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A series of organic solar cells (OSCs) are prepared with PTB7:PC7{BM as the host materials and DIB-SQ as the third
component. The power conversion efficienty (PCE) of OSCs can be improved from 6.79% to 7.92% by incorporating 6 wt%
DIB-SQ into donors, resulting from the enhanced short circuit current density (Jsc) and fill factor (FF). The increased Jgc of
the optimized ternary OSCs should be attributed to the enhanced photon harvesting of teranry active layer by incorporating
DIB-SQ. Meanwhile, FF of the optimized ternary OSCs should be due to the optimied phase separation. The open circuit
voltage (Voc) of tenray OSCs can be maintained at a constant of 0.75 V, indicating that all photogenerated holes willl be

transported along the channels formed by PTB7.

Keywords: organic solar cells, power conversion efficiency, the third component

PACS: 88.40.jr, 88.40.hj, 85.30.—z

1. Introduction

Organic solar cells (OSCs) have acheived great progress
during the past years due to the rapid development of organic
semiconducting materials.!'~*! The adequate photon harvest-
ing of active layers is the prerequsite for obtianing highly ef-
ficient OSCs. To improve the photon harvesting ability and
range of OSCs, two sub-cells can be connected with semi-
transparnet middle electrode, named as tandem OSCs. There
are some challanges to obtian highly efficient tandem OSCs:
i) optimizing the thickness of sub-active layers to balance the
short circuit current density (Jsc) of sub-cells, ii) the efficient
middle electrode with proper transmissivity and high ability
to collect charged carriers from the sub-cells, iii) the com-
plementary absorption spectra of sub-active layers.!>~"] The
complex and rigorous fabrication process restricts the devel-
opment of tandem OSCs, especially for their real application
as products. Recent years, a simple and efficient method was
proposed to inherit the advantages of tandem OSCs and single
layer bulk heterojunction OSCs, named as ternary OSCs.!8]
The ternary OSCs were commonly prepared with two donors
and one acceptor or two acceptors and one donor. The third
component should have complementary absorption spectrum
with host materials to improve the photon haversing of ternary
active layer. Most of ternary OSCs were prepared with a nar-
row bandgap material to improve photon harvesting in a longer

wavelength range. It is inevitable to generate some charge
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traps by incorporating the third component due to their dif-
ferences in highest occupied molecular orbit (HOMO) and
the lowest unoccupied molecular orbit (LUMO) levels among
used materials. The narrow bandgap material as the third com-
ponent may form some deep charge traps in the active layers
due to the large energy level offsets among the used materi-
als. The ability to transport the charges will be reduced due to
the existence of charge traps induced by the incorporation of
the third component. The performance of OSCs could be im-
proved by incorporating an appropriate third component if the
photon harvesting, exciton dissocation and charge transport
can be balanced in ternary active layers. The different working
mechansims for ternary OSCs have been reported with dif-
ferent donor and acceptor materials, such as energy transfer,
charge transfer, parallel-linkage model and alloy-model. 13!
The compatibility of used materials plays a key role in de-
termining the working mechanism for ternary OSCs because
intermolecular dynamic process strongly depends on the dis-
tance of intermolecules.!'#! It is known that phase separation
degree of used materials also influences exciton dissociation
and charge transport efficiency, and the third component is also
used as morphology regulator to optimize the morphologies of
active layers. [15-18]

