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ABSTRACT

Color-sensitive photodetectors are at the forefront of next-generation light- and image-sensing research. In this context, a
photovoltaic device employing SbSI:Sb,S; and TiO, as the visible light absorber and electron transport material, respectively,
exhibits a unique wavelength-dependent photovoltage effect and its reversible output in response to changing humidity levels.
However, the specific functions of the individual layers of the device and their interaction with water remain largely unknown. In
this study, we perform in situ X-ray absorption spectroscopy (XAS) of thin films under humidity-controlled conditions to reveal
the interaction between water and the photovoltaic layers. The oxygen K-edge XAS data reveal the adsorption of water molecules
onto TiO,. Ultraviolet (UV) irradiation of TiO, can trigger photochemical reactions of the adsorbed water at the interface, which
is considered to contribute to changes in the photovoltage. Based on this finding, we introduce hydrophilic layers between TiO,
and SbSI:Sb,S; to promote the accumulation of water in the devices, which successfully enhance both the wavelength sensitivity
and response speed. Finally, we demonstrate color recognition with various irradiation intensities, thereby broadening the scope

and applications of unique wavelength-responsive single-cell photovoltaics.

1 | Introduction

Photodetectors are essential components of information technol-
ogy that enable diverse optical applications, such as light sensing,
image capture, and optical communications [1-3]. A critical
requirement for next-generation photodetectors is responsiveness
across multiple wavelengths. Photodetectors and photovoltaic
(PV) devices typically exhibit a linear increase in the short-

circuit current density (Jgc) with incident light intensity (Py,),
whereas the open-circuit voltage (V) increases marginally with
the logarithmic value of P;,, as described by Shockley’s diode
equation [4, 5]. Besides, the PV output is generally independent
of the irradiation wavelength if the photon energy is greater than
the bandgap energy of the photoactive layer. Thus, the wavelength
of the irradiated light can be distinguished using color filters
(e.g., red, green, blue (RGB)) or spatial separation through prisms.
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In 2022, we reported the unprecedented filter-less wavelength
dependence of the photovoltage in a single cell composed of
an antimony sulfiodide and sulfide (SbSI:Sb,S;, named ASIS)
photoactive layer [6, 7]. The device structure was fluorine-
doped tin oxide (FTO)/TiO,/ASIS/PCPDTBT/Au [PCPDTBT:
poly(cyclopentadithiophene-benzothiadiazole)], which exhibited
low and high photovoltages under ultraviolet (UV) and visible-
light irradiation, respectively (Figure Sla,b). Interestingly, this
wavelength-dependent photovoltaic effect (WDPE) is enhanced
under high-humidity conditions. Although SbSI and Sb,S; have
received significant attention in the areas of PV [8-11] ferroelectric
materials and sensors [12-14] and photocatalysts [15, 16], their
WDPE behavior remains largely unexplored.

Recently, remarkable progress has been made in the development
of multicolor-sensitive photodetectors. Two types of devices exist:
dual-band photodetectors and color-selective photodetectors. The
former is constructed from two different photoactive materials
with different bandgaps that exhibit responses in two distinct
wavelength regions (450-500 and 650-800 nm) [17-19]. However,
they are unable to discern the irradiated wavelength without a
filter. In contrast, color-selective photodetectors exhibit dynamic
tunability of color detection [20-23]. For instance, Lan et al.
invented an organic photodetector that selectively detects 400-
500 or 520-620 nm light under positive and negative biases,
respectively [21]. They also demonstrated a 2D image-capturing
device. Min et al. reported the wavelength-specific photocurrent
transient of a perovskite photodetector [24], which showed charge
carrier dynamics partly similar to those of our WDPE. Notably,
their single-junction self-powered photodetector successfully rec-
ognized a wide range of colors (350-750 nm) in the photocurrent
waveform. Color-selective detection is advantageous for enhanc-
ing spatial resolution and reducing the size of imaging devices.
However, color detection based on the output voltage using a
single-junction cell has only been achieved within our WDPE
framework. This characteristic allows for the simultaneous detec-
tion of light intensity and wavelength from the output current and
voltage, respectively.

