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Table S1. Summary of the performance of color-recognizable single cell photodetectors. Our
work shows a fast photovoltage-based response and recovery without external bias or impedance
analysis. (ref. 4 is not self-powdered photodtector, and requires an impedance analyzer to obtain

wavelength-dependent signals)

Photoactive Color recognition Sensing Response Recovery Ref.
material mechanism color region time time
TiO2/ASIS WDPE ? UV to green 2-5s 10s 1
TiO2/ASIS RWDPE » UV to green 10-20s 7s 2
Perovskite Difference of light Blue to red 0.57-3.92s 10s 3
penetration depth ©)
Perovskite Ton and charge Blue to red 21.3ms ¥ -© 4
migration
Graphdiyne/ Charge carrier Blue to red Is Few seconds 5
WSe, trapping (<10s)
Perovskite Difference of light UV to green - - 6
penetration depth
TiO2/ASIS WDPE UV to green 150 ms 3.12s This
work

a) Wavelength-dependent photovoltaic effect (WDPE) is proposed to be related to the TiO»
photocatalytic effect under UV irradiation.

b) Reversed-WDPE is proposed to be related to carrier trapping under visible light and
detrapping by UV.

¢) Response time is dependent on irradiation wavelength (400 nm: 1.75 s, 500 nm: 0.57 s, 650
nm: 3.92 s).

d) An impedance analyzer is required to obtain wavelength-dependent signal.

e) Hyphen (-) means that there is no description of response/recovery time in the paper.



Note S1. The thickness of the adsorbed H,O on glass substrate/TiO, was estimated by analyzing
the variation in the O Ka fluorescence intensity. The total O Ka intensity at 550 eV, which is non-
resonant region, increased by 4.27% relative to the dry state in Figures S3c,d. This increase is
attributed to the fact that the contribution of fluorescence generated from the water layer itself
exceeds the attenuation of the signal from the underlying glass substrate/TiO, caused by the water
overlayer. To quantify the water layer thickness (dy, ), we simply employed a three-layer model
consisting of the water overlayer (Layer 2), the mp-TiO; film (Layer 1), and the glass substrate
(Layer 0). The theoretical fluorescence intensity I; from a layer i with thickness d; can be
expressed by integrating the X-ray production and attenuation over the depth z:
d;

I; = ; Q; - exp(—u;z)dz
where Q; represents the effective oxygen fluorescence production factor proportional to the
oxygen density and the absorption cross-section at the incident energy (550 eV). p; represents
the effective linear attenuation coefficient considering the experimental geometry, defined as:

Hijinc Hi fluo

(sin Oin * sin 90ut)

Hi = pi

Here, p; is the effective density of the layer. u;i,. and p; gy, denote the mass attenuation
coefficients for the incident (550 eV) and fluorescent (525 eV) X-rays, respectively. 8;, (90°)
and 0,,; (45°) are the incident and take-off angles. The integrated intensities for the water layer

((In,0), the mp-TiO, layer (Ir;p, ), and the glass substrate (I5;qss sup) are derived as:

deO
Iy,o0 = f Qn,0 " eXp(_#;IZOZ)dZ
0
drio,
Iti0, = eXP(—#Hzo : deo) ) f Qrio, eXp(—#Tiozz)dZ
0

Iglass sub = exp(_ﬂ;lzo ' dHZO) ' exp(_ﬂ;‘ioz ' dTiOZ) ' f leass sub ’ exp(_.u;lass subz)dz
0

Here, the parameters used for the calculation are listed in Tables S2 and S3. By fitting the total
calculated intensity (Itorar = In,0 + Itio, + lgiass sup) to the experimental intensity ratio, the

thickness of the water layer was calculated to be 10.0-12.4 nm.



Table S2. Density, thickness, and porosity of each layer used for the calculation.
PCPDTBT  SbSI:Sb,S; HO mp-TiO,  Glass substrate
(Layer 4) (Layer 3) (Layer 2) (Layer 1) (Layer 0)

Density (gem™)  1.5+0.17 4.6+0.2 1.0 4.26 2.6
Thickness (nm) 35+ 10 40+ 10 - 153 £30 00
Porosity (%) 0 50+£10 0 57° 0

a) Porosity was experimentally obtained from the mass of mp-TiO layer (0.10 + 0.02 mg),
thickness (153 + 30 nm), and substrate size (4 x 0.9 cm?).

