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Morphology optimization is key for the high-performance of organic solar cells (OSCs). Herein, we
develop a solid additive (i.e. uv-9) showing immiscibility with active layers for morphology control, and
comprehensively study its effect on the morphology evolution and device performance of PM6:Y6
OSCs. The addition of uv-9 leads to more refined phase separation and stronger molecular packing in
PM6:Y6 blend films, and improves the charge generation, exciton dissociation, charge transport and
collection, which contribute to higher photocurrent and fill factor for PM6:Y6 OSCs. Consequently, the
OSC device with the uv-9 solid additive exhibits an improvement in the power conversion efficiency
from 16.00% to 17.18%, compared to the control device without an additive. Moreover, the generality of
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uv-9 as an effective solid additive has been verified by applying it to diverse OSCs. This work suggests a
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1. Introduction

Organic solar cells (OSCs) are drawing more and more attention
due to their attractive advantages like light weight, low proces-
sing cost, flexibility, semi-transparency, etc.'”® With the rapid
progress in material design, morphology control, device archi-
tecture design, etc., the power conversion efficiency (PCE) of
0SCs has been significantly improved.”'® At present, the PCE of
0OSCs based on non-fullerene acceptors (NFAs) has surged over
18%, showing great prospects for practical applications.'®™*
The active layer film morphology is a critical factor affecting
the performance of bulk heterojunction OSCs,”* as all the
pivotal processes during photon to electron conversion, e.g.
exciton dissociation and carrier transport, can be affected by
morphology.>*° Ideally, a nanoscale phase-separated interpe-
netrating network structure is favored to facilitate both exciton
dissociation and charge collection.>*™? In this context, a highly
crystalline film with an optimal phase separation scale and a
smooth surface can result in better carrier dynamics properties
for higher device performance. The general methods used to
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new class of solid additives to optimize the morphology of OSCs for high performance.

control the morphology of the photoactive layer include solvent
selection, thermal annealing (TA), solvent vapor annealing
(SVA), pre-aggregation, additives, etc.>*® The key effect on
the above mentioned strategy for morphology control lies in
tuning the dynamics or kinetics of the donor:acceptor (D:A)
phase separation during the solidification process or post-
ripening. In particular, the additives are most frequently used
and are proved to be critical ingredients for most high-
performance OSCs.**

The pioneering work on 1,8-diiodoctane as an additive
triggered the general interest in using additives to tune the
morphology and improve the device performance of OSCs.*?
The previous work focused on using high-boiling point liquid
as an additive such as chloronaphthalene (CN), which tends to
remain in a wet active layer film after the main solvent
volatilization.**™"” Complementary to the liquid additives,
recent work demonstrated the use of small molecule solids
also shows a positive effect on morphology control and device
performance enhancement. For example, Li et al. blended 1,4-
difluorobenzene (DFB) into an active layer precursor solution to
introduce halogen interactions in the active layer, which affect
the nanoscale phase separation morphology and molecular
packing.*® Li et al. introduced chlorinated graphene (GCI) as
a solid additive into the PM6:Y6 based device, and successfully
improved the PCE of the device to 17.3%, with a high fill factor
(FF) of 79%." Ye et al. added ferrocene (Fc) into the PM6:Y6
active layer to improve the molecular crystallinity and carrier
dynamics, and achieved an efficiency of 17.4%.° In spite of the
advantages of solid additives, however, there are limited studies
on it, and moreover, the fundamental understanding of the
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working mechanism of the solid additives on the morphology
evolution and device performance improvement is still in need.

To enrich the pool of solid additives and provide insights
into the working mechanism, here we introduce 2-hydroxy-4-
methoxybenzophenone (uv-9) as a solid additive into PM6:Y6
based OSCs, and demonstrate it as an effective agent to
optimize the film morphology and improve the device perfor-
mance. Different from the previous study using highly miscible
solids as additives, uv-9 exhibits rather high immiscibility with
the active layer. After uv-9 addition, the molecular packing of
the active layer is improved, and the phase separation scale
becomes smaller. Correspondingly, the device prepared with
uv-9 as a solid additive shows more efficient charge generation
and better charge transport properties, yielding a higher short
circuit current density (Jsc) and FF. Finally, the OSC device
with uv-9 shows a much improved PCE from 16.00% to 17.18%.
Furthermore, uv-9 is proved to be an effective additive that can
be generally applied in a variety of OSCs.

