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Central fluorination strategy of biphosphonic acid molecule for
self-assembled monolayer enables efficient organic solar cells
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Yongsheng Chen"” and Yongsheng Liu"*"

ABSTRACT Poly(3,4-ethylenedioxythiophene):poly(4-styr-
enesulfonate) (PEDOT:PSS) is a primary hole extraction layer
(HEL) employed in most state-of-the-art regular organic solar
cells (OSCs). However, the acidic nature of PEDOT:PSS could
corrode the indium tin oxide (ITO) electrode under prolonged
operation, compromising the long-term stability of the de-
vices. Herein, we have designed and synthesized a novel bi-
phosphonic acid molecule, namely 3BPIC-cF, for self-
assembled monolayers (SAMs) using a central fluorination
strategy. Compared to PEDOT:PSS, the 3BPIC-cF-modified
ITO substrate exhibits enhanced light transmittance and im-
proved interfacial compatibility with the organic active layer.
Thanks to the introduction of fluorine atoms, 3BPIC-cF ex-
hibits a larger dipole moment and a deeper highest occupied
molecular orbital energy level, leading to an increased work
function for the ITO/3BPIC-cF substrate compared to the
ITO/PEDOT:PSS substrate. These advantages can enhance
hole extraction within the device, decrease interfacial im-
pedance and restrain nonradiative recombination at the in-
terface. Consequently, OSCs utilizing 3BPIC-cF as HEL
achieved a high efficiency of 19.34%, surpassing the perfor-
mance of devices based on PEDOT:PSS (power conversion
efficiency (PCE) = 18.64%). Importantly, the OSCs based on
3BPIC-cF exhibit significantly improved stability compared to
those using PEDOT:PSS. This research provides valuable in-
sights for the development of functional molecules for SAMs,
with the potential to enhance the performance of organic solar
cells.

Keywords: organic solar cells, self-assembled monolayer, fluor-
ination strategy, hole extraction layer

INTRODUCTION

As a promising next-generation photovoltaic technology,
organic solar cells (OSCs) have attracted considerable attention
due to their advantages such as lightweight, mechanical flex-
ibility and low cost [1-9]. Recently, the power conversion effi-
ciency (PCE) of single junction OSCs has exceeded 20%

benefiting from the rapid development of near-infrared (NIR)
non-fullerene acceptors (NFAs) and polymer donors [10-22].
Additionally, as an important component of OSCs, the charge
transport layers (CTLs) also play a crucial role in carrier trans-
port and the suppression of non-radiative recombination at the
interface [23-25]. So far, most regular OSCs mainly employed
poly(3,4-ethylenedioxythiophene):poly(4-styrenesulfonate)
(PEDOT:PSS) as hole extraction layer (HEL) [5,23,26]. However,
the acidic nature of the PSS component can corrode the indium
tin oxide (ITO) electrode over time, potentially compromising
the long-term stability of the devices [27,28]. Therefore, it is
critical to develop new alternatives to replace PEDOT:PSS in
order to improve the long-term stability and efficiency of OSCs.

Self-assembled monolayers (SAMs) have gained considerable
attention in perovskite solar cells due to their advantageous
properties, including a simple molecular structure, low synthesis
cost, low material usage, and tunable energy levels [29-35]. In
recent years, SAMs have also been progressively explored as
HEL in OSCs and achieved rapid progress. However, most of the
SAMs used in OSCs are monophosphonic (2-(9H-carbazol-9-
ylethyl)phosphonic acid (2PACz) and its derivates [28,36-39].
The increase in the number of phosphonic acid anchoring
groups could enhance their adsorption onto the surface of ITO
and improve the molecular coverage of SAM [40]. Nevertheless,
SAMs based on multiple phosphonic acid moleculars have been
seldom reported in the field of OSCs [30,31,41].

Previous works have revealed that for hole-extractive SAM
molecules, the increase of molecular dipole moment can enlarge
the work function (WF) of ITO/SAM substrate, thus promoting
more efficient hole extraction from the active layer [30,31,41]. In
this work, we successfully designed and synthesized a novel SAM
molecule, 3BPIC-cF, based on fluorine modified indolo[2,3-a]-
carbazole conjugate cores utilizing a central fluorination strategy
(Fig. 1a). Thanks to the fluorine modification in the indolo[2,3-
a]carbazole core, 3BPIC-cF exhibits an enlarged dipole moment
in comparison with 3BPIC, resulting in an increased WF for the
ITO/3BPIC-cF substrate, thereby facilitating efficient hole
extraction. Compared to PEDOT:PSS, 3BPIC-cF modified ITO
exhibits a higher light transmittance due to the ultra-thin
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Figure 1
(c) ultraviolet-visible transmittance spectra of ITO with various HELs.

monolayer with minimal light absorption, leading to improved
light utilization. Moreover, the fused aromatic structure on the
opposite side of the phosphonic acid groups enhances their
interfacial compatibilities with the photoactive layer. As a result,
the 3BPIC-cF-based device achieved a champion PCE of 19.34%,
much higher than the PEDOT:PSS-based device (PCE
18.64%). Moreover, the device based on 3BPIC-cF displayed
superior thermal stability compared to the PEDOT:PSS-based
device.

