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Abstract:

Microcavity resonance is an effective technique for making promising semitransparent organic
photovoltaics (ST-OPVs) even more aesthetically attractive with high color saturation, by
tailoring the visible transmittance spectrum to narrow transmission peak. In this study, a
distinctive microcavity resonance color filter (CF) structure of silver/ bismuth(IIl) fluoride
[silver (Ag/BiFs/Ag) is integrated upon the rear transparent electrode, which simultaneously
achieves high color purity and high power conversion efficiency (PCE) for colorful ST-OPVs.
By precisely regulating the thickness of BiF3 layer, we achieve ST-OPVs with a wide color
gamut with high color purity, including the colors of indigo, blue, bluish-green, green, orange,
and red, as well as compound color devices with dual or multiple transmission peaks in visible

region. A recorded PCE of 16.27% is obtained for the indigo ST-OPVs, with the CIE 1931
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coordinates of (0.164, 0.087) and a maximum transmittance of 18.7% at the transmission peak
wavelength of 393 nm. Furthermore, we systematically investigate CF-based ST-OPVs as color
reflectors under different light incident surfaces. The improved stability of CF-based devices is
attributed to the excellent moisture resistance of BiFz. The colorful ST-OPVs with desired
transmitted/reflected colors, and wide color gamut show great potential for future energy

harvesting solutions.

1. Introduction

Organic photovoltaics (OPVs) have attracted significant interest for their exceptional
benefits such as solution processability, flexibility, light weight, and optical semitransparency,
which make them suitable for various potential applications.[*61 Recently, the power conversion
efficiency (PCE) of single junction and tandem OPVs has exceeded 19%,1 and the light
utilization efficiency (LUE) for semitransparent OPVs (ST-OPVs) has also reached 5.35%
through comprehensive optimizations, including ternary strategy, materials screening, and
band-pass transparent electrode.*"]

ST-OPVs have shown great potential in building surfaces, power windows, mobile
terminals, wearable devices, agricultural applications, and other areas. Visual color
transparency and photoelectric functionalities are critical for these important applications. -2l
The device color of ST-OPVs is mainly dictated by the absorption spectra of active layer and
electrode.l”-181 Previous efforts to develop colorful ST-OPVs focused on the assembly of donor
and acceptor materials with tailored optical bandgaps. However, owing to the broad absorption
spectra of organic active layer materials, it is challenging to develop colorful devices by fine-
tuning the combination of bulk-heterojunction. Furthermore, a thin metal layer, such as silver
(Ag) or gold (Au), is commonly used as the rear electrode of ST-OPVs, which limits the
transmittance or reflectance spectrum, resulting in non-selective color.
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Incorporating light manipulation optical structure is a distinct toute and an effective
approach for manufacturing colorful ST-OPVs. Numerous optical structures, such as chromatic
plasmonic polarizers (CPP)I*2  optical spacers®!l, one-dimensional photonic-crystals
(1DPCs)[?5-271 induced transmission filters (ITFs)[2331 and microcavity resonance color filter
(CF)B2%9 have been investigated in OPVs for chromatic devices. For instance, Fatemeh et all?®]
designed a CPP electrode in OPVs by employing a hybrid nanostructure of graphene and
aluminum nano-cross arrays as electrode, in which the transmission color is tuned by
controlling the polarization of the incident light or transmission light. Meriem et al?*! described
the fabrication of Al-doped zinc oxide (AZO) nanocrystals that can modulate the color by
altering the thicknesses of optical spacers and active layer blends. Shen et al?”1 tuned the
position and intensity of the optical Tamm state into ST-OPVs via integrating the electrode of
Ag, an extra additional layer, and 1DPCs. Wang et al®! proposed spectrally selective electrodes
by combining ITF, conductive metal film, anti-reflective coating, and hydrophobic surface,
resulting in narrow optical bandpass ST-OPVs with high PCE and long-term stability.
Compared to the above optical structures, integrating an optical CF into ST-OPV is a very
effective method to obtain various colored devices. Typically, the architecture of CF is metal
layer/optical resonance layer/metal layer, meaning that only two extra layers are required upon

routine ST-OPVs. The resonance mode is determined by the optical resonance condition of the
microcavity**-4. L) = Y n;d; + ﬁ WPy +1y) = m%, where A is the wavelength of the

