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Morphology Control Enables Efficient Ternary Organic Solar Cells
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Abstract organic solar cell is a promising alternative to the binary counterpart due to

its potential 1n achieving high performance. Although a growing number of ternary organic

ALl
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solar cells have been recently reported, less effort has been devoted to morphology control. In
this wowcated ternary organic solar cells using a wide-bandgap polymer PBT1-C as

the donor, @ line fused-ring electron acceptor ITIC-2Cl, and an amorphous fullerene

derivatifc IN@BAEES the acceptors. It was found that ICBA could disturb n-m interactions of
the crystalline [11C-2CI molecules in ternary blends and then helps to form more uniform
morphology® result, incorporation of 20% ICBA in the PBT1-C:ITIC-2Cl blend enabled

efficient ¢ edlssociation, negligible bimolecular recombination, and balanced charge

US

carrier mobilities.JAn impressive power conversion efficiency (PCE) of 13.4%, with a high

fill factor 6.8%, was eventually achieved, which represents one of the highest PCEs

£

reported so organic solar cells. The results manifest that the adoption of amorphous

d

fullerene acée is an effective approach to optimizing the ternary blend morphology and

thereby incr he solar cell performance.
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The past two decades have witnessed a continuous improvement in the power

convechy (PCE) of bulk heterojunction (BHJ) organic solar cells (OSCs). !'™

Combinents in material and device engineering mainly contributed to such rapid

advanc®s. @lisReminstance, devices based on a number of novel non-fullerene acceptor (NFA)

1" which outperformed

materials haye Been recently reported with PCEs exceeding 12%,!
the photov erformance of fullerene-based OSCs. However, it should be realized that
the opticawmn bands of organic semiconductors are usually narrow, which restricts
the BHJ layer to Frvest sunlight over a wide range. To circumvent this problem, ternary
structure ﬂng three different materials with complementary absorptions has acted as
an attractiv s of broadening the active layer absorption and thereby increasing the
photocurrm In addition to the enhanced absorption profile, a favorable energy level
alignm%rnary BHJ interface can be formed by introducing an appropriate third
materi improves the open-circuit voltage (Voc).** **! Meanwhile, ternary

still inheri€§ the simplicity of the fabrication process of binary OSCs.

Earli @ s on ternary OSCs mainly focused on either two donors/one fullerene

26-35

acceptor offone donor/two fullerene acceptors.!****) However, the intrinsic drawbacks of

h

fullere weak visible light absorption and limited energy level tunability, hinder

{

[36-38

the further improfiement of device performance. I Recent developments in NFAs offer a

Ul

A
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wider choice of acceptor materials for ternary devices.!*> Consequently, much effort has
been dWe study of NFA-based ternary OSCs.*"#?! Different ternary blends
containinpaired with two donors or one donor/one fullerene derivative exhibited
high POE sewemi2%.1**** In terms of ternary blend incorporating two NFAs, impressive
progresses een also obtained.[***! For example, we have recently reported that

high-perfo ternary OSCs can be fabricated with a twisted perylene diimide acceptor

S

(SdiPBI- fused-ring electron acceptor (ITIC-Th).[*! These two NFAs are miscible
and formed a ho;ugeneous mixed phase, resulting in superior device performance, which

offersan ion in device optimization. Very recently, a high PCE of ~12.2% has been

n

reported fo y device using IT-M and ITCN acceptors.”*! These results highlight bright

a

future for application in ternary solar cells.

Notic Pthorphology is crucially important for BHJ OSCs. A bicontinuous

V]

interpenetrating network morphology is required to ensure efficient exciton dissociation and

I

charge ca sport.”>*®) Since ternary blend comprises three components, molecular

interactio @ en different materials can cause more complex morphology than its binary

blend. Th ition of a third component into ternary blend may result in large-scale phase

¢

separat icll¥is unfavorable for charge transport. Therefore, morphology control in

This article is protected by copyright. All rights reserved.
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ternary blend remains very difficult, which becomes one of the main challenges of ternary

OSCS. -l

In th@on, we demonstrate an efficient approach to controlling the ternary

N
blend mougology. We first fabricated binary device using a halogenated NFA, ITIC-2C1,"*"

and a wid@p polymer donor, PBT1-C.°®) We found that the crystalline ITIC-2Cl
molecules asily form granular aggregates in the blend. An amorphous fullerene
derivativemcéo bisadduct, ICBA,[5 ) was adopted as the third component to optimize
the terna orphology. Upon the addition of 20% ICBA into PBT1-C:ITIC-2Cl blend,

the morph@logy was substantially improved as the ITIC-2C1 aggregates obviously decreased.

