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Abstract

Ternary bulk heterojunctions (BHJs) are platforms that can improve the power
conversion efficiencies of organic solar cells. In this paper, we report an
all-small-molecule ternary BHJ solar cell incorporating [6,6]-phenyl-C;;-butyric acid
methyl ester (PC;;BM) and indene-Cg bisadduct (ICBA) as mixed acceptors and the
conjugated small molecule (27,2’ E)-dioctyl
3,3"-(5"",5"""""-(4,8-bis(5-octylthiophen-2-yl)benzo[ 1,2-b:5,4-b"]dithiophene-2,6-diyl)
bis(3,4°,4" -trioctyl-[2,2":5",2""-terthiophene]-5"",5-diyl))bis(2-cyanoacrylate)
(BDT6T) as a donor. When incorporating a 15% content of ICBA relative to PC7;BM,
the ternary BHJ solar cell reached a power conversion efficiency of 6.36% with a
short-circuit current density (Jsc) of 12.00 mA cmfz, an open-circuit voltage (Voc) of
0.93 V, and a fill factor of 0.57. The enhancement in efficiency, relative to that of the
binary system, resulted mainly from the increased value of Jsc, attributable to not
only the better intermixing for the donor and acceptor that improved charge transfer
but also the more suitable morphology for efficient dissociation of excitons and more
effective charge extraction. Our results suggest that there is great potential for
exceeding the efficiencies of binary solar cells through adding a third component,

without sacrificing the simplicity of the fabrication process.
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1. Introduction

Solution-processed organic solar cells (OSCs) are attractive as inexpensive
renewable energy sources because of their low manufacturing costs and potential for
fabrication in flexible large-area devices.'” Steady progress in the development of
conjugated polymers having donor/acceptor structures has resulted in the power
conversion efficiencies (PCEs) reaching greater than 10% for single cells and greater
than 11% for tandem cells, based on the most promising bulk heterojunction (BHJ)
architecture.®” Devices based on small molecules are also of interest because these
small molecules can be solution-processed, just like polymers, while having the
advantages of well-defined molecular structures, high purities without batch-to-batch
variation, and high mobility.'” ' Nevertheless, solution-processed small-molecule
organic solar cells (SMOSCs) usually exhibit low performance, due to poor film
formation and discontinuous morphologies when applied in BHIJ architectures.'*
From a quest to design novel molecular structures, Nguyen et al. reported a
diketopyrrolopyrrole-containing small molecule that could greatly improve the
interconnectivity in a blend, leading to a PCE of 4.4%." Since then, interest in
solution-processed small molecules for use in OSCs has accelerated, with the PCEs of

state-of-the-art SMOSCs having now exceeded 9%, '®

thereby making them more
competitive than their polymeric counterparts.

To prepare OSCs with sufficiently high PCEs for practical applications, research
has been focused on the synthesis of materials having low band gaps,'” '® the

. . 16, 19
development of new device configurations,

and optimizing the fabrication
conditions.”” ?! Among new device configurations, the ternary blend is one of the
most promising strategies for improving the performance of an OSC while retaining

the simplicity of a single step for processing the active layer. To achieve efficient

ternary BHJ solar cells, the additional material must have appropriate energy level
3
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offsets with respect to its blend counterparts to allow efficient dissociation of excitons
and decrease the energy barrier for carrier transfer. Most ternary blend systems in
recent reports have featured two donor materials and one fullerene acceptor to

22-24

improve the PCE. Several cascade materials, including polymers, small

27 and quantum dots,”*’ have been incorporated to cover a wider range

molecules,
of the solar irradiation spectrum or to optimize the film morphology. In contrast, only
a few papers have reported ternary systems based on one donor material and two
fullerene acceptors.30 Indene-Cg bisadduct (ICBA), used extensively as an acceptor in
polymer solar cells, increases the open-circuit voltage (Voc) because of the higher
energy level of the lowest unoccupied molecular orbital (LUMO) of ICBA, thereby
increasing the PCE;®' this situation does not occur often in OSCs when using
polymers of low band gap. Although the values of Voc will increase when
incorporating ICBA as an acceptor in low-band-gap polymer-based solar cells, the
short-circuit current densities (Jsc) and fill factor (FF) will decrease signiﬁcan‘cly.32
The similar observation are also reported by Nguyen et al while solution-processed
small molecule donor DTS(FBTTh;),:PC7;BM replacing by ICBA shows the lower
Jsc and FE* Recently, Cheng et al. reported efficient ternary polymer solar cells
incorporating ICBA as a cascade acceptor in a blend of
poly(4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b"]dithiophene-2,6-diyl-alt-3-fluoro-2
-[(2-ethylhexyl)carbonyl]thieno[3,4-b]thiophene-4,6-diyl) (PTB7) and PC; BM. The
efficiencies of these ternary cascade polymer solar cells are much higher than those of
both PTB7/PC7;BM- and PTB7/ICBA-based solar cells.”*