incident light; n; and d; denote the refractive index and thickness of the layers within the
microcavity, respectively; 1, and 1y, are the reflection shift of the cavity mirrors; and m is a
positive integer. 2L(A)/ A is calculated to obtain the resonance mode of the microcavity. In CF-
based devices, strong microcavity resonance can be achieved, which exploits the resonance
mode to selectively transmit specific wavelengths of light while reflecting the rest into the

active layer. Metal oxidize materials, such as titanium dioxide (TiO>), silicon dioxide (SiO,),
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tungsten trioxide (WQOs3), Indium tin oxide (ITO), molybdenum oxide (M0Os), tellurium oxide
(TeO»), and antimony oxide (Sb203), are widely chosen as the optical resonance layer. During
the sputtering or electron beam evaporation processes for the widely used TiO2, SiO2, WOs3, or
ITO, the involved high temperatures can damage active layer in device, leading to inferior
photovoltaic performance. Therefore, it is crucial to explore the optical resonance layer that
utilizes optical materials with suitable refractive indices and lossless parasitic absorption via
“non-destructive” thermal evaporation or solution processes. Additionally, reflected color and
stability are also essential for the commercial application of colorful ST-OPVs, which have
rarely been addressed in the literature.

In this study, bismuth(III) fluoride (BiFz3) is firstly utilized as the optical resonance layer
to fabricate CF-based colorful ST-OPVs due to its process flexibility through thermal
evaporation, a low melting point of about 719 <T"2, low coefficient of thermal expansion, a
high refractive index of 1.81 at a corresponding wavelength of 550 nm, and excellent
transmittance in the visible and NIR regions with a forbidden bandwidth of approximately 3.94
eV. An inverted device architecture of glass/ ITO/ zinc oxide (ZnO)/ active layer/ molybdenum
trioxide (MoOz)/ Ag (inner)/ BiFs/ Ag (rear) is investigated for colorful ST-OPVs. Considering
the high transmission peak and narrow full width at half maximum (FWHM) of devices, the Ag
thickness on the inner and rear sides is chosen at 30 nm to achieve high color purity. The
transmittance spectra of CF-based ST-OPVs are calculated using the transfer matrix method
(TMM) to regulate the thickness of BiFs layer. The CF-based ST-OPVs have a single
transmission peak in the visible region when the microcavity resonance mode is first-order.
Dual or multiple transmission peaks can be controlled by the increase of resonance modes. The
high-performing active layers, PM6: BTP-eC9 have been used to investigate the potential of
CF-based colorful ST-OPVs. By varying the thickness of the BiFz layer (44, 67, 83, 101, 115,
and 130 nm), ST-OPVs with a wide range of vivid colors were successfully fabricated,
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including indigo, blue, bluish-green, green, orange, and red. A remarkable PCE of 16.27% was
obtained for the indigo ST-OPVs, with a maximum transmittance (Tmax) of 18.7% at a peak
wavelength of 393 nm and the Commission Internationale de |Eclairage (CIE) 1931
coordinates of (0.164,0.087). Other colorful ST-OPVs also exhibited high PCEs approaching
16%, which are retained over 90% compared to that of the opaque device (16.94%). Exploring
the universality of CF structures, three active layer systems with different optical bandgaps,
PTB7-Th: PC:1BM (1.57eV), PM6: Y6 (1.33eV), and PTB7-Th: IEICO-4F (1.29¢V), were
utilized to fabricate RGB (red, green, and blue) ST-OPVs. Transmitted/ reflected color
properties of the corresponding devices were systematically investigated. For individual CF
structure, the reflected color is complementary to the transmitted color. For CF based ST-OPVs,
the reflected color is consistent with the color of the CF structure when light is incident on the
back surface (Ag surface). Whereas, when light is incident on the front surface (glass surface),
the reflected colors of colorful ST-OPVs are affected by the absorption of active layer due to
multilayer film interference effect. Furthermore, the BiFs layer has strong moisture resistance
and can be employed as a buffer layer for device encapsulation. Compared with ST-OPV
without CF, the CF-based ST-OPV exhibited improved long-term and light soaking stability.
Our results indicate the simplicity and effectiveness of BiFs-based CF structures for
constructing high-performing, colorful ST-OPVs, which have significant potential for building-
integrated photovoltaics (BIPVs) integration and diversified approaches to the future of energy

harvesting.