RESULTS AND DISCUSSION

To improve the dipole moment of biphosphonic acid molecules
in the SAM layer, we designed and synthesized a conjugated
core-based SAM molecule, 3BPIC-cF, incorporating an indolo
[2,3-a]carbazole structure and employing a central fluorination
strategy. The synthetic route for 3BPIC-cF is shown in Fig. la,
with the detailed synthesis process provided in the Supplemen-
tary information. We first prepared the intermediate, 2',3'-
difluoro-2,2"-dinitro-1,1":4',1"-terphenyl =~ (Compound  2),
through a Pd,(dba); catalyzed Suzuki cross-coupling reaction of
(2-nitrophenyl)boronic acid and 1,4-dibromo-2,3-difluor-
obenzene (Compound 1). The ligand 2-dicyclohexylphosphino-
2'4',6'-tri-i-propyl-1,1'-biphenyl (X-PHOS) was used to over-
come the influence of steric hindrance. From this intermediate,
the central fluorinated indolo[2,3-a]carbazole core was suc-
cessfully synthesized with a yield of 79% utilizing the Cadogan
reaction. Under optimized reaction conditions, the target
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(a) Synthetic route of 3BPIC-cF SAM; (b) calculated HOMO orbital distributions, dipole moments and HOMO energy levels of 3BPIC-cF SAMs.

molecule 3BPIC-cF was synthesized successfully through an SN,
substitution reaction and a hydrolysis reaction. The SAM
3BPIC-cF was further characterized by nuclear magnetic reso-
nance (NMR) and high-resolution mass spectrometry (HRMS)
(Figs $25-S29). The C NMR spectra (Fig. $26) show three
doublet-of-doublets (dd) peaks at chemical shifts of 139.02,
125.08 and 112.35 ppm, indicating the varying degrees of cou-
pling splitting of the two F atoms with the three different C
atoms of the central benzene ring. The coupling constants
decrease as the distances between C and F increase.

The highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) distributions from den-
sity functional theory (DFT) calculation (B3LYP/6-31G(d))
show that 3BPIC-cF exhibits a deeper HOMO energy level of
—5.33 eV than that of PEDOT (—4.43¢eV) (Fig. S1). More
importantly, the higher dipole moment of 3BPIC-cF (u = 3.35 D)
contributes to the low-lying WF of ITO/3BPIC-cF substrate
discussed below. The ITO/3BPIC-cF substrate exhibits similar
light transmittance to that of bare ITO (Fig. 1c), resulting in
much enhanced light utilization compared to the ITO/PEDOT:
PSS anode. According to ultraviolet photoelectron spectrometry
(UPS) analysis (Fig. 2a), the HOMO energy levels of the ITO/
3BPIC-cF and ITO/PEDOT:PSS substrates are —5.49 and
—5.38 eV (Fig. 2b), respectively, showing the same trend as
observed from DFT calculations. Moreover, the WF of ITO/
3BPIC-cF is 5.14 eV, showing a sequential increase from 4.70 eV
for bare ITO to 4.75eV for ITO/PEDOT:PSS (Fig. 2b). The

1409



ARTICLES

SCIENCE CHINA Materials

a b
. —— ITO/PEDOT:PSS Eypc ====3~====pmomoty

E‘ ——ITO/3BPIC-cF

N A —

S S

2 -3.90 -3.90

= E,.F =063 eV < WF 4.70 4.75 -4.05 —

= e Fanssay 2O 5.14 PNDIT-  -4.30
B SRS 2 F3N

N o — 3 Ag
= > — i” 3

0 o ITo ITO/ ()] :

£ H PEDOT: o) @

) Q
o c PSS TTo/ 7S
2 NN w HOMO m 3BPIC-cF
: — : , : -5.68 -5.64
18 17 16 1 0
Binding energy(eV)
c ‘ d e
——ITO/3BPIC-cF | 1—ITO >

2 : 2> {——ITOI3BPIC-cF =]

= 2 | 2

c c o

2 8 2]

£ £ £ ]

° o g ]

® |—3BPICcF @ NIomo

= \ 133.96 eV N = ] /

T 7 : P 2p,, T 444.55 eV £ ] 530.09ev [ 531.31ev
= 134.83eV | E 45207 eV = Opat~ o

o - P2pP i S .