2. Results and discussion
2.1 Photovoltaic properties

To investigate the effect of uv-9 as a solid additive on OSC
device performance, we applied it to PM6:Y6 based OSCs,
which consist of the indium-tinoxide(ITO)/poly(3,4-ethylene-
dioxythiophene):  poly(styrenesulfonate)(PEDOT:PSS)/PM6:Y6
active layer without or with different additives/poly9,9-bis6-
(N,N,N-trimethylammonium) hexylfluorene-ait-co-phenylene-
bromide (PFN-Br)/Ag (Fig. 1a). The chemical structures of
PM6, Y6 and uv-9 are shown in Fig. 1b. The amount of the
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additive uv-9 used in PM6 and Y6 is 25% (mass ratio) and an
extra pre-annealing step at 100 °C for 10 min was performed for
devices. The details for device fabrication can be found in the
ESL.T Fig. 1c shows the current density-voltage ( J-V) character-
istic curves of the OSCs without or with different additives.
Their photovoltaic parameters are summarized in Table 1. The
device without an additive exhibits an optimal efficiency of
16.00%, with an open-circuit voltage (Voc) of 0.838 V, a Jsc of
26.12 mA cm ™2, and a FF of 73.30%. The device with CN
additive shows similar Jsc and Vpc values, but an increased
FF of 75.37%, yielding an improved efficiency of 16.50%, while
the device with uv-9 as an additive exhibits a much improved
Jsc of 27.68 mA em 2 and a FF of 76.36%, and these improve-
ments contribute to an improved PCE of 17.18%. The statistic
histograms of device parameter variations without or with
different additives are summarized in Fig. 1d and e, Fig. S1
and S2 (ESIT). As shown, all devices with uv-9 exhibit a higher
PCE (max: 17.18%), higher Jsc (max: 27.92 mA cm 2), and
higher FF (max: 77.08%) compared with those without any
additives. These results confirm the improved device perfor-
mance with uv-9 as an additive.

Considering that the improved Jsc is one major factor
contributing to the improved device performance with uv-9 as
an additive, the EQE spectra were recorded to figure out the
detailed mechanisms (Fig. 1f). Without any additive, the OSC
exhibits an EQE response as high as 84.1%, with the EQE
edge at 932 nm, and this yields an integrated photocurrent of
25.76 mA cm™ 2, which is consistent with the measured Jsc from
the J-V curve (Table 1). With the CN additive, the OSC exhibits
an improved EQE response to 87.8%, while its EQE spectrum
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Fig. 1 (a) Schematic OSC device structure. (b) Chemical structures of PM6, Y6, and uv-9. (c) J-V characteristic curves of OSC devices with and without
additives. (d) PCE statistic histogram, (e) Js. statistic histogram, and (f) EQE spectra of OSCs with and without additives.
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Table 1 Detailed photovoltaic parameters of OSC devices employing PM6:Y6 blends with and without additives (AD)

AD Voc (V) Jsc (mA em™?) Jear (A em %) FF (%) PCE (%)

None 0.838 (0.838“ + 0.002) 26.12 (25.97 £ 0.21) 25.76 73.30 (72.60° £ 0.67) 16.00” (15.80% + 0.14)
CN 0.839 (0.839% + 0.002) 26.17 (25.91° £ 0.24) 26.11 75.37 (75.44% £ 0.36) 16.52” (16.33* + 0.13)
uv-9 0.813 (0.814% £ 0.001) 27.68 (27.48” £ 0.28) 27.21 76.26 (76.21% £ 0.63) 17.18” (17.03 + 0.09)

“ The average value of ten devices.  The best of ten devices. ¢ Integrated Jsc values from the EQE spectra.

exhibits obvious shrinkage in the absorption tail. The compro-
mise between the improved EQE response and the shrinkage
range results in the same Jsc compared to the device without
any additive. Interestingly, the device with uv-9 as an additive
exhibits both an improved EQE response (from 84.1% to 88.4%)
and an extended EQE range (from 932 to 950 nm), which
contributes to the much improved Jsc from 26.12 mA cm™ 2 to
27.68 mA cm .