2. Results and Discussion

2.1. Design and Fabrication of CF Electrodes
A distinctive microcavity resonance CF structure of Ag (inner)/ BiFs/ Ag (rear) was

investigated in this study to obtain color properties by tuning the thickness of BiFs layer. The
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transmission peak and FWHM of the CF structure are strongly correlated with the thickness of
the Ag layer. Considering the inner Ag layer as part of the CF structure and also as the electrode
of the ST-OPVs device, the electrode needs a thickness of over 10 nm to ensure conductive
properties.[**l The TMM method™3%%! was used to simulate the transmittance curves of CF
structures of glass/ Ag (10, 20, 30, and 40 nm)/ BiFs/ Ag (30 nm), as shown in Figure S1 and
Figure S2, Supporting Information. The thickness of BiFs was set to 80 nm for simplified
calculations. Comparing these CF structures, the symmetrical Ag-Ag microcavity exhibited a
higher intensity resonance effect with a high transmission peak of 46.9% at 494 nm and a
narrowv FWHM of 51.9 nm when 30 nm Ag was selected as the inner electrode in Table S1,
Supporting Information. Meanwhile, the transmittance spectrum distribution of glass/ Ag (0-50
nm)/ BiF3z (80 nm)/ Ag (0-50 nm) CF structures are simulated in the case of symmetrical Ag-
Ag thickness in Figure 1a. We further gathered the simulated data of the glass/ Ag (10, 20, 30,
40, and 50 nm)/ BiFs (80 nm)/ Ag (10, 20, 30, 40, and 50 nm) CF structures in Figure S3 and
Table S2. As the thickness of the inner and rear Ag increases, the transmittance spectrum
distribution exhibits a narrower FWHM, along with a lower transmission peak. Considering the
trade-off between transmission peaks and FWHM, the 30-nm Ag thicknesses of the inner and

the rear were preferential.
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Figure 1. The simulated transmittance spectra of (a) glass/ Ag (0~50 nm)/ BiFs (80 nm)/ Ag
(0~50 nm) and (b) glass/ Ag (30 nm)/ BiF3(0~1000 nm)/ Ag (30 nm) CF structures. (c) The
simulated (dashed lines) and experimental (solid lines) transmittance spectra of glass/ Ag (30
nm)/ BiFs (44, 67, 83, 101, 115, and 130 nm)/ Ag (30 nm) CF structures. (d) Digital images of
indigo, blue, bluish-green, green, orange, and red CFs using one sunlight (solar simulator)
illuminated through a white paper on the CFs.

The relationship between the BiFz thickness of the microcavity resonance and the
transmittance spectrum distribution was further explored to optimize the CFs with symmetrical
30-nm Ag layers as shown in Figure 1b. The resonance modest®® are obtained when the BiF3
thickness is varied from 0 to 1000 nm. By tuning the BiF3 thickness, the transmission peak can
span the broad visibile region from 380 to 780 nm. In the first-order resonance mode (BiF3
thickness ranging from 0 to 150 nm), the red-shift peak appears as the thickness of BiF3
increases. In the second-order resonance mode (BiFs thickness ranging from 150 to 230 nm),
the CF exhibits a higher color purity and narrower FWHM of transmittance spectrum than that

in the first-order resonance mode. For instance, when the transmission peak wavelength is set

at 448 nm, the thickness of BiFs should be set at 65 or 185 nm for first- or second-order,
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respectively, as shown in Figure S4a, Supporting Information. The FWHM values of the first-,
and second-order transmittance spectrum are 65.37 and 30.25 nm, respectively (Table S3,
Supporting Information). The second-order resonance mode can achieve higher blue purity for
ST-OPVs, but the transmission peak is limited to the 380-520 nm range (Figure S4b, Supporting
Information). It is worth noting that mixed colors resulting from dual transmission peaks in
visibile region can be obtained due to the synergistic effect of second-order and third-order
resonance modes, when the BiFs thickness is varied from 230 nm to 320 nm. For instance, the
BiFs optical layer thicknesses were selected at 250, 270, and 290 nm to simulate the
transmittance spectrum. Consequently, dual transmittance peaks of relative CFs appear in the
visibile region as shown in Figure S4c and Table S3, Supporting Information, and the
corresponding color coordinates were depicted in Figure S4d, Supporting Information. As the
resonance mode increases, more transmission peaks and various colorful devices can be
obtained.