Z 1/2 Z z 1

140 138 136 134 132 130 128 460 456 452 448 444 440 526 528 530 532 534 536

Binding energy (eV)

Binding energy (eV)

Binding energy (eV)

Figure 2 (a) UPS spectra of ITO/3BPIC-cF and ITO/PEDOT:PSS; (b) schematic diagram of energy level arrangement; (c) P 2p, (d) In 3d and (e) O 1s core

level XPS spectra of bare ITO and ITO/3BPIC-cF films.

enlarged WF of ITO/3BPIC-cF can be attributed to the larger
dipole moment of 3BPIC-cF, as calculated from DFT calculation
(Fig. 1b), thereby enhancing its compatibility with the HOMO
energy level of the polymer donor PM6 (chemical structure
shown in Fig. S5) in the photoactive layer [42,43]. The larger WF
and deeper HOMO level of ITO/3BPIC-cF will facilitate hole
extraction at the interface by reducing energy loss to achieve a
higher open-circuit voltage (Voc) of the corresponding OSCs
[42,44].

The interactions between the 3BPIC-cF molecule and the ITO
surface were investigated using X-ray photoelectron spectro-
scopy (XPS). As shown in Fig. 2c and Table S1, the P 2p;,, and P
2ps;, peaks of pure 3BPIC-cF were located at 134.83 and
133.96 eV, respectively. After being coated on the ITO surface,
these peaks shifted to 134.46 and 133.59 eV, respectively. Simi-
larly, the In 3ds/, and In 3ds), peaks for bare ITO were observed
at 452.07 and 444.55 eV, respectively, while for 3BPIC-cF-cov-
ered ITO, they shifted to 452.80 and 445.28 eV, respectively. A
comparable trend was observed for the Sn 3d peaks (Fig. S2 and
Table S1). Regarding the lattice oxygen (Oy,,) on the ITO surface,
the O 1s peaks for bare ITO and ITO/3BPIC-cF were located at
530.09 and 531.06 eV, respectively (Fig. 3e). The obvious shifts
of the P 2p, In 3d, Sn 3d and O 1s orbitals indicate that 3BPIC-
cF has chemically adsorbed onto the ITO surface [31,45]. In
addition, the ratio of vacancy oxygen (O,) to Oy, decreased from
2.83 for ITO to 1.11 for ITO/3BPIC-cF (Fig. 3e, Fig. S3 and
Table S1), suggesting that oxygen vacancy defects were effec-
tively passivated by phosphonic acid groups. This passivation
could help reduce trap-assisted nonradiative recombination in
OSCs [45].

The contact angle (CA) measurements were performed using
water and diiodomethane (DIM) to evaluate the interface
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compatibility between the substrate and the active layer. As
shown in Fig. S4, the water contact angle of ITO/PEDOT:PSS
was measured to be 15.62° significantly smaller than that of
ITO/3BPIC-cF, which was 76.17°. The DIM contact angle shows
that the ITO/PEDOT:PSS substrate has a larger value of 42.77°
compared to 34.87° for ITO/3BPIC-cF. These results indicate
that 3BPIC-cF SAMs enhance the interface contact between the
organic active layer and the substrate, which facilitates carrier
transport.

To compare the photovoltaic performance of 3BPIC-cF and
PEDOT:PSS as HELs in OSCs, we fabricated the devices using a
conventional structure of ITO/HEL/bulk heterojunction (BHJ)/
PNDIT-F3N/Ag (Fig. 3a), with PM6:L8-BO:BTP-ec9 (chemical
structure shown in Fig. S5) as the BHJ layer [20]. The pre-
paration process of SAM-modified ITO followed a previous
method in our group [41]. The current density-voltage (J-V)
curves of the OSCs in Fig. 3b show that the device based on
PEDOT:PSS exhibits a Vo of 0.881 V, a short-circuit current
density (Jsc) of 27.15 mA cm ™2, and a fill factor (FF) of 77.90%,
achieving a PCE of 18.64% (Table 1). In comparison, the opti-
mized OSCs using biphosphonic acid 3BPIC-cF SAM as the HEL
showed an enlarged Vpoc of 0.889V, a notable Jic of
27.98 mA cm ™ and an FF of 77.73%, yielding a champion PCE
of 19.34%, which is much higher than that of the PEDOT:PSS-
based device (Table 1). The distributions of photovoltaic para-
meters for OSCs with different HELs are shown in Fig. 3¢ and
Fig. S6. The statistical analysis of PCEs indicates that the devices
based on 3BPIC-cF have an average PCE of 19.04%, surpassing
the PEDOT:PSS devices, which have an average PCE of 18.32%.
Moreover, the 3BPIC-cF-based device demonstrates superior
performance compared to the device using conventional 2PACz
as the HEL (PCE = 18.99%) (Figs S7, S8 and Table S2). This
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Figure 3 (a) Device architecture of the conventional OSCs based on 3BPIC-cF; (b) J-V characteristics curves of the optimized PM6:L8-BO:BTP-ec9 devices
based on PEDOT:PSS and 3BPIC-cF; (c) statistical PCE and Vo data of the corresponding devices; (d) the relationship of PCE and Vi of the corresponding
devices; (e) EQE spectra and integrated photocurrent density of the corresponding devices; (f) thermal aging test of unencapsulated devices based on PEDOT:

