Dyes and Pigments 193 (2021) 109543

o >

FI. SEVIER

Contents lists available at ScienceDirect

Dyes and Pigments

s
L and
PIGMENTS

)

journal homepage: www.elsevier.com/locate/dyepig
Greater miscibility and energy level alignment of conjugated polymers s

enhance the optoelectronic properties of ternary blend films in

organic photovoltaics

Bing Huang Jiang %! Ya-Juan Peng a’d_l, Yu-Ching Huang ", Ru-Jong Jeng ®, Tien-Shou Shieh ¢,

Ching-I Huang ™, Chih-Ping Chen "’

2 Institute of Polymer Science and Engineering and Advanced Research Center for Green Materials Science and Technology, National Taiwan University, Taipei, 10617,

Taiwan

Y Department of Materials Engineering, Ming Chi University of Technology, New Taipei City, 243, Taiwan
¢ Material and Chemical Research Laboratories, Industrial Technology Research Institute, Hsinchu, 310, Taiwan

ARTICLE INFO ABSTRACT

Keywords:

Organic photovoltaic
Ternary blend
Nonfullerene acceptor

In this study, we examined the effects of using the p-type conjugated polymers J51 and FATZ as the third
component in PM6:Y6-based donor:donor:acceptor (D:D:A) ternary organic photovoltaics (OPVs). We used
UV-Vis spectroscopy, photoluminescence spectroscopy, atomic force microscopy, and grazing-incidence wide-
angle X-ray scattering to investigate the optoelectronic and morphological properties of the resulting ternary

blend films. We evaluated the carrier transport properties of these OPVs to identify the mechanism governing
their power conversion efficiencies (PCEs). Of our two tested polymers, FTAZ had more suitable energy levels
and miscibility; therefore, its presence increased the open-circuit voltage of the resulting ternary device. The
embedded FTAZ facilitated the molecular packing of Y6 and improved the charge transport in the ternary blend,
thereby improving the PCE of the device from 14.3% (binary) to 15.3% (ternary).

Introduction

The performance of organic photovoltaics (OPVs) has experienced
rapid progress as a result of developments in the design of nonfullerene
acceptors (NFAs) [1-7]. The emergence of NFAs has promoted the
application of ternary blends to further improve the power conversion
efficiencies (PCEs) and stabilities of OPVs [8-12]. The third component
can play several roles when incorporated in ternary OPVs. (1) As mod-
ifiers of the blend film morphology (i.e., through the effects of misci-
bility): they can determine whether parallel or alloy models operate
within the blends. (2) By providing complementary absorption, they can
broaden the range of light harvesting to improve the short-circuit cur-
rent density (Jsc) of the resulting device. (3) By optimizing the energy
level alignment of the ternary blends, they can increase the open-circuit
voltage (Voc) of the OPV [i.e., through the effect of a third donor (D) or
acceptor (A) having a lower-energy highest occupied molecular orbital
(HOMO) or a higher-energy lowest unoccupied molecular orbital
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(LUMO), respectively, relative to their counterparts]. (4) By serving as a
morphology-fixing agent to overcome the thermodynamic instability of
a bulk-heterojunction (BHJ) nanostructure, thereby improving the
long-term stability of the resulting device [13]. Based on these concepts,
there is much interest in developing a greater understanding of the
factors behind the design of the third component and, thereby,
improving the performance of OPVs.