2.2 Optical properties

The absorption spectra of the active layer without or with
different additives are recorded to track the origin of the
broadened EQE response. In order to be consistent with the
film processing conditions in the device, the annealed film was
employed for the ultraviolet-visible (UV-vis) absorption
measurement. The absorption spectra of the PM6:Y6 blend
films with and without additives show an evident change as
shown in Fig. 2a. In the Y6 absorption region, the PM6:Y6
blend film without an additive exhibits an absorption peak at
816 nm, which is slightly blue-shifted by 4 nm (812 nm) after
being processed with CN, while red-shifted by 14 nm (830nm)
with uv-9. To independently study the effect of additives on Y6
and PM6 aggregation, UV-vis absorption spectra are recorded
for pristine Y6 and PM6 films with and without additives, as
well as the pristine uv-9 film (Fig. 2b, Fig. S3 and S4 in the ESIt).
A similar trend is observed compared to the PM6:Y6 blend. The
absorption of Y6 is blue-shifted with the CN additive, but red-
shifted with uv-9. As a result, it is confirmed that uv-9 can
extend the absorption of Y6, and contribute to a higher PCE in
OSCs, due to the broadened absorption. Furthermore, the red-
shifted absorption indicates that the molecular packing
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becomes stronger, which benefits the carrier dynamics pro-
cesses, e.g. charge transport.

2.3 Charge transport and collection

A higher FF and EQE response with uv-9 addition indicate that
the carrier dynamics within OSCs is improved, including the
exciton dissociation, charge transport, charge collection and
recombination. First, the charge transport characteristics of the
device in the vertical direction were studied by the Space
Charge Limited Current (SCLC) method. As shown in Fig. 3a
and b and Table S1 (ESIt), the hole mobility of the film without
an additive is 4.12 x 107* em 2>V ! 57!, while the devices with
CN and uv-9 as additives show increased hole mobilities of
452 x 10 em2? V' s and 614 x 100" em™ V! s},
respectively. Furthermore, devices using uv-9 as a solid additive
show increased electron mobilities from 6.25 x 10 *em 2V 's!
to 9.12 x 107* em > V' s, while the electron mobility of the
device with CN is only 5.17 x 10~* em™> V" s~ . Both the electron
and hole mobilities of the devices with uv-9 as a solid additive
increase, which contributes to the high FF.

In order to study the influence of the uv-9 additive on the
process of charge extraction, we measured the effective voltage
(Vegr) dependent photocurrent density (Jpn, Joh = Ji — Jdark
where Jj, is the current density measured under AM1.5G illu-
mination, Jq..i is measured under dark conditions; Veg=Vy — V,
where V,, is the voltage at J,,, = 0) as shown in Fig. 3c and d. The
OSC device with uv-9 exhibits a significantly larger J;, value at a
small V¢ value compared to those without or with the CN
additive, suggesting the improved charge collection. By assum-
ing that all excitons can be separated into free carriers and
collected by the electrode to form a saturation current
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Fig. 2 UV-Vis absorption spectra of (a) PM6:Y6 blend and (b) Y6 films with and without additives.
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Fig. 3 (a) J°°-V curves of the electron-only devices. (b) J%°~V curves of the hole-only devices. (c) Photocurrent density (Jon) plotted against effective
bias (V) for devices without or with different additives. (d) Dark J-V curves, (e) Jsc and (f) Voc versus light intensity of devices with and without additives.

(Jsatr, defined as the photocurrent at a bias of 2 V), the charge
collection probability P.,; can be calculated through the rela-
tionship Peoi = Jpnl/sar, and the charge collection probability of
the device with uv-9 as a solid additive is as high as 97.1% at
0 V, while the charge collection probabilities of the devices with
and without the CN additive is 94.8% and 95.4%, respectively.
These results confirm that the addition of uv-9 can promote
charge extraction, thereby improving the FF and Jsc of OSC
devices.

