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a b s t r a c t

Benzotriazole (BTA)-based A2-A1-D-A1-A2 type wide-bandgap (WBG) non-fullerene acceptors (NFAs) have

shown promising potential in indoor photovoltaic, and in-depth investigation of their structure-property

relationship is of great significance. Herein, we explored the chlorination effect of the side chain on the

terminals. We introduced Cl atoms into the benzyl side chains in parent BTA5 to synthesize two NFAs,

BTA5-Cl with mono-chlorinated benzyl groups and BTA5-2Cl containing bi-chlorinated benzyl groups. We

chose D18-Cl with deep-energy levels and strong crystallinity to pair with these three acceptors, afford-

ing high photovoltage and photocurrent. With the stepwise chlorination, the open-circuit voltage (VOC)

values decrease from 1.28, 1.22, to 1.20V, while the corresponding power conversion efficiencies (PCEs)

improve from 5.07%, 9.15%, to 10.96%. Compared with BTA5-based OSCs, introducing Cl atoms downshifts

the energy levels and slightly increases the non-radiative energy loss (0.14<0.17<0.19 eV), resulting in

a sequential decrease in VOC. However, more chlorine atom replacements produce more effective exciton

dissociation, higher charge transfer, and balanced carrier mobility in the blend films, ultimately achieving

better PCEs. This work indicates that chlorination of the benzyl group on the terminals can improve the

device’s performance, implying good application potential in indoor photovoltaics.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Organic solar cells (OSCs) have attracted widespread attention

due to their advantages, such as low cost, light weight, solution

processing, and large-area printing [1-6]. In the past few years, ac-

tive layer materials have blossomed. A series of excellent polymer

donors represented by PM6, PTQ10, and D18 have been developed,

and multitudinous non-fullerene acceptors (NFAs) have sprung up

[7-9]. The currently popular NFAs mainly apply A (acceptor)-D

(donor)-A (acceptor) type and A-DA’D-A type skeleton structures

[10]. The strong intramolecular charge transfer (ICT) endows these

NFAs with broad absorption spectra, facilitating light-harvesting

and thus significantly enhancing the short-circuit current (JSC) [11].

So far, the power conversion efficiency (PCE) of single-junction

and tandem OSCs based on A-DA’D-A type acceptors has exceeded

19% and 20%, respectively, under the standard AM 1.5G illumina-

tion [12-14]. Although the energy loss of the corresponding or-
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ganic photovoltaic system has been reduced to around 0.5 eV, the

open-circuit voltage (VOC) is always below 1.0V [15]. Once these

OSCs work under indoor light conditions, VOC will further decrease

[16,17]. For example, PM6:Y6-O-based devices under 1-Sun con-

dition can achieve a PCE of 16.53% with a VOC of 0.94V. Under

1650 lux 3000K LED illumination, the PM6:Y6-O-based indoor de-

vice achieved a high PCE of 30.89%, but the VOC is down to 0.84V

[18]. The ultra-low VOC will increase the operating cost of indus-

trialization. In addition, because the spectra of indoor light sources

are located in the 400–750nm range, such narrow bandgap accep-

tor materials could incur more losses due to spectral redundancy

[10]. Hence, it is necessary to develop high-voltage wide-bandgap

(WBG) photovoltaic materials that meet the requirements of in-

door photovoltaics, which can fabricate high-efficiency indoor pho-

tovoltaics (IPVs) to power microelectronic devices in the Internet of

Things (IoTs) [19,20].

Recently, several kinds of WBG NFAs with high lowest un-

occupied molecular orbital (LUMO) energy levels have been

developed through the precise design of electron-donating and

electron-withdrawing units. For example, our group chose weak
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electron-withdrawing benzotriazole (BTA) as the A1 unit and