In this work, polymer polythieno[3,4-b]-thiophene / ben-
zodithiophene (PTB7) and fullerene derivation [6,6]-phenyl-
C71-butyric acid methyl ester (PC7;BM) are selected as elec-
tron donor and acceptor, respectively. Small molecule 2,4-
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bis[4-(N,N-diisobutylamino)-2,6-dihydroxyphenyl] squaraine
(DIB-SQ) is used as the third component to prepare ternary
OSCs. A series of ternary OSCs is prepared with PTB7:DIB-
SQ:PC71MB as active layers, and the only difference is DIB-
SQ content in donor. The bandgap of DIB-SQ is slightly larger
than that of PTB7, which can improve photon harvesting in a
short waveleng range. To give the more solid experimental
results, the binary OSCs with PTB7:PC7BM as active lay-
ers are carefully optimized to achieve a maximal power con-
version efficiency (PCE) of 6.86%. Based on the optimized
binary OSCs, the performance of ternary OSCs can be opti-
mized by adjsuting the DIB-SQ content in donors. The PCE
of tenrary OSCs arrives to 7.92%, with an enhanced Jsc of
15.29 mA-cm~2, a fill factor (FF) of 69.09%, and a constant
open circuit voltage (Voc) of 0.75 V when the DIB-SQ con-
tent is about 6 wt% in donors. The enhanced FF indicates that
charge transport channels in teranry active layers could be op-
timized by incorporating an appropriate DIB-SQ, which may
act as a morphology regulator for obtaining ideal phase separa-
tion in the ternary active layers. About 15% PCE improvement
can be obtained by incorporating 6 wt% DIB-SQ as the third
component, which is mainly attributed to the enhanced pho-
ton havesting and optimized phase separation in the optimized
ternary active layers.

2. Experiment

The patterned indium tin oxide (ITO) coated glass sub-
strates (15 Q per square) were cleaned via sequential son-
Then
the cleaned ITO substrates were dried by high-purity ni-

ication in detergent, deionized water and ethanol.

trogen and treated by oxygen plasma for 1 min to im-
prove their work function and clearance. Subsequently,
sulfonate)

Ltd.) was

poly(3.,4-ethylenedioxythiophene):poly (styrene
(PEDOT:PSS, purchased from H.C. Starck co.

spin-coated on ITO substrates at 5000 RPM for 40 s and
Then

dried at 150 °C for 10 min in atmospheric air.
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ITO substrates coated with PEDOT:PSS films were trans-
ferred into a high-purity nitrogen-filled glove box. The
used materials PTB7, DIB-SQ and PC7;1BM were pur-
chased from Luminescence Technology Corp. and 1-
Material. The mixed PTB7:PC7BM (1:1.5, wt/wt) and DIB-
SQ:PC7;BM (1:1.5, wt/wt) powder were separately dissolved
in chlorobenzene with 3 vol% 1,8-diiodooctane (DIO) to pre-
pare 25 mg/mL binary blend solutions. Ternary blend so-
lutions of PTB7;_,:DIB-SQ,:PC7;BM, 5 (x represents DIB-
SQ content in donors) were prepared by mixing binary so-
lutions with different volume ratios. The mixed solutions
were spin-coated onto the PEDOT:PSS/ITO substrates at
1500 RPM for 40 s to prepare the active layers. The con-
jugated  poly[(9,9-bis(3-(N,N-dimethylamino)-propyl)-2,7-
fluorene)-alt-2,7-(9,9-dioctylfluorene)] (PFN) was dissolved
in methanol with the addition of 0.25 vol% acetic acid to pre-
pare a 0.2 mg/mL solution. Then the prepared PFN solutions
were spin-coated onto the active layers at 3000 RPM for 40 s.
Finally, aluminum (Al) electrode was deposited by thermal
evaporation. The active area was approximately 3.8 mm?,
which was defined by the overlapping area of ITO anode and
Al cathode.

The current density—voltage (/-V) characteristics were
measured by a Keithley 2400 unit in a high-purity nitrogen-
filled glove box. The AM 1.5G irradiation was provided by
an XES-40S2 (SAN-EI ELECTRIC Co., Ltd) solar simulator
(AAA grade, 70x70 mm? photobeam size) with a light inten-
sity of 100 mW/cm?. The external quantum efficiency (EQE)
spectra were measured by a Zolix Solar Cell Scan 100. The
absorption spectra of films were measured with a Shimadzu
UV-3101 PC spectrometer. Transmission electron microscopy
(TEM) images were obtained by a JEOL JEM-1400 trans-
mission electron microscope operated at 80 kV. The chemi-
cal structures of used materials, schematic diagram of device
structure and energy level diagram of used materials are shown
in Fig. 1.
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Fig. 1. (color online) (a) Chemical structures of used materials and the schematic diagram of device structure, and (b) energy level
diagram of used materials and the arrows represent charge transport direction.
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3. Results and discussion