In this paper, we report efficient ternary BHJ solar cells prepared using all small
molecules—namely (272,2°E)-dioctyl
3,3'-(577,5"""""-(4,8-bis(5-octylthiophen-2-yl)benzo[ 1,2-b:5,4-b"|dithiophene-2,6-diyl)

bis(3,4",4" -trioctyl-[2,2":5",2" -terthiophene]-5"",5-diyl))bis(2-cyanoacrylate)
4
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(BDT6T), ICBA, and PC7;BM. The appropriate energy level of ICBA, positioned
between those of BDT6T and PC;;BM, forms a cascade energy level structure that
facilitates exciton dissociation and provides more routes for charge transfer.
Meanwhile, the morphologies of such BHJ films changed significantly, resulting in
different scenarios for exciton dissociation and charge carrier transport. With the
optimized weight ratio of BDT6T, ICBA, and PC7;;BM, the PCE increased from

5.61% to 6.36%.

2. Experimental

The synthesis of BDT6T, used as the donor material, has been described
previously.®® The active layer solutions for the binary and ternary blends comprised
BDT6T (8 mg mL in CHCI3) and PC7;BM (Solenne BV), with the latter replaced by
various ratios of ICBA (Solenne BV) in PC7;BM. The chemical structures of BDT6T,
ICBA, and PC7;BM are displayed in Fig. 1. To investigate the effect of ICBA
concentration on the device performance, the overall ratio of the small molecule to the
fullerene derivative in each device was maintained at 1:0.4 while varying the
composition of the fullerene (i.e., varying the ICBA-to-PC7;BM ratio). Prior to device
fabrication, the patterned ITO glasses (<7 Q sq '; active area: 0.1 cm?) were cleaned
in detergent, DI water, acetone, and isopropyl alcohol. After routine solvent cleaning,
the ITO substrates were treated with UV ozone for 15 min, spin-coated (4000 rpm, 60
s) with PEDOT: PSS as the hole collection layer, and baked (130°C, 30 min). The
active layer solution (BDT6T:PC7;1BM or BDT6T:ICBA:PC7BM) was then
spin-coated (3000 rpm, 60 s) onto the PEDOT: PSS-modified ITO substrate. Finally,
30- and 60-nm-thick layers of Ca and Al were thermally evaporated through a shadow
mask inside a vacuum chamber (<6 x 107° torr). In the hole-only and electron-only

devices, Ca was replaced by V,0s, because its higher work function (®= 5.3 eV)
5
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provided a better hole injection contact for the active layer. A layer thickness of 10 nm
V,0s5 was thermally evaporated and then it was capped with a layer of Al (100 nm).
For the electron-only devices, the PEDOT: PSS layer was replaced with Cs,COs (®=
2.9 eV), which is an efficient electron injection layer.

A Jacobs V-670 UV-Vis—NIR spectrophotometer was used to measure the
absorption spectra of the active layer films. A Bruker Innova atomic force microscope
(AFM, Digital Instrument NS 3a controller equipped with a D3100 stage) was used,
in the tapping mode, to record the surface morphologies of the active layers. Prior to
characterization using transmission electron microscopy (TEM, JEM 2100F), the
active layer on a PEDOT:PSS substrate was removed by dipping in DI water and then
a holey carbon-coated copper grid (Ultrathin Carbon Type-A, 400 mesh, Copper; TED
Pella) was used to hold the film, which was dried in an oven at 50 °C. The
photovoltaic performance of each device was measured under simulated AM 1.5 G
illumination (100 mW cm ?) using a Xe lamp—based solar simulator (Thermal Oriel
1000 W) inside a Nj-filled glove box. The light intensity was calibrated using a
mono-silicon photodiode and a KG-5 color filter (Hamamatsu). Photoluminescence
(PL) and femtosecond time-resolved PL (TRPL) were used to measure the emission
spectra and fluorescence dynamics processes, respectively, of the blend films. For
TRPL, a Ti: sapphire laser operated at A = 840 nm, with repetition rate of 80 MHz,
pulse duration At = 100 fs, and average power of 1 W, was used as the pump. A BBO
crystal was used to convert the photon energy of the pump from 1.478 eV (A = 840
nm) to 2.956 eV (A = 420 nm). The converted pulse (A = 420 nm) was then guided to
excite the blended film, and the residual pump was used to temporally resolve the
luminescence by a computer-controlled delay stage. To prevent laser-induced
degradation, the diameter of the spot size of the excitation on the sample was

expanded to 300 um and the average excitation power was reduced to 4 mW. In our
6
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system, the instrument response is about 150 fs.*® Impedance spectra were measured

through frequency response analysis using a Metrohm Autolab apparatus.