A significant challenge associated with the WDPE phenomenon
is understanding its mechanism. Szaniawski et al. reported
wavelength-dependent photovoltages in Cu(In,Ga)Se, PVs in
which the breakdown voltage temporarily decreased upon UV
irradiation [23]. These phenomena were attributed to the differ-
ences in the penetration depths of UV and visible light. However,
we observed that WDPE remained unaffected by the direction of
irradiation, whether from the bottom or top, suggesting that the
light penetration depth was not the origin of the WDPE. There-
fore, WDPE likely originates from more complex photochemical
reactions involving charge carriers, water (or polar solvent)
molecules, and the materials that compose the device. Through
various evaluations, we elucidated three key properties: (i) WDPE
behavior depends significantly on the selection of the electron
transport material (ETM) and hole transport material (HTM). In
particular, a device containing TiO, (ETM) exhibited particularly
enhanced WDPE. (ii) Strong WDPE behavior occurs under high-
humidity conditions. (iii) WDPE is likely related to the generation
of trap sites induced by UV irradiation. Property (i) suggests that
the interfaces between these materials and the active layer play a
crucial role. Both transient photovoltage (TPV) [25] and charge
extraction by linearly increasing the voltage (CELIV) [26, 27]

exhibited accelerated recombination under UV irradiation. TPV
measurement results indicate that the lifetime decreased from
31.5 to 14.9 ms upon UV irradiation, and a comparable decay in
lifetime was also observed in CELIV measurement (Figure Slc,d).
Electron spin resonance (ESR) measurements under visible-light
irradiation [28, 29] exhibited reduced hole densities in the HTM
upon additional UV irradiation (Figure Sle,f). This contrasts
with the behavior of conventional PV devices, providing direct
evidence of accelerated recombination and/or trapping rather
than an increase in hole density upon UV irradiation.

Despite these findings, the layers that play specific roles in the
WDPE remain unclear. Various measurements of PV devices,
including current density-voltage (J-V) scanning, TPV, CELLV,
and impedance spectroscopy, inherently comprise contributions
from multiple layers, making it challenging to isolate the role
of each layer. Although ESR clearly detected a signal attributed
to holes in the organic HTM, no signals from other inorganic
layers, such as TiO, and ASIS, were observed. To assess the
presence of low-density water molecules at the interface and
study photochemical reactions under light exposure, we must
utilize an advanced spectroscopic technique with intense X-rays
from a synchrotron facility.

In this study, we performed in situ X-ray absorption spectroscopy
(XAS) to determine the location of trapped water molecules in
the FTO/TiO,/ASIS/PCPDTBT/Au device. A specially designed
ambient-pressure cell was used to enable humidity-controlled
measurements of the film samples. The intensity of the oxygen
(O) K-edge XAS spectra increased under high-humidity condi-
tions. This suggests that water molecules can easily penetrate
the device structures and adsorb onto TiO, surfaces. The water
molecules adsorbed on the TiO, layer were correlated with a
dramatic change in V. under UV irradiation. Subsequently,
photocatalytic reactions are induced on TiO,, which may produce
ionic species such as H* and OH~, working as temporal trap sites.
Based on these results, hydrophilic polymers were introduced
into the device to improve the sensitivity and response speed
of the wavelength-dependent photovoltage. Polystyrene sulfonic
acid significantly improved the response speed. Among repre-
sentative self-powered color-sensitive photodetectors, our device
exhibited the fastest response to photovoltage-based wavelength
recognition (Table SI). These findings are expected to pave
the way for improving the multicolor sensing ability of WDPE
devices.