The favor phology enables balanced charge carrier mobilities, and reduced
bimole bination that result in high fill factor (FF). Moreover, the introduction of
ICBAtot ends leads to increased V. due to its higher lowest unoccupied molecular

orbital (LUMO) energy level than that of ITIC-2Cl. These features combined with the
complemhsorption of ICBA with PBT1-C and ITIC-2Cl, yielded a high PCE of

13.4% (~2 @ er than PBT1-C:ITIC-2Cl binary device) and an excellent FF of 76.8%.

This workfdemonstrated the importance of morphology control in ternary OSCs and higher

h

perfor e achieved by selecting appropriate materials to yield ideal BHJ

{

morphology

U

A
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Chemical structures of PBT1-C, ITIC-2Cl, and ICBA are shown in Figure 1a. The
corresergy level diagrams are illustrated in Figure 1b. The highest energy

occupied @ r orbital (HOMO) and LUMO energy levels of PBT1-C and ICBA are

P

-5.43 e, 980MW , -3.36 eV, and -3.74 eV, respectively. The HOMO enegy level of
ITIC-2C1 heen PBT1-C, and ICBA, suggesting that cascade charge transfer cannot
occur in su ary blend. In addition, compared with ITIC-2Cl, ICBA exhibits relatively
higher le3.74 eV, which can result in larger V.. Normalized UV-vis absorption
spectra of PBT1-@, ITIC-2Cl, and ICBA neat films are shown in Figure 1c. It can be seen
that PBTlcomplementary spectra with ITIC-2CI. Binary blend composed of these two
materials Mroad light absorption in the range of 400-850 nm. The main absorption of

ICBA is locat ultraviolet region, which helps to further extend the absorption of binary

films (FigurE

Ternary OSCs were fabricated with an inverted device structure of ITO /ZnO/active

layer/MoChhe current density-voltage (J-V) curves of OSCs fabricated with different

ICBA con @ illustrated in Figure 2a and the detailed device parameters are
summarizg n ! able 1. Binary devices based on PBT1-C:ITIC-2CI and PBT1-C:ICBA
blends W fabricated. PBT1-C:ITIC-2Cl device exhibited a PCE of 11.1%, with a

short-circuit currint (Jsc) 0of 18.34 mA cm'z, a FF of 70.7%, and a V. 0of 0.86 V. In contrast,

This article is protected by copyright. All rights reserved.
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PBT1-C:ICBA device showed a much lower PCE of 2.2%, with lower Jy. (5.41 mA cm'z) and
FF (40.Wigher Voe (0.99 V). We further fabricated ternary devices to investigate the
influence ntents on the photovoltaic performance. As shown in Figure 2a,
incorpdfatifi@@9% [CBA into PBT1-C:ITIC-2Cl blend significantly boosted PCE to 12.5%
with a Js. 0 mA cm'z, a Vo 0f0.87 Vand a FF of 74.9%. Further increasing I[CBA
content to ntinuously increased the solar cell performance. Correspondingly, the
championwxhibited an impressive PCE of 13.4%, with a J;. 0f 19.58 mA cm’z, a Vy.of
0.89 Vand a hig;F 0f 76.8%. To the best of our knowledge, the PCE of 13.4% is among the

highest Vaﬂorted so far for ternary solar cells (Table S1 and Figure 2c). The device

parameters the V. were found to decrease as ICBA contents in ternary blends
exceeded me PCE of the ternary blend with 90% ICBA is quite comparable to that of
PBT1-C:I is interesting to note that V. gradually increased with increasing ICBA
conten blends. This behavior can be explained by the result of its high LUMO

level, whis contributed to such increased V,.. External quantum efficiency (EQE) spectra

were sho re 2b. PBT1-C:ITIC-2Cl reference device exhibited a broad spectral
range fro to 850 nm with a maximum EQE value of 78.24% at 670 nm. The
additio o ICBA led to entirely enhanced EQE spectra with a maximum value of

o

82.36% at:. The calculated Ji from the EQE spectra is 18.88 mA cm'z, agreeing well

with the measured value (19.58 mA cm™).
This article is protected by copyright. All rights reserved.
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To study charge recombination kinetics in binary and ternary devices, Jy. versus a
functithensity (1) was measured (Figure S1a). In general, a power law dependence
between be expressed as JSCOCI“,[6O] where a is the power-law exponent. The a
values BrciOOSEOS S5, and 1.0 for OSCs based on PBT1-C:ITIC-2Cl, PBT1-C:ICBA, and
PBTI-C:I C-2ClI (1:0.2:0.8) blends, respectively, reflecting negligible bimolecular
recombina the ternary device. The V. versus light intensity of binary and ternary
devices Wm‘ in Figure S1b. The slopes of PBT1-C:ITIC-2Cl and PBT1-C:ICBA binary
devices are 1.47 ;d 1.62 kT/q, respectively, while the slope of PBT1-C:ICBA:ITIC-2C1