Binary blends of poly[(2,6-(4,8-bis(5-(2-ethylhexyl-3-fluoro)thien-2-
yl)-benzo[1,2-b:4,5-b’1dithiophene))-alt-(5,5-(1’,3'-di-2-thienyl-5’,7'-
bis(2-ethylhexyl)benzo[1’,2'-c:4’,5'-c’ 1dithiophene-4,8-dione)] (PM6)
and 2,2’-((2Z,2'Z)-((12,13-bis(2-ethylhexyl)-3,9-diundecyl-12,13-dihy-
dro- [1,2,5]thiadiazolo [3,4-e]thieno[2’",3"’:4',5’]thieno[2/,3’:4,5]pyr-
rolo[3,2-glthieno[2',3":4,5]thieno[3,2-b]indole-2,10-diyl)bis(meth-
anylylidene))bis(5,6-difluoro-3-oxo-2,3-dihydro-1H-indene-2,1-diyli-
dene))dimalononitrile (Y6 or BTP-4F) have been the most studied in the
development of high-performance ternary OPVs (Fig. la) [14-16].
Although binary PM6:Y6-based OPVs can exhibit outstanding
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performance, higher values of Js¢c and V¢ and higher fill factors (FFs)
are possible when pursuing a ternary strategy. For instance, the use of a
third A material (e.g., ITCPTC, C8-DTC, MelC, PC7;BM, or BTP-M)
having a higher-energy LUMO (compared with Y6) can lead to optimi-
zation of D:A:A blend films; alternatively, employing a third D material
(e.g., S3, the terpolymer PM1, or TPD-3F) has promoted the PCEs of
PM6:Y6-based OPVs to greater than 17% [5,17-22].

Because of issues related to the miscibility of the third D or A moiety,
D:D:A and D:A:A ternary blends can possess complicated blend mor-
phologies. In most scenarios, large-scale phase segregation or severe
molecular disorder has appeared in the ternary blends, worsening the
performance of the OPVs. Typically, good miscibility (strong intermo-
lecular interactions) among the components of a blend lowers the degree
of phase segregation, resulting in smaller domain sizes that benefit
charge dissociation. In contrast, weak intermolecular interactions
among the components can lead to phase segregation of the blend,
potentially facilitating carrier transport through relatively continuous
pathways with purer D or A domains. Our goal for this study was to
investigate the miscibility of a third D moiety as a means of achieving an
optimized well-defined blend morphology, with adequate carrier
transport and extraction, in addition to improved light harvesting.
Compared with D:A:A OPVs, larger repulsive intermolecular
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interactions typically exist between the two conjugated D moieties in D:
D:A ternary OPVs, leading to infrequent examples of their successful
application [17]. As a result, plenty of room remains to develop D:D:A
ternary strategies using two conjugated polymers. Here, we evaluated
the conjugated polymers poly[(5,6-difluoro-2-octyl-2H-benzotriazole-4,
7-diyl)-2,5-thiophenediyl[4,8-bis[5-(2-hexyldecyl)-2-thienyl]benzo[1,
2-b:4,5-b’1dithiophene-2,6-diyl]-2,5-thiophenediyl] (J51) and poly[(5,
6-difluoro-2-(2-butyloctyl)-2H-benzotriazole-4,7-diyl)-2,5-thio-
phenediyl[4,8-bis(3-butylnonyl)benzo[1,2-b:4,5-b’ 1dithiophene-2,
6-diyl]-2,5-thiophenediyl] (FTAZ)—with different miscibilities and en-
ergy levels toward PM6—as the third component in a PM6:Y6 binary
blend, exploring their optoelectronic properties at various blend ratios
(Fig. 1a). With its suitable energy level alignment and miscibility, FTAZ
improved the molecular packing of the PM6:Y6 blend film, resulting in
the PCE of the OPV increasing from 14.3% (binary) to 15.3% (ternary).
Accordingly, this paper provides an example of a new approach for the
fabrication of high-performance D:D:A ternary OPV devices.