2 | Results and Discussion
2.1 | Mechanism of WDPE

2.1.1 | Analysis of Water Penetration Behavior via In
Situ XAS

Four thin-film samples with different stacking structures on
glass substrates were prepared for O K-edge XAS measurements:
single layers of TiO,, ASIS, and PCPDTBT, and a triple layer of
TiO,/ASIS/PCPDTBT. The measurement setup of the in situ XAS
is shown in Figure S2. Water adsorption was evaluated based
on the change in the X-ray absorption intensity at the O K-edge
(520-550 eV). The obtained O K-edge XAS spectra of the glass
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FIGURE 1 | (a)O K-edge XAS spectra of a triple layer measured under controlled humidity. (b) Corrected difference XAS spectra ratios (8") of single
layers and a triple layer. The correction procedure is shown in Figure S5. The peaks attributed to H,O gas and liquid-like H,O are marked with blue and
red dots, respectively. The pre-edge peak attributed to H,O-TiO, interaction is marked with red circles. The spectra of SbSI, HTM, and a tri-layer are

shifted along the vertical axis for easier comparison. (c) Schematic of water molecule penetration and adsorption onto the layered samples. The SEM
image of ASIS on TiO, is appended, which is taken from our previous report [6].

substrate, TiO,, ASIS, HTM single layers, and TiO,/ASIS/HTM
triple layer are shown in Figure S3 and Figure la. The broad,
intense absorption at 535-550 eV in these samples was attributed
to the oxygen in the TiO, and glass (SiO,) substrates [30, 31] along
with trivial contributions from water. Sharp peaks appeared at
531.0 and 533.5 eV in the TiO, single layer and TiO,/ASIS/HTM
triple layer (Figure S3c; Figure 1a), which are attributed to the
oxygen in TiO, [32]. The measurement for each sample was
performed in the order of first: dry (S,), second: wet (S,), and
third: dry (S;) (where S denotes the XAS spectrum). A slight but
distinct increase and then decrease in intensity was observed in
the 535-550 eV region in response to the humidity value (wet: 70%
RH and dry: 0% RH). This change is attributed to the adsorption
and desorption of water. To compensate for the large background
coming from the glass substrate and layer components, we
calculated the difference spectra ratios (§). Owing to the X-
ray-induced hydrophilization (Figure S4) [33], S, and S; were
not the same. Consequently, the hydrophilization effect was
compensated for as much as possible by linear interpolation, as
shown in Figure S5.

Figure 1b shows the corrected difference spectra ratios (8°) of
single- and triple-layer samples. The difference spectra ratios
without correction are shown in Figure S6 as a reference. The

peaks of H,O gas and liquid-like H,O are marked by blue and
red dots, respectively, and the broad difference spectrum with
small sharp peaks at 534, 536, and 537 eV is attributed to a
mixture of liquid and gaseous water [32, 34]. Water gas is derived
from humidified gas flowing through the space between the
SiC membrane and film (a few microns). Our observations are
consistent with those of Nordlund et al., who reported that water
adsorbed onto a metal catalyst exhibits O K-edge XAS spectra
similar to those of ice and liquid water [35]. Notably, the TiO, and
TiO,/ASIS/HTM films exhibited a pre-edge at 530.5 eV marked
by red circles. A similar extra peak was also observed in H,O-
adsorbed TiO,, as described in a previous report [36], suggesting
the adsorption of H,O onto TiO, [37, 38]. The triple-layer film
also exhibited an enhanced broad signal at 538-543 eV, which is
specific to solid H,0. Assuming a simple SiO,/TiO,/H,0 triple-
layer model and calculating the integral intensity ratio at 550 eV
in the glass/TiO, spectra (Note S1 and Tables S2 and S3), the
thickness of the adsorbed water was estimated to be 10.0-12.4 nm.
Because the ASIS layer is considerably thin (around 40 nm) and
has a mesoporous morphology (Figure 1c), water molecules seem
to penetrate it easily. A possible concern when comparing the bare
TiO, and the fully layered sample is the signal attenuation caused
by the overlayers. However, the HTM (PCPDTBT) and ASIS
layers do not contribute to the O Ka fluorescence intensity but
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function purely as attenuation filters because they do not contain
oxygen. Comparing a 3-layer (glass/TiO,/H,0) and a 5-layer
(glass/TiO,/H,0/ASIS/HTM) model (Tables S2 and S3) reveals
that although the absolute spectral intensity and the intensity
difference decrease by 18-38% considering the error margin, &
remain unchanged. However, & of the TiO, and TiO,/ASIS/HTM
films exhibit distinct profiles. This difference suggests that the
ASIS layer may affect the wettability of TiO,, which plays
an important role in the WDPE response time, as discussed
below.