2.4 Charge recombination

The dependence of Jsc and Vo on the light intensity (Pjigng) was
measured to explore charge recombination behaviors in the
above OSC devices. Generally, the relationship between Jsc and
Pyigh¢ can be described as Jgc oc (Plight)s. As shown in Fig. 3e, the
S value of the device with uv-9 is 0.97, which is slightly higher
than those of the devices with CN as the additive and without
an additive (0.96). The S closer to 1 suggests the lower bimo-
lecular recombination in the device.’" As a result, this proves
that the bimolecular recombination under short circuit condi-
tions can be inhibited, in other words, more efficient charge
extraction can be achieved with the addition of uv-9. By
calculating the slope in Voc-In Pjigr, the main recombination
mechanism under open circuit conditions in the device can be
inferred. As shown in Fig. 3f, the slope of the Voc—Pjigh: curve of
the devices without and with CN and uv-9 is 1.12 kzT/qg,
1.14 kgT/q and 1.18 kgT/q, respectively, indicating that their
charge recombination mechanism is mainly via a bimolecular
mechanism in all cases.
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2.5 Morphology characterization

Atomic force microscopy (AFM) and grazing incidence small-
angle X-ray scattering (GISAXS) methods were used to study the
film morphology of the active layer. As shown in Fig. 4a-c, the
root mean square (RMS) values of the PM6:Y6 film, PM6:Y6 film
with CN and PM6:Y6 film with uv-9 are 0.656 nm, 0.708 nm,
and 0.713 nm, respectively, showing an increasing tendency.
From the GISAXS results, the phase-separation domain (pure
acceptor phase) of the three films shows a decreasing trend,
which is 29 nm, 27 nm, and 25 nm, as displayed in Fig. 4d-f
(the scattering intensity is fitted by the Born Approximation
model in Fig. 4g). Compared to those without an additive or
with CN, the film with the uv-9 additive shows a slightly
reduced phase region scale, which is beneficial for exciton
separation or charge generation. Furthermore, we find that
the 25 nm domain size causes little negative effect on charge
transport or charge collection. As a result, the reduced phase
separation domain size (25 nm) represents a better balance
between charge separation and charge transport. These results
indicate that the addition of uv-9 can optimize the morphology
by refining the phase separation and enhancing the molecular
packing. The enhanced molecular packing of Y6 contributes to
the red-shifted UV-vis absorption profiles or the reduced E,,
which further results in decreased V¢ values (Table S2, ESIt).

2.6 Working mechanism of the uv-9 additive

Fourier transform infrared (FT-IR) measurements were per-
formed to check the existence of uv-9 in the active layer/
precursors during different stages. In the PM6:Y6 blend film

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 AFM height images of PM6:Y6 blend films without additive (a) and with additives of CN (b) and uv-9 (c), in a scan size of 1 x 1 pm?2. 2D GISAXS
images of PM6:Y6 blend films without additive (d) and with additives of CN (e) and uv-9 (f). (g) 1D in-plane intensity profiles and fitting curves of blend
films with and without additive. (h) FT-IR spectra of PM6:Y6 blend films with and without uv-9 additive. (i) UV-vis absorption spectra of Y6 and Y6:uv-9

blend films before and after thermal annealing.

with the addition of uv-9, the stretching vibration peak of the
benzophenone carbonyl group increases significantly (at 1630
1650 cm™ '), suggesting the existence of uv-9 in the as-prepared
active layers (Fig. 4h). However, after annealing, this feature
peak disappears, and the spectrum overlaps with that without
any additive, suggesting that there is no residue of uv-9
additives in the active layer after thermal annealing. The
disappearance of uv-9 was also observed in the Y6 film with
the addition of uv-9 after annealing (Fig. S5 in the ESI). The
photostability of uv-9 based OSC devices was studied. Com-
pared to the control devices (without uv-9), the devices with
uv-9 show similar PCE decline tendency after preserving in an
inert atmosphere under simulated solar illumination (Fig. S6,
ESIT). However, this is quite reasonable considering that uv-9
disappears after thermal annealing as revealed by FTIR results
(Fig. 4h). Fig. 4i and Fig. S7 (ESIT) show the absorption profiles

This journal is © The Royal Society of Chemistry 2022

of the Y6 film processed with uv-9 before and after annealing at
different times. It is interesting to observe that the as-prepared
Y6:uv-9 film exhibits a red-shift compared to the pure Y6 film,
and the absorption of the Y6:uv-9 blend exhibits little differ-
ence compared with that before annealing. These results sug-
gest that the phase separation and molecular packing have
already formed in the as-prepared active layer films prior to the
removal of uv-9 by annealing. Fig. S8 (ESIt) shows the UV-vis
absorption spectra of Y6:uv-9 blend films with different mass
ratios. We find that increasing the content of uv-9 (uv9:
Y6 = 3:7 or 5:5) does not lead to any red-shifts in the
absorption spectra of Y6 films. This result also indicates that
uv-9 is immiscible with Y6.