Results and discussion

We employed the conjugated polymers FTAZ and J51, each having a
wide band gap, as the second polymer donor in D:D:A ternary films
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(a) Chemical structures, (b) thin film absorption spectra, and (c) energy level diagram of PM6, Y6, J51, and FTAZ.
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(Fig. 1a). FTAZ was first reported by Price et al., who prepared FTAZ:
PCBM and FTAZ:ITIC-Th1l binary devices displaying PCEs of 7.1 and
12.1%, respectively [23-25]. Furthermore, FTAZ:PBDB-T:IT-M- and
FTAZ:IDIC:ITIC-TH-S-based ternary blends have been reported with
PCEs of 13.2 and 11.6%, respectively [26,27]. Gao and co-workers
developed the polymer J51 and demonstrated a high-performance all--
polymer J51:N2000 OPV having a PCE of 8.27% [28]. The polymer J51
has also been incorporated into PTB7-Th:ITIC, PTB7-Th:BT-IC, PTB7-Th:
N2000, and PBDB-T:ITIC binary blends for evaluation of the resulting
ternary OPVs [29-32]. Fig. 1b and c presents the UV-Vis spectra (for
films deposited using CHCl3 as solvent) and energy level diagram,
respectively, of PM6, Y6, FTAZ, and J51. PM6 absorbs at wavelengths in
the range from 300 to 680 nm, with a maximum at 576 nm. J51 and
FTAZ are efficient at absorbing light at wavelengths from 300 to 666 nm
and from 300 to 650 nm, respectively, with maxima at 530 and 546 nm,
respectively. The band gaps of J51 and FTAZ (calculated from the onsets
in their absorption spectra) were 1.86 and 1.91 eV, respectively. Thus,
the absorptions of J51 and FTAZ covered the visible absorption range
well, and they were complementary (maxima at shorter wavelengths) to
PM6 [33]. The use of J51 and FTAZ would extend the light available for
harvesting to shorter wavelengths, potentially improving the values of
Jsc of their respective ternary devices. The HOMO/LUMO energy levels
of J51 and FTAZ were —3.08/-5.26 and —3.05/-5.36 eV, respectively
[23,34]. The different side chains of J51 (alkyl-thiophene) and FTAZ
(alkyl) were responsible for their different energy levels. The bulky
thiophene unit of J51 affected both the electron-donating properties and
the molecular conformation of the main chain, resulting in the HOMO
energy level of J51 being slightly higher than that of FTAZ. We expected
the cascade of energy levels of J51, FTAZ, PM6, and Y6 to facilitate
carrier transport within the ternary blends and, thereby, increase the FFs
of their devices. We suspected that efficient exciton dissociation might
occur at the J51-PM6, FTAZ-PM6, J51-Y6, and FTAZ-Y6 interfaces. As
a result, the presence of J51 and FTAZ as third components in PM6:Y6
ternary blends would lead to cascading energy level alignments and
complementary light absorption. Furthermore, because FTAZ and J51
have the same conjugated main chain but different side chains (alkyl
thiophene for J51; alkyl for FTAZ), we suspected that the side chains
would also play a role affecting the blend film morphology.

We evaluated the Flory—Huggins interaction parameters (y) of these
materials to study their miscibility. We calculated the values of y using
the following equation (where D and A represent the individual donor
and acceptor moieties in the blends), with the surface energies (y)
determined from contact angle measurements:

ra( Vi —\/K)z

The values of y can be used as a measure of the degree of molecular
interaction among the components, and to estimate the resulting BHJ
blend film morphology. We used the Wu model (with water and diio-
domethane as probe solvents) to determine the contact angles and sur-
face energies of our tested materials [5]. Table 1 lists the surface
energies (yiota)) and values of y of the materials; Fig. S1 provides their
contact angles. The surface energies of J51, FATZ, PM6, and Y6 were
31.17, 33.69, 38.06, and 47.88 mJ m_z, respectively. Side chain engi-
neering is a main factor affecting the surface energies and miscibilities of