Based on the above analysis, colorful CFs within the first-order resonance mode are
fabricated using vacuum deposition techniques. Six colors, namely indigo, blue, bluish-green,
green, orange, and red were selected for manipulation of CFs with the structure of glass/ Ag
(30 nm)/ BiFs (0~150 nm)/ Ag (30 nm). The BiFs thicknesses based on simulation were defined
at 44, 67, 83, 101, 115, and 130 nm, respectively. As shown in Figure 1c, the simulated and
experimental transmittance spectra of the corresponding CFs are matched well. The detailed
optical parameters were summarized in Table S4 and Table S5, Supporting Information,
respectively. The experimental indigo, blue, bluish-green, green, orange, and red CFs exhibit
center of resonance transmission peaks at 393, 446, 492, 551, 594, and 649 nm, respectively,
and almost equal intensity of transmission peaks at about 50%. Among them, the green CF has
the highest average visible transmittance (AVT) of 27.11% due to the overlap of the
transmittance spectrum distribution with the photopic curve of human eye.[*® Figure 1d shows
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the digital photographs of the fabricated CFs (1.5 %<1.5 cm?) illuminated from glass surface
using white paper as the background. The distinct colorful CFs exhibit different color
coordinates (x, y) of (0.1794, 0.1145), (0.1599, 0.1142), (0.1586, 0.3256), (0.3428, 0.5099),
(0.4996, 0.3901), and (0.4985, 0.3165) for indigo, blue, bluish-green, green, orange, and red
devices, respectively. The CIE 1931 chromaticity values of corresponding CFs were depicted
in Figure S5, Supporting Information. In general, in the first-order resonance mode, it is simple

to obtain CFs with high color purity by varying the thickness of BiFs.

2.2. Application of CF electrodes for ST-OPVs

To highlight the potential of CF in ST-OPVs, devices were fabricated with the inverted
configuration of glass/ ITO/ ZnO/ active layers/ MoOs/ Ag (30 nm)/ BiFs (0~150 nm)/ Ag (30
nm) as illustrated in Figure 2a. The high-performing PM6: BTP-eC9"4% system was utilized
as organic active layer (Figure S6 and Figure S7, Supporting Information). For comparison,
opaque devices and normal ST-OPVs were fabricated with solely 150-nm and 30-nm Ag layers,
respectively. CF-based devices were fabricated with BiFs layers of thickness at 44, 67, 83, 101,

115, and 130 nm for indigo, blue, bluish-green, green, orange, and red ST-OPVs, respectively.



WILEY-VCH

o~
(a) (b) £ 0 ’
o —=— 150 nm Ag
< -5 - +— 30 nm Ag
E —a— |ndigo
V_1 0 | —&— Blue
P —»— bluish green
4 e G
BA5F | T Grance
Q —=— Red
T-20}
)
s 2 “ SR
O 25 it
S PM6: BTP-eC9
G-30 - : . :
00 02 04 06 0.8
(C) 40 o ( d) 100 Voltage (V)
-=-160-nm Ag -+ Blue ~ Orange 3 s PM6: BTP-eC9 —= Glass/ ITO/ ZnO/ AL
100} « 30-nm Ag - Bluish green -« Red g X +—30nm Ag
- Indigo « Green 130 — 80 —4— Indigo
< (] —+— Blue
- 80 - E g —— Bluish green
é | B - \; [+ 60 g —e— Green
w 60 [ ) 20 W E +— Orange
0 v ﬁ E —e— Red
w ® ko] & 40+
40} 2 c
{0 &
20} il o] = A &
PM6: BTP-eC9 £ ) ‘ *
0 s L L L L 0 — o o
300 400 500 600 700 800 900 1000 0 400 500 600 700
Wavelength (nm) Wavelength (nm
(e) 520 PM6: BTP-eC9 (f) geh ( ¥

Indigo

49 Blue

m
[ J
A Bluish green|
I & Green
0.6 1 |:3
500 g

Orange
Red

0.4 - 600

620

0.2 1

0.0 -
0.0 0.1

0.2 0.3 o)f(4 05 0.6 07 08
Figure 2. (a) Schematic representation of CF-based ST-OPVs with the inverted configuration
of glass/ ITO/ ZnO (30 nm)/ active layer /MoO3 (8 nm)/ Ag (30 nm)/ BiF3 (0-150 nm)/ Ag (30
nm). (b) Current-voltage (J-V) curves and (c) external quantum efficiency (EQE) curves of 150-
nm Ag OPVs, 30-nm Ag ST-OPVs, and colorful CF-based ST-OPVs. (d) Simulated (dash lines)
and experimental (solid lines plus symbol) transmittance spectra. (e) The CIE 1931
chromaticity of CF-based ST-OPVs according to the experimental transmittance spectra, and
(F) digital camera images of indigo, blue, bluish-green, green, orange, and red CF-based ST-
OPVs with Nanjing University of Science and Technology (NJUST) landmark building as
background.

