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in polymer solar cells with enhanced light absorption
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Abstract: A dye unit, 3-ethyl rhodanine, was attached onto (6,6)-phenyl-C61 butyric acid methyl
ester (PCBM) for the first time, affording a new fullerene acceptor PCBM-rhodanine (PCBRh)
for polymer solar cells (PSCs) with enhanced light absorption. The successful attachment of the
rhodanine moiety was confirmed by 'H NMR, " C NMR and matrix-assisted laser desorption/
ionization time-of-flight ( MALDI-TOF ) mass spectroscopies. UV-vis spectroscopic study
indicated that PCBRh had stronger absorptions in the region of 300 ~600 nm than PCBM, and
this was due to the high absorption coefficient of the dye unit of 3-ethyl rhodanine. Cyclic
voltammetric measurement revealed that the lowest unoccupied molecular orbital (LUMO) level
of PCBRh was 0.1 eV higher than that of PCBM, which can be understood by considering the
electron donating property of the rhodanine moiety. Using PCBRh as an acceptor blending with
poly(3-hexylthiophene-2,5-diyl) (P3HT), the bulk heterojunction (BH]J) PSC device exhibited a
power conversion efficiency (PCE) of 1.46% under the optimized condition (blending ratio of
P3HT:PCBM =1:1 (mass ratio), annealing treatment at 135 ‘C for 10 min). The effect of
annealing on the morphology of P3HT: PCBRh active layer and its correlation with the device
performance were studied by atomic force microscopy ( AFM), revealing that in the annealed
P3HT:PCBRh blend film P3HT aggregated to long stripes with an average length of ca. 20 nm
and the RMS roughness increased compared to that for the reference P3HT: PCBM blend film,
thus leading to unfavorable exciton diffusion and dissociation.
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0 Introduction

(PSCs ) have been

regarded as a clean and renewable energy source

Polymer solar cells

with the advantage of easy fabrication, low cost,
light weight, synthetic variety and mechanical
flexibility""™™ . The bulk heterojunction (BHJ) PSC
devices are composed of an active layer of a
conjugated polymer donor such as poly (3-
hexylthiophene-2, 5-diyl) (P3HT) and a soluble
acceptor typically [ 6, 6 ]-phenyl-C61-butyric acid
methyl ester (PCy; BM) sandwiched between an
cathode!™ . The

materials of both conjugated polymer donor and

anode and a photovoltaic
fullerene acceptor with broad visible to NIR
absorption, high charge carrier mobility, and
matching of energy levels are crucial for high

121 During the past decade,

performance of PSCst
a number of novel low band-gap polymers were
synthesized by employing the donor-acceptor (D-
A) approach and power conversion efficiency
(PCE) of the corresponding BH]J-PSC devices have
surpassed 9% based on such donor polymer as
thieno [ 3. 4-b J-thiophene/benzodithiophene

(PTB7) and [ 6,6 ]-phenyl-C71-butyric acid methyl

ester ( PC, BM )bl

materials for PSCs have been less studied™

However, acceptor

11]

Since the first report by Hummelen et al. I, PCq,
BM (hereafter abbreviated as PCBM) has remained
the most commonly used acceptor material for good

solvents, high
[5,11-12]

solubility in common organic
electron mobility and high electron affinity
However, PCEs of the reported PCBM-based PSC
devices have so far still been limited due to its low-
lying energy level with poor matching with that of
the typical donor and weak absorption in the visible

L-1H2] - Thus, it is desirable to develop new

region
acceptors with improved energy level matching
and/or light absorption.

Up to now, two general approaches have been
developed to functionalize fullerenes as better
acceptors for PSCs. One is to raise its lowest
unoccupied molecular orbital (LUMO ) energy
level by attaching electron-donating groups onto

L5111 fullerene

fullerenes synthesizing
bisadductst'®?? or substituting empty fullerenes
with endohedral fullerenest®’. For instance,
indene-Cg, bisadduct (ICBA) exhibited a LUMO
level 0.17 eV higher than that of PCBM and a

stronger absorption in the visible region, and the
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BHJ-PSC device based on ICBA acceptor blended
with PSHT showed dramatically improved open
circuit voltage (V,.) (0.84 V) and PCE (5.44%)
compared to those of the P3HT:PCBM device!'™.
Similarly, LUMO of dihydronaphthyl-based Cg,
bisadduct (NCgBA) was 0. 16 eV higher than that
of PCBM, and the BHJ-PSC device based on
P3HT :NCy BA exhibited better performance with
higher V.. of 0.82 ¢V and PCE of 5.37%!'".
However,

these fullerene bisadducts are the

mixture of multiple isomers, hindering the
effective packing of molecules required for efficient
electrons transport, and the separation of
individual isomers is quite tedious™?*Y. Another
remarkable example to raise the LUMO level of
endohedral
fullerenes such as LusN @ Cg to replace empty
fullerene Cgy» and LUMO of Lu; N@Cg,-PCBH (H
=hexyl) was 0. 28 eV higher than that of PCBM.
As a result, V. of the corresponding P3HT :Lu;N
@ Cq-PCBH devices was increased by 0.26 eV
compared to that of the P3HT.:PCBM devices and
the optimized PCE reached 4. 2%,

and high cost of

fullerene acceptors was to use

In this case,
nevertheless, the rarity
endohedral fullerenes would inevitably limit the
common use.