Table 1
Surface energies of the materials and values of y for their blends.
Surface Energy Dispersive Polar JPM6- xy6- w
(Ytotan) (ra) (rp) D D
(mJ m~?) (mJ m~?) (mJ
rn’z)
PM6 38.06 36.46 1.60 - 0.56 -
Y6 47.88 43.34 4.54 0.56 - -
FTAZ 33.69 32.00 1.68 0.13 1.24 1.89
J51 31.17 30.26 0.91 0.34 1.79 2.40
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material pairs [35]. Here, the different side chains of J51 and FTAZ led
to the value of ypolar of J51 being lower than that of FTAZ, with the
highly hydrophobic branched alkyl chains on the benzotriazole units of
FTAZ leading to its value of ygispersive being higher than that of J51. As a
result, the surface energy of FTAZ was higher than that of J51. The
values of y for the J51/PM6, FTAZ/PM6, PM6/Y6, J51/Y6, and
FTAZ/Y6 pairs were 0.34, 0.13, 0.56, 1.79, and 1.24, respectively. Thus,
the interaction parameters for these materials followed the order
J51/Y6 > FTAZ/Y6 > PM6/Y6 > J51/PM6 > FTAZ/PM6. Lower values
of y are indicative of stronger intermolecular interactions and, therefore,
improved miscibility for a blend film. From a thermodynamic point of
view, without considering the solvent effect (i.e., when fabricating films
under the same conditions with evaporation of the same solvent), we
predicted that FTAZ would form a well-mixed phase with PM6, whereas
J51 might undergo partial phase segregation with PM6. A higher value
of yp/ve implies weaker interactions between the donor and Y6, poten-
tially leading to a more phase-segregated BHJ morphology. We followed
an approach described in the literature to calculate the wetting co-
efficients (@) of our materials and blends [36]. The value of w can
provide some information about the location of the third component
within the blend film. A value greater than +1, lower than —1, or be-
tween +1 and —1 would suggest that the third component was located in
PM6 phase, in the Y6 phase, or at the PM6-Y6 interface, respectively.
Our calculated values of w for J51 and FTAZ in the PM6:Y6 blend film
(2.40 and 1.89, respectively) implied that they were presumably located
in the PM6 matrix, with different degrees of phase segregation. Although
J51 and FTAZ featured the same conjugated main chain, their different
side chains (alkyl-thiophene for J51; alkyl for FTAZ) led to variations in
their thin-film optoelectronic properties (absorptions, energy levels).
One reason for these variations is conformational twisting of the ben-
zodithiophene units, induced by the alkyl-thiophene side chains, in J51.
The different side chains also resulted in differences in the molecular
packing and surface energies of the thin films, thereby also affecting the
miscibility when paired with the other materials.

We fabricated OPVs having the inverted structure indium tin oxide
(ITO)/ZnO/BHJ/MoOs/Ag (Fig. 2). We evaluated the ternary devices
using various blend weight ratios. In terms of nomenclature, the OPV
incorporating the PM6:J51:Y6 blend (the weight ratio between D and A
was fixed at 1:1.2; the concentration was 7.3 mg/mL in CHCl3) having a
weight ratio of 0.95:0.05:1.2 is denoted herein, for example, as the 5 wt
% J51-ternary OPV. Table 2 and Fig. 2 summarize the performance of
the devices. We calculated the average values of the performance data
from at least five individual devices. Notably, to avoid the effects of any
additives (e.g., chloronaphthalene, which is commonly used to prepare
PM6:Y6 binary blends) on the blend film morphology and complicating
the discussion, we prepared these OPVs without any additives. The PM6:
Y6-based binary device provided a PCE of 14.31 + 0.16%, with a value
of Jsc of 25.30 + 0.08 mA cm ™2, a value of Voc of 0.885 + 0.002 V, and
an FF of 65.83 + 0.38%. These values are similar to those reported
previously [5,33]. The 5 wt%-J51 device exhibited a PCE of 11.81 +
0.02%. Further increasing the content of J51 decreased the PCE of the
10 wt%-J51 OPV to 10.89 + 0.19%; we attribute the lower PCE,
compared with that of the control PM6:Y6 device, mainly to the
decrease in the FF from 65.83 & 0.38 to 54.33 4 0.90%. In contrast, the
5 wt%-FTAZ ternary OPV had a PCE of 15.30 + 0.04%, approximately
7% higher than that of the binary OPV, due to the significant increase in
the FF from 65.83 + 0.38 to 69.63 + 0.16%. The 10 wt%-FTAZ OPV
exhibited a PCE of 15.11 + 0.07%. Fig. S2 reveals that, because of the
low weight ratios of J51 and FTAZ, the UV-Vis absorption spectra of
these blends were similar, with only small differences in the absorption
of Y6. Therefore, theoretically, these OPVs should have provided similar
values of Jsc. We observed, however, significantly lower values of Js¢ for
the J51-derived devices, suggesting less efficient dissociation or trans-
port of their free carriers. Interestingly, the values of Vo were greater
for the FTAZ-containing OPVs, in spite of the higher HOMO energy level
of FTAZ (compared with PM6) [5]. This finding suggested that PM6:
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Fig. 2. (a) J-V and (b) EQE curves of the binary and ternary devices.