The current-voltage (J-V) curves and corresponding photovoltaic parameters are summarized
in Figure 2b and Table 1. The opaque device exhibited a PCE of 16.94% with a short circuit

current density (Jsc) of 26.04 mA cm, an open-circuit voltage (Voc) of 0.841 V, and a fill
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factor (FF) of 77.34%.15°1 30-nm Ag ST-OPV exhibited a considerable PCE of 15.52% with a
Jsc of 24.07 mA cm, Voc of 0.839 V, and FF of 76.86%. The slightly lower Jsc of 30-nm Ag

ST-OPV can be attributed to the semitransparent of 30-nm Ag (AVT of 4.03%), resulting in a

relatively lower PCE. CF-based ST-OPVs yielded PCEs of 16.27%, 15.75%, 15.78%, 15.60%,
15.63%, and 15.70% for indigo, blue, bluish-green, green, orange, and red devices, respectively.
To the best of our knowledge, the PCE of 16.27% is the highest PCE value for colorful ST-

OPVs in the literature (Table S6, Supporting Information).

The CF-based ST-OPVs exhibited similar Voc and FF, while the various PCEs were
attributed to the Jsc distribution. Compared to the Jsc of opaque device, CF-based ST-OPVs
exhibited photocurrent losses of 3.70%, 7.38%, 7.16%, 7.92%, 7.47%, and 7.60% for indigo,
blue, bluish-green, green, orange and red ST-OPVs, respectively, which is consistent with the
decreasing trend in PCE. Notably, the green ST-OPV demonstrated a higher AVT and PCE
compared to the bare 30-nm Ag-based one. This result suggests that ST-OPVs can incorporate
the green CF structures to improve the LUE values. To verify these trends, the EQE curves
(Figure 2c) and transmittance spectra (Figure 2d) of corresponding devices were measured.
The trough-shaped EQE curves are corresponded to the same wavelength center as the peak
transmittance of each device. EQE(L), Transmittance(T())), and Reflectance (R(L)) were
measured to minimize experimental errors, and carry out photon balancing checks for each ST-
OPVBI. All T(A) + R()) + EQE()) values of CF-based ST-OPVs are below 1, indicating the
reliability and accuracy of the results (Figure S8, Supporting Information). The Tmax of large
area (1.5 x 1.5 cm?, Figure S9, Supporting Information) indigo, blue, bluish-green, green,
orange, and red ST-OPVs, were 18.70% at 393 nm, 21.00% at 446 nm, 19.60% at 492 nm,
13.80% at 551 nm, 10.80% at 594 nm, and 12.90% at 649 nm, respectively (Table 1). The

integrated Jsc values from EQE curves are 24.41, 23.55, 23.63, 23.44, 23.53, and 23.51 mA
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cm2 for indigo, blue, bluish-green, green, orange, and red ST-OPVs, respectively. The results
are in accordance with the values obtained from J-V measurements. As shown in Figure 2e and
Table 1, various CF-based ST-OPVs with different CIE 1931 coordinates were achieved,
namely indigo (0.164, 0.087), blue (0.152, 0.085), bluish-green (0.138, 0.241), green (0.274,
0.471), orange (0.420, 0.379), and red (0.444, 0.285). And CF-based ST-OPVs exhibited high
transparency and vivid color saturation for the landmark building of NJUST (Figure 2f),
highlighting its potential for BIPVs integration applications (Figure S10, Supporting
Information).

Table 1. Photovoltaic performances and optical parameters of 150-nm Ag OPV, 30-nm Ag,
and CF-based ST-OPVs using PM6: BTP-eC9 as active layer.