Given that WDPE is most pronounced in TiO,/ASIS/HTM
devices and depends significantly on humidity, the interaction
between TiO, and water is considered essential to the WDPE
mechanism. To further probe the interfacial reactions, we also
performed the Ti L;-edge XAS on the TiO,/ASIS/HTM tri-
layer film under controlled humidity (Figure S7a). Characteristic
changes were observed in the Ti L;-edge XAS spectra after
humidification, such a spectral change in the pre-edge region,
together with a 0.1 eV shift of the peak at 457.9 eV toward
lower photon energy. Notably, these changes are consistent with a
previous report where TiO, nanoparticles in aqueous dispersion
and under dry conditions were compared [39]. This result also
supports the possibility of H,0O penetration into the stacked
structure and its interaction with TiO,. Sb M-edge XAS was also
performed; although the fluorescence line of the Sb M-edge is
approximately 100 eV lower than that of the O K-edge, the limited
energy resolution (100 eV) of the SDD detector causes the weak
Sb M-edge emission to be obscured by the overlapping tail of the
intense O K-edge emission (Figure S7b).

2.1.2 | Role of the TiO, Layer on WDPE

To validate the importance of TiO, in WDPE, we studied the spec-
tral responses of our devices. Figure 2a shows the wavelength-
dependent Jg. and Vi at 50% RH. The device structure and
corresponding external quantum efficiency (EQE) spectra are
shown in Figure S8. Importantly, the change in V. (AV) between
the initial (0 s) and delayed (20 s) values was observed in the
short wavelength region (<400 nm) (Figure 2b). This region cor-
responds to the bandgap energy of TiO, (Figure S9a), suggesting
that TiO, is mainly responsible for the decrease in photovoltage.
Under UV irradiation, the adsorbed H,O may split into H* or
OH™, which are considered to be trapped at the ASIS/HTM
and/or TiO,/ASIS interface and serve as metastable electron/hole
trap sites (Figure 2c). These ionic species are considered to
gradually recombine and disappear, resulting in reversible device
characteristics. We previously reported that the photovoltage
response changed sublinearly with the irradiation wavelength
(340-530 nm) [6]. Light with energy lower than the TiO, bandgap
also induces a photovoltage drop to some extent. Consider-
ing the large Urbach energy of the TiO, film (650-680 meV)
(Figure S9b), photoabsorption by the midgap states of TiO, can
also induce a decrease in photovoltage.

To examine the necessity of the HTM and photoactive layer
(ASIS), configurations of devices with control, devices without
HTM, and devices without ASIS were also evaluated at 50%
RH. Figure 3a shows the J-V curves of the HTM-less and
ASIS-less devices. Despite the much lower power conversion

efficiency than that of the control device, the HTM-less and ASIS-
less devices exhibited diode behaviors. Importantly, the HTM-
and ASIS-less devices also exhibited WDPE in time-dependent
photovoltage (TDPV) (Figure 3b,c). In addition, we previously
reported that WDPE was not observed in devices in which TiO,
was replaced with SnO, or CdS as ETMs [6]. These results support
the importance of the TiO, layer in WDPE. Notably, devices with
different active layers, such as Pb perovskite and Ag,Bi, L5, have
never exhibited WDPE [6]. This is probably due to the dense
film formation and/or the specific interfacial interaction with
TiO,, which hinder the interfacial photocatalytic reaction. In
contrast, ASIS layer is advantageous for WDPE property because
of its porous characteristics and the efficient carrier transport
property. The porous morphology facilitates H,O penetration. In
addition, ASIS has efficient carrier transport property with the
high EQE value (~60%) [40], which facilitates observing the effect
of increased trap-site.