Table 2
Device performance of the binary and ternary OPVs.
Composition  Jgc (mA Voc (V) FF (%) PCE (%) Rg (Q R, (Q
cm™?) cm?) cm?)
Binary 25.30 + 0.885 + 65.83 14.31 573.83 3.42
0.08 0.002 + 0.38 + 0.16
J51 in donors
5 wt% 21.83 £ 0.864 + 62.60 11.81 437.50 3.26
0.11 0.002 + 0.07 + 0.02
10 wt% 23.51 + 0.853 + 54.33 10.89 264.41 3.00
0.12 0.003 + 0.90 +0.19
FTAZ in donors
5 wt% 25.06 + 0.890 + 69.63 15.30 619.05 1.75
0.18 0.007 + 0.16 + 0.04
10 wt% 25.06 + 0.895 + 68.73 15.11 748.89 2.23
0.13 0.004 + 0.45 + 0.07

FTAZ formed an intermediate energy state having a deeper HOMO en-
ergy level, as a result of molecular packing (potentially driven by their
miscibility), that enlarged the difference in energy between HOMOp, and
LUMOys [37,38].

We calculated the shunt (Rg,) and series (Rg) resistances from the J-V
curves of the OPVs (Table 2). The largest value of Ry, (749 Q sz) and
the lowest value of Rg (1.75 Q cm?) were those of the 5 wt%—-FTAZ
ternary OPV, indicating that this device has the lowest leakage current
and most efficient charge transport. In comparison with the binary de-
vice, the embedding of J51 led to a slight decrease in the value of Ry and
a significant decrease in the value of Ry, suggesting that the unsuitable

S wt% J51

Binary
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it f

Tapping Phase

blend morphology or energy level alignment led to a serious leakage
current and charge recombination. To support the accuracy of the per-
formance data determined from the solar simulator, we measured the
external quantum efficiency (EQE) responses of the binary and J51-and
FTAZ-containing ternary devices (Fig. 2b). The calculated values of Jsc
(from the EQE spectra and the solar flux) of the binary and 5 wt% J51-,
10 wt% J51-, 5 wt% FTAZ-, and 10 wt% FTAZ-containing ternary de-
vices were 24.54, 21.25, 23.03, 24.16, and 24.03 mA cm ™2, respectively.
Thus, only small mismatches existed between the values of Js¢c deter-
mined from the solar simulator and the EQE responses.

We used tapping-mode atomic force microscopy (AFM) to examine
the variations in the blend morphologies governed by the miscibilities of
the third components. Fig. 3 presents AFM topographic and phase im-
ages of our various blend films. The root-mean-square (RMS) surface
roughnesses of the binary and 5 wt% J51—, 10 wt% J51—, 5 wt% FTAZ-,
and 10 wt% FTAZ-containing ternary blend films were 3.71, 3.32, 2.99,
4.17, and 2.54 nm, respectively. The incorporation of 5% of J51 and
FTAZ changed the surface roughness slightly. Further increasing the
content of the third component to 10% decreased the surface rough-
nesses of both blend films, suggesting that changes had occurred in the
molecular packing within these blends [39]. Because the phase images
of the blend films were nearly identical, we used grazing-incidence
wide-angle X-ray scattering (GIWAXS) to obtain further information.
Fig. 4a presents the one-dimensional (1D) GIWAXS profiles of neat PM6,
Y6, J51, and FTAZ films recorded along the out-of-plane (OP, red lines)
and in-plane (IP, dark lines) directions, extracted from their
two-dimensional (2D) diffraction patterns (Fig. S3). The (010) peaks in
the OP direction for PM6, Y6, J51, and FTAZ were located at 16.79,

Swt% FTAZ 10 wt% FTAZ

85nm

-12.3 nm

1.0um

0.0 Height Sensor
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1.0um 00 Height Sensor
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Fig. 3. AFM topographic and phase images of the binary and ternary films.
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Fig. 4. GIWAXS patterns of the (a) neat films, (b) donor blend films, and (c) binary and ternary blend films.