Jsc Jsc EQE Voc FF PCE Center of Peak CIE T
Device (mA/cm?)  (mA/cm?) (V) (%) (%) resonance transmittance 1931 (%)
) b> P00 (m) %)  xy
26.04 0.841 77.34 16.94
150-nm  (25.73 + (0.840 (77.01 (16.64 +
A 25.29
g 0.27) +0.01) +0.31) 0.25)
24.07 0.839 76.86 15.52
30-nm Ag (23.81 + 2339 (0.838 (76.45 (15.25 + (é).221142), 403
0.24) +0.01) +0.35) 0.27) '
25.11 0.839 77.24 16.27
Indigo (24.73 = o441 (0.838 (77.02 (15.98 = 393 18.7 (5)01574), 071
0.21) +0.01) +0.20) 0.23) :
24.25 0.840 77.32 15.75
Blue (23.92 = 2355 (0.838 (76.86 (15.41 + 446 210 (5)018552), 165
0.29) +0.02) +0.44) 0.31) :
24.30 0.840 77.29 15.78
BI::;;L]- (23.95 + 2363 (0.838 (76.83 (15.42 + 492 196 ((;)21;318), 423
g 0.32) +0.02) +0.39) 0.32) :
24.13 0.839 77.05 15.60 (0.274
Green  (23.80 + 2344  (0.838 (76.70 (15.30 + 551 138 7y 689
0.31) +0.01) +0.30) 0.28) '
24.23 0.840 76.77 15.63 (0.420
Orange  (23.89 2353  (0.838 (76,54 (15.32 + 594 108 g9 462
0.28) +0.02) +0.21) 0.26) :
24.20 0.840 77.24 15.70 (0.444
Red (23.85 = 23.51 (0.838 (76.88 (15.37 = 649 12.9 0 .285)’ 2.04
0.29) +0.02) +0.31) 0.30) :

3 The statistical values are obtained from the 12 devices. ® The integrated current densities
from EQE curves.
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2.3. Theoretical Simulation

The transmittance spectrum distribution of the CF-based ST-OPVs as a function of BiF3
optical layer thickness and visible wavelength range distribution is depicted in Figure 3a, which
exhibits similar optical properties to those of the bare CF structures. The simulated
transmittance spectra of the devices are highly consistent with the experimental ones, indicating
the simplicity and effectiveness of BiFz-based CF structures for constructing targeted colorful
ST-OPVs. Compared to 150-nm Ag based OPV, 30-nm Ag based devices exhibited a lower
intensity optical electric field distribution due to photon transmittance loss. For CF-based ST-
OPVs, the intensity distribution of the optical electric field in active layer shows a significant
reduction in the transmission area which is corresponding to its transmittance spectrum. And
an enhanced intensity distribution of the optical electric field within the CF occurs due to optical
interference. These simulations indicate that the optical electric field distributions are highly
dependent on wavelength and inhomogeneous due to optical interference effects.

Figure S11 (Supporting Information) shows the simulated exciton generation rate®>4 of
PM6: BTP-eC9 based devices to explore the trend of Jsc values. The resonance light can be
selectively transmitted by the CF structure while non-resonance light is reflected. Obviously,
the exciton generation rate in the 150-nm Ag based OPV is maximum. Comparing 30-nm Ag
ST-OPV to colored one, the distribution of exciton generation rate was changed due to the
optical interference effect throughout the whole active layer. For instance, compared to 30-nm
Ag based device, green ST-OPV exhibited a significantly decreased exciton generation rate in
the transmission area (500-600 nm). While the exciton generation rates were enhanced in the

non-transmission area. The simulated Jsc values are in consistence with the experimental results.
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Figure 3. (a) The simulated transmittance spectrum of the CF-based ST-OPVs as a function of
wavelength and BiFs thickness. The simulated electric field intensity profile |EJ? of the (b) 150-
nm Ag OPV, (c) 30-nm Ag, (d) indigo, (e) blue, (f) bluish-green, (g) green, (h) orange and (i)
red ST-OPVs, the active layer material of these devices using PM6: BTP-eC9 system.

2.4. CF-based ST-OPVs as Color Reflectors

The reflected colors of CF-based ST-OPVs were explored when light is incident on different
surfaces. The reflectance spectra of CF structures were recorded with front and back surfaces
as shown in Figure S12, Supporting Information. The reflectance spectra of Ag/ BiFs/ Ag-based
CF show the same resonance peaks, indicating that the reflected colors of CF structures remain
the same when the light is incident on different surfaces. The reflected colors of CF-based ST-
OPVs were further analyzed as shown in Figure 4. The front (Figure 4a) and back (Figure 4c)
reflectance spectra of the same CF-based ST-OPV were distinctly different. When light is
incident on the front surface, it produces a blue reflected color due to the strong absorption of
PM6: BTP-eC9 in the 500-800 nm (Figure 4b). Nevertheless, when light is incident on back

