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High-Performance Neutral-Color Semitransparent Organic
Photovoltaics with Optical and Thermal Management

Jiangsheng Yu, Xin Liu, Jie Zhou, and Gang Li*

Neutral-color semitransparent organic photovoltaics (ST-OPVs) offer potential
opportunities to improve solar energy harvesting in integrated buildings.
Here, high-performance multifunctional neutral-color ST-OPVs are
successfully fabricated by integrating a Ag/TeO, [Ag/TeO,-based Fabry—Perot
resonant optical coating (FPOC). Two coupled resonators of FPOCs are
successfully fabricated to manipulate two adjacent transmission peaks in the
visible region (380-780 nm) and high reflection from 1200 to 2500 nm,
revealing its excellent color rendering index (CRI) tunability and thermal
insulation. The 75 nm FPOC-integrated ST-OPV exhibits a CRI of 97.31, a high
average visible transmittance of 43.15%, and a light utilization efficiency of
3.90% with superior thermal insulation properties, where the highest total
and near-infrared solar-energy-rejected dual functional efficiencies are 2.92%
and 3.47%, respectively. The record CRI value of 99.23 is achieved for the 65
nm FPOC-integrated ST-OPVs. Attributed to the angular tolerance of FPOC,
the neutral-color ST-OPVs exhibit good angular insensitivity up to +60°. The
results demonstrate the flexibility and multifunctionality of visible
dual-band-pass Ag/TeO, [Ag/TeO,-based FPOC for constructing neutral-color,
heat-insulated, and angular-insensitive ST-OPVs, opening up a new avenue
for the realization of smart power windows.

conversion efficiency (PCE) of single-
junction OPV devices has been reaching
20%.77191 The emerging nonfullerene ac-
ceptors are currently the major focus of
research for OPVs, where Y6 derivatives
are the most representative ones.!'"] For
numerous Y6-derivative-based OPVs with
PCE exceeding 19%, the photoactive layer
exhibits a discrete absorption extending
to the near-infrared (NIR) region with a
bandgap of about 1.3 eV.'>71%] Tt is ben-
eficial for constructing high-performing
semitransparent organic  photovoltaics
(ST-OPVs), which aim at maximizing
both PCE and average visible trans-
mittance. ST-OPVs have attracted great
interest in the scientific and industrial
communities due to their many promis-
ing applications in building-integrated
photovoltaics (BIPVs), including smart
windows, vehicle skylights, greenhouse
rooftops, and large public spaces.['-%2]

The development of near-infrared pho-
toactive materials, transparent electrode en-
gineering, and optical management struc-
tures are the main strategies for efficient

1. Introduction

Organic photovoltaics (OPVs) have emerged as an innovative
contender in the field of sustainable energy technologies due
to their numerous features, such as low production cost, semi-
transparency, mechanical flexibility, solution preparation, and
lightweight.'"%) With the rapid development of functional-
conjugated materials and device engineering, the power

ST-OPVs.[2-261 ST-OPVs based on Y6 derivatives can achieve
~80% of the PCE of opaque devices with an average visible
transmittance (AVT) of nearly 20%.1] Highly efficient and
reproducible ST-OPVs have been fabricated with ultrathin
metal films as transparent electrodes, such as gold (Au) and
silver (Ag) with a thickness of about 10-20 nm.[?*-1 An ideal
transparent photovoltaic device for BIPV applications should
have several characteristics,*? including high light utilization
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efficiency (LUE),33-%] high AVT,3%%] the color rendering index
(CRI)*81 approaching 100 for displaying the intrinsic color of
the object, and superior lifespan.3°! As early as 2012, Chen et al.
demonstrated the suitability of the poly|[[4,8-bis[5-(2-ethylhexyl)-
2-thienyl]benzo[1,2-b:4,5-b’]dithiophene-2,6-diyl][2-(2-ethyl-1-
oxohexyl)thieno[3,4-b]thiophenediyl]|:[6,6]-phenyl-C71-butyric
acid methyl ester (PBDTTT-C-T:PC,;BM) active layer system
for power generation window applications, exhibiting an im-
pressive transparency color rendering capability with a CRI
of 96 and PCE of 6%.[“l By integrating 1D photonic crystals
(1DPCs) into the transparent electrodes, a further increase
in CRI approaching 100 was achieved for fullerene-based
ST-OPVs.[*142] Considering the rapid progress of landmark
Y6-derivative-based OPVs, ST-OPVs further step challenges
to balance the metrics among CRI, AVT, PCE, and LUE.
For example, Yuan et al. used NIR-acceptor-based ST-OPVs
(iridium-based polymer (PM6-1r1):2,2'-((2Z,2"Z)-((12,13-bis(2-
butyloctyl)-3,9-dinonyl-12,13-dihydro-[1,2,5]thiadiazolo[3,4-
e]thieno[2”,3”:4’,5'|thieno[2’,3":4,5]pyrrolo[3,2-
glthieno[2’,3":4,5]thieno[3,2-blindole-2,10-
diyl)bis(methaneylylidene))bis(5,6-dichloro-3-oxo-2,3-dihydro-
1H-indene-2,1-diylidene))dimalononitrile ~ (BTP-eC9):PC,,BM)
and 1DPCs to achieve a trade-off between device performance
and neutral color, where a high CRI of 96.5 is reported, but the
LUE is only 2.09% with a low AVT of 20%.1)] In our own work,
we demonstrated a 5.35% record LUE by an aperiodic band-pass
electrode to almost fully release the NIR potential, with high
PCE and LUE in a broad range. However, for many-layers
optical thin film structure, the angular dependence performance
is an unescapable effect,***] and the CRI values are below
90.133] Fabry—Perot (FP) resonant cavity structurel*® is also an
effective way to manage optical properties for ST-OPVs. Metal-
optical-dielectric-layer-metal-based microcavity!*’! is utilized to
construct cyan color ST-OPV with a CRI of 92.5, and serves as a
visible color filter that can possess a high reflectivity in the NIR
region.[**49 While traditional FP resonant cavity has potential
for actualizing high-performance neutral-color ST-OPVs by
optical and thermal management, its narrow-band feature is not
enough to cover the whole visible region (380-780 nm), leaving
challenges for power generation windows.