PSS and 3BPIC-cF under 65 °C in N, glovebox.

Table 1 Optimized photovoltaic parameters for devices based on 3BPIC-cF and PEDOT:PSS
BHJ HELs Voc (V) Jsc (mA cm™) Jsc* (mA cm™) FF (%) PCE (%)
0.881 27.15 77.90 18.64
PEDOT:PSS (0.884 + 0.005) (26.98 + 0.39) 26.22 (76.76 + 0.50) (18.32 + 0.20)
PM6:L8-BO:BTP-ec9 5 1934
3BPIC-cF 0.889 7.98 26.73 77.73 9.3

(0.890 + 0.002)

(27.72 £ 0.19)

(77.30 = 0.55) (19.04 £ 0.17)

a) Calculated from EQE data.

improvement is attributed to the more uniform coverage of
3BPIC-cF on the ITO surface and the increased WF compared to
2PACz, as evidenced by the narrower and lower surface contact
potential distribution observed in the Kelvin probe force
microscopy (KPFM) results (Fig. S9). As shown in Fig. 3d, the
improved PCE in the 3BPIC-cF-based devices is mainly attrib-
uted to an increase in V¢, which could be linked to the enlarged
WE of ITO/3BPIC-cF and the reduced built-in voltage (V},;) of
the device, as discussed below. Additionally, the integrated Jsc of
the OSCs based on PEDOT:PSS and 3BPIC-cF, calculated from
external quantum efficiency (EQE) curves (Fig. 3e), are 26.22
and 26.73 mA cm™’, respectively, closely matching the -V
results with an error margin within 4%. This consistency was
also confirmed in the J-V curves and EQE data of two additional
high-efficiency device groups (Fig. S10 and Table S3). Beyond
the improvement in PCEs, we also evaluated the stability of the
unencapsulated OSCs. As shown in Fig. 3f and Fig. S11, the
unencapsulated device based on 3BPIC-cF maintains over 90%
of its initial PCE after aging for 500 h at 65 °C in a N, glove box,
whereas the PCE of the device based on PEDOT:PSS decays to
less than 80% of its initial value after 240 h. The operational
stability was evaluated by tracking the PCE at the maximum
power point (MPP) under continuous light illumination (white
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light-emitting diode (LED), 100 mW cm™?). The 3BPIC-cF-
based unencapsulated device maintained approximately 87% of
its original PCE after 100 h (Fig. S12), surpassing the PEDOT:
PSS-based device, which retained about 81% after the same
period.

To study the carrier recombination kinetics in OSCs based on
different HELs, light intensity-dependent J-V characteristics
were evaluated. As shown in Fig. 4a, the Nyquist plot from the
electrochemical impedance spectroscopy (EIS) measurements
was obtained for OSCs with different SAMs. According to the
equivalent circuit model, the series resistance (Rgie) and
charge-transport resistance (R.) for devices based on PEDOT:
PSS are 18.4 and 71.9 Q, respectively, while for those based on
3BPIC-cF, they are 16.5 and 66.1 Q, respectively. The decrease in
both Ry and Rer in the 3BPIC-cF-based devices could be
attributed to the ultra-thin monolayer and improved interface
compatibility, which facilitate carrier transport and help sup-
press charge recombination [46]. The relationship between Voc
and light intensity (I) follows the formula Voc &« nKpTIn(I)/q,
where Kp, T, g, and n are the Boltzmann constant, Kelvin
temperature, elementary charge, and ideality factor, respectively
[47]. The calculated n values for PEDOT:PSS and 3BPIC-cF-
based OSCs are 1.342 and 1.214, respectively (Fig. 4b). Addi-