surface, the reflected color of CF-based ST-OPV is consistent with the color of corresponding
14
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CF, owing to the strong microcavity resonance of the CF (Figure 4d). In general, the multilayer
thin film interference effect leads to diverse reflected colors on the front surface of the colorful
devices, while the consistency of the reflected colors on the back surface under the same CF

structure is attributed to the strong microcavity resonance effect.
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Figure 4 The CF-based ST-OPVs have a structure of glass/ ITO/ ZnO/ PM6:BTP-eC9/ MoOs/
Ag (30 nm)/ BiFs (44, 67, 83, 101, 115, and 130 nm)/ Ag (30 nm). (a) Measured reflectance
spectra when sunlight is incident on the front surface. (b) The images of reflected colors when
sunlight is incident on the front surface upon an opaque black plate. (c) Measured reflectance
spectra when sunlight is incident on the back surface. (d) The images of reflected colors when
sunlight is incident on the back surface upon an opaque black plate.

2.5. Universality of CF electrodes for ST-OPVs

To demonstrate the universality of BiFs-based CF for colorful ST-OPVs, we have fabricated
RGB devices using various active layers with different bandgaps (Figure S7, Supporting
Information), including PTB7-Th: PC71BM (1.57eV), PM6: Y6 (1.33eV), and PTB7-Th:

IEICO-4F (1.29eV). Figure S13, Supporting Information, shows the corresponding J-V and
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EQE curves, and the transmittance spectra of the devices in the visible region. For the PM6:

Y6 based RGB devices, the blue one exhibits an excellent device performance with a PCE of
14.27% with a high Tmax of 23.8% at 445 nm peak wavelength. Due to the uniformly weak
absorption of PTB7-Th:PC7:.BM layer in the visible region, all the PTB7-Th:PC7:BM based
colorful ST-OPVs reveal high Tmax over 20%. The green one exhibit the highest peak
transmittance of 27.0% at 558 nm. PTB7-Th: IEICO-4F-based blue or green devices exhibit the
highest Tmax 0f 34.9% at 443 nm, and 29.9% at 552 nm, respectively. The results show that the
peak wavelength is determined by the CF structure, while the intensity of Tmax is closely related
to the absorption of the active layer. The detailed photovoltaic and optical characteristics, T())
+ R(A) + EQE()) values, the CIE 1931 coordinates, optical simulation, and images were also
summarized in Table S7 and Figure S14-23, Supporting Information, respectively.

The reflected colors of CF-based ST-OPVs using three different active layers were studied
with emphasis. The front and back reflectance spectra of the CF-based ST-OPVs were measured
and presented in Figure S24 and Figure S25, Supporting Information. In terms of front surface,
the different absorption distribution of the three active layer systems (PTB7-Th: PC7:BM, PM6:
Y6, and PTB7-Th: IEICO-4F) resulted in different reflected colors, as shown in Figure S24d,
Supporting Information. The visible absorption of PTB7-Th: PC71BM and PTB7-Th: IEICO-
4F is weak, and the frontal reflected color of their devices is affected by both the active layer
material and the CF structure due to the multilayer film interference effect. The absorption of
PM®6: Y6 is similar to that of PM6: BTP-eC9. Strong absorption of PM6: Y6 between 500 and
800 nm results in a blue reflected color of device when light is incident on the front surface.
When light is incident on the back surface (Figure S25d, Supporting Information), the reflected
color of the CF-based ST-OPVs (PTB7-Th: PC7:BM, PM6: Y6, and PTB7-Th: IEICO-4F) is
consistent with the color of the CF structure due to the strong microcavity resonance effect,

indicating the effective color management of Ag/ BiFs/ Ag-based CF structures.
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2.6. Long-term Stability Measurements

