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ABSTRACT

Multifunctional semitransparent organic photovoltaics (ST-OPVs) combining power
generation, light transparency and heat rejection have emerged as a promising technology for
application in building-integrated photovoltaic systems, but maximizing all these features
simultaneously is challenging. Herein, we show that high-throughput optical screening is
essential to guide the design of infrared reflectors and enhance their synergy with the organic
absorbers. Taking advantage of a volatile additive, 1,3,5-trichlorobenzene, to improve the
crystallinity of the binary PM6:L8-BO active layer, we developed an optimized infrared
reflector, consisting of a Na3AlFs (160 nm)/ZnSe (190 nm) bilayer, which concomitantly
increases all the key parameters of the reflector-free device. High-performance multifunctional
ST-OPVs with a power conversion efficiency of 15.19%, an average photopic transmittance of
30.57%, a color rendering index of 81.86 and an infrared rejecting rate over 90% are
demonstrated, providing practical prospects for future sustainable building-integrated

photovoltaic systems.
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Among the wide range of photovoltaic applications, the development of building-integrated
photovoltaic system (BIPV) has become essential to meet the demand for clean energy
generation and saving in building, which is nowadays one of the fastest growing sectors in
energy consumption.!™ In this respect, semitransparent organic photovoltaics (ST-OPVs) are
attractive due to their unique feature that combines solar energy conversion and visible
transparency.® 1> Recent progress in nonfullerene acceptors (NFAs) with improved absorption
in the near-infrared (NIR) wavelength range has led to performances of ST-OPVs surpassing
their inorganic counterparts.'>"!® Further innovation in the absorbing materials has improved
the two main competing indexes, the power conversion efficiency (PCE) and the average
photopic transmittance (APT), leading to individually enhanced PCE of 12~14% and APT of
25~40%.'"2 Besides, various optical engineering technologies have been applied to push the
device performances. For example, the integration of a distributed Bragg reflector enhances
NIR absorption.?*>? Interestingly, it can also reject infrared radiations, providing a novel
function to act as a heat insulator, which is evaluated by infrared rejecting rate (IRR).>!"%

Meanwhile, high color neutrality of the ST-OPVs with an excellent color rendering index (CRI)

is also required to meet the aesthetic demand of BIPV .67

With the increase of indexes to make the ST-OPVs multifunctional, it is challenging to
optimize the trade-off relationships existing among them. More specifically, the simultaneous
improvement of all the key indexes in a single device has not been demonstrated. Indeed, an
increase of the transparency usually implies a decrease of the PCE.?’3!* Conversely,
delivering an improved PCE along with an IRR over 90%, which is the standard value for

commercial solar film, reduces the APT to some extent.® As one function improves at the
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expense of the others or vice versa (see Table S1 for a review of the reported studies), high-
throughput screening of the optical structures is becoming crucial to explore the parameter
space for an acute selection of dielectric materials and the optimal design of the device
configuration.>**° It provides a promising approach to engineer IR reflectors that maximize
visible transparency and allow the bulk heterojunction (BHJ) to recycle NIR radiations, while
rejecting the useless radiations that carry heat. This strategy goes beyond the refractive index
matching of the optical structure, as it takes into account the optical properties of the entire

device, so that an absolute maximum of multiple critical indexes can be targeted.

In this work, we start from exploiting a solid volatile additive approach to improve the
crystallization process of the PM6:L8-BO BHJ active layer, enabling a PCE over 19% for the
binary OPVs. Taking advantage of this high-performance OPV, we examine its coupling with
an optical structure identified from high-throughput screening to assess the performances of
multifunctional ST-OPVs. We show that a highly transparent dielectric infrared reflector (DIR)
with a bilayer of NazAlFs (160 nm)/ZnSe (190 nm) allows to achieve a simultaneous
enhancement of all the key indexes with respect to the DIR-free control device, yielding a PCE
of 15.19%, an APT of 30.57%, a CRI of 81.86 and an IRR of 90.28%. The DIR does not only
transmit the visible light efficiently and reflect the low energy infrared photons, but also
enhances the exciton generation rate in the BHJ. Our multifunctional ST-OPVs combining
power generation, transparency and heat rejection provide promising prospective for BIPV

applications.