Following the above observation, the miscibility of uv-9 with
PM6 and Y6 was studied by measuring the surface energy (y) of
the material. Fig. S9 (ESIt) and Table 2 show the contact angles

J. Mater. Chem. C, 2022,10, 2749-2756 | 2753
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Table 2 Contact angle and Flory—Huggins interaction parameters of the
films

Surface 0 water [°] 0 diiodomethane [7] y[mNm™'] °*
PM6 103.50 55.94 31.88 —
Y6 93.11 43.58 38.01 0.27
Y6 + uv-9 94.98 43.22 38.23 0.29
uv-9 32.07 25.87 64.82 —

of PM6, Y6 and uv-9 with water and diiodomethane, respec-
tively. The calculated surface energy of PM6 (y = 31.88 mN m ™ ')
is lower than that of Y6 (y = 38.01 mN m™ "), much lower than
the surface energy of uv-9 (y = 64.82 mN m ). The Flory-
Huggins interaction parameter x> was used to estimate the
miscibility between PM6/Y6 and uv-9, according to the previous
report.>” The "> parameter value of Y6 and uv-9 is 3.557, and
that of PM6 and uv-9 is 5.784. Considering that the measured
«"? value of PM6 and Y6 is 0.27, it is clear that uv-9 is an
immiscible component for the active layer (Table S3, ESIY).
However, we observe that uv-9 and chloroform are quite mis-
cible, as homogeneous mixing is observed even when a
huge amount of uv-9 is dissolved in chloroform (Fig. S10, ESIT),
in spite of the surface tension difference between chloroform
and uv-9.

Based on the above information, the working mechanism of
uv-9 is proposed as follows. First, the addition of uv-9 changes
the miscibility among the donor, acceptors and solvents, and
thermodynamically affects the phase-separation and molecular
packing of the active layer. In addition, hydrogen bonds may be
formed between uv-9 (-OH) and PM6/Y6 (-F), and further affect
the molecular packing of Y6, via influencing the molecular
aggregation in solution or during the film solidification pro-
cess. Furthermore, uv-9 has a high melting point at 62 °C,
which is above room temperature, and it has been observed
that the chloroform:uv-9 blend with a weight ratio of 1:9
appears as a solid (melting point above room temperature)
(Fig. S10 in the ESIt). Considering the high miscibility between
chloroform and uv-9, it is reasonable that the residual chloro-
form tends to mix with uv-9 to form a solid phase, rather than
affecting the afterward phase-segregation process. As a result,
uv-9 addition is proposed to affect the phase-separation

View Article Online
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kinetics via deactivating the effect of the residual solvent
(chloroform) for morphology evolution.

2.7 Generality of uv-9 as an additive

Finally, we investigated the applicability of uv-9 as a solid
additive in diverse systems utilizing PM6 as the donor, and
PC;,BM, IT4F and ITIC as acceptors. The chemical structures of
PC,;BM, IT4F and ITIC are shown in Fig. S11 (ESI}). uv-9 with
25% content (by weight%) was used as an additive in the active
layers. The j-V characteristic curves of these OSCs without and
with uv-9 addition are shown in Fig. 5, and their photovoltaic
parameters are summarized in Table S4 (ESIt). Compared with
devices without additives, the devices using uv-9 as solid
additives have higher Jsc and FF values, and also higher PCE
values for all of the three systems. The results validate that uv-9
is an effective additive that can be generally used in other
systems to control the morphology and improve the perfor-
mance of organic solar cells.

3. Conclusions

In summary, we have successfully demonstrated uv-9 as an effective
solid additive to tune the morphology and improve the device
performance of binary organic solar cells based on PM6:Y6. The
addition of uv9 refines the phase separation domain size and
enhances the molecular packing. As a result, charge separation
and collection are improved, and the absorption region is extended,
which contribute to enhanced short circuit current densities, fill-
factors and device performances from 16.00% to 17.18%. Further
analysis suggests that the morphology evolution of uv-9 might be
related to its immiscibility with the active layer but high miscibility
with the main solvent, which affects both the phase separation
dynamics and kinetics. Moreover, the effectiveness of uv-9 has been
confirmed in diverse organic solar cells, demonstrating its generality
to tune the morphology and improve the device performance of
organic solar cells.
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