rhodanine derivatives as the A2 unit to couple with indacen-

odithiophene (IDT) electron-donating unit and achieved some

WBG A2-A1-D-A1-A2 type NFAs [21-23]. Due to the slightly weak

intramolecular electron push-pull effect, these acceptors typically

have wider bandgaps (∼1.7–1.8 eV) and higher LUMO levels (LUMO

> −3.8 eV). When blended with the donors having deep HOMO

levels, the corresponding photovoltaic devices exhibited high VOC

exceeding 1.1V. In 2019, we achieved a high VOC of 1.24V and

a PCE of 10.5% by using the same A strategy to mix J52-Cl with

BTA3 [24]. In 2023, BTA3–4F was synthesized by introducing F

atoms into the side chains on the IDT unit. The photovoltaic device

prepared with the terpolymer E18 and BTA3–4F obtained a VOC of

1.3V with a PCE of 10%, a breakthrough in this field [25]. These

BTA-based wide-bandgap NFAs can be used as a third component

to prepare ternary photovoltaic devices, effectively improving VOC

and assisting PCE breakthrough by over 19% [26]. Importantly,

these BTA-based NFAs exhibited excellent performance in indoor

photovoltaics. In 2021, PBDB-T:BTA3 achieved a PCE of over 25%

under 1000 lux 2700K LED illumination, and the system can still

maintain a VOC of about 1V [27]. In the same year, Hou and his

group designed a new wide-bandgap polymer PBQx-TCl to mix

with BTA3, and the 1 cm2 device obtained a 28.5% PCE with a VOC

of 1.10V under indoor lighting [28]. In 2022, the tetrahydrofuran-

processed ternary OSCs based on J52-Cl:BTA3:BTA1 afforded a

PCE of 28.8% with a higher VOC of 1.12V under irradiation of

a 1000 Lux light-emitting diode (LED) light [29]. Besides, D18:

Cl-BTA5 devices can achieve a VOC of 1V and a PCE of 21% under

indoor lighting conditions [20]. The large-area device (1 cm2)

that combined low-cost polymer PTQ10 with non-fused NFAs

acceptor Cl-BTA33 can achieve a PCE of over 24% under indoor

light exposure. Therefore, further exploring the structure-property

relationship of these BTA-based molecules can help design new

promising materials and develop high-efficiency IPVs.

As an effective molecular design strategy, halogenation has

been widely applied in material design. The variation of posi-

tions and quantities of halogen atoms can lead to diverse photo-

physical properties and energy losses, leading to quite different

device performance, for example, the classical NFAs, ITIC vs. IT-

4F and Y5 vs. Y6 [30-32]. Our previous works have investigated

the effect of halogenated on the BTA unit and central IDT unit

in the BTA-based A2-A1-D-A1-A2 type NFAs [22]. The data indi-

cated that introducing halogen atoms into the BTA unit had lit-

tle influence on bandgap but lowered both the highest occupied

molecular orbitals (HOMO) and LUMO energy levels, which can in-

crease the charge transfer driving force and non-radiative recom-

bination energy loss [33]. Introducing F atoms into the side chains

on the central nucleus can increase molecular bandgap and change

intermolecular interactions and stacking forms. Ultimately, both

can improve device performance [34-36]. BTA5, with the benzyl

group-substituted dicyanomethylene rhodanine as terminals, has

shown improved device performance than BTA3 because the ben-

zyl group could act on the intermolecular interaction patterns and

facilitate the charge generation [37]. Further modifying the benzyl

side chain and lucubrating their structure-performance relation-

ship may achieve high photovoltaic performance.

Herein, with BTA5 as a benchmark, we study the impact of the

chlorine atoms quantities in the terminal benzyl groups on de-

vice performance. Two BTA-based acceptor molecules, as shown in

Fig. 1a, BTA5-Cl containing one chlorine atom in the benzyl groups

and BTA5-2Cl bearing the two chlorine atoms in the benzyl groups,

are synthesized. We chose D18-Cl (Fig. 1b) as the donor material to

pair with the above three NFAs due to its deep HOMO level, high

hole mobility, and strong crystallinity. D18-Cl:BTA5 has afforded

the highest VOC of 1.28V with the smallest non-radiative recombi-

nation loss (�E3) of 0.14 eV. �E3 slightly increased from 0.14 eV to

0.17 and 0.19 eV, respectively, with the increase of chlorine atoms.

As a result, the VOC of D18-Cl:BTA5-Cl and D18-Cl:BTA5-2Cl are de-

creased to 1.22V and 1.20V, respectively. As the number of chlo-

rine atoms in the terminals ascends, the molecular energy levels

shift downward gradually, and the charge transfer driving force

increases in order. At the same time, carrier mobilities become

more balanced. Thus, the JSC and fill factor (FF) increase sequen-

tially. Finally, the D18-Cl:BTA5-2Cl device achieves the highest PCE

of ∼11%, with a VOC of 1.20V. These data indicate that the termi-

nal side chains chlorination also plays an important role in the de-

vice’s performance. Due to the matched absorption with the indoor

sources, these high-VOC OSCs have good potential for indoor OSC

application.