We previously reported the influence of UV irradiation on
carrier dynamics using transient photovoltage (TPV) and charge-
extraction by linearly increasing voltage (CELIV) [6], and demon-
strated that it results in the accelerated TPV transient (Figure
S1c). However, the change in trap density has not been quantified.
Herein, space-charge limited current (SCLC) measurement was
performed with and without UV irradiation (Figure S10). Before
and after a temporal UV irradiation (30 s), SCLC was immediately
measured. The result exhibited an increase in trap density from
1.32 X 10" to 1.53 x 1077 cm™3, suggesting the generation of defect
state upon UV irradiation.

2.2 | Improvement of Color-Sensing
Characteristics

Inspired by the results showing that water can penetrate a device
and adhere to the ASIS and/or TiO, layers, we introduced a thin
hydrophilic polymer layer at the TiO,/ASIS or ASIS/HTM inter-
face to promote water penetration and adsorption and enhance
the photochemical reaction of TiO,. PSS (polystyrene sulfonic
acid) and poly(vinyl alcohol) (PVA) were used as the hydrophilic
polymers. Notably, the introduction of the polymers resulted in a
dramatic improvement in the wavelength-photovoltage response
(Figure 4a-e). The corresponding photocurrent decays are dis-
played in Figure S11. The reduced photocurrent is attributed to
the introduction of an insulating layer such as PVA and PSS. The
response time was calculated using a double exponential fitting of
the TDPV curve obtained under UV irradiation. In particular, the
introduction of the PSS layer dramatically improved the response
speed to 150-390 ms (Figure 4f) compared to a few seconds
(2-4 s) of the control (no interlayer) device. This rapid response is
beneficial in sensing applications.

We further investigated the time-dependent photovoltage
response under periodic UV pulse irradiation and continuous
visible light irradiation. In the control device (Figure 4g), the
additional rectangular UV irradiation (0.5 s) initially induced a
rapid increase in the photovoltage owing to the increase in total
photon density. This effect was clearly observed in the periodic
response without irradiation of the 515 nm continuous light
(Figure S12). Subsequently, a rapid decrease in photovoltage
(= WDPE) of AV = 35 + 2.2 mV was observed. The recovery
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FIGURE 2 | (a)Spectrum-dependent photovoltage and responsivity. The retention time for each wavelength was set to 20 s. The blue and orange
lines represent the photovoltage at the beginning and end of each step. (b) Spectrum-dependence of the change in photovoltage (AV) during the retention
time. The bandgap energy of TiO, calculated from its photoabsorption spectrum is 3.02 eV (Figure S9). (c) The suggested mechanism of WDPE based
on the data shown in Figures 1 and 2a,b.
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lights in (c).

time (7g..) after switching off the UV light was calculated to be
14.1 s using double exponential analysis. The good repeatability
of the photovoltage response is also notable. Surprisingly, the
periodic response of the PVA- and PSS-incorporated devices
exhibited not only improved AV of 45 + 2.0 and 63 + 3.6 mV,
respectively, but also shortened .. values of 11.6 and 3.12 s,
respectively (Figure 4h,i and Table 1). Thus, the introduction
of hydrophilic polymers improves the UV sensitivity and
response/recovery speed, which is highly preferred for sensing
applications. Furthermore, among representative self-powered
photodetectors, our device exhibited a considerably faster
response and restoration time for wavelength recognition (Table
SD).

We further demonstrated its color-sensing performance
(Figure 5). Upon irradiation with 375 and 530 nm lights at different
intensities, the voltage change (AV/V,) showed a distinct trend
depending on the light intensity ratio. At a high 375 nm intensity
(I;5) and low 530 nm intensity (Is;,) corresponding to the left
top part in the figure, AV/V, became significantly negative. In
contrast, low I;s and high I, irradiation, corresponding to the
bottom right, resulted in a decreased change. Additionally, the
total light intensity (or photon density) can be determined from
the short-circuit current, as confirmed in our previous study [6].
Thus, our single-junction photodetector detects both the light
intensity and color composition without a filter.

