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ABSTRACT

A series of ternary organic photovoltaics (OPVs) are fabricated with one wide bandgap
polymer D18-Cl as donor, and well compatible Y6 and Y6-10 as acceptor. The open-circuit-voltage (Voc)

of ternary OPVs is monotonously increased along with the incorporation of Y6-10, indicating that the alloy
state should be formed between Y6 and Y6-10 due to their excellent compatibility. The energy loss can be
minimized by incorporating Y6-10, leading to the V¢ improvement of ternary OPVs. By finely adjusting
the Y6-10 content, a power conversion efficiency of 17.91% is achieved in the optimal ternary OPVs with
30 wt% Y6-10 in acceptors, resulting from synchronously improved short-circuit-current density (Jsc) of
25.87 mA cm ™2, fill factor (FF) of 76.92% and V¢ of 0.900 V in comparison with those of D18-Cl: Y6
binary OPVs. The Jgc and FF improvement of ternary OPVs should be ascribed to comprehensively

optimal photon harvesting, exciton dissociation and charge transport in ternary active layers. The more

efficient charge separation and transport process in ternary active layers can be confirmed by the magneto-
photocurrent and impedance spectroscopy experimental results, respectively. This work provides new
insight into constructing highly efficient ternary OPVs with well compatible Y6 and its derivative as acceptor.

Keywords: organic photovoltaics, power conversion efficiency, ternary strategy, photon harvesting,

morphology regulation

INTRODUCTION

In recent years, remarkable progress has been made
on single junction organic photovoltaics (OPVs)
due to the flourishing development of materials
and device engineering, leading to over 17% power
conversion efficiency (PCE) [1-4]. The organic
semiconductor materials usually possess relatively
narrow absorption spectra with the full-width at half-
maximum less than 150 nm, resulting in limited
photon harvesting in traditional binary active lay-
ers. Ternary OPVs have been established to improve
photon harvesting of active layers as much as possi-
ble by integrating two donors/one acceptor or one
donor/two acceptors with complementary absorp-

tion spectra into one active layer. In fact, it is dubi-
ous to warrant performance improvement of ternary
OPVs by taking the selection rule simply based on
the absorption spectral complementarity among the
used materials. Charge traps are ineluctably intro-
duced in ternary active layers due to the differ-
ent lowest-unoccupied-molecular-orbital (LUMO)
energy levels between two acceptors or the dis-
tinct highest-occupied-molecular-orbital (HOMO)
energy levels between two donors. The energy lev-
els of the used materials should be considered to
prevent forming deep charge traps in ternary ac-
tive layers. Meanwhile, the incorporation of a third
component with appropriate energy levels can help
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achieve relatively high open-circuit-voltage (Voc) in
comparison with the host binary system, resulting
in minimized energy loss (Ej,s;) of OPVs. It should
be kept in mind that morphology optimization of
active layers is a major challenge for the prepara-
tion of efficient ternary OPVs because of their dis-
tinct chemical and physical properties. The good
material compatibility should provide larger poten-
tial to subtly adjust the phase separation degree of
active layers, where the third component will take
a critical role as morphology regulator. The opti-
cal bandgap, energy level and compatibility among
the used materials should be comprehensively de-
liberated to develop efficient ternary OPVs. The ap-
propriate third component can usually play multi-
ple roles in the performance improvement of OPVs,
such as improving photon harvesting [5,6], modi-
fying molecular crystallinity [7], minimizing energy
loss [8-10], adjusting photogenerated exciton dis-
tribution [11], and ameliorating phase separation
degree for efficient exciton dissociation and charge
transport [12-14]. Nowadays, most of the repre-
sentative efficient OPVs were fabricated with Y6 or
its derivatives as acceptor, which possess a novel A-
DA’D-A structure with relatively low bandgap. The
outstanding efficiencies of Y6 or its derivative-based
OPVs should be mainly attributed to their wide and
high photoresponsivity with relatively low Ejs; (0.5-
0.6 €V) [15-18]. The Y6 derivatives are usually de-
signed and synthesized by slightly tailoring the func-
tion groups of Y6, resulting in slightly varied optical
bandgap and energy level, as well as good compati-
bility with Y6. The well compatible Y6 and its deriva-
tives may prefer to form an alloyed state for efficient
electron transport in ternary active layers. The su-
periorities of Y6 and its derivatives may be simulta-
neously combined into one cell by employing their
blends as acceptor. Highly ternary OPVs based on
Y6 and its derivatives as acceptors are still rarely re-
ported. In this work, a PCE of 17.91% is achieved
in ternary OPVs with Y6:Y6-10 as acceptor and
wide bandgap polymer D18-Cl as donor. The PCE
of 17.91% should be among the highest values of all
ternary OPVs.