3. Results and discussion

Fig. 1 displays the energy levels of the highest occupied molecular orbitals
(HOMOs) and LUMOs of BDT6T, ICBA and PC7;BM.** The energy band edges of
ICBA are intermediate between those of BDT6T and PC7BM and also provided
sufficiently large band edge offsets with BDT6T for exciton dissociation. With such
appropriately aligned HOMO and LUMO energy levels we expected carriers to be
driven forward along the energy cascades with minimized recombination. Meanwhile,
we expected the value of V¢ to increase for devices based on this ternary blend upon
increasing the amount of ICBA.

Fig. 2(a) displays the J—V characteristics of BDT6T:ICBA:PC7;,BM devices
incorporating 0, 15, and 40% of ICBA. The device performance of the binary BHJ
solar cell was characterized by a value of Jsc of 10.70 mA cmfz, a value of Ve of
0.92 V, and an FF of 0.57, corresponding to a PCE of 5.61%. Increasing the ICBA
ratio to 15% provided a ternary BHJ solar cell exhibiting higher performance than that
of the binary cell. The values of Jsc and V¢ increased to 12.00 mA cm 2 and 0.93 V,
respectively, with the same FF of 0.57, leading to a PCE of 6.36%—an increase of
13% relative to that of the binary device. Increasing the ratio of ICBA to 40% caused
the value of Voc to increase further to 0.95 V, but the value of Jsc and the FF both
decreased accordingly, leading the lower cell performance (PCE = 4.57%). Table 1
and Fig. S2 summarize these parameters and the J—JV characteristics of the devices
incorporating the different ICBA ratios. We calculated the average PCEs from 10
devices fabricated in two different batches. The value of Voc increased upon

increasing the ratio of ICBA because of the higher LUMO energy level than
7
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PC71BM.30 The value of Jsc and the FF began to decrease when the content of ICBA
was greater than 20%; hence, the PCE increased initially upon increasing the content
of ICBA, but decreased after a certain content had been reached. The external
quantum efficiency (EQE) spectra at a given wavelength reflect the light response of a
device, and are related directly to the values of Jsc. The EQE spectra of the binary and
ternary devices in Figure 2(b) reveal photocurrent responses in the wavelength range
from 300 to 700 nm. The EQE of the ternary device based on BDT6T:ICBA
(15%):PC7BM was higher than that of the binary device in the full-scale visible
region. The calculated Jsc integrated from the EQE spectrum for the binary and
ternary (15% and 40% ICBA) device is 10.58, 11.93 and 9.35 mA-cm 2, respectively,
in agreement with the measured values from the J-JV curves.

We used UV-Vis spectroscopy to study the change in absorption following
incorporation of the third component [Fig. 2(c)]. The main absorption range of the
BDT6T:PC7;BM film was between 400 and 700 nm, with the maximum absorption
peak located at 570 nm. The absorption intensity decreased upon increasing the ratio
of ICBA in the fullerene, due to the absorption strength of ICBA being less than that
of PC71BM in the visible region. Nevertheless, the location of the vibronic peak (ca.
628 nm) remained unchanged after blending in the ICBA, implying that the packing
structure of BDT6T was not affected significantly in the ternary blend. Thus, the
increase in photocurrent could not be attributed to any change in absorption after

adding 15% ICBA to the fullerene.

To study the cause of the improved Jsc of the devices, we recorded static and
dynamic PL spectra to investigate the photoinduced charge transfer between the donor
and acceptor. Fig. 3(a) displays PL spectra of films of pristine BDT6T and
BDT6T:PC71BM and BDT6T:PC;;BM:ICBA (15%) blends. The PL spectrum of

8
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pristine BDT6T features a maximum emission at 733 nm; for the binary and ternary
blend films, these PL emissions were quenched significantly, with the ternary blend
film having greater PL quenching capability than the binary film. This behavior
suggested that efficient charge transfer of the ternary blend film is due to the better
mixing between the donor and acceptor phases. We used TRPL to study the
fluorescence dynamics processes for films of pristine BDT6T and BDT6T:PC;;BM
and BDT6T:PC;BM: ICBA (15%) blends [Fig. 3(b)]. We obtained the time constants
for exciton dissociation (t;) and exciton diffusion (t,) by fitting with two-exponential
decay functions. The value of t; for the BDT6T:PC7BM:ICBA (15%) film (0.85 ps)
was slightly faster than that (0.89 ps) for the BDT6T:PC7;BM film, indicating that the
ICBA in the ternary blend film reveals better intermixing leading to the faster charge
transfer kinetics. The value of 1, for the BDT6T:PC7BM:ICBA (15%) film (12.42 ps)
was shorted than that (14.71 ps) for the BDT6T:PC7BM film. Because the exciton
diffusion time correlated with the degree of mixing in the blend film, we wished to
further investigate the morphological changes in the binary and ternary systems.