Another approach toward novel fullerene
PSCs is to

absorption. For

enhance its light
PC; BM

significantly higher absorption coefficient in the

acceptors for
instance, shows a

visible region and thus results in better
performance in PSCs compared to PCy; BMF,
Recently, a new method has been developed to
enhance light absorption of fullerene acceptors by
attaching dyes as the end unit via esterification

reactiont*%"?

. A novel fullerene acceptor F based
on modification of PCBM with 4-nitro-4'-hydroxy-
a-cyanostilbene (NHCS) was reported”. With
enhanced light absorption and a higher LUMO
level compared to that of PCBM, P3HT:F BHJ-
PSC devices exhibited a PCE of 4.23%, much
higher than that based on P3HT ;PCBM (2. 93%),

while PCE of P3HT: F device was further

improved to 5.25% upon treatment with acetone
additive and thermal annealing™™.
In this paper, 3-ethyl rhodanine, recently

1. #5999 as an effective dye to

demonstrated by Li et a
enhance light absorption of small-molecule donors
for BHJ-PSCs, was successfully attached onto
PCBM for the first time, affording a new acceptor
( PCBRh ) for PSCs with

absorptions in the region of 300 ~600 nm. Cyclic

enhanced light

voltammetric measurement was carried out to
investigate the influence of the rhodanine moiety
PCBRh. The
photovoltaic property of PCBRh was studied by
fabricating BHJ-PSC devices based on PCBRh
blending with P3HT, and the correlation between

on the molecular orbitals of

the morphology of the active layer and performance

was unveiled.

1 Experimental

1.1 Materials

All solvents and reagents were commercially
available and used as received without further
purification. P3SHT and PCBM were bought from
Luminescence Techology Corp. and Nichem Fine
Technology Co., Ltd., 1-C 3-
Carboxypropyl)-1-phenyl [ 6, 6 ] C61-butyric acid
(PCBA) was synthesized by treating PCBM with
HCl and acetic acid following the literature
method™.
1.2 Measurements

Column chromatography (CC): SiO, (300 ~

respectively.

400 mesh). UV-Vis spectra were measured on a
UV-3600 spectrometer (Shimadzu, Japan) using a
quartz cell of 10 mm layer thickness and 1 nm
resolution. *H NMR spectra and *C NMR spectra
were recorded on a Bruker AV400 or AV300 NMR
instrument using tetramethylsilane as an internal
reference. The mass spectra were recorded by
matrix-assisted laser desorption/ionization time-of-
flight (MALDI-TOF) mass spectroscopy (Biflex
. Bruker

Thermogravimetric analysis (TGA) was recorded

Daltonics  Inc. , Germany ).

on a TGA Q5000 Instrument under nitrogen
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rate of 10 °C/min.

Photoluminescence (PL) spectra were measured

atmosphere at a heating

using an F-4600 FL Spectrophotometer. Atomic

force microscopy (AFM) images were taken using

a Nanoscope [l (Digital Instruments, USA)
operating in both height and phase modes. Cyclic
voltammetry was conducted on a CHI 660D

Electrochemical Workstation ( CHI Instrument,
USA) with Pt disk, Pt wire, and Ag electrode
used as working electrode, counter electrode, and
reference electrode, respectively, in a 0. 1 mol/L
tetrabutylammonium hexafluorophosphate
(["BuyN]'[PF;]~, TBAPF;) in o-dichlorobenzene
solution, scan rate: 100 mV/s.
1.3 Synthesis

The synthetic route of PCBRh is shown in

Scheme 1. The detailed synthetic procedures are as

follows:

( T ) 5-C 4-hydroxybenzylidene )-3-ethyl-
rhodanine (Rh-OH)

This  compound  was  synthesized by
Knoevenagel condensation™ . 3-ethyl rhodanine
(10. 0 mmol, 1.61 g) and sodium acetate (10

mmol, 0.77 g) were added to 50 mL acetic acid
and heated to 80 °C in an oil-bath for 5 min. Then
4-hydroxybenzaldehyde (10. 0 mmol, 1.22 g) was
added to the hot acid. After a period of 12 h
reflux, the reaction was stopped, and a crystalline
product was achieved after cooling to room
temperature. The mixture was poured into water