In addition to the excellent optical manipulation properties, CF structures are also highly
stable due to strong moisture resistance of BiFs film, which are utilized as a buffer layer for the
encapsulation of ST-OPVs. In order to visualize the effect of BiFs optical layer on moisture and
oxygen, the equivalent encapsulation test was explored!*®l. Calcium metal is very sensitive to
oxygen and moisture, and is widely used in the OLED industry for packaging and stability
testing. We fabricated devices with two structures, Glass/Ca (200 nm) and Glass/Ca (200
nm)/BiFs (150 nm), using calcium metal as the test layer. The devices were stored in air, and
the change of transmittance was measured (Figure S26, Supporting Information). After storage
in air (Temperature of 26 <C and Humidity of 60%) for less than 8 min, the transmittance of
Glass/ Ca (200 nm) devices without BiF3 optical layer is almost equal to the transmittance of
Glass, indicating that Ca is rapidly oxidized. In contrast, the transmittance curves of Glass/ Ca
(200 nm)/BiFz (150 nm) devices after 30 h of air storage are almost unchanged, indicating that
the barrier performance of the integrated device with BiFz optical layer is significantly
improved. The equivalent packaging testing results imply that employing the BiF3 optical layer
can effectively prolong the stability of inner layer (Ca) in air. To test the stability of the devices,
we followed the 1SOS-D-1 and ISOS-L-1 protocols.®>%61 For ISOS-D-1, the encapsulated
devices were placed in a dark room with a temperature of 25<C in a glove box. For ISOS-L-1,
the encapsulated device is placed in a glove box at 25<C under LED light conditions. The
intensity of LED light was calibrated by a standard silicon cell and operated under one sun
(Figure 5), where the digital lux meter shows a value of 274600 lux. The corresponding

spectrum of LED light is located at 420-700 nm (Figure S27, Supporting Information).
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Figure 5 Normalized PCE of indigo ST-OPV in comparison to 30-nm and 150-nm Ag based
OPVs as a function of time upon dark and light conditions. The inset is a picture of the device
stability test system.

A systematic comparison was analyzed between encapsulated indigo, 30-nm and 150-nm Ag
OPVs under conditions based on the ISOS-D-1 and ISOS-L-1 protocols (Figure S28,
Supporting Information). After 1200-h storage under the 1SOS-D-1 protocol, the PCEs of
indigo, 30-nm and 150-nm Ag based ST-OPVs remained 96%, 90% and 91% of the initial PCE,
respectively. Under the 1SOS-L-1 protocol, the device performance is significantly degraded.
After 250 h of light soaking, the PCE of the indigo ST-OPV device maintained 83% of its initial
PCE, while the PCE of the 30-nm and 150-nm Ag OPVs device showed over 20% of PCE loss
(Figure 5). The enhanced device stability of colored devices can be attributed to the role of the

Ag/ BiFs/ Ag optical layer as a buffer layer in the encapsulation.

3. Conclusion
In conclusion, a versatile resonance CF structure with the BiFs as optical layer is successfully

integrated into ST-OPVs to manipulate the color. By controlling the thickness of BiFz layer,
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the microcavity resonance transmission peak in the visible region can be regulated. As a result,
the CF structure of 30-nm Ag/ BiF3 (44, 67, 83, 101, 115, and 130-nm)/ 30-nm Ag was utilized
for fabricating ST-OPVs with indigo, blue, bluish-green, green, orange and red colors. CF-
based ST-OPVs show superior optical performance with narrow FWHM as low as 40 nm and
high transmission peak of 10.8-34.9%, resulting in vivid color saturation. The PM6:BTP-eC9
colorful ST-OPVs exhibited a high PCE of over 15.6%, which can maintain over 92% of the
PCE of opaque device. An outstanding efficiency of 16.27% was achieved for indigo ST-OPVs
with a transmission peak approaching 20% at 393 nm, which is the highest value for colorful
ST-OPVs ever reported. The transmitted and reflected colors of individual CF structures are
complementary. When the light is incident on the front surface, the reflected colors of CF-based
ST-OPVs are affected by both the absorption of active layer and the CF structure due to the
multilayer film interference effect. While the reflected colors are mainly determined by the
strong microcavity resonance when the light is incident on the back surface. The improved
device stability of CF based ST-OPVs also indicated Ag/BiFs/Ag structures can be employed
as a buffer layer in the encapsulation. In summary, the Ag/BiFs/Ag based CFs reveal effective

color tuning capability, offering a new avenue for high-performing colorful ST-OPVs.
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Ag/BiF3/Ag based color filter (CF) reveal effective color tuning capability. The indigo CF-
based ST-OPV achieves a recorded power conversion efficiency of 16.27% with a maximum
transmittance of 18.7% at a peak wavelength of 393 nm. Versatile colorful ST-OPVs with
wide color gamut, reflected color characteristics and improved stability offer a new avenue
for building-integrated photovoltaic applications.
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