(a)

©) 1 o[—PMe PMGL8-BO
Ag 31880 N
o \
PNDIT-F3N 5
=
PM6:L8-BO 2
® 0.5
/
o
PEDOT:PSS g f 7
E N\~
ITO 2 NN
00 i i i
400 600 800 1000
Wavelength (nm)
(d) 30 (e) 30 (fo.o 1102
Voo e
ogf ey N sl oc vsc -
& u DIO {
5 X 20} TCB /""' ;
<20} y T / 08 P 110 <
> \ G / s e ;
‘s 15 \ < | < e
3 \ E // }8 7\ /l/ ()_’ 110° £
© \ 5 s P P A~ n=1.098 Q
=10+ —=—DIO \ <10} /_/ diss coll 07 /bb -2
g TCB A / —=—DIO 98.7% 90.2° - 0.990
3 5f \ i TCB 1=0990 54
\
0 : ‘ ' - ‘ s 065 ‘ ‘ ,
0.0 0.2 04 0.6 0.8 102 107 10° 107 10° 10' 10?
Voltage (V) Vg (V) Light intensity (mW cm?)
11(h 1 (i
(9) DIO (h) Q) 1+Probed @ 620 nm ——DIO
108} 10° TCB
\ 29ps 1,=42.5ps
— — a |
g g . 9 | S
5 10°F o 310 a 3 —
£ S E o i ; ‘
& €z E s '[Probed @800 nm
@ 10"} 10"} E
o o 2
n=14ps T1,=21.7 ps
10°h ‘ 100F & ‘ e ——
: . -1 : : 410 :
500 600 700 800 900 500 600 700 800 900 0 50 100 150 200
Wavelength (nm) Wavelength (nm) Delay time (ps)

Figure 1. (a) Device structure of an opaque OPV. (b) Chemical structures of PM6, L8-BO,
DIO and TCB. (c) Absorption spectra of PM6, L8-BO and PM6:L8-BO blend film. (d) J-V, (e)
Jon-Vetr, (f) Voc-I and Jsc-I characteristics of the OPVs with DIO-treatment and with TCB-
treatment. TA spectra of PM6:L8-BO BHJ (g) with DIO-treatment and (h) with TCB-
treatment. (1) TA dynamics of the GSB signals probed at 620 nm and 800 nm for the BHJ films

with DIO-treatment and with TCB-treatment.

A set of opaque OPVs was first fabricated, with the structure shown in Figure 1a: indium tin
oxide (ITO)/poly(3,4-ethylenedioxythiophene):poly(styreneesulfonate)(PEDOT:PSS)/BHJ/
Poly[[2,7-bis(2-ethylhexyl)-1,2,3,6,7,8-hexahydro-1,3,6,8-tetraoxobenzo[Imn][ 3,8 ]phenan

throline-4,9-diyl]-2,5-thiophenediyl[9,9-bis[3'((N,N-dimethyl)-N-ethylamino)propyl]-9H-



fluorene-2,7-diyl]-2,5-thiophenediyl] (PDNIT-F3N)/Ag. The 30 nm-thick PEDOT:PSS and 10
nm-thick PNDIT-F3N were used as the hole transport layer (HTL) and electron transport layer
(ETL), respectively. Nbo,C MXene was iintegrated in PEDOT:PSS to improve the conductivity
of HTL, as reported in our previous work.*! The BHJ active layer consisted of a binary blend
film of PM6:L8-BO with the chemical structures drawn in Figure 1b and their respective
absorption spectra as well as the spectrum of the blend film shown Figure 1¢. PM6 exhibits an
absorption ranging from 450 to 700 nm, while L8-BO has complementary absorption in the
NIR region. The use of solvent additive in the active layer was studied by using the benchmark
liquid additive 1,8-diiodooctane (DIO) and the solid volatile additive 1,3,5-trichlorobenzene
(TCB). Their concentration was delicately optimized (Figure S1 and S2, Table S2 and S3). The
current density-voltage (J-V) characteristics of optimal OPVs with DIO or TCB treatments are
shown in Figure 1d. A PCE of 19.10%, with a short circuit current Jsc of 27.09 mA cm, an
open circuit voltage Voc of 0.89 V and a fill factor FF of 79.4%, were obtained for the TCB-

based device, higher than that of the DIO-treated device (18.19%) (see Table 1).

Table 1. Summary of photovoltaic parameters measured for the DIO-treated OPVs and the

TCB-treated OPVs. The results were averaged from the measurements of 12 cells.