The chemical structures of D18-Cl, Y6 and Y6-
10 are exhibited in Fig. Sla. The similar chemi-
cal structures of Y6 and Y6-10 suggest their good
compatibility, which is beneficial in forming an al-
loy state for efficient electron transport in active lay-
ers. The absorption spectra of neat films and blend
films were measured and are shown in Fig. S1band c,
respectively. The characteristic absorption peaks of
D18-Cl, Y6 and Y6-10 are located at ~575, ~830
and ~800 nm, respectively. The photon harvesting
of ternary blend films is gradually increased in the
short wavelength range and decreased in the long
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wavelength range along with Y6-10 incorporation,
which can be well explained by the absorption spec-
tra of corresponding neat films. The well optimal
photon harvesting of ternary blend films should be
achieved by adjusting the Y6-10 content. All binary
and ternary OPVs were fabricated with a conven-
tional configuration of ITO/PEDOT:PSS/Active
layer/PDIN/AL The upside-down solvent vapor an-
nealing treatment was employed with carbon disul-
fide for 20 s on active layers to optimize the phase
separation degree. The detailed experimental pro-
cedure is described in the Supporting Information.
The 17.07% PCE is achieved in D18-Cl: Y6 binary
OPVs, which is larger than that of 15.44% for D18-
Cl:Y6-10 binary OPVs. The Y6-10 binary OPVs
exhibit a relatively large V¢ of 0.929 V compared
with that of 0.881 V for D18-Cl: Y6 binary OPVs,
which helps to improve the Vs of ternary OPVs.
The PCE of ternary OPVs arrives at 17.91% by incor-
porating 30 wt% Y6-10, resulting from a simultane-
ously improved short-circuit current-density (Jsc)
of 25.87 mA cm™?, fill factor (FF) of 76.92% and
Voc 0f 0.900 V compared with those of D18-Cl: Y6
binary OPVs. The performance improvement of
ternary OPVs should be attributed to enhanced pho-
ton harvesting, minimized energy loss and improved
active layer morphology for efficient exciton disso-
ciation and charge transport in ternary active layers.
This work may provide a new viewpoint for fabricat-
ing highly efficient ternary OPVs based on well com-
patible non-fullerene materials as acceptor.

RESULTS AND DISCUSSION

The current-density versus voltage (J — V) curves
of all OPVs were measured under AM 1.5G simu-
lated solar light with 100 mW cm ™ intensity, as ex-
hibited in Fig. la. Based on the ] — V curves, key
photovoltaic parameters of all OPVs are summa-
rized in Table 1. The D18-Cl: Y6-based OPVs ex-
hibit a PCE of 17.07% with a Jsc of 25.53 mA cm ™2,
an FF of 75.88% and a V¢ of 0.881 V. The D18-
Cl:Y6-10-based OPVs exhibit a PCE of 15.44%
with a Jgc of 22.72 mA cm ™2, an FF of 73.14% and
a Voc 0£0.929 V. Both binary OPVs exhibit the FFs
more than 73%, indicating that an efficient charge
transport channel should be formed in two kinds
of active layers. Meanwhile, there is apparent com-
plementarity between Jscs and Vs of two binary
OPVs. The Jsc of D18-Cl: Y6 binary OPVs is much
higher than that of Y6-10-based binary OPVs, and
the Voc of D18-Cl:Y6-10 binary OPVs is much
higher than that of Y6-based binary OPVs. The su-
periorities of two binary OPVs may be combined
into one cell by employing Y6 : Y6-X as acceptor. Se-
ries of ternary OPVs were prepared by adjusting the
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Figure 1. (a) The J — Vcurves of typical OPVs with different Y6-10 content. (b) EQE
spectra of the corresponding OPVs. (c) The reflection spectra of corresponding OPVs
and the special device. (d) Absorption spectra of active layers in corresponding OPVs.