S

HO S
O\’«O * ‘\\{N -/

(30 mL) for precipitation and the solid was
filtered. Then the crude compound was purified by

recrystallization in ethanol, affording a yellow

solid (45% yield). '"H NMR (300 MHz, CDCl;) §
7.70 (s, 1H), 7.45 (d, J=8.7 Hz, 2H), 7. 01~
6.85 (m, 2H), 5.28 (s, 1H), 4.22 (q, J=7.1
Hz, 2H), 1.31 (t, J=7.1 Hz, 3H). *C NMR
(75 MHz, CDCl;) & 193.16, 167.79, 158.16,
132.70, 126.19, 120.45, 116.72, 39.79, 12.39.
MALDI-TOF MS
Ci»Hi1NO:S; : 265.02, found: 265.02.

(II) PCBRh

N, N'-dicyclohexylcarbodiimide (DCC) (0. 18
mmol, 37 mg) was added to a pre-cooled 20 mL
CS; solution of PCBA (0.09 mmol, 82 mg), Rh-
OH (0. 27 mmol, 71 mg) and a catalytic amount of
4-dimethylaminopyridine (DMAP) (0. 07 mmol, 8
The mixture was stirred overnight at room
After

the residue was purified by column

m/z calculated for

mg).
temperature. evaporation under reduced
pressure,
chromatography (silica gel, toluene: CS,=1:4).
The obtained product was further precipitated in
methanol affording pure product as a dark-brown
solid (66% yield). *H NMR (400 MHz, CDCly) §
8.01~7.85 (m, 2H), 7.68 (s, 1H), 7.61~7.43
(m, 5H), 7.21 (d, J=1.9 Hz, 1H), 7.20 (d,
J=1.8 Hz, 1H)., 4.19 (q, J=7.1 Hz, 2H),
3.10~2.90 (m, 2H), 2.80 (t, J=7.4 Hz, 2H),
2.44~2.22 (m, 2H), 1.31 (t, J=7.1 Hz, 3H).
¥C NMR (75 MHz, CDCl;) & 192.96 (C=9S),

S

. HO
= MN‘/
==
0

(i) CH3COONa, CH3COOH, 80 C; (i) DMAP, DCC, CSz, room temperature

Scheme 1

Synthetic route of PCBRh
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171.17 (C = O), 167.67 (C = 0O), 152.26,
148.82, 147.79, 145.95, 145.36, 145.33,
145.21, 145.18, 144.96, 144.83, 144.68,
144.59, 144.18, 143.90, 143.32, 143.21,
143.17, 143.10, 143.07, 142.35, 142.32,
142. 28, 142.25, 141.19, 140.93, 138.18,
137.75, 136.80, 133.16, 132.26, 131.98,
131.83, 131.21, 129.18, 128.68, 128.51,
128.37, 123.53, 122.75, 121.70, 79. 87 (sp°-C of
Ci)» 51.75 (PhC), 40.00 (N-C), 34.31
(PhCCH,), 33.73 (CH.CO,), 22.42 (CH,CCO,),
12.41 (CH;). MALDI-TOF m/z calculated for
Cys Has NO; S, ¢ 1 143. 10, found: 1 143.78.
1.4 Device fabrication and measurements

The fabrication procedure of P3HT: PCBRh
BHJ-PSC devices is similar to that used for the
P3HT. PCBM
the ITO-coated glass

reference devices  reported
previously®**  Briefly,
substrate (8  per square, purchased from
Shenzhen Nan Bo Group, China) was first cleaned
with detergent, then ultrasonicated in acetone and
2-propanol, and subsequently dried in vacuum at
60 °C overnight. PEDOT:PSS (Baytron P) layer
(~ 35 nm thick) was spin-coated onto the ITO
substrate and then annealed at 120 C for 30 min.
The P3HT :PCBRh blend with variable mass ratio
(1:0.6 to 1:2) was dissolved in o-dichlorobenzene
by stirring at 40 ‘C overnight, which was spin-
coated onto the PEDOT: PSS layer affording the
P3HT :PCBRh active layer (~100 nm thick). All
of the solution processing and film preparation
were carried out in air atmosphere. Then the wet
P3HT :PCBRh films were covered by a glass petri
dish under nitrogen atmosphere for 2 h to undergo
solvent annealing process. The device was next
transferred into a vacuum chamber (~1.33X10"°
Pa), and an Al electrode (~ 100 nm thick) was
deposited on the top of the active layer through a
shadow mask to the active area of the devices (2X
5 mm®). Finally, thermal annealing was carried
out at 135 °C for 10 min on a digital hot plate in a

nitrogen atmosphere inside a glove box. PCE was

measured under simulated AM 1. 5G irradiation

(100 mW « em ™) using a standard xenon-lamp-
based solar simulator (Oriel Sol 3A, USA), for
which the illumination intensity was calibrated by a
monocrystalline silicon reference cell (Oriel P/N
91150V, with KG-5 visible color filter) calibrated
by the National Renewable Energy Laboratory
( NREL ). The C J-V )

characteristics were measured with a Keithley

current-voltage

2 400 source meter. All the measurements were
carried out in air atmosphere and a mask with well-
defined area of 10. 0 mm? was attached onto the cell
to define the effective area to ensure measurement
accuracy. More than ten devices were fabricated
independently under each experimental condition
and measured to ensure data consistency, and the
average results were used in the following
discussions. The External quantum efficiency