Fig. 4 presents AFM height images of BDTO6T:ICBA:PC;BM films
incorporating different ratios of ICBA. The morphology of the BDT6T:PC7;BM film
featured many aggregated domains, with a root-mean-square (RMS) roughness of 1.2
nm. After incorporating 15% of ICBA into PC7,BM, the domain size decreased and
the film became smoother (RMS roughness: 0.71 nm), suggesting that additional
interfaces had been generated between the donor and acceptor. Further increasing the
ratio of ICBA to 40 and 100% caused the surface morphologies [Figs. 4(c) and 4(d),
respectively] to become even more homogeneous and smooth, resulting in destruction
of the continuous channels for charge transport and leading to decreases in the values
of Jsc, FF, and PCE. To understand the effect of ICBA on the film morphologies, we

measured the contact angle of each material and calculated its surface energy (y) using
9
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the equation of state: >’ 1+ cos® = 2 - \[% e FYY9® where v; 1s surface tension
l

of liquid, vy, is surface energy of material and the value of B (0.0001247) is determined
empirically. Accordingly, we estimated the surface energies of BDT6T, ICBA, and
PC7BM to be 26.2, 27.4, and 30.3 mJ m 2, respectively. The relatively small value of
|Ay| between BDT6T and ICBA leads to well-mixed films because of the lower
thermodynamic driving force for phase separation. As a result, the presence of ICBA
in the ternary system led to the generation of additional interfaces in the active layer.
To obtain further insight into the morphology of the active layer, we recorded
high-resolution TEM images of films of the binary and ternary blends [Figs. 4(e) and
4(f), respectively]. We presume that the bright and dark regions represent the donor-
and acceptor-rich domains, respectively, because fullerene derivatives typically
appear darker in TEM images because their electron density is higher than that of
BDT6T.*® The film of the BDT6T:PC7;BM:ICBA (15%) ternary blend featured the
fine features of phase separation while retaining the interpenetrating network, thereby
allowing more heterojunction interfaces to be produced for the efficient dissociation
of excitons and more carriers to be collected by the electrodes. As would be expected
for a device exhibiting increased exciton dissociation and a superior carrier transport
pathway, we observed a corresponding increase in current density. In contrast, the
BDT6T:PC71BM film featured relatively large donor- and acceptor-rich domains,
which appeared as isolated domains in the active layer; such isolated domains would
encourage carrier recombination. Therefore, an appropriate amount of ICBA induced
finer phase separation while maintaining continuous pathways in the BHIJs, thereby
enhancing photocurrent generation.

To gain more insight into the morphological changes and electrical properties of

our devices, we used impedance spectroscopy to investigate the organic—organic

10
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interfaces in the active layer. Fig. 5(a) displays the equivalent circuit model correlated
to the BHJ solar cells. R1 and C1 in the circuit model refer to the combination of
recombination resistance and chemical capacitance of each interface between donors
and acceptors, respectively, in the BHJ layer;39 R2 and C2 correspond to these values
at the interface between the active layer and the electrode; R3 represents the
resistance from the electrodes. The impedance spectra measured at frequencies from
100 Hz to 1 MHz revealed complex plots comprising the resistance and reactance.
The Cole—Cole plot in Fig. 5(b) is not a perfect semicircle; it comprises a large
semicircle at low frequency and a small semicircle at high frequency. Table 2 lists the
fitted values of each element. The capacitance C1 increased from 0.548 x 107 to
0.665 x 10~ F upon increasing the ratio of ICBA in the fullerene; simultaneously; the
resistance R1 decreased from 306.7 to 238.5Q2. Thus, the interfacial arca between the
donor and acceptor increased upon the blending of ICBA, leading to enhanced
capacitance and decreased resistance. Our observation is similar to that reported
previously after blending different concentrations of additives into active layers to
enhance the interfacial area between the donor and acceptor.40 The effective carrier
lifetime can be obtained from the equation

t=CxR
The carrier lifetime (1.80 x 107 s) of the ternary blend film (15% ICBA) was longer
than that of the binary blend (1.68 x 10 s), suggesting that the carriers in the ternary
blend film had better opportunity to reach their electrodes. The carrier lifetime (1.58 x
107 s) of the ternary blend film incorporating 40% ICBA decreased because the
surplus of interfaces led to greater carrier recombination.