content of Y6-10 in acceptors. A PCE of 17.91% is
achieved in the optimal ternary OPVs with 30 wt%
Y6-10, resulting from a simultaneously improved
Jsc of 25.87 mA cm™2, FF of 76.92% and V¢ of
0.900 V in comparison with those of D18-ClI : Y6 bi-
nary OPVs. The PCE of 17.91% is among the high-
est values for ternary OPVs. It should be highlighted
that the 16.74% PCE and 76.07% FF can still be ob-
tained in the ternary OPVs with S0 wt% Y6-10 in ac-
ceptors, indicating the excellent tolerance between
Y6 and Y6-10 for fabricating efficient ternary OPVs.
To better understand FF variation of ternary OPVs
dependence on Y6-10 content in acceptors, the se-
ries resistance (Rg) and shunt resistance (Rgy;) were
calculated according to | — V curves of OPVs, as
summarized in Table 1. The Rgs of OPVs show a
decreased and then increased trend along with the
increase of Y6-10 content, and the Rgys of OPVs
exhibit an opposite trend compared with Rgs. The
minimum Rg of 2.54  ¢m? and maximum Rgy; of

925.9 Q cm” were simultaneously obtained for the
OPVs with 30 wt% Y6-10 in acceptors, which are
responsible for the highest FF of the optimal ternary
OPVs.

To clarify the contribution of Y6-10 on per-
formance improvement, the external quantum
efficiency (EQE) spectra of OPVs were measured
and are shown in Fig. 1b. It is apparent that EQE
values of the optimal ternary OPVs can be improved
in the short wavelength range from 370 to 630 nm,
which may be mainly caused by well-balanced
photon harvesting, exciton dissociation, charge
transport and collection. The EQE values in the
long wavelength range are gradually decreased
along with the incorporation of Y6-10, which
can be reasonably explained by the relatively low
EQE spectra of D18-Cl: Y6-10 binary OPVs. For a
better understanding of the variation of EQE spectra
dependence on Y6-10 content in acceptors, the
absorption spectra of the active layers in real cells
were investigated according to the reflection spectra
of corresponding cells. The reflection spectra and
absorption spectra of corresponding cells are shown
in Fig. 1c and d, respectively. A special device with a
structure of ITO/PEDOT:PSS/PMMA/PDIN/AI
was fabricated to eliminate the effect of parasitic
absorption in cells. The light absorption of
glass/ITO substrate and interfacial layers can
be obtained from this special device due to the
negligible absorption of poly(methylmethacrylate)
(PMMA) in the whole wavelength range. The
absorption spectra of active layers in cells can be
calculated by subtracting the parasitic absorption
from the total absorption in OPVs. The detailed
calculation process is described in the Supporting
Information. The absorption spectra of the active
layers in cells can really reflect the contribution of
the third component to the photon harvesting of
ternary active layers by considering the interference
effect between the incident light and the reflected
light from the Al electrode. The slightly decreased
EQE values of the optimal ternary OPVs in the long
wavelength range should be ascribed to decreased
photon harvesting of ternary active layers. The
photon harvesting of optimal ternary active layers

Table 1. Key photovoltaic parameters of all OPVs with different Y6-10 content.

Y6-10 content Jsc Voc FF PCE (Ave. + Dev.?) Rg Rsg
(wt%) (mAem™?) V) (%) (%) (2 em?) (2em?)
0 25.53 0.881 75.88 17.07 (16.86 +0.21) 291 841.8
15 25.89 0.889 76.27 17.55(17.37 £0.23) 2.69 863.6
30 25.87 0.900 76.92 17.91(17.83 +0.21) 2.54 925.9
50 24.16 0911 76.07 16.74 (16.49 £ 0.27) 2.87 881.8
100 22.72 0.929 73.14 15.44 (15.26 £0.19) 3.16 626.0

*Average and deviation (Ave. & Dev.) of PCEs were calculated with 10 individual cells from different batches.
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Figure 2. The s-EQE and EL spectra of (a) D18-CI: Y6, (b) the optimal ternary and (c)
D18-Cl: Y6-10-based OPVs. (d) The EQEg; spectra of typical binary and ternary OPVs.

is enhanced in the short wavelength range from
370 to 630 nm compared with that of binary active
layers, which may be attributed to the more ordered
molecular arrangement of D18-Cl and Y6 in ternary
active layers with appropriate Y6-10 incorporation.
The Y6-10 may act as morphology regulator to
adjust molecular arrangement of D18-Cl and Y6 in
ternary active layers.