The synthesis routes of the intermediate and small molecule ac-

ceptor BTA5-2Cl are provided in Fig. S1 (Supporting information).

The 1HNMR spectrum of the intermediate is depicted in Fig. S2

(Supporting information). BTA5 and BTA5-Cl were reported in our

previous works [38]. The 1H NMR, 13C NMR, and mass spectra

Fig. 1. Chemical structures of BTA5, BTA5-Cl and BTA5-2Cl (a) and the polymer D18-Cl (b). The absorption spectra of donor and three acceptors in chloroform solution (c)

and neat films (d). (e) Energy levels diagram of D18-Cl, BTA5, BTA5-Cl and BTA5-2Cl.
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of BTA5-2Cl are depicted in Figs. S3-S5 (Supporting information).

Density functional theory (DFT) calculation based on the B3LYP/6–

31G(d,p) basis set is performed on BTA5-2Cl. The calculated results

in Fig. S6a (Supporting information) indicate that introducing dif-

ferent numbers of chlorine atoms on the end groups does not sig-

nificantly alter the molecular conformation, and the three accep-

tor materials still exhibit a planar skeleton with negligible steric

hindrance effects. Due to the increase in the number of halogen

atoms, the electron-accepting ability of the corresponding acceptor

is enhanced, and the energy levels of BTA5, BTA5-Cl, and BTA5-2Cl

shift downwards, which could increase the energy offsets between

the donors and acceptors and thus act on the VOC and JSC. In addi-

tion, we mapped the molecular surface electrostatic potential (ESP)

distributions of the three acceptors (Fig. S6b in Supporting infor-

mation). The overall ESP values on the molecular surfaces are al-

most positive for the three acceptors, and the overall average ESP

values on the molecular surface increase with the addition of Cl

atoms due to the electron-withdrawing property of the Cl atom.

Gradually increasing ESP values could enhance intermolecular in-

teractions with the polymer donor [39].

The ultraviolet-visible (UV–vis) absorption spectra of three sys-

tems in the CHCl3 solution and thin film state are shown in

Figs. 1c and d. The shape of the absorption spectrum has not un-

dergone significant changes with the increase in the number of

chlorine atoms in the side chain on terminals. As shown in Fig. 1c,

the maximum absorption peaks of BTA5, BTA5-Cl, and BTA5-2Cl

in the chloroform solution are 618, 622, and 627nm, respectively,

showing slight red-shifts as the increase of the Cl atoms. Compared

with the solution absorption, the maximum absorption peaks of

three acceptors in films significantly red-shift to 643, 648, and

651nm, respectively, which indicates that all acceptors have strong

intermolecular interactions in the thin films. With the increase of

chlorine atoms, the absorption onsets are red-shifted. As a result,

the optical bandgaps of BTA5, BTA5-Cl, and BTA5-2Cl are reduced

from 1.84 eV to 1.77 and 1.73 eV, respectively. In addition, it is

worth noting that BTA5-2Cl has the highest molar extinction co-

efficient of 1.82×105 L mol−1 cm−1, while BTA5 and BTA5-Cl have

similar molar absorption coefficients (1.35×105 L mol−1 cm−1 vs.

1.40×105 Lmol−1 cm−1). The higher extinction coefficient can en-

hance the light capture ability of the acceptor, thereby contributing

to JSC.

The effect of chlorination on the electrochemical property is in-

vestigated with cyclic voltammetry (CV). The CV curve of BTA5-

2Cl is shown in Fig. S7 (Supporting information). As shown in

Fig. 1e, the HOMO level of D18-Cl is −5.49 eV, and the LUMO level

is −3.49 eV [40]. The EHOMO/LUMO energy levels are −5.55/−3.71,

−5.65/−3.88, and −5.72/−3.99 eV for BTA5, BTA5-Cl [38], and

BTA5-2Cl, respectively, implying that molecular energy levels de-

crease in order as Cl atoms increase. The variation trend of the

molecular energy levels is consistent with the DFT calculation re-

sult. These data indicate that adding Cl atoms may provide a

greater driving force for charge dissociation and help obtain higher

JSC but may sacrifice the VOC.

To further estimate the influence of the Cl atoms on

the photovoltaic performance, conventional devices are pre-

pared with the structure of indium tin oxide (ITO)/poly(3,4-

ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS)/

active layers/PFN-Br/Ag. The detailed device optimization process

is shown in Tables S1-S3 (Supporting information), and the opti-

mal device preparation conditions are provided in the supporting

information. The optimal photovoltaic parameters of the three

systems are listed in Table 1, and the corresponding current

density-voltage (J-V) curves are presented in Fig. 2a. The devices

based on D18-Cl:BTA5, D18-Cl:BTA5-Cl, and D18-Cl:BTA5-2Cl

blends achieved a high VOC of 1.28, 1.22, and 1.20V, respectively.