1411



ARTICLES

SCIENCE CHINA Materials

a 4
Rivies R --9-- PEDOT:PSS
354 --0- - 3BPIC-cF
C 30
. 5
@ 251 b 9--9--g_
(3] ~Q,
< 20 9°g-9-9-0a. o,
'g 15 " Q9 o
@ "] o3 ° 2
2101 99 %%
£ ¥ L A
N i
]
o] &
10 20 30 40 50 60 70 80
-Impedance (Q)
Cc
AE, =0.217 eV
1E-2 - AE, =0.228 eV
S
~ 1E-3 |
w
w
(¢}
w
1E-4 1
—— PEDOT:PSS
1E-5 : : —3BPICF

0 20 40 60 80
Jsc (MA cm?)

100

@ 3BPIC-cF
o PEDOT:PSS

1.214 kgTiq

%

1.342 kg Tiq

10 50 100
Light intensity (mW cm)

—— PEDOT:PSS
— 3BPIC-cF

-
N
f

S
©
|

o
)
.

o
w
1

0.738 V

(CIA)2 (10" cm*F?)

0.0 0.632V ™ :

0.0 01 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Voltage (V)
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tionally, the Jsc versus light density curves show that the expo-
nent a of PEDOT:PSS and 3BPIC-cF-based devices (Jsc o I%) is
0.989 and 0.993, respectively (Fig. S13). The lower n value and
higher « value for the 3BPIC-cF-based devices suggest a
reduction in trap-assisted recombination and bimolecular
recombination [48,49].

The transient photovoltage (TPV) and transient photocurrent
(TPC) measurements were carried out to study the carrier
dynamic in the devices. As displayed in the TPV curves (Fig.
S14a), the 3BPIC-cF-based device exhibits a significantly longer
carrier lifetime of 58.0 s than the PEDOT:PSS-based device (1 =
51.9 us), suggesting suppressed nonradiative recombination in
the 3BPIC-cF-based device. The TPC results in Fig. S14b show
that the 3BPIC-cF-based device has a shorter decay time of
1.31 us compared to 2.86 ps for the PEDOT:PSS-based device.
The shorter decay time indicates faster charge collection in the
3BPIC-cF-based device.

To further evaluate the nonradiative recombination energy
loss (AE,,;), the external electroluminescence yield (EQEg;) was
measured as a function of injection current by operating the
OSC device as an LED. Using the equation AE, =
—kpTIn(EQEg) [50], the corresponding AE,, values are 0.228
and 0.217 eV for PEDOT:PSS and 3BPIC-cF-based OSCs,
respectively (Fig. 4c). The smaller AE,, of the 3BPIC-cF-based
device could be attributed to its higher WF and better interface
compatibility as discussed above. Additionally, the Mott-
Schottky analysis was performed to investigate the built-in vol-
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tage (Vy,;) of OSCs based on different SAMs. As displayed in
Fig. 4d, the OSC based on 3BPIC-cF exhibits a Vj; of 0.738 V,
higher than that of the device based on PEDOT:PSS (Vy; =
0.632 V). The higher V}; of the 3BPIC-cF-based device can be
attributed to the smaller AE,; and larger WF of the ITO/3BPIC-
cF substrate, resulting in an enlarged V¢ [51].

CONCLUSIONS

In summary, we have successfully developed a novel bipho-
sphonic acid molecule with larger dipole moment for SAMs
using a central fluorination strategy. Compared to the conven-
tional PEDOT:PSS HEL, the 3BPIC-cF exhibits enhanced light
transmittance and better interfacial compatibility with the active
layer. Due to the larger dipole moment and deeper HOMO
energy level of 3BPIC-cF, the ITO/3BPIC-cF substrate shows a
higher WF than the ITO/PEDOT:PSS substrate. The advantages
of the 3BPIC-cF SAM not only improve hole selectivity but also
reduce interfacial impedance and inhibit nonradiative recom-
bination. Consequently, OSCs using 3BPIC-cF-based SAMs
obtained a champion PCE of 19.34%, much higher than the cells
based on PEDOT:PSS (PCE = 18.64%). Moreover, the best PCE
of 3BPIC-cF-based devices also surpassed that of the 2PACz-
based devices (PCE = 18.99%). Notably, the OSCs based on
3BPIC-cF also achieved significantly enhanced stability com-
pared to PEDOT:PSS-based devices. Overall, our strategy for
central fluorination of biphosphonic acid molecules provides a
new choice for designing SAMs materials and paves the way for

May 2025 | Vol.68 No.5



SCIENCE CHINA Materials

ARTICLES

further advancements and commercial applications of OSCs.
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