To achieve a neutral color with a CRI value approaching
100, the absorption distribution in the visible region should
be flat. Herein, two coupled resonators for FP resonant
optical coatings (FPOCs) are designed to manipulate two
adjacent transmission peaks in the visible region and high
reflection from 1200 to 2500 nm, implying its excellent CRI
tunability and thermal insulation. We first fabricated con-
ventional ST-OPVs with PM6 (poly((4,8-bis(5-(2-ethylhexyl)-
4-fluoro-2-thienyl)benzo[1,2-b:4,5-b’|dithiophene-2,6-diyl)-
2,5-thiophenediyl(5,7-bis(2-ethylhexyl)-4,8-dioxo-4H,8H-
benzo[1,2-c:4,5-c'|dithiophene-1,3-diyl)-2,5-thiophenediyl)):
BTP-eC9:L8-BO (2,2'-((2Z,2'Z)-((3,9-bis(2-butyloctyl)-12,13-
bis(2-ethylhexyl)-12,13-dihydro-[1,2,5]thiadiazolo[3,4-
e]thieno[2”,3”:4’,5 |thieno[2’,3":4,5]pyrrolo[3,2-
glthieno[2’,3":4,5]thieno[3,2-blindole-2,10-
diyl)bis(methaneylylidene))bis(5,6-difluoro-3-oxo-2,3-dihydro-
1H-indene-2,1-diylidene))dimalononitrile) as active layer and
Au/Ag hybrid transparent electrode, achieving a decent LUE of
3.82% with a PCE of 9.81%, AVT of 38.99%, and CRI of 81.21.
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We noted a transmission peak at 400-500 nm and a transmis-
sion valley at 500-700 nm with different amplitudes occurring
in the absorption distribution of the active layer. The optical
properties of Ag/TeO,/Ag/TeO,-based FPOCs were systemati-
cally investigated through optical simulations and experimental
preparation. The results indicated that Ag/TeO,/Ag/TeO,-
based FPOCs can be designed as color modulation of ST-OPVs
and visible band-pass filters with excellent thermal insu-
lation. FPOC-integrated ST-OPVs were fabricated with the
architecture of antireflection coating (ARC)/indium tin oxide
(ITO)/poly(3,4-ethylenedioxythiophene) polystyrene sulfonate
(PEDOT:PSS)/PM6:BTP-eC9:L8-BO (0.8:1:0.2)/aliphatic amine-
functionalized perylene-diimide (PDINN)/Au(0.8 nm)/Ag
(7 nm)/TeO,/Ag (17 nm)/TeO,. The highest LUE of 3.90% can
be achieved in derived devices with a 75 nm active layer, with a
distinguished CRI of 97.31, and an AVT of 43.15%. Meanwhile,
the 75 nm FPOC-integrated ST-OPV exhibits a total solar energy
rejection (T-SER) of 75% and NIR solar energy rejection (NIR-
SER) of 89.11%, ultimately leading to a high-performance total
solar energy rejection dual-function efficiency (T-DFE) of 2.92%
and NIR solar energy rejection dual-function efficiency (NIR-
DFE) of 3.47%, which realized 20% enhancement compared to
the counterpart device. The highest CRI value 0f 99.23 is recorded
for the 65 nm FPOC-integrated devices. Impressively, attributed
to the angular tolerance of FPOC, the neutral-color ST-OPVs
exhibit good angular insensitivity up to +60°, which keeps the
CRI value almost constant—an important feature for visual ap-
plications. The visible dual-band-pass Ag/TeO,/Ag/TeO,-based
FPOCs can be utilized for the realization of efficient neutral-
color ST-OPVs with color rendering properties approaching
100, a high AVT of over 45%, a superior solar energy rejection,
and angular insensitivity. This breakthrough demonstrates the
enormous potential of ST-OPVs as a viable and promising green
energy solution for a more sustainable future.