A series of ternary OSCs is fabricated with PTB7:DIB-
SQ as donors and PC71BM as acceptor, and the only difference
is DIB-SQ content (x = 0, 3%, 6%, 9%, 12%, 100% weight
ratios) in donors. The small molecule DIB-SQ is selected as
the second donor to enhance photon harvesting and optimize
morphology of active layers. The absorption spectra of neat
PTB7, DIB-SQ and PC7;BM films are measured and shown in
Fig. 2(a). It is apparent that PTB7 exhibits a broad photon har-
vesting range from 550 nm to 750 nm and DIB-SQ exhibits a
relatively narrow photon harvesting range from 620 to 680 nm.
The PC7;BM has strong ability to harvest photons in a short
wavelength range and long tail in long wavelength range. The
absorption spectra of blend films with different DIB-SQ con-
tent are measured and are shown in Fig. 2(b). The absorp-
tion intensities of blend films can be markedly improved from
620 nm to 680 nm with the increase of DIB-SQ content in
donors, which should be attributed to the large absorption co-
efficient of DIB-SQ. The absorption intensity of blend film
slightly decreases from 450 nm to 600 nm with the increase
of DIB-SQ content in donors due to the reduced PTB7 con-
tent. The more photon harvesting of active layers should be
obtained in the whole spectral range by optimizing DIB-SQ
content, which is the prerequisite for preparing efficient OSCs.
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Fig. 2. (color online) (a) Normalized absorptions of the used materials

in thin films, and (b) absorption spectra of blend films with different
DIB-SQ content in donors.
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Fig. 3. (color online) (a) The J-V curves of OSCs with different DIB-
SQ content in donors under AM 1.5G illumination with light intensity
of 100 mW-cm~2, and (b) EQE spectra of the corresponding OSCs.

The current density—voltage (J-V) curves of all OSCs are
measured under AM 1.5G illumination with a light intensity
of 100 mW/cm? as shown in Fig. 3(a). The PTB7:PC7;BM
based binary OSCs exhibit a PCE of 6.86% with a Jsc of
14.12 mA-cm~2, a Voc of 0.75 V and an FF of 64.83%. The
DIB-SQ:PC7;BM based OSCs exhibit a relatively low PCE
of 2.29%, with a Jsc of 8.28 mA-cm 2, a Voe of 0.77 V,
and rather low FF of 35.92%. The relatively low Jsc of
DIB-SQ:PC7;BM based OSCs can be well explained due to
the narrow absorption spectrum of DIB-SQ and inefficient
charge transport and collection. The DIB-SQ:PC7;BM based
OSCs exhibit a rather low FF due to the discontinuous charge
transport channels resulting from excessive phase separation.
Both Jsc and FF of ternary OSCs can increase and then de-
crease with the increase of DIB-SQ content in donors, and
the improvements of Jsc and FF should be attributed to the
enhanced photon harvesting and optimized phase separation.
The decreasing of Jsc and FF should be due to the exces-
sive phase separation, which can be confirmed from the DIB-
SQ:PC7;BM binary OSCs. The Vpc of ternary OSCs can be
maintained at a constant of 0.75 V. As shown in Fig. 2(b),
the cascade energy levels among PTB7, DIB-SQ and PC7;BM
provide efficient charge transport channels in ternary OSCs.
The PTB7 and DIB-SQ exhibit the similar HOMO energy lev-
els of —5.2 eV and —5.3 eV, which is beneficial for efficient
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hole transfer from the HOMO of DIB-SQ onto the HOMO of
PTB7. Internary OSCs, photogenerated electrons or holes will
be mainly transported along the channels formed by PC7;BM
or PTB7, which can well explain the constant Vpc values for
ternary OSCs with different DIB-SQ content in donors. It is
known that the FF of OSCs strongly depends on shunt resis-
tance (Rsy) and series resistance (Rg), which can be calcu-
lated according to the reciprocal of J-V curve slope under the
short circuit or open circuit condition, respectively.[!>?l The
reduced Rs and increased Rsy should be beneficial to charge
transport and collection, leading to the improved FF of OSCs.
The EQE spectra of all OSCs are measured and are shown

in Fig. 3(b). According to the EQE spectra, the calculated Jsc
values of ternary OSCs are slightly less than the measured val-
ues with a deviation of less than 2% due to the cells without en-
capsulation for EQE measurement. It is apparent that the EQE
values can be slightly improved in the whole spectral range
by incorporating small amount of DIB-SQ, which should be
attributed to the optimized morphology for better exciton dis-
sociation, charge transport and collection in the corresponding
ternary OSCs. When DIB-SQ content is larger than 6 wt% in
donors, the EQE value of OSCs will decrease due to the dis-
rupted phase separation in the ternary active layers. All the
key parameters of OSCs are summarized in Table 1.