(1 :0.2:0.8@ device is 1.25 kT/q, indicating that the addition ICBA into the ternary

blend reduﬁtrap—assisted recombination.[®!!

arge dissociation probability P(E,T) was calculated from photocurrent
density (/, s effective voltage (V) (Figure S1c). The P(E,T) values are 97.3%,
98.4%, and 85.3% for devices with 0%, 20% and 100% ICBA contents, respectively,
indicatingh addition of ICBA into the ternary blends increased charge dissociation
capabilityctron («e) and hole (uy) mobilities of ternary blends were measured by
space cﬂed current (SCLC) method (Figure S2 and Figure 2b). As shown in Figure
2b, the Wnt in ternary blends has slight influence on the hole mobilities. On the

contrary, the ele§0n mobilities strongly correlated with the ICBA content, which dropped

< This article is protected by copyright. All rights reserved.
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rapidly from 8.9x10 cm? V' s t0 3.1x107° cm? V's™ as the ICBA content increases from
0% to IWary blends. In particular, ternary devices with 20% ICBA shows hole and
electron 6.1x10* cm? V' s and 5.7x10™ cm? V' 57!, respectively, with uy/ue
value ofi ] OMEREdu ced recombination, efficient charge dissociation, and the balanced charge

transport a etter understanding of the high J,. and FF achieved in ternary devices.

Steadwhotoluminescence (PL) and time-resolved photoluminescence (TRPL)
studies have been performed to investigate the energy/charge transfer between PBT1-C,
ITIC-2Cl, jA. As illustrated in Figure 3, ITIC-2Cl neat film shows relatively weak

emission i!tensity at 790 nm with fluorescence lifetime (1) of 139 ps, while ICBA neat film

presents s intensity at 740 nm with longer fluorescence lifetime (1t = 893 ps). After
blendi 2C] with ICBA, the PL spectrum of ICBA completely disappeared. On the
contrary, t ion of ITIC-2Cl significantly increased, with fluorescence lifetime of 105

ps. It is also noted that the absorption spectrum of ITIC-2Cl strongly overlaps the emission of
ICBA (Fib). These results indicate the existence of efficient energy transfer from

ICBAtol . Moreover, we also fabricated OSCs to determine the possibility of charge

O

transfer bgfween [TIC-2Cl and ICBA in ternary blends (Figure S3b). J,. values of OSCs

f

based 2@ and ICBA neat films are 0.23 mA cm™, and 0.04 mA cm™, respectively.

Auf
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ITIC-2CL:ICBA device showed a J,. of 0.05 mA cm'z, which is much lower than that of
ITIC-2WVice, revealing no charge transfer between ITIC-2Cl and ICBA.

PL q@fect between the binary and ternary blends was further investigated. As

H I
displayed @in Figure 3, PL of PBT1-C was mostly quenched by ITIC-2Cl. The addition of

ICBA to I@TIC—ZCI blend can further quench the emission of PBT1-C. TRPL spectra
of neat andgblomeh films were measured by monitoring two emission wavelengths of 680 nm
and 790 nm 500 nm light excitation (Figure 3d). The lifetime of PBT1-C is 126 ps at
680 nm crissi avelength, and then decreased to 24 ps in the ternary film. Similarly, the

lifetime o!TIC-ZCl 1s 139 ps at 790 nm emission wavelength and then decreased to 40 ps in

the ternar}m_\ggesting efficient charge transfer in the blend.

T

electron microscopy (TEM) and atomic force microscopy (AFM)
measur, e carried out to study the influence of ICBA on the active layer

morpholoig (Figure 4a and Figure S4). As presented in Figure 4a, PBT1-C:ITIC-2Cl film

showed a bmber of aggregates in a length scale of a few tens of nanometers due to the
crystalline of ITIC-2CI molecules. The addition of 20% ICBA to PBT1-C:ITIC-2C1

obviouslx gcreased the aggregation and improved the film morphology. The

root-means=square (RMS) roughness of the film decreased from 1.70 nm to 1.28 nm, agreeing

well with B results. Further increasing the ICBA contents lead to more uniform

This article is protected by copyright. All rights reserved.
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fibrillar morphology. The results indicate that ICBA can influence the molecular packing and
disturb Wof aggregation of PBT1-C molecules, which is consistent well with the
mobility ted in the ternary blend. In details, the hole mobility slightly increased

and tholé|se@mobility decreased in magnitude as ICBA contents increased in ternary

L

blends.