3 | Conclusion

We performed in situ XAS measurements under humidity-
controlled conditions to reveal the water penetration behavior
of PV devices. Adsorption of H,O onto TiO, was observed in
the O K-edge XAS spectra. By comparing the layered samples,
the H,O molecules were found to penetrate the devices and
adsorb onto the mesoscopic TiO,/ASIS composites. Accordingly,
a photochemical reaction between the adsorbed water and charge
carriers in TiO, was considered to have occurred. The possi-
bly generated reactive species such as H or/and OH~ were
trapped at the ASIS/HTM and/or TiO,/ASIS interfaces, serving
as metastable charge traps. Based on these results, a hydrophilic

polymer was incorporated into the device structure to enhance
water permeation and retention. The response speed of the device
with a PSS layer (tyy = 150 ms) was improved by one order
of magnitude. Surprisingly, the PSS-incorporated device also
exhibited an improved color sensitivity (AV) and recovery speed
(Trec = 3.12 ). These rapid responses are advantageous for sensing
applications. Notably, our single-junction photodetector detected
both the light intensity and color composition without a filter.
Our work offers new insights into the mechanism of the WDPE
and strategies for enhancing the wavelength responsiveness of
single-junction multicolor sensing devices.

4 | Experimental Section
4.1 | SbSI:Sb,S; (ASIS) Film Preparation

SbSI:Sb,S; films were prepared according to our previous report
[6, 40]. First, 0.22 M Sbl; and 0.18 M Sb(EtXa); were dissolved
in dimethyl sulfoxide (DMSO). The solution was spin-coated at
2300 rpm for 30 s, followed by thermal annealing at 160°C for
5 min. The solution was spin-coated again, followed by thermal
annealing at 240°C for 10 min. The thermal decomposition of
metal-xanthate salts provides metal sulfides, which is known as
Chugaev elimination [41].

4.2 | Photovoltaic Device Fabrication

An FTO substrate was cleaned with detergent, deionized water,
and isopropyl alcohol. For TiO, deposition, a compact TiO,
layer was deposited onto the FTO/glass via spray pyrolysis
using a solution of titanium diisopropoxide bis(acetylacetonate)
(Sigma Aldrich) in ethanol (1:12 v/v) at 450°C. A 200-nm-thick
mesoporous-TiO, layer was deposited onto the compact TiO,
layer by spin coating (5000 rpm, 30 s) diluted TiO, paste in
ethanol (paste/ethanol = 1:7 w/w), followed by sintering at
500°C for 20 min. The substrates were then transferred to a
N,-filled glove box (O,, H,0 < 0.1 ppm). An SbSI:Sb,S; layer
was deposited using the aforementioned procedure. HTM solu-
tion (10 mg mL~' PCPDTBT in o-dichlorobenzene) was then
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FIGURE 4 | TDPV decays of (a) the control device without interlayer, (b) with PVA at the TiO,/ASIS interface, (c) with PVA at the ASIS/PCPDTBT

interface, (d) with PSS at the TiO,/ASIS interface, and (e) with PSS at the ASIS/PCPDTBT interface at 50% RH. The intensities of the 375 and 515 nm lights
were modulated to yield same photocurrent values, as shown in Figure S11. (f) Response time (zyyy) of the devices with different structures calculated by
using double exponential fitting. Photovoltage response of (g) control, (h) PVA on ASIS, and (i) PSS on ASIS devices under periodic 375 nm UV irradiation
(0.5 + 0.1 s) with constant 515 nm irradiation. The UV irradiation was started after the photovoltage under 515 nm had stabilized. The insets show the

fitting analysis of the recovery time after UV irradiation using double exponential equation.

spin-coated at 2000 rpm and annealed at 100°C for 10 min.
Finally, a 70 nm thick Au electrode was deposited.

4.3 | Hydrophilic Polymer Interlayer
Incorporation

For the devices with PVA or PSS, a thin polymer interlayer was
introduced at the TiO,/ASIS and/or ASIS/HTM interface by spin
coating (2000 rpm, 30 s) the corresponding polymer solution
(PVA: 5 mg mL™ dissolved in DMSO, PSS: 0.5 vol% diluted
with H,0) onto the underlying layer, followed by drying, before

depositing the subsequent layer. A PSS solution was prepared by
diluting an 18 wt% PSS aqueous solution.