To further investigate the reasons behind the
performance improvement by incorporating Y6-10,
the detailed Ej,;; of OPVs was investigated. The Ej,
of OPVs can be calculated according to the equa-
tion: Ej,; = E; — eV, in which the bandgap (E,)
can be estimated according to the intersection be-
tween the normalized emission and absorption spec-
tra of the acceptor films [19], as shown in Fig. S2.
The total E;,,; of OPVs can be divided into three
parts, as described in the following equation:

Eloss = Eg - eVOC = AE] + AE2 + AE3
= (B —evsd) + (eved —evie)
+(€V§gd —eVOc).

Here, AE;, AE; and AEj; represent unavoidable
radiative recombination loss above the bandgap, ra-
diative recombination loss below the bandgap and
non-radiative recombination loss, respectively. Vg g
and Vgéd are voltages in Shockley-Queisser limit
and radiative limit, respectively [20]. The highly
sensitive EQE (s-EQE) spectra and electrolumines-
cence (EL) spectra were measured to evaluate the
specific Ej,s; of OPVs, as shown in Fig. 2a—c. VSCQ
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is determined by E ¢ 1/q, where E ¢ 1 represents the
energy of charge transfer state. E ¢ 7 can be estimated
by fitting the lower energy part of s-EQE spectra
and higher energy part of EL spectra based on Mar-
cus theory. According to the E ¢ values, the VS (Cl
is calculated to be 1.072, 1.090 and 1.128 V, corre-
sponding to AE; of 0.383, 0.367 and 0.359 eV for
D18-Cl: Y6, and the optimal ternary- and D18-
Cl:Y6-10-based OPVs, respectively. The AE; of
the optimal ternary OPVs is lower than that of D18-
Cl:Y6-based binary OPVs, which contributes the
performance improvement of ternary OPVs. The
VEad can be obtained according to the following
equation:

VOC
quéd = KTln(—]ph( ) —i—l).
0,rad

Here, Jo 44 is the saturation current density cal-
culated by considering only the blackbody radia-
tion of the cell with the real absorption profile. K, T
and q represent Boltzmann’s constant, temperature
of the sample and elementary charge, respectively.
] ph(Voc) is the photocurrent at open-circuit con-
dition [21]. The calculated AE, of optimal ternary
OPVs is slightly increased compared with binary
OPVs, as summarized in Table S1. AEj is linearly
related to the natural logarithm of EQEgy, as de-
scribed by AE; = —K Tin(EQEgL). As shown in
Fig. 2d, the optimized ternary OPVs show higher
EQEgy of 9.96 x 107* than that of two binary
OPVs, leading to the reduced non-radiative loss of
0.175 eV. The total E, can be obtained according
to the sum of AE;, AE, and AEj3. The Ej,; of op-
timal ternary OPVs is 0.582 eV, which is lower than
that 0of 0.597 eV in D18-Cl : Y6-based binary OPVs.
The reduced Ej, by incorporating Y6-10 should
play a vital role in the performance improvement of
ternary OPVs.

For the OPVs with the same interfacial layers and
electrodes, the V¢ strongly depends on the energy
level difference between the donor’s HOMO and ac-
ceptor’s LUMO. The photogenerated holes will be
transported along the channels formed by D18-Cl
with the constant HOMO energy level. The Vs
of ternary OPVs are monotonously increased along
with Y6-10 incorporation, which should be ascribed
to the gradually evaluated LUMO energy levels of
an alloyed state of Y6: Y6-10 [22,23]. To evaluate
the compatibility of the used materials, the contact
angles measurement of neat D18-Cl, Y6 and Y6-10
films were carried out based on liquid drops of wa-
ter and methylene iodide, as shown in Fig. 3a. Ac-
cording to Wu’s model [24-26], the surface energy
() values of D18-Cl, Y6 and Y6-10 films are cal-
culated to be 39.8, 43.9 and 43.2 mN m™’, respec-
tively. The similar y values of43.9and 43.2mNm ™'
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Figure 3. (a) The contact angle images of neat D18-Cl, Y6 and Y6-10 films. (b) Energy levels of used materials and diagram

of alloy-like state.