(EQE) curves were measured by using an IQE
measurement system (ORIEL 200",

2 Results and discussion

2.1 Synthesis and characterization of PCBRh
Recently. Li et al. * developed a new small-
molecule donor in BHJ-PSCs by introducing 3-
ethyl rhodanine as the end unit and achieved a high
PCE of 6.1%, which was even higher than that of
the landmark PCE at that time due to the high
absorption coefficient of the dye unit of 3-ethyl
rhodanine. To our knowledge, so far the
rhodanine unit has not been integrated in the
acceptor in BHJ-PSCs despite its excellent light
absorption property. Thus, in the present work
we managed to incorporate 3-ethyl rhodanine into
PCBM as the end group for the first time, and the
synthetic route of PCBRh is shown in Scheme 1.
PCBRh was

reactions: in the first step, 3-ethyl rhodanine

synthesized facilely by two-step

reacted with 4-hydroxybenzaldehyde via

Knoevenagel condensation affording Rh-OHP1,
which was then covalently attached onto PCBA via
an esterification reaction in the second stept™ %,

The molecular structure of PCBRh was

characterized by 'H NMR, “C NMR and MALDI-
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TOF mass spectroscopies. Fig.1 shows the 'H
NMR spectrum of PCBRh (curve a) in comparison
with those of PCBM (curve b) and Rh-OH (curve
c). As clearly seen in Fig. 1, the characteristic
proton signal of the hydroxyl group (8§ = 5.28
ppm) of Rh-OH disappears in PCBRh and the
proton signal of H (g) is down-field shifted as a
result of the electron withdrawing resonance from

ester group, indicating the successful esterification

between Rh-OH and PCBM.

E

LU b A

8 7 6 5 4 3 2 1

0 [ppm]

All compounds were dissolved in deuterated chloroform
and the spectra were recorded at room temperature.
The solvent line of CHCls is marked with an asterisk.
The filled inverted triangles label the signal lines
from the residual CH;OH and HzO solvents.

The filled circle in curve (¢) labels the proton signal
of the hydroxyl group of Rh-OH.

Fig.1 'H NMR spectra of PCBRh (a) .
PCBM (b) and Rh-OH (¢)

Substitution of the end group of PCBM avoids
dramatic perturbation of its electronic structure as
'H NMR
spectrum of PCBRh is further compared to that of

reported in literatures®™ "™, The
PCBM specifically the proton signals of the three
methylene (-CH,-, H(d)-H ({)) groups between
the carbonyl group and cyclopropane ring.
Noteworthily, the proton signal of H(f), which is
closest to the rhodanine moiety, is evidently down-
field shifted relative to that of PCBM, and this is
due to the deshielding effect caused by the ring
current effect of the anisotropic phenyl group of
Rh-OH'",
and H (d) are only slightly shifted due to their

Contrarily, the proton signals of H(e)

longer distance to the Rh-OH moiety.

In the ¥C NMR spectrum of PCBRh (Fig. 2),
8=120~160 ppm can be assigned to the sp® carbon
atoms of Cg in combination with those of the
phenyl and ethenyl groups. On the other hand,
among the seven sp® carbon lines found in the 10~
90 ppm regions, the signals at 3=51. 75 and 79. 87
ppm could be assigned to the bridged carbon of the
cyclopropane ring formed via [ 6,6 J-addition of Cg,

and the fullerenyl sp® carbon, respectively™™.

f, a bic‘c(j
! Ml |

180 160 140 120 100 80 60 40 20 0 [ppm]

The sample was dissolved in deuterated chloroform
and the spectrum was recorded at room temperature.
The solvent line of CHCl; is marked with an asterisk.

The signals in the region of 120~160 ppm are assigned
to the sp? carbon lines of Cgo combined
with those of two phenyl groups.

Fig.2 '“C NMR spectrum of PCBRh

TGA analysis shows that PCBRh possesses a
high thermal stability with a decomposition
temperature of up to 341 C. At the decomposition
temperature, PCBRh losses weight of around 20%
suddenly (Fig. 3). This weight loss is consistent
well with the mass ratio of Rh-OH moiety in
PCBRh molecule.