17.51, 17.63, and 16.73 nm™!, respectively; the corresponding
n-stacking distances were 0.374, 0.359, 0.356, and 0.376 nm, respec-
tively. The (100) peak of PM6 in the IP direction was located at 2.74
nm !, with a corresponding lamellar distance of 2.29 nm. Because of
differences in the modes of alkyl-alkyl stacking of their side chains, the
lamellar distances of the neat J51 and FTAZ films were 2.45 and 2.00
nm, respectively. All of the diffraction patterns of these neat films are
similar to those reported previously [19,32,33,40].

Fig. 4b displays the 1D GIWAXS profiles of the blends of FTAZ and
J51 with PM6. The blending of PM6 with J51 or FTAZ did not signifi-
cantly change its n-stacking distance, indicating that even the addition
of 10% of J51 or FTAZ did not change the molecular order of PM6. In
contrast, when we introduced FTAZ and J51 into the PM6:Y6 blend film,
the (010) diffraction peaks of the ternary blend films in the OP direction
were enhanced significantly (Fig. 4c). According to Fig. 4b, we consider
the addition of the third component mainly increase the strength of
n-stacking between molecules of Y6. This finding is consistent with the
enhanced absorption of Y6 (with a slight red-shifting of its absorption
peak) in the UV-Vis absorption spectra of its blends (Fig. S2). It has been
reported previously that the compatibility of D and A units is highly
correlated to their interaction parameter yp,a [41]. The higher values of
xve,p for J51 and FTAZ (compared with the value of yye,pme) suggested
lower compatibility between these D units and the A unit, resulting in
greater phase separation and enhanced n-stacking of Y6. In addition, we
calculated correlation lengths (CLs) using the Scherrer equation:

CL = 2nk/ \gq

2.0x107

~
o
~

where /\q is the full width at half maximum (FWHM) of a diffraction
peak. The CLs of the PM6:Y6, PM6:Y6:J51, and PM6:Y6:FTAZ films were
2.35, 2.24, and 2.20 nm, respectively, suggesting that the introduction
of the third component did indeed result in the appearance of smaller
crystals. Therefore, by improving the molecular packing of Y6, the de-
grees of charge transport and separation could be enhanced, thereby
inhibiting charge recombination.

Because Y6 has great electron affinity, efficient exciton dissociation
and charge transfer occur between it and most polymer donors [15,42].
We suspected that the relationship between the exciton dissociation and
charge transfer of the D units (herein, PM6:J51 and PM6:FTAZ) might
also have governed the device performance of our ternary OPVs [5,43,
44]. Thus, we measured the steady-state photoluminescence (PL)
spectra of the neat films and those of the blend films containing various
amounts of J51 or FTAZ (Fig. 5). When using a wavelength of 550 nm to
excite the D units, the values of Aynax for the PM6, J51, and FTAZ films
were 680, 657, and 638 nm, respectively (Fig. 5). For the PM6:J51 blend
film, the emission was localized near 680 nm; its intensity decreased
upon decreasing the content of J51. As suggested previously, the
light-induced carriers could be transferred from J51 to PM6 through
energy transfer (as displayed in Fig. S4) [5,43]. We observed the same
phenomenon for the FTAZ blends, but with lower PL intensity in com-
parison with that of the J51 blends. Notably, the 10 wt% FTAZ/PM6
blend exhibited PL quenching behavior, suggesting that exciton disso-
ciation of PM6 occurred in the sample. Greater charge transfer was
possibly one of the reasons for the superior FFs of the FTAZ-containing
devices. PL quenching in blends is affected by energy level differences
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5 1.5x10