4.4 | Measurements

Photoabsorption spectroscopy (PAS) was performed using a
JASCO V-730 spectrometer. Current-voltage curves were mea-
sured using a source meter unit (ADCMT Corp., 6241A) under a
100 mW cm~2 Xe lamp (Asahi Spectra MAX-303). The EQE spec-
tra were measured using a Bunko Keiki SM-250KD instrument
equipped with a Keithley 2401 source meter. The monochromated
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TABLE 1 | Summary of photovoltage and photocurrent response characteristics of TiO,/ASIS/HTM (control), TiO,/ASIS/PVA/HTM, and

TiO,/ASIS/PSS/HTM devices.

Control PVA-incorporated PSS-incorporated
Rys (mAW™)2 125.0 £ 28.1 427+ 0.4 79.5+17.2
oy (5)° 2.56 +1.03 0.95+0.25 0.25+0.13
AV (mV)°© 35+22 45+20 63 +3.6
Tree (8) ¢ 14.1 11.6 3.12

2Responsivity (R = I/P, where I and P represent the photocurrent and light power, respectively) under 515 nm light irradiation.

YUV response time (Figure 4f).
€UV-induced photovoltage change, and
dRecovery time from Figure 4g-i.

-0.032
40 o L -0.064

T
e 35 -0.096
o le) o
2 3 -0.128
é -0.160
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..% Experimental -0.192
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g -0.224
£ 15 -0.256
c
ﬂ 10 -0.288
)

-0.320
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FIGURE 5 | Dependence of voltage change ratio (AV/V,) of a PSS-
incorporated device upon the simultaneous irradiation of lights of
different colors and intensities. AV and V|, are the voltage change upon
short 375 nm irradiation (0.5 + 0.1 s) and base photovoltage under constant
530 nm irradiation, respectively, measured using the procedure described
in Figure 4g-i. The background color is a fitting by radial basis function
(RBF) interpolation. The data of a control device are also shown in Figure
S13.

light power was calibrated using a silicon photovoltaic (PV) cell
(Bunko Keiki model S1337-1010BQ).

4.5 | In Situ XAS Measurements

Soft X-ray absorption measurements were performed under
humid conditions at the BL-2B beamline of the Photon Factory,
KEK (Tsukuba, Japan). The partial fluorescence yield (PFY)
mode using a silicon drift detector (SDD) was employed for the
O K-edge, Ti L;-edge, and Sb M-edge XAS measurements by
integrating the fluorescence lines originating from each edge.
The energy resolution of the SDD detector (Amptek, FAST SDD)
was limited to approximately 100 eV. The film sample with the
size of 5 mm X 5 mm was loaded onto a dedicated gas-flow
measurement cell (see Figure S2). A 150 nm thick SiC membrane
was placed on the film sample. The measurement cell was fixed
onto the measurement window. A humidity sensor, gas inlet,
and gas outlet were connected to the cell to precisely control the
humidity [42-44]. Humid feed gas was allowed to flow through

a small space between the film sample and the SiC membrane.
After the humidity reached the target value, it was maintained
for more than 10 min to promote H,O adsorption and desorption
before starting the measurement. The O K-edge XAS spectra were
normalized only for the incident X-ray intensity (I,) and baseline
removal. The energy axes of the XAS spectra were corrected using
the peak from the TiO, reference [36].

4.6 | TDPV and TDPC Measurements

A PV device was fabricated for TDPV and TDPC. The cathode
and anode of the device were connected to an oscilloscope and
a source meter, respectively. The output voltage of the source
meter was set to ground (0 V). The intensities and the spot sizes
of the 375 and 515 nm continuous wave lasers were modulated
using neutral density (ND) filters and a concave lens (f= 50 mm),
respectively. A 2 mm X 2 mm mask was placed in front of the
device. The termination of the oscilloscope was 1 MQ for the
TDPV measurements and 50 Q for the TDPC measurements. The
control and sample data were obtained at approximately the same
humidity (50% RH) with using a chamber to exclude the effect of
vapor.

4.7 | Statistics

The average and standard deviation (SD) of the photodetection
performances were calculated, and the values were described as
mean =+ SD in the corresponding figure caption or table. The
number of data points for each statistic is also indicated.
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