indicate good compatibility between Y6 and Y6-10.
According to the y values of neat films, the interfa-
cial energy between two different materials can be
calculated by employing the following equation:

_avhy
v+

4yivd
Vi + v

Yxy =Vx t V¥ —

Here, yx.y represents the interfacial energy between
material X and Y; yx and yy represent the sur-
face energy of the neat materials; and superscript
d and p are the dispersion and polar components
calculated according to the contact angles, respec-
tively [27]. The interfacial energy between Y6 and
Y6-10 is calculated to be 0.16 mN m™!, which is
much lower than that (ypis_x.y¢ = 0.68 mN m™!,
Ypi1s—x:v6—x = 1.37 mN m™!) between donor and
acceptor. The excellent compatibility between Y6
and Y6-10 can be firmly confirmed by the rather
low interfacial energy, which is conducive to form-
ing an alloy state of Y6 : Y6-10. To further investi-
gate the intermolecular interaction between Y6 and
Y6-10, photoluminescence (PL) spectra of Y6, Y6-
10 and their blend films were measured and are
shown in Fig. S3a. Itis apparent that the PL emission
peaks of blend films are gradually shifted from 860
to 850 nm along with the increase of Y6-10 content.
Meanwhile, the PL emission intensity of the blend
films is monotonously increased along with Y6-10
incorporation, suggesting the negligible charge and
energy transfer between Y6 and Y6-10. To fur-
ther demonstrate the negligible charge transfer be-
tween two acceptors, a series of cells were fabricated
with Y6, Y6-10 and Y6 : Y6-10 as active layers. The
J — V curves of the cells were measured un-
der AM 1.5G illumination with light intensity of
100 mW cm ™2 and are shown in Fig. S3b. The Jsc
of Y6 : Y6-10-based cells is in between that of Y6-
based and Y6-10-based cells, suggesting the negli-
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gible charge transfer or exciton dissociation at Y6
and Y6-10 interfaces. According to the above anal-
ysis, the dynamic processes in ternary OPVs can be
schematically depicted in Fig. 3b. The photogener-
ated holes will be transported along the channels
formed by D18-Cl, and the photogenerated elec-
trons will be transported along the channels formed
by Y6:Y6-10. The bi-continuous charge transport
channels should be well formed in ternary active lay-
ers, resulting in over 76% FF for all ternary OPVs.
To investigate charge generation and exciton dis-
sociation properties in active layers, photocurrent
density Uph) versus effective voltage (V.5) charac-
teristics of typical OPVs were measured and are
shown in Fig. 4a. Assuming that all photogener-
ated excitons are dissociated into free charges and
then swept out under relatively large V5 conditions,
the J,;, can be defined as the saturated photocur-
rent density (Ji,;) [28-31]. The J,; values are 26.78,
26.92 and 23.96 mA cm ™2 for D18-Cl: Y6 binary,
optimal ternary and D18-Cl: Y6-10 binary OPVs.
The relatively large i, value of the optimal ternary
OPVs indicates improved photogenerated exciton
density in ternary active layers. The exciton dissoci-
ation efficiency and charge collection efficiency can
be evaluated according to Jj /Ju and ];h /Jsaty T~
spectively. Here, ] and ]}’fh represent the ], values
under short-circuit and maximal power output con-
ditions, respectively. The J3, /Js¢ and ];h /Jsat values
of OPVs are increased to 96.1% and 86.5%, respec-
tively, by incorporating 30 wt% Y6-10 in acceptors.
The increased J; /Jsar and ];h /Jsat values of ternary
OPVs suggest that the phase separation of active
layers can be well optimized by incorporating ap-
propriate Y6-10 as morphology regulator, leading
to improved FF of 76.92% for the optimal ternary
OPVs. The detailed ], values of typical OPVs at dif-
ferent conditions are summarized in Table S2. To
gain more insight into the charge separation process
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Figure 4. (a) J,» — Vex curves of typical OPVs. (b) Magneto-photocurrent curves of
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of typical OPVs. (d) Impedance spectra responses of corresponding OPVs; the inset
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in distinct active layers, the magneto-photocurrent
(magneto-Jsc) characteristics of typical OPVs were
investigated. The magneto-Jsc was employed to
monitor the charge separation at donor-acceptor in-
terfaces based on the following processes. The sin-
glet excitons are generated due to the spin selec-
tion rule under photoexcitation. Singlet excitons can
migrate to the donor—acceptor interface to produce
electron-hole pairs. The electron-hole pairs can be
partially converted into triplet polaron pairs through
intersystem crossing caused by internal magnetic
interaction such as hyperfine interaction and spin-
orbital coupling, leading to coexistence of singlet
and triplet electron-hole pairs. The populations of
singlet and triplet electron-hole pairs can be changed
with the application of magnetic field through in-
tersystem crossing, leading to a varied photocur-
rent due to different dissociation rates of singlets
and triplets. The magneto-Jsc of OPVs is firmly re-
lated to the ratio of spin-related singlet state and
triplet state forming at donor-acceptor interfaces.
The magneto-Jsc was recorded by measuring the
photocurrent of OPVs as a function of magnetic
field under the 635 nm photoexcitation condition, as
shown in Fig. 4b. The magneto-Js¢ can be calculated
according to the following equation:

1(B) — 1(0)
magneto-Jsc = 100)

Here, I(B) and I(0) represent the photocurrent
measured with and without a magnetic field, respec-

X 100%.

Page 6 of 10

tively [32,33]. As shown in Fig. 4b, the optimal bi-
nary and ternary OPVs show a positive magneto-Jsc
signal within the sweeping fields £ 800 mT, which
should be ascribed to the increased singlet/triplet
ratio under a magnetic field. In comparison with
binary OPVs, the optimal ternary OPVs exhibit
the relatively small magnitude of magneto-Jsc at
low magnetic field strength. The relatively small
magneto-Jsc of the optimal ternary OPVs suggests
more efficient charge separation in ternary active lay-
ers, which can well support the increased Js¢ of the
optimal ternary OPVs.

To understand the charge recombination pro-
cess in active layers, ] — V curves of typical OPVs
were measured under different light intensity,
as shown in Fig. S4. Based on the ] — V curves,
Jsc and Voc of typical OPVs versus the incident
intensity (Pjg,) were plotted as shown in Fig.
4c. The relationship between Jsc and Py can be
described as Js¢ o Pyge’ [34-37]. The power-law
exponential factor s represents the degree of bi-
molecular recombination, which should be equal
to 1 if the bimolecular recombination is completely
suppressed. The fitted s values are 0.947, 0.954 and
0.937 for D18-Cl: Y6 binary, optimal ternary and
D18-Cl: Y6-10 binary OPVs. The fitted s value of
the optimal ternary OPVs is much closer to 1, indi-
cating that the bimolecular recombination in active
layers can be effectively restrained with appropriate
Y6-10 incorporation. The degree of trap-assisted
recombination in OPVs can be evaluated by
applying the equation Voc o n(KT/q)InPjgy,,
in which K, T and g represent the Boltzmann
constant, absolute temperature and elementary
charge, respectively [38-41]. The trap-assisted
recombination in active layers should be negli-
gible with the slope close to KT/q. The slope is
decreased from 1.104 KT/q (D18-Cl:Y6 binary
OPVs) or 1.164 KT/q (D18-Cl:Y6-10 binary
OPVs) to 1.023 KT/q for the optimal ternary
OPVs, indicating that trap-assisted recombination
can be suppressed by incorporating appropriate
Y6-10. The synchronously mitigated bimolecular
and trap-assisted recombination of the optimal
ternary active layers is conducive to efficient charge
transport and collection, leading to improved FF of
76.92% for the optimal ternary OPVs.