1.0x107
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2.0x107

FTAZ content
—a—0 wt%
—=—10 wt%
—a— 50 wt%
—=—90 wt%
—a—100 wt%

1.5x10"

1.0x10"

5.0x10°

0.0

600

650 700

‘Wavelength (nm)

800

L 1
600 650 700 750 800

Wavelength (nm)

Fig. 5. PL spectra of (a) PM6:J51 and (b) PM6:FTAZ blend films prepared at various ratios.
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and film morphologies. Because we did not observe any significant
morphological differences or large-area phase segregation in our blends,
we conclude that the energy levels of the third component must have
played the most important role affecting charge transfer. We fabricated
hole-only devices with various D/D ratios to measure their hole mobil-
ities using the space-charge-limited current (SCLC) method, as displayed
in Fig. 6a and Fig. S5. The hole mobilities of the neat PM6, 10 wt%—
J51/PM6, and 10 wt%-FTAZ/PM6 devices were 4.5 x 10’4, 4.2 x 10’4,
and 5.1 x 10~*em? V™! 571, respectively. Thus, an improvement in hole
mobility occurred for the FTAZ device, whereas the incorporation of J51
led to a slight decrease in hole mobility, presumably because of its less
suitable energy level alignment. Increasing the content of FTAZ or J51 to
50 wt% led to a further decrease in hole mobility, but it increased
slightly when present at 90 wt% (compared with each 50 wt% sample).
With the exception of the 10% FTAZ blend, the presence of the sec-
ondary D unit decreased the hole mobility in these two polymer blends.
As suggested by Wu and coworkers, efficient carrier transport will lower
the energy loss of a device [45]. The incorporation of FTAZ ensured
efficient carrier transport and collection and led to higher values of Voc.
Thus, the miscibility, chemical structure, energy levels, and blend ratios
of the third component all affected the performance of the respective
OPV devices.

We measured the photocurrent density with respect to the effective
voltage (Jpn—Ves) for our binary and ternary devices to investigate the
changes in the maximum amounts of absorbed photons (Gpax) and the
charge extraction probabilities [P(E,T)], calculated using the following
equations [46,47].

Joh = Jiight — Jdark

Vett = Vo - Va
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Jsat = ¢ Gmax L

Jph =q Gmax PEET) L

where Jjight and Jgark are the current densities under illumination and in
the dark, respectively; Vy is the voltage when J,, was equal to 0; V, is the
applied voltage; q is the elementary charge; and L is the thickness of the
active layer. As revealed in Fig. 6b, at lower values of Vg (<0.1 V), the
values of Jp, increased rapidly upon increasing the voltage, but became
saturated when the value of Vg was greater than 0.2 V. The saturated
current density (Js5) was determined when the value of V¢ was greater
than 2.5 V; Table S1 summarizes the parameters. The values of Gpax of
the binary and 5 wt% J51-, 10 wt% J51—, 5 wt% FTAZ-, and 10 wt%
FTAZ-containing ternary devices were 1.65, 1.61, 1.64, 1.63, and 1.65
x 1028 m~3 571, respectively. Because of the low loading contents of J51
and FTAZ, their values of Gyax were similar (Gpax is highly related to the
UV-Vis absorption behavior of blend films). The values of P(E,T) of the
binary and 5 wt% J51-, 10 wt% J51-, 5 wt% FTAZ-, and 10 wt%
FTAZ-containing ternary devices were 93.84, 88.48, 88.26, 92.73, and
93.88%, respectively. The significant decreases in the values of P(E,T) of
the J51-containing ternary devices are consistent with the poor transfer
properties of J51 limiting the degree of charge extraction. The embed-
ding of FTAZ did not limit the transportation or extraction of the car-
riers, as revealed by the values of P(E,T) being similar to those obtained
for the binary OPV device.

Finally, we investigated the charge recombination properties of the
binary and ternary devices from their J-V curves recorded under light of
various intensities. Fig. 6¢ and d presents the plots of Jsc and Vo with
respect to the light intensity. We calculated the relationship between Js¢
and the light intensity by using the equation [47,48].