2. Results and Discussion

The photovoltaic performance of ST-OPVs is mainly affected by
active layer material and transparent electrodes. Herein, a ternary
active layer, namely PM6:BTP-eC9:L8-BO (Figure S1, Support-
ing Information) with a relatively low donor ratio of 0.8:1:0.2
was used to explore the balance between PCE and AVT of ST-
OPVs.[*3] Bare thin Ag film below 10 nm has inferior optical and
electrical properties due to the strong surface plasmon resonance
effect of isolated Ag islands. Ultrathin Au as the seed layer for
the transparent electrode can be utilized to improve the trans-
mittance and photovoltaic performance of ST-OPVs, simultane-
ously. The 0.8/7 nm Au/Ag film presented a slightly higher trans-
mittance and reduced resistance by an order of magnitude com-
pared to the bare 7 nm Ag film (Figure S2, Supporting Informa-
tion). To investigate the effect of 0.8 nm Au as the seed layer, the
photovoltaic performance of ST-OPVs was explored with an ar-
chitecture of ITO/ PEDOT:PSS/PM6:BTP-eC9:L8-BO (0.8:1:0.2,
110 nm)/PDINN/Au/Ag. As a result, ST-OPVs with Au/Ag hy-
brid transparent electrode exhibited a high LUE of 3.50% along
with enhanced short-circuit current density (Jsc) of 17.57 mA
cm™2, open-circuit voltage (V) of 0.853 V, fill factor (FF) of
76.52%, PCE of 11.47%, and AVT of 30.52%, which is streets
ahead of the counterpart one with a LUE of 2.86%, as listed in
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Figure 1. Photovoltaic performance and optical properties of the Au/Ag ST-OPVs (65-110 nm). A) J-V curves. B) EQE curves. C) Transmittance spectra
(380-780 nm). D) T-SER spectra (300-2500 nm), and NIR-SER spectra (780-2500 nm).

Table S1 (Supporting Information). To further reveal the pho-
tovoltaic performance of ST-OPVs, different thicknesses of the
active layer were fabricated between 65 to 110 nm. The rela-
tive J-V curves, external quantum efficiency (EQE) curves, and
transmittance spectra (380-780 nm) for devices are shown in
Figure 1A—C. With the decreasing thickness from 110 to 65 nm,
the Js, of ST-OPVs were sequentially decreased from 17.57 to
13.69 mA cm™2, while the AVT values were gradually increased
from 30.52% to 41.78% (Table S2, Supporting Information). The
Voc and FF values exhibited negligible experimental fluctuations
at 0.85 V and 75%. Consequently, a champion LUE of 3.82% was
achieved for 75 nm ST-OPVs, along with a PCE 0f 9.81%, an AVT
of 38.91%, and a CRI of 81.21. It is worth noting that the trans-
mittance curves of devices were not increased uniformly with the
decreasing thickness of the active layer, which is attributed to the
interference effect of multilayer films. Further decreasing the ac-
tive layer’s thickness will not increase the CRI of device (Table
S2, Supporting Information).

The thermal insulation performance of ST-OPVs was also in-
vestigated. The T-SER (4 = 300-2500 nm) and NIR-SER (41 =780-
2500 nm)>%! were measured, as shown in Figure 1D. The T-SER
values were reduced from 71.23% to 66.05% with the decreas-
ing active layer’s thickness, while the NIR-SER values remained
at around 75% (Table S2, Supporting Information). Considering
the dual function of ST-OPV with power generation and thermal
insulation capabilities,[*-5!] herein, we define the T-DFE and the
NIR-DFE of ST-OPVs as follows

T-DFE = LUE x T-SER (1)
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NIR-DFE = LUE x NIR-SER 2)