2.2 Electronic absorption and photoluminescence
properties of PCBRh

Fig. 4(a) compares the UV-vis absorption
spectra of PCBRh, PCBM and Rh-OH in toluene
with a concentration of 1. 0X10™° mol/L. Clearly,
the absorption spectrum of PCBRh shows a
superposition of those of PCBM and Rh-OH.
Compared to PCBM, PCBRh shows significantly
stronger absorption in the region of 300~ 600 nm

(see inset of Fig. 4 (a)), and this is due to the



% 8 #1  Rhodanine-containing fullerene derivative as a new acceptor in polymer solar cells with enhanced light absorption 629
09r
100 F
< .k
S 90 Josf
ko 8
) g
5 sof £ e
z 203 500 600 700
3
70 +

100 200 300 400 500 600 700
temperature / ‘C

Fig.3 Thermogravimetric analysis (TGA) curve

of PCBR with a heating rate of 10 ‘C /min under N,

high absorption coefficient of the dye unit of 3-
ethyl rhodanine®.
(Amax) of PCBRh are observed at 330, 371, 386 and
433 nm ( Tab.1).
absorption peak at 433 nm is clearly observed in
the spectrum of PCBM as well,
characteristic of [ 6, 6 J-addition of Cg M4,
Besides, the optical band-gap (E, ,.) of PCBRh

estimated from the absorption spectral onset of ca.

The four absorption maxima

Among them, the latter

which is

704 nm is 1.76 eV, slightly larger than that of
PCBM (1. 71 €V) (Tab. D™, On the other hand,
Amax Of PCBRh at 386 nm is blue-shifted by 13 nm
compared to that of Rh-OH (399 nm), suggesting
the perturbation of the end unit:"",

Tab.1 Characteristic electronic absorption and

electrochemical data of PCBRh and PCBM

Amax Aomset  Egop®  ERF®  LUMOY HOMO!
/nm /nm /eV /V /eV /eV
330,371,

PCBRh 704 1.76
386,433

—1.18 —3.62 —5.38

PCBM 330,433 725 1.71 —1.08 —3.72 —5.43

[Note] * Based on the UV-vis absorption spectra measured in
toluene solution; " Eg.op/eV=1 240/ dnser; © Potential
in volts vs. Fc/Fe™; 4 LUMO energy levels (Eiumo)
were calculated according to the equation: Eiumo =

—e(Ewst+4.8V); ¢ Eyomo= ELumo — Eg.om.

The UV-vis absorption spectra of P3HT:
PCBRh (1:1, mass ratio) and P3HT:PCBM blend
135 °C  are
Fig. 4(b). For all three spectra, the absorption

films annealed at compared in

peak at around 550 nm is assigned to w— w ¥

0 )
800
wavelength / nm
(a)
0.5 ----- P3HT:PCBRh-annealed A
------- P3HT:PCBRh B
— P3HT:PCBM C

absorbance / a.u.

400 500 600 700 800
wavelength / nm

(b)
Fig. 4 UV-vis spectra of PCBR, PCBM and Rh-OH
in toluene (1.0 X 107° mol/L) (a). and UV-vis
spectra of P3HT:PCBR and P3HT:PCBM blend films (b)

transition of PSHT, and the absorption shoulder at
around 600 nm correlates to the interplay of the
interchain of P3HT with the intensity depending
on the ordering of the interchain packing™"*.
Compared to P3HT. PCBM film (curve C),
P3HT:. PCBRh film (curve B) exhibits higher
absorption intensity for the shoulder peak around
600 nm, indicating a better interchain ordering of
P3HT within the PSHT: PCBRh blend film""""".
Interestingly., after being annealed at 135 °C, the
absorption intensity of P3HT: PCBRh blend film
(curve A) in the region of 400~560 nm increases
obviously, and this is interpreted by the enhanced
degree of crystallinity of P3HT induced by thermal
annealing"”. Besides, in the region of 350~ 450
nm, P3HT: PCBRh blend film also shows much
stronger absorption than that of P3HT. PCBM,
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and this, similar to the case of the solution
spectrum discussed above, is attributed to the
enhanced absorption of PCBRh in this region by
the dye unit of 3-ethyl rhodanine*,

Fig. 5 compares the PL spectra of the un-
annealed P3HT :PCBRh (1:1) blend film and those
of PBHT: PCBM (1:1) and pure P3HT films
excited at 500 nm. Clearly, for PCBM.PCBRh (1.
1) blend film, the blending of PCBRh with P3HT
led to a quenching of 91% of the PL emission of
P3HT, and this quenching ratio is comparable to
that for P3HT: PCBM (1:1) blend film with a
94% PL quenching. These results indicate that,
similar to the case of the well-known P3HT :PCBM
system, a strong intermolecular photoinduced
electron transfer may occur for the P3HT: PCBRh
blend as well, which is crucial for the exciton

dissociation in PSCsM,

1000 — P3HT (a)
« PSHT:PCBRh (b)
----- P3HT:PCBM (c)
a

750

500

PL intensity / a.u.