Treatment  Voc (V) Jsc (A cm?)  Jea (mA cm?)  FF (%) PCE (%)

DIO 0.87+£0.01  26.53+0.36 25.92 78.9+0.4 18.19+0.23
TCB 0.89+0.01 27.09+0.35 26.35 79.4+0.2 19.10+0.22




To gain physical insight into the superiority of TCB, the exciton dissociation, charge
recombination and collection properties were systematically studied. Based on the
photocurrent density (Jpn)-effective voltage (Vefr) characteristics of the OPVs (Figure le), the
exciton dissociation probabilities (Pdiss) and charge collection probabilities (Pcon) were
calculated (Note S1). The TCB-based device exhibits a Puiss of 98.9% and a Pcon of 91.5%
higher than those of the DIO-based device (Puiss of 98.7% and Pcon of 90.2%), indicating that
the use of TCB improves the charge collection capacity of the active layer. In addition, the
charge recombination process was evaluated by plotting Jsc and Voc versus the light intensity
(Figure 1f). Their dependence, outlined by the factors a and n (Note S2), yields an a of 0.995
for the TCB-based device, higher than that of the DIO-based device (0.990). Meanwhile, the
TCB-based device shows a lower n value (1.022) than that of the DIO-based device (1.098).
Both results suggest that the TCB-treatment effectively suppresses the bimolecular and
monomolecular recombination.*> The photoinduced charge transfer dynamics were further
investigated with transient absorption (TA) measurements. As shown in Figure 1g and 1h, the
TCB-treatment gives a higher ground state bleaching (GSB) signal intensity compared to the
DIO-treatment, indicating an enhanced carrier transport. The fits of the PM6 GSB and L8-BO
GSB signals reveal that the charge transport involves a fast process lifetime 7; that is related to
the exciton dissociation time, and a slow process lifetime 72 assigned to the exciton diffusion
and recombination time (Figures 11 and S3). For hole transport, both lifetimes 71 (2.1 ps) and
72 (35.1 ps) are shorter in the TCB-based film compared to the DIO-based film (2.9 ps and 42.5
ps). Similar shorter lifetimes are obtained in the TCB-based film for electrons, giving evidence

of a more rapid exciton dissociation at the donor-acceptor interfaces and a faster diffusion of



excitons toward the interfaces before dissociation.** These results demonstrate that the TCB-
treatment accelerates the charge transfer kinetics and enhances the charge collection through

mitigation of the charge recombination.

The surface and crystalline properties of the BHJ films with different additives were further
analyzed to assess the impact of the film morphology on the electrical properties. First, the
root-mean-roughness (RMS) measured in the atomic force microscopy (AFM) images of the
DIO and TCB-based BHJ films (Figure 2a and 2b, respectively) is significantly reduced for the
film with TCB-treatment (0.71 nm) in comparison with the DIO-based film (1.54 nm). This
observation accounts for the TCB-induced red-shift in the absorption peak of L8-BO (Figure
S4), which indicates that the addition of TCB affects the molecular aggregation of the acceptor,
leading to enhanced crystallinity of the active layer.** It is also supported by the transmission
electron microscopy (TEM) measurements, which show a stronger inhomogeneous contrast in
the DIO-based film pointing again to an excessive aggregation of the L8-BO molecules (Figure
2c¢ and 2d). The molecular orientation and crystalline properties were subsequently studied with
grazing incidence wide-angle X-ray scattering (GIWAXS), as shown in Figure 2e and 2f. Both
films show a face-on orientation with evident scattering in the out-of-plane direction (1.71 A
1) and in-plane direction (0.33 A™!), which represent the (010) - stacking and (100) lamellar
stacking, respectively (Figure 2g). It reveals that the TCB-treated film shows a lower n-n
stacking d-spacing of 3.707 A and a longer crystalline coherence length (CCL) of 42.24 A
(Table S4 and Note S3) compared to the DIO-treated film (3.723 A and 37.89 A), indicating

reinforced molecular packing and improved crystallinity for the BHJ active layer.
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Figure 2. AFM images measured for the PM6:L8-BO blend films (a) with DIO-treatment and
(b) with TCB-treatment. TEM images measured for the PM6:L8-BO blend films (c) with DIO-
treatment and (d) with TCB-treatment. (g) GIWAXS 1D profiles along the IP and OOP
directions and (h) CCL results measured for the PM6:L8-BO blend films with DIO-treatment
and TCB-treatment. (i) XPS (I3d and Cl2p) spectra measured for the PM:L8-BO blend films

with DIO-treatment and TCB-treatment. (j) Schematic diagram of the working mechanism

induced by the additives.