The highest T-DFE and NIR-DFE values were 2.57% and
2.89% for 75 nm ST-OPVs, respectively. The Commission In-
ternationale de I'Eclairage (CIE) 1931 coordinates (x, y) are
one key factor in evaluating the optical performance of ST-
OPVs. Compared to the AM1.5G coordinates (0.3202, 0.3324),
the CIE 1931 coordinates of the ST-OPVs were shifted from
(0.2687, 0.2876) to (0.2898, 0.3017) with the decreasing thick-
ness of active layer (65-110 nm, Table S2 and Figure S3,
Supporting Information). The variation tendencies of electri-
cal and optical parameters for ST-OPVs were further verified
by an optical simulation with the transfer matrix method. The
complex refractive indexes®!! of each composite layer (i(4) =
n(A) + ik(4)) were measured by spectroscopic ellipsometry, as
listed in Figure S4 (Supporting Information). The AVT val-
ues of the experimental and simulated ST-OPVs were al-
most consistent (Figure S5A, Supporting Information). Herein,
the simulated internal quantum efficiency (IQE) is assumed
at 100%. The simulated Js. values of ST-OPVs also exhib-
ited a similar trend compared with the experimental ones, as
shown in Figure S5B (Supporting Information). As shown in
Figure S6 (Supporting Information), the relationship between
the LUE and the active layer’s thickness (0-200 nm) and Ag (7—
20 nm) was further simulated, with the assumptions of an open-
circuit voltage at 0.855 V and a FF value of 80%. The results
showed that the LUE value declined as the thickness of Ag in-
creased, reaching a maximum value of 4% when the active layer’s
thickness was at 60-70 nm.

© 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH

85U80 | SUOLULLOD BAIeR1D B(eoljdde au Aq pauseoh afe SIMe YO 88N 4O S3|n1 10} A%eiq 1T 8UIIUO A8|IM UO (SUOTIPUOD-PUB-SLLBILI0D™ A8 |IMA.d 1BUI|UO//SANY) SUORIPUOD pUe SWiB L 81 88S *[7202/TT/60] Uo AiqI78uluo AB1IM ‘INOH ON NH ALISYIAINN DINHO3LATOd ONOM ONOH AQ 020907202 WPe/200T OT/I0p/L00 A8 |1mAleq 1pU1|uo//Sdny WOy papeojumod ‘Tt ‘¥20z ‘8Z0£9TIT


http://www.advancedsciencenews.com
http://www.afm-journal.de
https://onlinelibrary.wiley.com/action/rightsLink?doi=10.1002%2Fadfm.202406070&mode=

ADVANCED
SCIENCE NEWS

ADVANCED
FUNCTIONAL
MATERIALS

www.advancedsciencenews.com

www.afm-journal.de

—nd Air Eo* Ey C 92
elnc'o X
100 - r ¥ -
~~=T5 nm sim. g - A | Metal  _E, E,
. —&—T75 nm exp. J10~— [ 82
§ 80| —o—PM6: BTP-eC9: L8-BO (0.8:1:0.2) g % T ) e
> -7\ dos = c— dd E2 E2 — —
S g0 C 8 2 E
< 00g o & Lossless dielectric = £ 5
£ 2 T o
ﬁ 40} g i I €n|Metal Ej E, @
§ § 3 o
= 20f E g_ € E.* EY
7]
ol i i i 002 e Lossless dielectric
400 500 600 700 - . &4
. + .
Wavelength (nm) Air Es Es 400 450 500 550 600 650 700 750
E VA Wavelength (nm)
F 90
8= 100 s
| X Np=1 N =2 g
| Ag 7 nm) ooy ko)
80 :?. por > =
[Te0,4210 nm) -: .. —, - 6,,.=0" X %E 60
4 el »
z Lol \ S _|mom g
g < [T W s
| ¢ e ot % «R ¥ Te;(50 nm) 3
e N S @x 40 F A -’ ‘i unblliscad S
\\' - " —— \ T R .E 30
| = 2 .' % |7e0,(50 nm) -
° - \ (=]
20f F °
A %4 ‘\‘:‘z L 3
Aboi#‘»"“"‘ O.L""""“A‘A*"hﬁ-**—cm E
1000 1500 2000 2500 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500

Wavelength (nm)

Wavelength (nm)

Wavelength (nm)

Figure 2. Fabry—Perot resonant optical coatings. A) The experimental and simulated transmittance spectra (380-780 nm) and normalized absorption
curve of PM6:BTP-eC9:L8-BO (0.8:1:0.2) active layer. B) The schematic diagram of the multilayer stacking FPOC structure, where d,,, and dy4 represent
the thicknesses of the metal and dielectric layers, respectively, €., and €4 are the dielectric constants, N, is the number of periods in the cell, and 6;,,.
is the angle of incidence. C) The simulated transmittance spectra of Ag (7 nm)/TeO, (0-500 nm). D) Simulated T, R, and A spectra of Ag (7 nm)/TeO,
(210 nm) for N, = 1. E) Simulated T, R, and A spectra of Ag (7 nm)/TeO, (50 nm)/Ag (7 nm)/TeO, (50 nm) for N, = 2. F) Simulated T spectrum as a

function of 6, for mean-polarization (MT) illumination, and the N, = 2.