The space-charge limited current (SCLC) model was used to determine the
carrier mobility. Fig. S3 shows the J-J characteristics of the electron and hole-only

devices. Based on the fitting of the dark current by the SCLC model, ] = 9¢y,uV?/
11
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8L3,41 the electron and hole mobilities for BDT6T:PC7BM are determined to be
1.20x10° and 9.13x10™ m*/V-s, respectively. After blending 15% ICBA, the electron
mobility of ternary blend film remains similarly about 1.12x10® m?*/V-s and hole
mobility increased to 1.27x10* m?V-s. The electron and hole mobilities after
blending 40% IBCA decreased to 7.90x10™ and 6.77x10° m?/V-s, respectively. The
results indicated that the optimized amount of ICBA in the ternary blend film not only
generates more heterojunction interfaces, but also maintains continuous pathways for
effective charge transport. Excessive amount of ICBA in the active layer shows

uniform intermixing which is not favorable for charge transport.

4. Conclusion

We have demonstrated efficient ternary SMOSCs featuring ICBA as a cascade
acceptor in BDT6T:PC7;BM blends. ICBA not only has an energy level appropriately
balanced between those of its blend counterparts, thereby establishing more charge
transfer routes, but it also has a surface energy similar to that of BDT6T, allowing for
manipulation of the morphologies of its blend film. By optimizing the amount of
added ICBA, we established an interface exhibiting enhanced interpenetration
between BDT6T and the fullerene derivatives, relative to that formed in the binary
system, leading to significantly suppressed carrier recombination in isolated domains
and increased carrier extraction. As a result, the PCE of the optimized device
increased considerably, to 6.36%. Our findings suggest great promise for achieving

efficient BHJ SMOSCs through the use of ternary blends.

12
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Fig. 1 Chemical structures and energy levels of BDT6T, PC7BM, and ICBA.
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Fig. 2 (a) J~V curves and (b) EQE spectra of devices incorporating different ratios of
ICBA, under illumination. (¢) UV—Vis absorption spectra of BDT6T:ICBA:PC;;BM

films incorporating 0, 15, and 40% ICBA in the active layer.
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Table. 1 Performance characteristics of devices based on BDT6T:ICBA:PC;,.BM

Journal of Materials Chemistry A

blend films
PCE (%)
ICBA (%) Voc (V)  Jsc(mAcm?)  FF

Average  Best

0% 0.92 10.70 0.57 5.61 5.74

10% 0.92 11.70 0.57 6.13 6.23

15% 0.93 12.00 0.57 6.36 6.43

20% 0.93 11.50 0.56 5.99 6.14

40% 0.95 9.44 0.51 4.57 4.71

100% 1.00 6.34 0.45 2.85 2.97

16
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Fig. 3 (a) PL spectra of films of BDT6T, BDT6T:PC;BM, and BDT6T:ICBA
(15%):PC7BM. (b) TRPL spectra of BDT6T:ICBA:PC7BM films incorporating 0
and 15% ICBA on PEDOT:PSS/ITO substrates and the decay was measured at 730

nm.
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Fig. 4 (a-d) AFM height images of BDT6T:ICBA:PC;BM active layer films

and (d) 100% ICBA in the fullerene on

(b) 15, (c) 40,

b

featuring (a) 0

f) TEM images of BDT6T:ICBA:PC;;BM films

PEDOT:PSS/ITO substrates. (e,

ICBA in the fullerene.

incorporating (e) 0 and (f) 15%
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Fig. 5 (a) Equivalent circuit model of the devices. (b) Cole—Cole plots of the devices

incorporating 0, 15, and 40% ICBA in the fullerene.
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Table. 2 Resistances, capacitances, and carrier lifetimes fitted from the equivalent

model for BDT6T:ICBA:PC7BM devices incorporating various ratios of ICBA

ICBA (%)  R1(Q) C1 (F) R2 (Q) C2 (F) R3 (Q) 7(s)
0% 306.7 0.548x 107 717  0.760x10°  38.3 1.68 x 107
15% 276.9 0.651x 107 408  0.121x107  38.9 1.80 x 107
40% 2385 0.665x 107  34.1 0.148 x10” 38.5 1.58 x 107

20
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Efficient ternary BHJ solar cells fabricated using small molecules—namely BDT6T,
ICBA, and PC7;BM achieving a PCE of 6.36%.