250

600 700 800 900
wavelength / nm
The excitation wavelength was 500 nm.
Fig. 5 Room-temperature PL spectra of P3HT (a),
P3HT:PCBRh (1:1) (b) and P3HT:PCBM (1:1) (&)

films spin-coated onto ITO

2.3 Electrochemical properties of PCBRh

Electrochemistry is a commonly used
technique to probe the energy levels of the
molecular orbitals of fullerene derivatives: %474,
Fig. 6 illustrates the cyclic voltammogram of
PCBRh in comparison with those of Rh-OH and
PCBM measured in o-dichlorobenzene. The lowest
unoccupied molecular orbital (LUMO) can be
calculated according to the equation: Ejymo =

—e(Em*+4.8 V),

nset

where ot is  the onset

reduction potential in volts versus Fe/Fe' ¥, The
Ex and energy levels of molecular orbitals are
summarized in Tab. 1. E2® of PCBRh and PCBM
are —1.18 and —1.08 V Fe/Fe .
Accordingly the calculated LUMO of PCBRh and
PCBM is —3.62 eV and —3.72 eV, respectively.
Interestingly, upon the
rhodanine moiety, LUMO of PCBRh is raised by
0.1 eV compared to that of PCBM, and this can be

versus

attachment of the

understood by considering the electron donating

51-52]

property of the rhodanine moietyt Besides,
the second reduction peak of PCBRh appears to be
the superposition of the corresponding reduction

peaks of Rh-OH and PCBM with a negative shift of
ca. 0.2 V relative to that of PCBM.

6.9F Rh-OH

4.6

23}

current / pA

-3.0 -25 =20 -15 -1.0 =05 0 05 1.0
Potential (V, vs. Fc'/Fc)

Scan rate: 100 mV/s
Fig. 6 Cyclic voltammograms of PCBRh, PCBM and
Rh-OH in o-dichlorobenzene with 0. 1 mol/L TBAPF;

as supporting electrolyte

2.4 Photovoltaic properties of PCBRh

To investigate the photovoltaic properties of
PCBRh, we fabricated BHJ-PSC devices using
PCBRh as an electron acceptor blended with
P3HT. The schematic architecture of BHJ-PSC
devices (ITO/PEDOT: PSS/P3HT: Acceptor/Al)
is shown in Fig.7 (a). We first optimized the
blending ratio of P3HT: PCBRh from 1:0.6 to 1:
2, and found that a blending ratio of P3HT:
PCBRh = 1: 1 (mass ratio) afforded the best
performance. For comparison, the reference device
based on PCBM acceptor was also fabricated under
identical conditions (P3HT. PCBM = 1.1 (mass
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Al

P3HT:Acceptor
PEDOT:PSS

(a) The schematic architecture of
ITO/PEDOT:PSS/P3HT:Acceptor/Al BHI-PSC device

9.
34 -32eV

3626V, 370y
44 —43eV

48eV <oy Al
=aue
s.0ev|_

-5 PEDOT papT Lomov-s43evi

PCBRh ~PCBM
_6_

(c) Energy level diagram of
ITO/PEDOT:PSS/P3HT: Acceptor/Al BHI-PSC devices

R P3HT:PCBRh annealed A
= PIHT:PCBRh B
— P3HT:PCBM C

current density / (mA-cm™)
.

0 0.2 0.4 0.6
voltage / V

(b) J-¥ curves of the BHJ-PSC devices based on

P3HT:PCBR with (A) and without (B) annealing

and P3HT:PCBM after annealing (C) as reference

2+ B ——P3HT:PCBRh A

e PIHT:PCBM B

EQE /%

300 400 500 600 700 800
wavelength / nm

(d) EQE curves of the BHJ-PSC devices based on
P3HT:PCBR (A) and P3HT:PCBM (B) after annealing

The measurements were carried out under AM 1.5 G illumination at an irradiation intensity of 100 mW/cm?