Table 1. Key photovoltaic parameters of PSCs with different DIB-SQ content in donors.

PCE/%

DIB-SQ/wt%  Jsc/mA-cm™2 Cal. Jsc/mA-cm™2  Voc/V' FF/% Rs/Q-cm?®  Rgu/Q-cm?
Best Avg.
0 14.12 13.87 0.75 6483 686  6.76 6.1 577
3 14.86 14.66 0.75 67.01 747 130 53 633
6 15.29 15.05 0.75 69.09 792 1785 49 709
9 14.55 14.32 0.75 66.12 722 716 5.8 685
12 14.01 13.73 0.75 6330  6.65 654 6.3 495
100 8.28 8.22 0.77 3592 229 215 69.9 356

F 16.18 mA/cm?
F (2)

Ju—
o

DIB-SQ in donors
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—a— 0 wt%
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Fig. 4. (color online) (a) The Jph—Vesr curves of the optimized ternary
and PTB7:PC7BM based PSCs, and (b) Jsc versus light intensity of
the optimized ternary and PTB7:PC7;BM based PSCs.
To further clarify the underlying reason why the appro-
priate DIB-SQ incorporation can lead to the performance im-

provement of OSCs, the J-V curves of OSCs are measured
in dark and under light illumination, separately. The pho-
tocurrent density (Jpp) can be calculated from the equation:
Jon = J1 — Jq, where Ji and Jy are the current densities un-
der 100 mW/cm? light illumination and in dark conditions.
Figure 4(a) shows the J,, dependence on effective voltage
(Vesr = Vo — Viu) of OSCs, where V is the voltage for Jon =0,
and V, is the applied bias.[>!] The exciton dissociation and
charge collection efficiency can be evaluated according to the
ratios of Jp, to the saturation photocurrent density (Jga), i.€.,
(Jph /Jsat) under short circuit and maximal power output con-

[22-24] The Jgy should be mainly deter-

ditions, respectively.
mined by photon harvesting of active layers, which can be de-
scribed as Jg = qLG,,,,, Where g is the elementary charge
and L is the thickness of active layers, Gpax is the maximum
exciton generation rate. The J-V curves of DIB-SQ:PC7;BM
based OSCs cannot be obtained under large bias due to the
fact that it easily breaks down. The optimized ternary OSCs
exhibit a larger Jg of 16.18 mA-cm~2 and a larger Gmax
of 0.84 x 10® m~3.s~! compared with 15.45 mA-cm™2 and
0.80 x 102 m=3-s~! for PBT7:PC7;BM based OSCs, indi-
cating that the photon harvesting should be improved in the
optimized ternary active layers. The Jy, under short circuit
and maximal power output conditions, Jg, and the ratios be-
tween the optimized ternary and PTB7:PC7;BM based OSCs
are summarized in Table 2. It is apparent that the Jyp, /Jsa val-
ues of the optimized ternary OSCs are larger than those of
PTB7:PC7;BM based OSCs, further indicating that efficiency
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of exciton dissociation, charge transport and collection can be
improved in the optimized ternary OSCs compared with in the
binary OSCs. The relationship between Jsc and Bjgn can be
expressed as Jsc o< P¥.127271 As shown in Fig. 4(b), the fit-
ted a value is approximately 0.91 or 0.93 for binary or the
optimized ternary PSCs, respectively. The relatively large o
value of 0.93 suggests the less bimolecular recombination in
the optimized ternary OSCs.