X-ray photoelectron spectroscopy (XPS) measurements were performed to determine the
interplay between the crystallinity and the presence of the additives in the BHJ. As shown in
Figure 2i, the DIO-treated film shows an extra 13d binding signal compared with the as-cast

film. Thus, DIO does not fully volatize, causing the over aggregation of L8-BO molecules
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during the film formation of the BHJ.****’ Fourier transform infrared (FTIR) measurements also
confirmed such an observation (Figure S5). Conversely, the absence of Cl signal related to
TCB supports an improved volatility, which reduces the aggregation of L8-BO molecules to
enable the formation of a favorable BHJ morphology (see Figure 2j), thereby accounting for

the improved PCE.*®

Taking advantage of the low recombination loss and superior morphological properties, the
TCB-treated PM6:L8-BO binary active layer was selected for the ST-OPV fabrication, as it
does not affect the visible transparency of the active layer (Figure S6). A set of ST-OPVs was
subsequently fabricated by using a bilayer semitransparent electrode of Au (1 nm)/Ag (10 nm)
instead of the opaque metallic electrode. The ultrathin Au interlayer improves the wettability

t,49

and favors the formation of a uniform upper Ag contact,” as shown in the scanning electron

microscope (SEM) observations (Figure S7). The APT of the ST-OPVs is calculated using the
following equation:

APT — Jaag TOVRFRdA
- 780
VOFQ)dA

J‘380

(1)

where T(MA) is the transmission spectrum of the ST-OPVs, V(&) is the human eye response
spectrum and F(A) is the power irradiation of AM1.5G. The PM6:L8-BO ratio and BHJ
thickness were optimized in order to improve the light utilization efficiency (LUE) that
corresponds to the product of PCE and APT values (Figure S8 and S9, Table S5 and S6). A
ST-OPV with a 95 nm-thick BHJ and a weight ratio of 0.6:1.2 for PM6:L8-BO, yielding a PCE

of 13.47%, an APT of 27.23% and a LUE of 3.68%, was considered as the control device.
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To further improve the performance of ST-OPVs, a highly transparent DIR was applied upon
the Au/Ag electrode to enhance simultaneously the power generation, see-through and heat
insulation functions. In particular, the heat insulation is evaluated by the figure-of-merit IRR
defined as follows:

250013 Y F(A)dA
IRR = fmozs(m# 2)
[ TN

As illustrated in Figure S10 and described in the Supporting Information, an optical model
based on the transfer matrix method (TMM) was developed to simulate the optical behaviors
of the device including reflection, transmission and absorption as a function of the optical
constants and geometrical parameters of each functional layer. It gives access to the key
parameters of ST-OPVs, such as Jsc, APT, CRI and IRR (Figure S11). Based on the measured
wavelength-dependent refractive indices and extinction coefficients of the different layers used
in the control device (Figure S12), high-throughput optical screening was performed to predict
the optimal configuration of the DIR, in which the refractive indices n1 and n2 of potential
dielectric materials were varied from 1.0 to 3.0 with an interval of 0.1 and their layer
thicknesses di and d> were varied from 0 to 200 nm with an interval of 10 nm. A total of 194,
481 device configurations were simulated to find out the maximal enhancement of the multiple
key parameters.

Figure 3 presents a three-dimensional contour map of the simulated Jsc, APT, CRI and IRR
as a function of the DIR configuration. The high-throughput optical screening reveals that all
relevant parameters can be simultaneously improved from an appropriate choice of the
dielectric indices and thicknesses, reaching an optimal bilayer DIR configuration of (n1=1.3,

d1=160 nm)/(n>=2.6, d>=190 nm), as detailed in the projected views of Figure S13. Among the
11



realistic dielectric materials that can be thermally evaporated, NasAlFs and ZnSe have
refractive indices close to the predicted values. The optimal device (star symbol) with a DIR
consisting of Na3AlFs (160 nm)/ZnSe (190 nm) shows not only an improvement of Jsc, APT

and CRI, but also a significant enhancement of IRR compared to the DIR-free simulated device

|E|

2
| in the whole
0

(circle symbol). To account for this positive impact, the optical field

structure was also simulated (Figure 3b and 3c). The optimal device exhibits enhanced
transmission in the visible wavelength range (400-600 nm) and stronger reflection intensity in
the NIR wavelength (780-2500 nm). From the calculation of the exciton generation rate (Figure
S14), a stronger exciton generation occurs in the range of 780-900 nm due to the re-harvesting

of the NIR photons in the BHJ.
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Figure 3. (a) Device structure of the ST-OPVs with DIR (left) and the simulated Jsc-APT-

CRI-IRR contour map as a function of the refractive index and layer thickness of the DIR
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(right). Profiles of the electrical field distribution calculated for (b) the control ST-OPV without

DIR and (c) the ST-OPV with DIR.