To gain more insight into the effect of incor-
porating Y6-10 into the charge transport and re-
combination process, the impedance spectroscopy
(IS) measurements were carried out in frequency
range from 20 Hz to 3.5 MHz. Figure 4d exhibits the
Nyquist plots of the typical binary and ternary OPVs
measured at V = V. The equivalent circuit model
used to fit Nyquist plots data are shown in the in-
set of Fig. 4d. In this model, the inductance (L) was
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employed to eliminate the impact of the connect-
ing wires during high-frequency scans; R, represents
the series resistance deriving from electrodes and
bulk resistance in active layers; and R, and R; rep-
resent transport and recombination resistance in ac-
tive layers, respectively [42]. The capacitor (C) ac-
counts for the dielectric behavior of OPVs. The con-
stant phase element (CPE) is introduced to the cir-
cuit model, which indicates non-ideal behavior of
the capacitor. The CPE is defined by the equation Z
= (CPE7) ! (iw)“"E* , in which w is the angular fre-
quency, and CPE7 and CPEp represent capacitance
and inhomogeneous constant, respectively [43,44].
If CPEp is equal to 1, the CPE is identical to an ideal
capacitor without the presence of any defects at the
interface between donor and acceptor [45]. The fit-
ted parameters of typical OPVs are summarized in
Table S3. The R, values are decreased from 23.2
(D18-Cl: Y6 binary OPVs) or 32.3 (D18-Cl: Y6-
10 binary OPVs) to 18.1 €2 for the optimal ternary
OPVs, while the R; values are increased from 11.3
(D18-Cl: Y6 binary OPVs) or 9.29 (D18-Cl:Y6-
10 binary OPVs) to 16.2 2 for the optimal ternary
OPVs. The smaller R, and larger R; values of the
optimal ternary OPVs should facilitate charge trans-
portandrestrain charge recombination in ternary ac-
tive layers, leading to improved FF for the optimal
ternary OPVs. The CPEp values are 0.941,0.977 and
0.956 for D18-Cl: Y6 binary, optimal ternary and
D18-Cl: Y6-10 binary OPVs, respectively. In com-
parison with two binary OPVs, the CPEjp of the opti-
mal ternary OPVsis much closer to 1, indicating that
the interfacial capacitance is more electrically ideal
by incorporating appropriate Y6-10.

The charge mobility in blend films were char-
acterized based on the space charge limited
current (SCLC) method. The configurations of
hole-only and electron-only devices are described
in the Supporting Information. The In(Jd®/V?)-
(V/d)*S curves of hole-only and electron-only
devices are depicted in Fig. SS. The hole mobility
(uy) and electron mobility (i,) of blend films
are increased to 8.67 x 107* cm® V™! s7! and
6.06 x 10~* cm? V~! 5! by incorporating 30 wt%
Y6-10 in acceptors, indicating that a more efficient
charge transport channel should be formed in the
optimal ternary active layers. The /4, values can
be employed to estimate charge transport balance
in active layers [46-49]. The uj/u. values are
1.63, 1.43 and 1.70 for D18-Cl: Y6 binary, optimal
ternary and D18-Cl:Y6-10 binary OPVs. The
W/ e value of optimal ternary OPVs is closest to 1,
indicating a more balanced charge transport in the
optimal ternary active layers. The increased charge
mobility and more balanced charge transport can
rationalize the relatively high FF of 76.92% in the
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optimal ternary OPVs. The detailed py, ., and
Wi/ e of the corresponding devices are summarized
in Table S2. It is well known that charge transport
is closely related to the molecular packing property
of blend films. The grazing-incidence wide-angle
X-ray scattering (GIWAXS) characterization was
performed to investigate the effect of Y6-10 content
on molecular arrangement.