To further clarify the effect of DIB-SQ content in donors
on charge transport in active layers, charge mobility in ac-
tive layers with different DIB-SQ content is measured by
using space charge limited current (SCLC) method.?8-30]
The electron-only and hole-only devices are fabricated
with the structures of ITO/ZnO/active layers/PFN/AIl and
ITO/PEDOT:PSS/active layers/MoOs/Ag, respectively. The

active layers of electron-only and hole-only devices are the
sameas those of corresponding OSCs. The In(Jd>/V?) —
(V/d)*> curves of hole-only and electron-only devices are
shown in Fig. 5. The hole mobility (uy,) and electron mobility
(Ue) in the active layers monotonically decrease with the in-
crease of DIB-SQ content. The uy, /e value of 1.15 for active
layers with 6 wt% DIB-SQ is closest to unity, indicating that
the hole and electron transport become more balanced in the
ternary active layers. The u, /U, values deviate from unity for
the active layer with DIB-SQ content more than 6 wt%, in-
dicating the unbalanced charge transport in the ternary active
layers with higher DIB-SQ content in donors. The variation of
Un/ e value can well explain the dependence of FF of ternary
OSCs on DIB-SQ content in donors.

Table 2. Jph, Jsat, Gmax, and Jph /Jsa values of optimized ternary and PTB7:PC7;BM based OSCs.

DIB-SQ content/wt% Jph*/mA-cm 2 Jpn®/mA-cm™2 Joa/mA-cm 2 Gax/m 357! Joh/Jsai"1% Jon/Jsat 1%
0 14.12 11.74 15.45 0.80x10%8 91.4 76.0
6 15.29 13.04 16.18 0.84x10%8 94.5 80.6

aghort-circuit condition, Pmaximal power output condition.
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Fig. 5. (color online) Plots of In(Jd>/V?) versus (V /d)%> of (a) hole-
only devices and (b) electron-only devices.

Table 3. Values of uy, and u. and their ratios (1, /L) in active layers
with different DIB-SQ content in donors.

DIB-SQ/Wt%  up/em?-V~-ls™l  pofem? vls~! Un / Ue
0 2.86x10~4 2.12x1074 1.35

3 2.51x1074 1.97x10~* 1.27

6 2.12x10~% 1.84x10~4 1.15

9 1.57x10~4 1.32x1074 1.19

12 1.05x10~4 0.85x10~* 1.24

100 8.63x10°6 3.87x1073 0.22

-~

>
- A

Fig. 6. (color online) TEM images of blend films with different DIB-SQ
content in donors. (a) 0 wt%, (a) 6 wt%, (c) 12 wt%, and (d) 100 wt%.

Transmission electron microscopy (TEM) is used to in-
vestigate the effect of DIB-SQ content in donors on the mor-
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phology of blend films- as shown in Fig. 6. Obviously, the fib-
rillar features can be observed from the PTB7:PC7;BM blend
films. Some large aggregations can be observed from the DIB-
SQ:PC71BM blend films, which may restrict exciton dissoci-
ation and charge transport in the active layers. The excessive
phase separation results in the low PCE of DIB-SQ:PC7;BM
based OSCs. The morphologies of ternary active layers can
be slightly adjusted by incorporating DIB-SQ, the optimized
morphology may be beneficial to exciton dissociation and
charge transport for the performance improvement. The en-
hanced FF of the optimized ternary OSCs can also confirm the
optimized morphology in the ternary active layers. The PCE
improvement of ternary OSCs should be mainly attributed to
the enhanced photon harvesting and the optimized morphol-
ogy of the ternary active layers with 6 wt% DIB-SQ in donors.

4. Conclusions

In this work, a series of ternary OSCs with different
DIB-SQ content in donors has been prepared. The PCE of
ternary OSCs is improved to 7.92% by incorporating 6 wt%
DIB-SQ into donors, resulting from the enhanced Jsc of
15.29 mA-cm~2 and FF of 69.09%. The Voc of ternary OSCs
can be kept at a constant of 0.75 V, indicating that all photo-
generated holes will be transported along the channels formed
by PTB7. About 15% PCE improvement of ternary OSCs
should be mainly attributed to the enhanced photon harvesting
and the optimized morphology by incorporating appropriate
DIB-SQ. The experimental results further confirm the ternary
strategy as an efficient method to improve the performance of
OSCs.
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