For transparent devices, CRI is a metric that takes into ac-
count the accuracy of a color rendered under lighting condi-
tions to that of natural light. Herein, the CRI values of Au/Ag-
based ST-OPVs are around 75 (Table S2, Supporting Informa-
tion), which is considerably higher in comparison with other
transparent photovoltaic cells, such as hydrogenated amorphous
silicon,®?] crystalline silicon,*®! dye-sensitized,>* and perovskite
solar cells.>>*¢] The transmittance of ST-OPVs is mainly affected
by the spectral distribution of the active layer and transparent
electrode. As shown in Figure 2A, a transmission peak at 400
500 nm and a transmission valley at 500-700 nm occur within the
visible region. The CRI value for neutral-color ST-OPVs should
be as near to 100 as possible for power window applications. To
achieve a uniform transmittance distribution in the visible re-
gion, FPOC as the optical modulation of ST-OPVs was designed
by eliminating the transmission peak and valley. The schematic
description of a FPOC’s structure shows two coupled resonators
in Figure 2B, where resonator 1 is the top three layers consisting
of metal, lossless dielectric, and metal, and resonator 2 is layers
4-5 consisting of metal, lossless dielectric. Ag and TeO, are used
as the metal and dielectric layer materials, respectively. The sim-
ulated transmittance spectra of Ag (7 nm)/TeO, (0-500 nm, N,
= 1) in the visible region are shown in Figure 2C. When TeO,’s
thickness is below 180 nm, the derivative of Ag (7 nm)/TeO,
has only a single transmission peak in the visible region. For
example, when the thickness of TeO, is 50 nm (Figure S7A,
Supporting Information), the wavelength of the resonant pass-

Adv. Funct. Mater. 2024, 34, 2406070 2406070 (4 of 9)

RIGHTSE LI MN iy

band is about 696 nm due to the phase shift that results from
reflection at the metal-dielectric interface, allowing resonance
within dielectric thickness. When the TeO, thickness is thicker
than 180 nm, the visible area exhibits two or more transmis-
sion peaks. And transmission peak with lower transmittance in
the near-infrared region occurs, as shown in Figure 2D. While
N, is 2, as shown in Figure 2E, the simulated transmittance
spectrum of Ag (7 nm)/TeO, (50 nm)/Ag (7 nm)/TeO, (50 nm)
exhibits two adjacent transmission peaks in the visible region
and high reflection from 1200 to 2500 nm, implying its excel-
lent thermal insulation. As the modes of resonator 1 and res-
onator 2 are coupled, the single cavity mode was split into two
distinct characteristic modes at 410 and 674 nm, respectively, cor-
responding to metal-dielectric resonator 1 and metal-dielectric—
metal resonator 2.1’ The two resonators of FPOC share an in-
ner Ag layer that determines their coupling strength. Due to
the dispersion of the inner Ag layer, the resonant transmission
peaks have different peak magnitudes. As the thickness of Ag
increases (7-21 nm, Figure S7B, Supporting Information), the
transmittance decreases in the whole region (400-2500 nm) and
anarrower bandwidth of resonant transmission peak occurs. The
thickness of the optical dielectric layers (TeO,) in the resonant
cavity also affects the position and magnitude of two resonant
transmission peaks, as shown in Figure S7 (Supporting Infor-
mation), implying the flexible regulation of transmittance dis-
tribution for Ag/TeO,/Ag/TeO,-integrated ST-OPVs. Angle de-
pendence of transparent devices is also a crucial parameter in
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real-world applications. The transmittance distributions of opti-
mized FPOC under different incident angles are simulated, as
shown in Figure 2F. The results present a nearly constant for
mean-polarization incident angles from 0° to 60°. The wide an-
gle insensitivity of FPOC is attributed to the insensible reflected
phase shift, which is a mutual offset between the reflection in the
cavity and the propagation caused by the incident angle change.
The results indicated that FPOC with Ag/TeO,/Ag/TeO, struc-
ture can be ideally integrated for ST-OPVs to achieve excellent
color tunability, thermal insulation, and insensitive incident an-
gle dependence below 60°.