Increasing chlorine atoms on the terminal benzyl groups of the

acceptors could gradually reduce the VOC, which is attributed to

the descending LUMO energy levels and increased energy loss.

The JSC values of the three devices rise as the number of Cl atoms

increases, partly related to the increase of energy offsets between

the HOMO levels of D18-Cl and these acceptors. D18-Cl:BTA5-2Cl

device presents the highest JSC value (12.89mA/cm2), higher than

D18-Cl:BTA5 (7.38mA/cm2) and D18-Cl:BTA5-Cl (11.53mA/cm2).

At the same time, the D18-Cl:BTA5-2Cl-based device achieves the

highest FF of 0.71. D18-Cl:BTA5-Cl comes second (FF=0.65), and

D18-Cl:BTA5 is the worst (FF=0.53). At last, the PCE of the D18-

Cl:BTA5, D18-Cl:BTA5-Cl and D18-Cl:BTA5-2Cl blends are 5.07%,

9.15% and 10.96%, respectively. Fig. 2b shows the external quantum

efficiency (EQE) curves of the optimized devices. The maximal EQE

values of the three devices are 40%, 60%, and 67% for D18-Cl:BTA5,

D18-Cl:BTA5-Cl, and D18-Cl:BTA-2Cl, respectively. The integrated

current density (Jcal) values calculated from the EQE diagram are

consistent with the current values calculated from the J-V curves.

Steady-state photoluminescence (PL) spectroscopy testing is

used to investigate whether exciton dissociation had occurred in

three mixed films. As shown in Fig. 2c, when selectively excited the

acceptor with the excitation wavelength of 650nm, the PL quench-

ing rates of the three mixed films (D18-Cl:BTA5, D18-Cl:BTA5-Cl

and D18-Cl:BTA5-2Cl) are calculated to be 62%, 86%, and 91%, re-

spectively, indicating the gradually improved hole transfer effi-

ciency. Increasing the number of Cl atoms on the terminals helps

generate a more effective hole transfer, thereby facilitating the

photocurrent generation.

We further apply the space-charge-charge-limited-current

(SCLC) method to calculate the electron and hole mobility of

three mixed films and study the effect of the number of chlorine

atoms on the charge transport property [41]. The detailed device

preparation process and calculation method are summarized in the

supporting information. As shown in Figs. 2d and e, the electron

mobilities (μe) of D18-Cl:BTA5, D18-Cl:BTA5-Cl, and D18-Cl:BTA5-

2Cl are 1.79×10−4, 2.94×10−4, and 3.85×10−4 cm2 V−1 s−1, re-

spectively, and the corresponding hole mobilities are 3.06×10−4,

4.23×10−4, and 4.98×10−4 cm2 V−1 s−1, respectively. The results

show that with the increase of chlorine atoms in the acceptors,

the electron and hole mobilities of the corresponding devices

increase, and the electron mobilities increase more significantly.

Thus, the ratio of μe/μh (0.58, 0.7, and 0.77) approaches closer and

closer to 1 as the number of chlorine atoms increases. The more

balanced carrier mobility in D18-Cl:BTA5-2Cl helps reduce charge

recombination and facilitates higher JSC and FF.

In order to understand the impact of the number of chlorine

atoms on the charge recombination process, we studied the rela-

Table 1

Photovoltaic parameters of the optimized three OSCs.

Active layer VOC (V) JSC (mA/cm2) Jcal (mA/cm2)a FF (%) PCEmax/PCEave (%)b

D18-Cl:BTA5 1.285 7.38 7.01 53.49 5.07 (4.86±0.21)

D18-Cl:BTA5-Cl 1.223 11.53 10.95 64.98 9.15 (8.97± 0.18)

D18-Cl:BTA5-2Cl 1.202 12.89 12.24 70.77 10.96 (10.78± 0.18)

a The Jcal calculated from the EQE spectra.
b Average data from over 10 independent devices.
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Fig. 2. J-V curves (a) and EQE spectra (b) of the OSCs based on D18-Cl:BTA5, D18-Cl:BTA5-Cl and D18-Cl:BTA5-2Cl. (c) The PL of neat films and blend films with excitation

at 650nm. J1/2-V curves of electron-only (d) and hole-only (e) mobilities tested by the SCLC method.

tionship between JSC or VOC and the light intensity (Plight). The re-

lationship between JSC and Plight can be analyzed using the formula

(Eq. 1):

JSC ∝
(
Plight

)α
(1)

When the value of α is closer to 1, bimolecular recombination is

nearly inhibited [42]. As shown in Fig. S8 (Supporting information),

the α values are 0.954, 0.966, and 0.967 for the devices based

on D18-Cl:BTA5, D18-Cl:BTA5-Cl and D18-Cl:BTA5-2Cl, respectively.