Grazmmktnce wide-angle X-ray scattering (GIWAXS) was performed to probe

molecular offentation and packing in both neat and blend films. Figure 5 shows the 2D
GIWAXSE and the corresponding out-of-plane and in-plane line cuts of films. The
(100) reﬂitions of PBT1-C, and ITIC-2Cl films were observed at g,,= 0.26 and 0.33 Al

correspon mellar distances of24.2 and 19.0 A, respectively, and the (010) reflections

were o ,=1.65,1.78 A", corresponding to n-m stacking distances of 3.8, 3.5 A,

respectivel PBT1-C, and ITIC-2Cl exhibited preferential face-on orientation as the n-n
stacking peak mainly located in the out-of-plane direction. There are no obvious diffraction
peaks for h}dicative of its amorphous nature. When PBT1-C and ITIC-2Cl are
blended, tents strong (010) diffraction peak of ITIC-2Cl, demonstrating the
dominaﬂf IC-2C1 on n-m stacking in blend films. The addition of 20% ICBA to

PBTI-C:I IIC-2=' blend led to a reduction of crystallinity of ITIC-2Cl, confirmed by the

obviously Eecre%d intensity of -7 stacking at 1.78 A™". It was found that the ITIC-2Cl

< This article is protected by copyright. All rights reserved.
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diffraction features at 0.33 and 1.78 A™! completely disappeared with ICBA content more
than SOWnds, indicating that ICBA could form intimate mixing with ITIC-2Cl and
thus redul molecular packing. Such an effect reduces electron mobility in ternary
blends @hdsli@sa@ads to reduced device performance. The structure order of PBT1-C in BHJ
blends rem;ns :uite robust, and not obvious reduction was seen when ICBA is introduced.

Thus high nano fibrils can be maintained in these ternary blends, playing an important

role to sthJ morphology. Resonant soft x-ray scattering (RSoXS) was applied to
study the phase siaaration of BHJ thin films and the results were shown in Figure S5. It is
seen that iﬂBA concentration, a flat scattering curve was seen, which is due to the low
contrast be BT1-C and ITIC-2Cl. When ICBA is added, a broad scattering hump start
to show up'ar 0.025 A (25 nm phase separation). And PBT1-C:ICBA blend showed an
obvious scatt@img hump around 0.015 A™' (42 nm). Thus the addition of ICBA could form a
new ph ed structure in ternary blends, making detailed analysis barely impossible.
Correlatiofl function fitting yielded the correlation length of 78, 178, 93, 50, 48 A for ternary

blends with 0%, 15%, 30%, 50%, 100% ICBA. And it is quite obvious that smaller sized

(

phase separation does not yield best J;. and PCE. This is due to the mismatch of electronic

structure between PBT1-C and ICBA. As also observed in GIWAXS characterizations, the

{

PBT1-C crystal fibrils can shape the BHJ morphology, the reduction of ITIC-2Cl upon more

L

than 30% ICBA addition is detrimental to device performance. Thus the success of the

This article is protected by copyright. All rights reserved.
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ternary blends with low ICBA addition should be in the framework of PBT1-C:ITIC-2Cl

morphology framework. And the addition of ICBA into ITIC-2CI could fine-tune the
=y <

)

morphology, with the added benefit of improve V., yielding high PCEs.

[

|
In summary, efficient ternary OSCs based on PBT1-C, ITIC-2Cl, and ICBA have been

fabricated #fCB Afhas been employed as the third component in ternary blends because of its

G

amorphousgna which can disturb intermolecular n-n interactions of ITIC-2CI and then

S

influence the active layer morphology. As a result, a high PCE of 13.4% was achieved for the

v

ternary bl 20% ICBA, representing one of the best efficiencies reported in the

literature S far for ternary OSCs. The efficient exciton dissociation, balanced charge

f

mobility and negligible bimolecular recombination account for such high photovoltaic
performance of ternary device. Our work provided a promising way to optimize the

morpholo A-based ternary blends.
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Table 1 Summary of device parameters of ternary organic solar cells with different ICBA

content“

PBT1-C:I Jse Voc FF PCE*  PCEmax

(mA cm) V) (%0) (%) (%)

=
i

1:0 18.03+0.40 0.86%+0.02 70.3x2.1 109102 11.1

1:0.1 18.90+0.32 0.87%£0.03 74.1x1.1 122+£03 125

1:0.2 19.30+0.39 0.89+£0.02 759+12 13.0x04 134

USC

1:0.3:0.7 18.54+0.51 0.89%£0.04 73.5%15 12.1x£04 125

1:0.5: 13.80+0.30 0.92%£0.03 60.0£1.0 7.61+0.2 7.8

1:0.7:

1298+0.30 0.93+0.01 39.5£13 4.8+0.1 4.9

dl

740030 0.93%+0.02 38.6%=0.9 2.71+0.1 2.8

540+0.20 0.98%0.03 38.7%0.3 2.1+0.1 2.2

1

a) The val erage PCEs from 10 devices
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Figure 4. gM and (f-)) AFM height images of ternary blends with different ICBA

contents.
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