To explore the influence of inner Ag’s thickness for FPOC-
integrated ST-OPVs, the derived devices were fabricated with
an architecture of glass/ITO/PEDOT:PSS/PM6:BTP-eC9:L8-
BO (75 nm)/PDINN/Au (0.8 nm)/Ag (7 nm)/TeO,/Ag (7-
21 nm)/TeO,. To achieve a CRI close to 100, the thickness of
TeO, layers for FPOC-integrated ST-OPVs was simulated with
different inner Ag’s thicknesses (11-21 nm) through Macleod
film design software. The detailed simulated optical parameters
are summarized in Table S3 (Supporting Information). The
simulated results presented that the AVT of devices exhibited
a decline from 49.12% to 39.97% along with the increasing
Ag thickness (Figure S8A and Table S3, Supporting Informa-
tion), while the CRI values presented a fluctuating variation at
around 95. The corresponding FPOC-integrated ST-OPVs were
fabricated equivalently.

The optical and photovoltaic characteristics of fabricated de-
vices are shown in Figure S8B (Supporting Information). The
experimental results show a consistent trend as the simulated
ones (Figure S8C, Supporting Information). As the thickness of
Ag in the resonant cavity increases, the transmittance of FPOC-
integrated ST-OPV decreases in the whole visible and NIR re-
gions, resulting in higher J.., T-SER, and NIR-SER but lower
AVT (Figure S8D and Table S4, Supporting Information). Con-
sidering the photovoltaic and thermal insulation performance,
LUE, T-DFE, and NIR-DFE values are proposed as the appropri-
ate figures of merit to evaluate the neutral-color FPOC-integrated
ST-OPVs. When the inner Ag is 17 nm, the highest LUE, T-DFE,
and NIR-DFE values of device were obtained at 3.64%, 2.78%,
and 3.30%, respectively (Table S4, Supporting Information). Fur-
thermore, the FPOC-integrated ST-OPVs were optimized with
different active layers’ thicknesses where the inner Ag was set
at 17 nm. An ARC (Figure 3A) was utilized with a configura-
tion of (LiF/Te0,),!*) which has been reported in our previous
work.[*3] The simulated optical dielectric parameters for neutral-
color ST-OPVs were summarized, as listed in Table S5 and Figure
S9 (Supporting Information). The thickness of the top TeO, layer
is decreased along with the reduced thickness of the active layer.
The photovoltaic performance and optical properties of the cor-
responding ST-OPVs were tested, as shown in Figure S10 (Sup-
porting Information). With decreasing active layer thickness, the
transmittance of derived ST-OPV increases significantly and re-
mains uniform transmission in the visible region, resulting in
improved AVT and reduced T-SER value (Table S6, Supporting
Information). The CRI values of FPOC-integrated ST-OPVs are
all above 96, implying the effective tunability of FPOC for neutral-
color ST-OPVs. The detailed data of FPOC-integrated ST-OPVs
with different active layers (65-110 nm) are summarized in Table
S6 (Supporting Information). The EQE + T + R of the corre-
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sponding ST-OPVs were also measured to validate the accurate
and reliable data, as shown in Figure S11 (Supporting Informa-
tion), and all the values are below 100%.

To intuitively reveal the effect of FPOC on ST-OPVs, the pho-
tovoltaic performance of 75 nm devices without and with FPOC
were listed in Figure 3B. The 75 nm FPOC-integrated ST-OPV
exhibited the highest LUE of 3.90% with a decent PCE of 9.03%,
a high AVT of 43.15%, and a CRI of 97.31 with a CIELAB coordi-
nate (L*, a*, b*, Supporting Information) of (71.7, —2.45, 0.48).
Compared to the Au/Ag-based counterpart, FPOC-integrated ST-
OPV (75 nm) showed a comprehensive performance enhance-
ment except for the slightly decreasing PCE, which is attributed
to the decreasing Jsc. The EQE results indicated that FPOC-
integrated ST-OPV shows a decreased EQE response in the vis-
ible region, while an increased response in the near-infrared re-
gion, compared to the Au/Ag-based counterpart (Figure 3C). The
variation tendency of Jy. is further verified through the simula-
tion of the exciton generation rate for ST-OPVs with and without
FPOC (Figure 3D). The integration of FPOC can effectively elim-
inate the peaks and valleys of the transmittance spectra, result-
ing in a uniform distribution in the visible region (Figure 3E and
Figure S10C (Supporting Information)). Compared to the Au/Ag-
based counterpart, the CIE 1931 coordinates of FPOC-integrated
ST-OPVs are closer to that of AM1.5G (Figure 3F and Figure
S10D (Supporting Information)). The FPOC-integrated ST-OPVs
exhibited a higher NIR solar energy rejection than the Au/Ag-
based counterpart due to the enhanced reflection (Figure 3G
and Figure S12 (Supporting Information)). The T-SER and NIR-
SER values of 75 nm FPOC-integrated ST-OPV are 75.00% and
89.11%, respectively, corresponding to T-DFE of up to 2.92%
and NIR-DFE of 3.47%. An enhancement of over 20% in NIR-
DFE was achieved compared to that of Au/Ag-based counter-
part (Table 1), implying its superior thermal insulation of FPOC-
integrated ST-OPVs. Besides, the 65 nm FPOC-integrated ST-
OPV exhibited the highest CRI of 99.23% with a CIELAB coor-
dinate of (72.9, —0.28, —0.08), which is the best result for semi-
transparent devices reported in the literature to date (Figure 3H
and Table S7 (Supporting Information)). The T-SER and NIR-
SER values of 65 nm FPOC-integrated ST-OPV are maintained at
73.86% and 88.68%, respectively, which is mainly determined by
the optical properties of FPOC. To reveal the difference in human
color perception for AM1.5G, Au/Ag-based ST-OPV (75 nm),
and FPOC-integrated ones (75 and 65 nm), the CIELAB color
spaces were depicted in Figure S13 (Supporting Information). As
shown in Figure 31, scaled-up ST-OPVs (20 mm X 20 mm) with
and without FPOC were also fabricated to explore the visibility
and color-rendering capacity. Visually, the FPOC-integrated ST-
OPVs can rival the quality of glass as windows, where colorful
balls serve as the background. The 100 mm? FPOC-integrated
ST-OPV exhibited an inferior PCE of 8.46% owing to the in-
creased sheet resistance (Figure S14, Supporting Information).
The results demonstrate the flexibility of Ag/TeO,/Ag/TeO,-
based FPOC for neutral-color ST-OPVs with CRI approach-
ing 100. Meanwhile, the photovoltaic performance (LUE and
AVT) and thermal insulation properties (T-SER and NIR-SER)
of ST-OPVs can be simultaneously improved by integrating
FPOC.