The D18-Cl:BTA5-2Cl device, with the highest ɑ value, exhibits the

lowest bimolecular recombination. The VOC and light intensity re-

lationship can be expressed with the formula (Eq. 2):

VOC ∝
(
nkT/q

)
ln

(
Plight

)
(2)

The larger the n value, the more severe the monomolecular re-

combination or trap capture in the system, indicating a lower con-

version efficiency of the device [43]. The n values of the three sys-

tems can be calculated as 1.45, 1.36, and 1.24, respectively. Com-

pared with the other two systems, the monomolecular and trap-

assisted recombination in D18:BTA5-2Cl is significantly suppressed,

improving the JSC and FF.

In order to investigate the effect of the number of chlorine

atoms in the acceptor on energy loss, the FTPS-EQE spectra and

EQEEL curves were tested and depicted in Fig. S9 (Supporting in-

formation). The energy loss data of relevant devices are shown in

Table S4 and Fig. S10 (Supporting information). The total energy

loss can be divided into three parts (Eq. 3) [44]:

Eloss = �E1 + �E2 + �E3 (3)

�E1 is caused by radiative recombination loss above the

bandgap, which is inevitable. It can be expressed using a formula

(Eq. 4):

�E1 = Eg − qV SQ
OC

(4)

where Eg is the bandgap of the D18-Cl:BTA5, D18-Cl:BTA5-Cl and

D18-Cl:BTA5-2Cl, q is the element charge, and V SQ
OC

is the Shockley-

Queisser (SQ) ultimate output voltage. The �E1 of the related de-

vices are 0.288, 0.285, and 0.285 eV. �E2 is the radiative recombi-

nation below the bandgap, mainly caused by the absorption of the

CT state. �E2 can be calculated using the formula (Eq. 5):

�E2 = q
(
V SQ
OC

−V rad
OC

)
(5)

where V rad
OC

is the limited VOC under only radiation recombina-

tion conditions. �E2 of the D18-Cl:BTA5, D18-Cl:BTA5-Cl, and D18-

Cl:BTA5-2Cl are 0.093, 0.082 and 0.083 eV, respectively. �E2 is also

related to energy disorder, which can be reflected with Urbach en-

ergy (EU). As shown in Fig. 6a, according to the formula (Eq. 6)

[45]:

α(E) = α0exp
[(
E − Eg

)
/EU

]
(6)

The EU values for BTA5-, BTA5-Cl-, and BTA5-2Cl-based devices

are 37.2, 36.7, and 36.8 meV, respectively. The fluctuation of EU val-

ues is consistent with the change of �E2, indicating that introduc-

ing chlorine atoms into the terminals can slightly reduce energy

disorder. �E3 is the non-radiative energy loss, which can be calcu-

lated from the EQEEL spectrum, according to the following formula

(Eq. 7):

�E3 = q
(
V rad
OC −VOC

)
= −kT ln (EQEEL) (7)

From Fig. S10a, the EQEEL values for BTA5-, BTA5-Cl-, and BTA5-

2Cl-based devices are 4.59×10−3, 1.52×10−3, and 6.99×10−4, re-

spectively. The corresponding �E3 values are 0.139, 0.168, and

0.188 eV, respectively. �E3 =0.139 eV, one of the lowest values in

OSCs, is roughly the same as those of inorganic or perovskite so-

lar cells [46-50]. Introducing chlorine atoms into the terminals can

slightly reduce the luminescence efficiency, increasing �E3 [51].

In summary, introducing Cl atoms could gradually increase energy

loss from 0.520 eV to 0.535 and 0.556 eV. Hence, BTA5-2Cl with di-

chlorination attains the lowest VOC of 1.20V, followed by BTA5-Cl

with mono-chlorination (VOC =1.22V), and BTA5 without Cl atoms

exhibits the highest VOC of 1.28V.