(b)
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Fig. 6. (a) SCLC hole mobilities of the D blends. (b—d) Plots of (b) Jon—Vesr, (c) Jsc-light intensity, and (d) Voc-light intensity of the binary and ternary devices.
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X
Jsc o Plignt

where Pjjgp,; is the power of the light intensity and «a is an exponential
factor. The fitted values of a for the binary and 5 wt% J51-, 10 wt%
J51-, 5 wt% FTAZ-, and 10 wt% FTAZ-containing ternary devices were
0.925, 0.958, 0.985, 0.992, and 0.987, respectively. The embedding of
J51 and FTAZ enhanced the value of a, suggesting improvements in
bimolecular recombination, presumably because the molecular packing
order of the blend film was optimized. Of the two, the presence of FTAZ
led to a much greater improvement in the value of a. The same phe-
nomenon has been observed previously for other D:D:A ternary OPVs:
Gao and Zhang et al. found that embedding a third component played an
important role in suppressing bimolecular recombination and improving
device performance [43,49]. The relationship between V¢ and the light
intensity followed the equation [47,48].

Voc « n(KT/q)ln(Pugm)

where K is the Boltzmann constant, T is the temperature, q is the
elementary charge, and n is a fitted value that can be used to evaluate
the degree of trap-assisted recombination. The fitted values of n for the
binary and 5 wt% J51-, 10 wt% J51-, 5 wt% FTAZ-, and 10 wt%
FTAZ-containing ternary devices were 1.53, 1.26, 1.30, 1.42, and 1.46,
respectively. Again, the embedding of J51 and FTAZ improved the de-
gree of trap-assisted recombination, with values of n closer to 1 in
comparison with that for the binary OPV device.

The energy levels and the miscibility of the third component both
significantly affected the performance of the ternary OPV devices. From
the point of view of miscibility, the embedding of J51 and FTAZ
enhanced the molecular packing of Y6. Both J51 and FTAZ preferred to
distribute in the PM6 matrix without destroying the molecular order of
PM6. The enhancement in the order of Y6 resulted in improvements in
the degrees of bimolecular and trap-assisted recombination. In the
meantime, the HOMO energy level of the third component determined
the electronic properties of the mixed D moieties. For example, FTAZ
mixed well with PM6 and altered the pseudo-HOMO energy levels
(particularly for the 10% FTAZ ternary OPV) to increase the value of V¢
and enhance the hole mobility and exciton charge extraction of the
device; in contrast, the presence of J51 limited the carrier transport and
the value of Vg of its ternary OPVs, due to a larger mismatch in HOMO
energy levels. Further detailed investigations will be necessary to pro-
vide a clearer understanding of how the offset between the HOMO en-
ergy levels of the two D units could improve the values of V¢ of ternary
OPVs.

Conclusion

We have incorporated the polymer donors J51 and FTAZ as the third
blend component in PM6:Y6 ternary OPVs. The energy levels and mis-
cibilities of J51 and FTAZ had significant effects on the molecular
packing and charge transfer in the ternary blend films and on their OPV
performance. The large difference between the values of yyg/y51 (1.79)
and yj51,pme (0.34) enhanced the molecular packing of Y6 and affected
the energy level alignment of PM6/J51, thereby limiting the carrier
transport in those ternary devices. The impeded charge transport and
collection in the J51-containing ternary OPVs led to lower values of Jgc,
Voc, FF, and PCE. The presence of FTAZ also enhanced the molecular
packing of Y6 (yye/rraz = 1.24), with a low value of yrraz/pme (0.13)
helping to form a well-mixed FTAZ/PM6 blend that decreased the
effective HOMO energy level of the D moieties and increased the value
of V¢ of its ternary OPVs. The embedding of FTAZ also promoted
charge transport and collection and enhanced the FF and PCE—with the
latter increasing from 14.3% (binary) to 15.3% (ternary). Thus, we have
developed an effective ternary OPV, and provide some guidelines herein
for choosing the third component of D:D:A-type ternary OPVs.
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