Device stability was conducted for ST-OPVs with and with-
out FPOC according to the International Summit on Organic
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Figure 3. Photovoltaic performance and optical properties of Au/Ag-based ST-OPV (75 nm) and FPOC-integrated ST-OPV s (75 and 65 nm). A)
The FPOC-integrated ST-OPV with the architecture of ARC/glass/ITO/PEDOT:PSS/PM6:BTP-eC9:L8-BO/PDINN/Au/Ag/TeO,/Ag/TeO,. B) J-V curves.
C) EQE curves. D) Simulation of the exciton generation in ST-OPVs with and without FPOC. E) Experimental transmittance spectra (380780 nm). F)
CIE 1931 coordinates. G) T-SER spectra (300-2500 nm). H) Summary of the reported LUE and CRI of ST-OPVs. 1) Photograph of glass, Au/Ag-based
ST-OPV (75 nm) and FPOC-integrated ST-OPVs (75 and 65 nm) using colorful balls as background.

PV stability-light-soaking (ISOS-L-1) protocols.®®! Continuous
light-emitting diode (LED) light with a light intensity of 274 600
lux was used as a stable light source and equivalent to AM1.5G
illumination (Figure S15, Supporting Information). The degra-
dation of ST-OPVs is rapid under the ISOS-L-1 protocol, which
could be owing to the intrinsically unstable morphology of
organic active layer under illumination. FPOC-integrated and
Au/Ag-based ST-OPVs remained at 55% and 30% of their initial
PCE after 400 h illumination, respectively. The results indicated
the effective protection of FPOC as a buffer layer in the encapsu-
lation for ST-OPVs.

Table 1. The photovoltaic and optical performance of the Au/Ag-based ST-

To intuitively investigate their thermal insulation perfor-
mance, an actual scene was set up that a black object was il-
luminated through air, glass, Au/Ag-based ST-OPV, and FPOC-
integrated ST-OPV as a window, respectively (Figure 4). The tem-
perature changes of the windows and black objects were recorded
by an IR camera. After 5 min xenon lamp illumination, the am-
bient temperature was 66.29 °F (Figure 4B), and the temperature
of the black object reached 105.02, 96.55, 88.03, and 84.82 °F
through air, glass, Au/Ag-based ST-OPV, and FPOC-integrated
ST-OPV as a window, respectively. NIR light can produce more
heat than visible light because the longer wavelength of NIR light

OPV (75 nm) and FPOC-integrated ST-OPVs (75 and 65 nm).