Fig.7 The structure and characterization of BHJ-PSC devices

YE#8] - The current density-voltage (J-V)

ratio)
curves of the ITO/PEDOT.: PSS/P3HT . PCBRh/
Al devices (with or without annealing treatment)
under the illumination of AM 1.5 G (100 mW/
cm?®) is presented in Fig. 7(b), which includes that
of the reference ITO/PEDOT.PSS/P3HT.PCBM/
Al device as well for comparison, and the
measured photovoltaic parameters including V.,
short-circuit current ( J..), fill factor (FF) and
PCE are in Tab.2. Under the
optimized blending ratio of P3HT: PCBRh=1.1

(mass ratio) , we found that the device’s performance

summarized

was dramatically enhanced by annealing treatment,
and the efficiency enhancement was sensitively
dependent on the annealing temperature. As seen
in Fig. 7 (b), the pristine ITO/PEDOT: PSS/
P3HT: PCBRh/AI annealing
treatment exhibited a very low PCE of 0.24%

device without

(curve B). Upon the optimized annealing
PCE of the
ITO/PEDOT. PSS/P3HT:. PCBRh/AI

device increases to 1.46% (curve A). Under the

treatment at 135 °C for 10 min,
annealed
annealing conditions
(135 °C for 10 min), the reference ITO/PEDOT:
PSS/P3HT. PCBM/Al device exhibits a PCE of
2.00% C(curve C), much higher than that of the
PCBRh-based device.
Tab. 2 Photovoltaic parameters of BHJ-PSCs
based on P3HT : PCBM and P3HT . PCBRh

identical fabrication and

Active layer Vee/V Je FF PCE/%
/(mA + cm ?)
P3HT.PCBM? 0.58 7.92 0.43 2.00
P3HT.PCBR 0. 29 2.31 0. 35 0. 24
P3HT:.PCBR?* 0. 49 5.96 0.50 1. 46

[Note] * annealed at 135 °C for 10 min. The measurements
were carried out under AM 1.5 G illumination at an

irradiation intensity of 100 mW/cm?.
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The External quantum efficiency ( EQE)
curves of the corresponding devices after annealing
are shown in Fig. 7(d). In the UV region from 317
nm to 393 nm, the EQE of PCBRh-based device is
significantly higher than that of PCBM-based
device due to enhanced light absorption from
PCBRh (Fig.4). However, the case inverses in
the visible region, which correlates with the lower
J.. in the case of PCBRh-based device.

In order to understand the relatively lower
PCE of ITO/PEDOT. PSS/P3HT. PCBRh/AI
device compared to that of the reference PCBM-
based device, we

compared each parameter

determining PCE including V... J.. and FF in
Tab. 2. Clearly, both V,. (0.49 V) and J. (5.96
mA/cm®) of the PCBRh-based device (annealed)
are lower than those of the PCBM-based one (0. 58
V., 7.92 mA/cm® )., leading to the
performance of the PCBRh-based
However, FF of the annealed PCBRh-based device
(0.50) shows a considerable increase compared to
that of the PCBM-based one (0. 43). The trade-off
between V,../J. and FF suggests a complex

inferior

device.

mechanism responsible for the inferior performance
of the PCBRh-based device, as discussed further
below. On the other hand, compared to the un-
annealed device, all of the three parameters (V..,
Jws FF) of the annealed PCBRh-based device
increase dramatically, revealing that annealing
treatment is crucial for the high performance of the
PCBRh-based device.

It is known that V.. is primarily correlated to
the difference between the HOMO level of the
donor and the LUMO level of the acceptor within
the active layer, which may be perturbed by the

[1-6.53-55]

morphology of the active layer According
to the energy level diagram of ITO/PEDOT PSS/
P3HT:PCBRh (PCBM) /Al device plotted in Fig. 7
(¢ )bz ss636] - the
HOMO level of PSHT (—5.1 eV) and the LUMO
level of the PCBRh acceptor (—3. 62 eV) is higher
by 0.1 eV than that based on PCBM acceptor

because of the higher LUMO level of PCBRh as

difference between the

discussed above. In principle, such an increased
difference between the HOMO level of P3HT and
the LUMO level of the PCBRh acceptor should
reduce the energy loss in the exciton dissociation
and contribute to the increase of V,.['"'*"", which
however, decreases in our present case,
Therefore, the inferior performance of the PCBRh-
based device resulting partially from the decrease
of V,. should not be attributed to the mismatch of
energy level between P3HT donor and PCBRh
acceptor.

The surface morphologies of the blend films
were studied by AFM in the tapping mode. Fig. 8
compares the AFM images of the P3HT: PCBRh
blend films in both height and phase modes before
and after annealing treatment, which includes also
those of the reference P3HT :PCBM blend film for
comparison. As clearly seen in images A and D in
Fig. 8. the reference P3HT;: PCBM film shows an
interpenetrating network of PSHT and PCBM with
clear P3HT-rich and PCBM-rich domains due to
their microphase separation behavior, and the film
surface is quite smooth with a root-mean-square
(RMS) roughness of around 0. 73 nm. In contrast,
for P3HT: PCBRh blend film, a dramatically
different surface morphology is observed. In the
AFM images of the pristine (un-annealed) P3HT:
PCBRh blend film (images B and C in Fig.8),
P3HT molecules appear to aggregate into discrete
domains as spots with an average diameter of ca.
10 nm or short stripes, as a result the RMS
roughness dramatically increases to 1.23 nm.
Upon being annealed at 135 C for 10 min,
obviously the PSHT aggregates observed in the un-
annealed P3HT :PCBRh blend film evolve to longer
stripes with an average length of ca. 20 nm and an
RMS roughness of 1.38 nm (images C and F in
Fig.8 ). Such a
significantly the