On the basis of the aforementioned simulations, ST-OPVs with and without the DIR were
fabricated. In addition, core-bishell PdCu@Au@SiO2 nanotripods with NIR-customized
localized surface plasmon resonance (LSPR), synthesized by combining a seed-mediated
growth method for tripod synthesis with a Stober method for silica encapsulation (Figure S15),
were introduced in the active layer to achieve NIR absorption enhancement and scattering
optimization, leading to enhanced device PCE (Figure S16 and Table S7). A nanostructured
anti-reflection coating was also applied on the front side of the glass substrates to reduce the

reflection loss, as optimized in our previous work.>

The J-V characteristics, EQE and transmission spectra measured for the control device and
the optimal ST-OPVs are shown in Figure 4a and 4b, respectively. The corresponding
photovoltaic parameters are listed in Table 2 and clearly show that PCE, APT, LUE, CRI and
IRR of the optimal device are all improved with the DIR, consistent with the simulated
prediction. Photographs of the control device and the optimal ST-OPV (Figure 4b) exhibit
improved visible transparency and color neutrality for the optimal ST-OPVs, which are further
confirmed by the observation of the Commission Internationale de I’Eclairage (CIE)
coordinates in Figure 4c. The advantage of our optical engineering strategy is clearly
demonstrated in the spider diagram of Figure 4d, revealing that all the indexes have been
concomitantly enhanced. To date, a PCE of 15.19%, an APT of 33.02%, a LUE of 4.64%, a
CRI of 81.86% and an IRR of 90.28%, represent among the best-performing reported

multifunctional ST-OPVs to our knowledge, as shown in Figure 4e and Table S1. Another
13



figure of merit, the quantum utilization efficiency,QUE(A) = EQE(4) + T(4), yields values

below the transmittance of ITO/glass (Figure S17), confirming the reliability of our results.
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Figure 4. (a) J-V characteristics, (b) EQE and transmission spectra, and (c) chromaticity
coordinates measured for the control device and the optimal ST-OPVs with a DIR of
NazAlFs(160 nm)/ZnSe(190 nm). (d) Comparison of device performance, including PCE, APT,
LUE, CRI and IRR for the control device and the optimal ST-OPV. (e) Comparison of the PCE,
APT, LUE, CRI and IRR values between the optimal ST-OPVs demonstrated in this work and
those reported in the literature listed in Table S1. (f) Schematic diagram of the room simulator,

and (g) the temperature measured for the metal object with different radiation medium (glass,
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the control ST-OPV and the optimal ST-OPV). (h) IR heat images of the metal object sheltered

by glass, the control ST-OPV and the optimal ST-OPV after 60 minutes of illumination.

Finally, to demonstrate the heat-insulation function, a room simulator consisting of a
polyethylene foam box, a metal object with high thermal conductivity and a temperature sensor
was built (Figure 4f). The simulator was placed outdoor under real summer condition (August,
Shanghai). The heat insulation is clearly observed by tracing the temperature of the metal object
with different radiation medium (glass, the control ST-OPV and the optimal ST-OPV), as
shown in Figure 4g. After a 60 min-long exposure, the optimal ST-OPV-sheltered object shows
the lowest temperature of 42.3°C, compared to that of the control ST-OPV-sheltered one (47°C)
and the glass-sheltered one (57.1°C), demonstrating a heat insulating property prized for energy

savings in BIPV.%!

Table 2. Summary of multifunctional parameters measured for the 95 nm-thick PM6:L8-BO
(0.6:1.2)-based control device, and the optimal ST-OPVs with DIR of Na3AlF¢(160

nm)/ZnSe(190 nm). The results were averaged from the measurements of 12 cells.

) Voc Jsc Jeal FF PCE APT LUE IRR
Device CRI
V) (mA.cm?)  (mA cm?) (%) (%) (%) (%) (%)

Control ~ 0.89+0.01  19.35+0.29 18.52 78.8£0.3  13.50+0.20 27.23+0.32 3.68+0.06  80.75+0.92 75.70+1.36

Optimal  0.89+0.01  21.82+0.40 21.04 78.3£0.5 15.19+0.22 30.57+£0.43 4.64+0.07 81.86+1.44 90.28+0.44

In summary, we have developed multifunctional ST-OPVs with excellent energy generation
and heat-insulation features together with a good see-through function by using a strategy

combining material innovation and optical engineering. The use of TCB as a volatile additive
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improves the BHJ structural quality, leading to efficient OPVs with reduced non-radiative
recombination loss. The further integration of a highly transparent DIR identified from high-
throughput optical screening is key to shape the transmitted light, harvest additional NIR
photons and reflect the useless radiations that carry heat. As a consequence, all the competing
indexes have been simultaneously raised within one device, which can greatly accelerate future

applications of ST-OPVs in BIPV.
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