Devices PCE[%] AVT[%] LUE [%] 1931 CIE CIELAB CRI T-SER[%] NIR-SER[%] T-DFE[%] NIR-DFE [%]
Au/Ag ST-OPV (75 nm) 9.81 38.91 3.82 (0.2836,0.2975) (68.9, —1.6, —20.99)  81.21 67.29 75.67 2.57 2.89
FPOC ST-OPV (75 nm) 9.03 43.15 3.90 (0.3289,0.3472)  (71.7,-2.45,0.48)  97.31 75.00 89.11 2.92 3.47
FPOC ST-OPV (65 nm) 7.88 45.08 3.55 (0.3315,0.3439) (72.9,-0.28, —0.08) 9923  73.86 83.68 2.62 3.15
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Figure 4. Thermal images captured by a Fluke IR camera for measuring the thermal rejection. A) The experimental testing setup for thermal rejection
performance is presented in the physical diagram (left) and the schematic diagram (right). Thermal image of the black object and the windows after 5
min exposure under the xenon lamp using (B) air, C) glass, D) Au/Ag-based ST-OPV, and E) FPOC-integrated ST-OPVs as the windows.

with lower frequency allows it to interact more strongly with
molecules and penetrate deeper, causing them to vibrate and gen-
erate heat. FPOC-integrated ST-OPV has the highest NIR-SER of
89.11% in these windows, resulting in the lowest temperature
of the black object after 5 min xenon lamp illumination. Simi-
larly, the temperature of FPOC-integrated ST-OPV (74.75 °F) is
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also lower than that of glass (85.53 °F) or Au/Ag-based ST-OPV
(78.70 °F) owing to the higher NIR-SER of FPOC-integrated ST-
OPV. By adopting Wheeler’s estimation,*®! considering the pho-
tovoltaic performance of 9% PCE and thermal insulation, we es-
timated that the FPOC-integrated ST-OPV can reach about 40%
energy use reduction. These experimental results demonstrate
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Figure 5. The transmittance spectra, experimental setup, and observations of the incident angle insensitivity FPOC ST-OPVs (75 nm) device. A) The
simulated transmittance spectra for mean-polarized light. B) The experimental transmittance spectra for mean-polarized light. C) Schematic of the
experiment setup. D) 6;,,. is 0°. E) 6;, is 45°. F) 0, is 60°.
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that FPOC-integrated ST-OPV can significantly reduce the solar
heat flux and has great potential to be applied as a window for
power generation and thermal insulation in BIPVs or car win-
dows, providing new ideas for future energy harvesting methods.

To investigate the angle sensitivity of FPOC-integrated ST-
OPVs, the mean-polarization transmittance spectra of the FPOC-
integrated ST-OPVs at different incidence angles 6, are shown
in Figure 5A. The transmission spectrum should be almost un-
changed theoretically if the cumulative propagation phase shift
through the proposed structure remains constant as the angle of
incidence varies. As a result, FPOC-integrated ST-OPVs exhibit
excellent angle independence up to +60° (Figure 5B and Figure
S16 (Supporting Information)). More specifically, when the angle
of incident light varies from 0° to 60°, the CIE color spaces of de-
vices were located between (0.3287, 0.3467) and (0.3307, 0.3542),
indicating that the position is nearly constant. The AVT and CRI
values of devices under different angles of incident light are kept
around 43% and 97, respectively (Table S8, Supporting Informa-
tion). To demonstrate the angle-insensitive optical characteristics
of FPOC-integrated ST-OPVs, it is placed in front of colorful toy
balls, as shown in Figure 5C. The FPOC-integrated ST-OPVs ap-
pear highly transparent and neutral color when 0, is from 0° to
60° (Figure 5D-F). The outstanding angle insensitivity (+60°) of
FPOC-integrated ST-OPVs greatly accelerates its commercializa-
tion for BIPVs.

3. Conclusion

In conclusion, a novel visible dual-band-pass FPOC of Ag
(7 nm)/TeO,/Ag (17 nm)/TeO, with excellent neutral-color tun-
ability and thermal insulation was designed for ST-OPVs. The
champion 65 nm FPOC-integrated ST-OPVs demonstrate the
highest CRI of 99.23 with a CIELAB coordinate of (72.9, —0.28,
—0.08), which is the highest reported value for ST-OPVs in the lit-
erature. The 75 nm FPOC-integrated ST-OPV achieves excellent
overall performance—a champion LUE of 3.90% with an AVT of
43.15%, a high CRI of 97.31, and an excellent NIR-SER of about
90% simultaneously. Due to the flexibility of Ag/TeO,/Ag/TeO,-
based FPOC, all of the ST-OPVs with different active layer thick-
nesses can realize near-ideal neutral color, where the CIE 1931
color coordinates are close to AM1.5G. Besides, FPOC-integrated
ST-OPVs exhibit superior thermal insulation properties, where
the highest T-DFE and NIR-DFE values of 2.92% and 3.47% were
obtained. Meanwhile, FPOC-integrated ST-OPVs possess ade-
quate angular insensitivity up to +60° and still maintain a neutral
color. Our results demonstrate the flexibility and multifunction-
ality of Ag/TeO,/Ag/TeO,-based FPOC for constructing neutral-
color, heat-insulated, and angular-insensitive ST-OPVs with high
performance, thereby significantly promoting its future commer-
cial applications.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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