striped structure perturbs

interpenetrating network of
donor: acceptor observed in P3HT: PCBM blend
film. Furthermore, the length of the stripes as the
P3HT aggregates is much greater than the domain

size commensurate with the exciton diffusion
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length for organic semiconductors which is relatively lower solubility resulting from the higher

typically 5~10 nm, suggesting that an unfavorable
exciton diffusion may occur in the P3HT: PCBRh
blend films. 7

5 nm 15 nm 15 nm

‘

1.0 um 0 1.0 p..m

20°

0 1.0 um 0

1.0 um 0
(b)
A,D: P3HT:PCBM film thermally annealed at 135 °C for 10 min;
B,E: P3SHT.PCBR film without annealing;
C,F: P3HT:PCBR film thermally annealed at 135 ‘C for 10 min
Fig.8 AFM height (a) and phase (b) images of blend films

1.0 pm

It is well known that the performance of PSCs
depends strongly on the nanoscale phase separation
of PSHT donor and fullerene acceptor, and an
interpenetrating network of donor: acceptor is
desirable for maximizing their interfaces where
excitons dissociate and provide pathways for
transport of charge carriers to the corresponding
Therefore, the
performance of the PCBRh-based device compared

57,59-6 1 1
5759617 inferior

electrode
to that of the reference PCBM-based one is
primarily interpreted by the poor morphology of
the P3HT. PCBRh blend film unfavorable for
exciton diffusion and dissociation. Unexpectedly,
it was reported in literatures that a thermal
annealing above the glass-transition temperature
(T, of P3SHTM*® in a short time may improve the
separation of P3HT. PCBM

blendst™ ", but this did not happen according to

nanoscale phase

our AFM results. Besides, the poorer miscibility
between PCBRh with P3HT than that between
PCBM and P3HT was observed during the solution

processing, and this is presumably due to the

tendency of aggregation of PCBRh molecules.
Sufficient miscibility facilitates effective phase
separation, which provides enough donor/acceptor
interfaces for exciton dissociation and pathway for
charge carrier transport. However, in the case of
PCBRh, sulfur atom in 3-ethyl rhodanine has a
strong electron-donating ability due to its large
electron cloud and a small ionization energy!™,
and this would result in a stronger intramolecular
non-covalent interaction between Cg; and the 3-
ethyl rhodanine moiety, which may weaken the
interactions of PCBRh molecules with the solvent
and P3HT, and consequently result in poorer
miscibility between PCBRh with P3HT. In this
sense, further efficiency improvement of BHJ-PSC
devices based on PCBRh acceptor could be achieved
by using other donors with better miscibility and/
or energy level matching PCBRh, which is now

under way in our labs.

3 Conclusion

In summary, by attaching 3-ethyl rhodanine
onto PCBM for the first time, we successfully
synthesized a new fullerene acceptor PCBRh by a
facile two-step reaction. The molecular structure
of PCBRh was confirmed by 'H NMR, *C NMR
and MALDI-TOF mass spectroscopies. According
UV-vis
PCBRh shows stronger absorptions in the region of
300~ 600 nm than PCBM, and this is due to the
high absorption coefficient of the dye unit of 3-

to the spectroscopic characterization,

ethyl rhodanine. Cyclic voltammetric measurement
revealed that LUMO level of PCBRh is 0.1 eV
higher than that of PCBM, and this can be
understood by considering the electron donating
property of the rhodanine moiety. Using PCBRh as
an acceptor blending with P3HT, BHJ-PSC
devices show a PCE of 1.46% under optimized
condition (blending ratio of P3HT: PCBM = 1.1
(mass ratio) , annealing treatment at 135 ‘C for 10

min), which is lower than that of reference device

based on P3HT:PCBM (2.00%). AFM study of
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the surface morphology of P3HT: PCBRh blend
film reveals that, while in the un-annealed P3HT:
PCBRh blend film P3HT aggregates into discrete
spots with an average diameter ca. 10 nm or short
stripes, the film upon annealing treatment at
135 C for 10 min shows longer stripes with an
average length of ca. 20 nm and much larger RMS
roughness than that for the reference P3HT:
PCBM blend film, leading to unfavorable exciton
diffusion and dissociation. Furthermore, the poor
PCBRh and P3HT may
prohibit efficient exciton dissociation and charge
With the first

incorporation of the dye unit rhodanine into

miscibility between

carrier transport. successful

fullerene acceptor, our study opens up a new

avenue for the design of novel acceptor materials

for PSCs.
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