Table S3. Mass attenuation coefficient of each element from the X-ray interaction database.®]

Mass attenuation coefficient (cm? g')

Element
Incident X-ray at 550 eV Fluorescent X-ray at 525 eV
H 49.18 57.29
C 10763 12106
N 15558 17327
0) 20708 1199
Si 7851 8823
S 11688 13002
Ti 20011 22125
Sb 24024 3416

I 3679 3973
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Figure S1. The wavelength dependent behavior of an SbSI:Sb,S; photovoltaic (PV) device
reported by our previous papers.!!?l Wavelength-dependence of a) JV characteristics and b) time-
dependent photovoltage (TDPV) decay. For TDPV measurement, the light intensity was
modulated to output the close value of photocurrent. The corresponding short circuit photocurrent
density (Jpho, unit: mA cm?) and the irradiated photon density (PD, unit: photons cm ™ s!) are
displayed in the graph. ¢) Transient photovoltage decay and d) extracted charge with different
delay time obtained by charge extraction by linearly increasing voltage (CELIV) measurement.
For this measurement, continuous UV or visible light was irradiated for 30 s, followed by a rapid
integration (~5 s) under 532 nm pulse laser irradiation to obtain TPV or CELIV decay. e) The
schematic image of operando electron spin resonance (ESR) measurement and f) the obtained

ESR signals. Figures a-d and e-f are extracted from ref S1, S2, respectively.
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Figure S2. a) A schematic illustration of sample setting with the designed measurement cell and
a picture of the measurement cell and connections. b) The schematic illustration of the detailed

structure of the cell. “SDD” means silicon drift detector.
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Figure S3. O K-edge XAS spectra and the corresponding difference spectra ratio of a,b) a glass
substrate, ¢,d) TiO,, e,f) ASIS, g,h) HTM, and i,j) TiO-/ASIS/HTM. The difference spectra ratio
(31, 62 and 33) are calculated by (S2 — S1)/S», (S3 — S2)/S» and (S3 — S1)/S,. Water adsorption onto
bare glass was negligible (Figure S3a). It should be noted that normal glass substrates were used

for a-g, while a quartz substrate was used for i. This is the reason for wider background spectra
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of a-h (533-550 eV) compared to that of i (536550 eV).
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Figure S4. a) O K-edge XAS spectra of a tri-layer obtained by repeated measurement under high

humidity, and b) the corresponding difference spectrum. The hydrophilization effect was

observed when XAS measurements were repeated under high humidity.
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Figure S5. a) O K-edge XAS spectra of an ASIS single layer obtained under controlled humidity,

b) the corresponding difference spectra ratio (81, 92, 93), and c¢) the corrected difference spectra

ratio (8”) are calculated by &: — 83/2 (= 1 — (Si1 + S3)/2S»). In &’ spectra, the hydrophilization effect

is corrected by linear interpolation.
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Figure S6. The difference XAS spectra ratio without correction (8:) of mono-layer films and a

tri-layer film. The peaks attributed to gas and liquid-like H,O are marked with blue and red dots,

respectively. The pre-edge 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.
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Figure S7. a) Ti Ls-edge XAS spectra of the TiO»/ASIS/HTM tri-layer film obtained under
controlled humidity. The spectra were normalized to the peak top intensity. b) Sb M-edge XAS
spectra of the TiO»/ASIS/HTM tri-layer film. The positions of the Sb Ms and M4 peaks were

extracted from the data reported by Ye et al.”)
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Figure S8. An illustration of the device structure used in this study and a normalized external

quantum efficiency (EQE) spectrum corresponding to the spectra exhibited in Figure 3.
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Figure S9. a) The photoabsorption spectrum and b) the corresponding Urbach tail analysis of a
compact-TiO»/mp-TiO; film. The Urbach energy (Eu) was calculated as 650-680 meV.
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Figure S11. Time-dependent photocurrent (TDPC) decay of the devices a) without and b-e) with
hydrophilic layer. The irradiated photon density (PD, unit: photons cm 2 s™!) are displayed in the
graph. The relatively low photo-current density of PVA- and PSS-included devices are due to
insulating property of PVA and PSS.
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Figure S12. Periodic response of control, PVA- and PSS-incorporated devices upon 0.2s UV

irradiation.
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Figure S13. a, ¢) Photovoltage change (AV) and b, d) photovoltage change ratio (AV/V) upon

simultaneous irradiation of different color light with varied intensities. AV and Vy are voltage decrease

upon short 375 nm irradiation (0.5+0.1 s) and base photovoltage under constant 530 nm irradiation,

respectively. The background color is a fitting by radial basis function (RBF) interpolation.
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