Contact angle testing is commonly used to study the miscibil-

ity between donor polymers and small molecule acceptors. The

contact angles of D18-Cl, BTA5, BTA5-Cl, and BTA5-2Cl pure films

were tested using water and diiodomethane, as shown in Fig. S11

(Supporting information). The detailed data are listed in Table S5

(Supporting information). The test results were analyzed using the

Flory-Huggins theory, according to the formula (Eq. 8):

χ = K
(√

γD − √
γA

)2
(8)

where χ is Flory-Huggins interaction, K is the constant, and γ is

the surface tension of the relevant material [52]. The calculated χ

4
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Fig. 3. Atomic force microscopy height images of D18-Cl:BTA5 (a), D18-Cl:BTA5-Cl (b) and D18-Cl:BTA5-2Cl (c). 2D GIWAXS patterns of D18-Cl:BTA5 (d), D18-Cl:BTA5-Cl (e),

D18-Cl:BTA5–2Cl (f) and the corresponding 1D profiles (g).

values of the three devices are 0.69K for D18-Cl:BTA5, 0.56K for

D18-Cl:BTA5-Cl, and 0.59K for D18-Cl:BTA5-2Cl, respectively. The

D18-Cl:BTA5-based device shows the largest χ values among the

three devices, indicating that the miscibility of the device is the

worst, which may form the large phase separation. The χ value

decreases with the introduction of chlorine atoms, indicating the

miscibility is improved, which is beneficial for charge transport

and exciton dissociation, achieving higher FF and better PCE.

Atomic force microscopy (AFM) is used to study the sur-

face morphology of the blend film. As shown in Figs. 3a-c, the

root-mean-square (RMS) roughness of D18-Cl:BTA5, D18-Cl:BTA5-

Cl, and D18-Cl:BTA5-2Cl are 1.64, 1.29, and 1.28nm, respectively.

Compared with the D18-Cl:BTA5 blend film, with the introduction

of chlorine atoms, the active layer obtained a smoother surface,

which is conducive to forming more effective charge extraction.

These data are consistent with the data of the contact angle test-

ing. To further investigate the influence of the number of chlorine

atoms on molecular stacking and crystallinity, we conducted two-

dimensional grazing-incident wide-angle X-ray scattering (2D GI-

WAXS) testing on three blend films. As shown in Figs. 3d-g, three

blend films mainly exhibit an obvious (100) diffraction peak in

the in-plane (IP) direction and a (010) diffraction peak in the out-

of-plane direction, implying that all of the three films preferred

the face-on orientation, which is conducive to charge transport.

The detailed data is presented in Table S6 (Supporting informa-

tion). BTA5, BTA5-Cl, and BTA5-2Cl exhibit similar π-π stacking

distances of 3.57, 3.58, and 3.57 Å, respectively. The crystallite co-

herence lengths (CCL) of the (010) peak for BTA5, BTA5-Cl, and

BTA5-2Cl are 20.86, 22.04, and 25.84 Å, respectively. Meanwhile,

the corresponding CCLs of the (100) peak are 96.70, 104.11, and

115.42 Å in the IP direction. These data indicate that as the num-

ber of chlorine atoms increases, the crystallinity of the mixed film

gradually increases, which is beneficial to charge transport, obtain-

ing higher carrier mobilities and current values.

In summary, we introduced different numbers of chlorine

atoms on the terminal benzene rings in BTA5 and obtained two

NFAs, BTA5-Cl and BTA5-2Cl. D18-Cl, with deeper HOMO energy

levels and strong crystallinity, was chosen as the polymer donor to

pair with these acceptors and investigate the effect of the chlorine

atom’s quantities on the photovoltaic performance. Due to the low

energy offsets and low non-radiative energy loss below 0.20 eV,

these devices attain a high VOC above 1.20V. As the number of

chlorine atoms increases, VOC gradually decreases from 1.28V to

1.22V and 1.20V, with the non-radiative energy loss increasing

from 0.14 eV to 0.17 and 0.19 eV. BTA5-2Cl-based OSCs with the

most Cl atoms achieve a PCE of nearly 11% due to more effec-

tive exciton dissociation and charge transfer capabilities, as well as

more balanced carrier mobility. Our research results indicate that

increasing the number of halogen atoms in the acceptor is ben-

eficial for achieving better performance while maintaining a high

voltage. Despite the non-conjugated nature of the substituents,

chlorination remains effective in modulating the molecular energy

levels. These results could provide important guiding principles for

future molecular design.
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