The 2D GIWAXS patterns and the correspond-
ing out-of-plane (OOP) and in-plane (IP) profiles
of neat D18-Cl, Y6 and Y6-10 films are shown in
Fig. S6. The neat Y6 and Y6-10 films exhibit rel-
atively apparent OOP (010) and IP (100) diffrac-
tion peaks, suggesting preferential face-on orienta-
tion with respect to the substrates. Except for the
OOP (010) and IP (100) diffraction peaks, neat
D18-Cl films also show relatively apparent OOP
(100) diffraction peak, signifying the coexistence
of face-on and edge-on orientation with respect to
the substrates. The 2D GIWAXS patterns and the
corresponding OOP and IP profiles of blend films
are shown in Fig. Sa and b, respectively. Upon
blending D18-Cl with Y6 or Y6-10, the resultant
blend films exhibit a preferential face-on orienta-
tion, which is evidenced by the pronounced OOP
(010) and IP (100) diffraction peaks. The OOP
(010) diffraction peaks of binary blend films are lo-
cated at the same positions as in their corresponding
neat acceptor films, suggesting that the 77— stack-
ing in blend films is dominated by acceptors. The IP
(100) diffraction peaks of blend films are located at
0.31 A~!, which should be mainly attributed to the
ordered lamellar stacking of D18-Cl, as confirmed by
the relatively strong IP (100) diffraction peak of neat
D18-Cl film. For the optimal ternary blend films, the
OOP (010) and IP (100) diffraction peaks are simul-
taneously improved in comparison with those of two
binary blend films, suggesting more ordered face-
on orientation in the optimal ternary blend films.
The -7 stacking distance in the optimal ternary
blend films is calculated to be 3.67 A, which s slightly
shorter than that of D18-Cl: Y6-based blend films.
The reduction of the intermolecular 7 -7 stacking
distance in OOP direction should promote the elec-
tron transport in ternary active layers. The molecu-
lar correlation length (L¢) can be evaluated accord-
ing to the equation L¢ = 27 k/f,ynm, where k is the
shape factor typically with the value 0£ 0.9, and f,, is
the full-width at half-maximum of a diffraction peak
[50]. In the optimal ternary blend films, the L re-
lated to lamellar stacking is calculated to be 5.8 nm,
which is larger than that of binary blend films. The
increased L¢ in ternary blend films corresponds to
the higher D18-Cl domain crystallinity. In compar-
ison with binary blend films, the quite different IP
(100) diffraction peak in ternary blend films should
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Figure 5. (a) The 2D-GIWAXS patterns of corresponding blend films. (b) The out-of-plane (black line) and in-plane (red line)
line-cut profiles of the GIWAXS patterns in blend films. (c) TEM images of blend films with distinct Y6-10 content.

originate from more ordered lamellar stacking and
higher crystallinity of D18-Cl. The more ordered
molecular arrangement of D18-Cl should facilitate
hole transport, leading to increased hole mobility of
ternary active layers. The detailed vector values of
diffraction peaks and L¢ values in neat and blend
films are summarized in Table S4.

To unveil the effect of the Y6-10 content on
the bulk morphology of blend films, transmission
electron microscopy (TEM) was carried out on the
blend films, as shown in Fig. Sc. The homogeneous
and nanofibrous structures can be observed from the
TEM images of Y6-based binary blend films. The
island-like structure with a relatively large phase sep-
aration degree can be observed from the TEM im-
ages of Y6-10-based binary blend films, which can
be well explained by the relatively large interfacial
energy between D18-Cl and Y6-10. As observed
from the TEM images of ternary blend films, the ag-
gregated structure between donor and acceptor, as
well as the phase separation degree are gradually var-
ied along with the incorporation of Y6-10. The grad-
ually varied morphology of ternary blend films de-
pending on Y6-10 content suggests that Y6-10 can
act as morphology regulator. The appropriate phase
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separation degree should be formed in the optimal
ternary active layers, which provide enough donor-
acceptor interfacial area for exciton dissociation, as
well as a bi-continuous percolating charge transport
path to electrodes.

CONCLUSION

The PCE of 17.07% is achieved in D18-Cl : Y6-based
OPVs. On this basis, a series of ternary OPVs are
fabricated by employing Y6-10 as the third com-
ponent. The 17.91% PCE is achieved in the opti-
mal ternary OPVs with 30 wt% Y6-10 in accep-
tors, which should be among the highest levels in
ternary OPVs. The photon harvesting, molecular ar-
rangement and phase separation degree in active lay-
ers can be finely adjusted by incorporating appropri-
ate Y6-10, leading to the synchronously improved
Jsc and FF of ternary OPVs. The improved phase
separation and molecular arrangement are benefi-
cial to efficient charge separation and transport in
ternary active layers, which can be confirmed by
the experimental results of GIWAXS and TEM. The
more efficient charge separation and transport pro-
cesses in ternary active layers can be well explained
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by the magneto-Jsc and IS measurement results.
Meanwhile, the Ej, of ternary OPVs is gradually de-
creased along with the incorporation of Y6-10, lead-
ing to improved V¢ in ternary OPVs. This work de-
livers more insight into the potential reasons for the
third component’s effect on performance improve-
ment of ternary OPVs.
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