iron oxyhydroxide (FeOOH) as an OEC was directly deposited
on top of BiVO, photoanodes by a simple modified
hydrothermal method. Figure 6 shows that after the deposition

2.1 L ===FeOOH + BiVO,/SnO,/Au on patterned PDMS ~ 1.99 .
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Figure 6. Effects of adding FeOOH as an OEC on the
photoelectrochemical performance of BiVO, photoanode on
different substrates. The J—V curves of BiVO,/SnO,/Au on flat
Si wafer without FeOOH (red) and with FeOOH (green), and
BivO,/Sn0O,/Au on the 9 pm rod pillar PDMS substrate with
FeOOH (blue).
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of FeOOH, the photocurrent density of our ultrathin flat
BiVO,/Sn0O,/Au film reaches 1.81 mA/cm® at 1.23 Vyyg,
which is more than twice that of the sample without FeOOH
and six times that of BiVO, on FTO (Figure 3a). Moreover,
after the ultrathin BiVO, photoanode with FeOOH on the top
is transferred to the patterned PDMS substrate (9 um rod
pillar), the photocurrent density reaches 1.99 mA/cm?* at 1.23
Veue, If we assume that the charge separation efficiency is
nearly 100% in the presence of FeOOH, the photocurrent
density increase (1.99 — 1.81 = 0.19 mA/cm?) after the transfer
can be attributed to the light absorption increase. The value of
0.19 mA/cm? matches well with the estimated photocurrent
density increase based on light absorption only (0.22 mA/cm?,
Figure 4c, red triangle). This again confirms that transferring
BiVO, onto textured PDMS improves both light absorption
and charge-transfer efficiency.

Finally, the PEC performance of our ultrathin BiVO, films
was compared to those of pristine BiVO, photoanodes reported
in the literature,”>”*'~>»**7* a5 shown in Figure 7. For
pristine BiVO, photoanodes, the optimal thickness is between
200 and 500 nm without light trapping.”**® Our control sample
of BiVO,/SnO,/FTO has low photocurrent density, similar to
others. However, the textured ultrathin BiVO,/SnO,/Au film
on patterned PDMS substrates has a photocurrent density
higher than that of all the other pristine BiVO, photoanodes
within the optimal thickness range. Pristine BiVO, photoanode
is known to have poor stability. We also tested the stability of
our BiVO,/Sn0O,/Au photoanode on patterned PDMS
substrates at 1.23 Vpyp under standard AM 1.5G 1 sun
illumination condition, which also shows degrading behavior
with time (Figure S6).

In conclusion, we demonstrated that fabricating light-
absorbers on textured substrates is another effective approach
for optimizing their PEC performance. To enable the use of
diverse textured substrates, we developed a modified water-
assisted transferring printing method by using Au as a
separation layer and successfully applied this method to
integrate thin BiVO, film onto patterned PDMS substrates.
The combination of Au addition with surface texture enables
the application of both resonant light trapping and light
retrapping to increase the light absorption. Such combination
also reduces the charge-transfer resistance across various
interfaces. As a result, the photocurrent density of the 80 nm
pristine BiVO, film is increased by about four times, reaching
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next to the figure.

1.37 mA/cm?* at 1.23 Vi, and it is further improved to 1.99
mA/cm® at 1.23 Vypyyp by adding FeOOH OEC. The PEC
performance of our ultrathin pristine BiVO, photoanode is
comparable and better than most of the pristine BiVO, films in
the literature. Our ultrathin BiVO, photoanode can be further
enhanced by designing substrate patterns with more effective
light-trapping schemes and introducing doping to improve
charge transport efficiency. We believe that our transfer
printing method will facilitate the integration of photo-
electrodes and even other thin-film devices (e.g., solar cells,
and electronics) with diverse textured rigid or flexible substrates
for enhanced performance and broader applications.
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