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Effect of Additives and Annealing on the Performance of
Nonfullerene-Based Binary and Ternary Organic

Photovoltaics

Enas Moustafa, Alfonsina Abat Amelenan Torimtubun, Josep Pallarés,*

and Lluis F. Marsal*

Fine tuning of blend morphology is a key factor that limits the performance of the
bulk-heterojunction organic photovoltaics (BH)-OPVs). Herein, the morpholog-
ical control of the binary (PM6:Y7) and ternary (PM6:Y7:PC;,BM) blends is
conducted through 1-chloronaphthalene (CN) solvent additive and thermal
annealing (TA) treatment with respect to their influence on the photovoltaic
performance. Moreover, a distinct study is accomplished on the optical and
electronic properties of the treated and nontreated binary and ternary devices by
external quantum efficiency measurements and impedance spectroscopy. The
results indicate that these treatments affect the performance of the binary and
ternary OPVs differently. Regarding the 2% CN addition, the current density of
the binary devices is improved by ~27%, whereas the fill factor of the ternary
devices shows a pronounced increment of ~22%. A contradictory behavior is
exhibited by TA for the binary and ternary OPVs. The PCEs for binary devices
(with/without CN) and 2% CN-treated ternary ones are improved, while
diminishing the PCEs of the ternary ones with 0% CN. Accordingly, the highest
efficiencies of the binary and ternary OPVs are obtained due to the dual effect of

device physics.**”) Moreover, this dra-
matic increase in the power conversion effi-
ciencies (PCEs) was particularly due to
minimizing the trade-off behavior between
voltage loss and charge generation in NF-
OPVs.P?! This is attributed to the design
of the central fused ring unit of these
low-bandgap NFA molecules such as Y6
(BTP-4F) and Y7 (BTP-4Cl) with the virtue
of their anisotropic structure.'®'%
Moreover, they have the ability of tuning
their energy levels and their strong absorp-
tion in the near-infrared region with the
donor polymers.!37'%! These properties
lead to barrier-less free charge generation,
low charge trapping, and high charge mobi-
littes of the corresponding devices.!'®
These great advantages provide efficient
ways to improve the performance of the
NF-OPVs.>1!

2% CN solvent additive along with the TA treatments.

1. Introduction

The inception of merging nonfullerene acceptors (NFAs) by
replacing the fullerene counterpart in organic photovoltaics
(OPVs) has pushed the bulk-heterojunction (BHJ)-based photo-
voltaics to achieve efficiencies approaching 20%.1'* This reflects
the tremendous attempts that have been conducted in the photo-
active absorber material, interfacial device engineering, and
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Furthermore, the bulk morphology of
the photovoltaic active layer directly influ-
ences the charge transfer and transport

mechanisms, making it one of the pronounced limiting factors
for the performance of BHJ-OPVs.>7'8l For instance, the insuf-
ficient hole transfer from Y6 to PM6 (PBDB-T-2F) limits the exci-
ton decay that affects the cell performance, as described by Wu
et al. due to morphology defects.!'” This declaration reflects the
possibility of enhancing the NF-OPV performance through the
optimization of the morphology of the photoactive blend.
There are several strategies that have been investigated to tune
the active blend morphology toward better film quality through
controlling the miscibility between the donor and the acceptor,
domain size, and donor/acceptor (D/A) phase separation. This,
to secure sufficient exciton dissociation and improved charge
transfer, results in superior performance of the OPVs.>20%
Some of these avenues concern the photoactive blend modifica-
tion by solvent additives,>**% thermal annealing (TA),[**#2°
and further posttreatments."*>*”) Among these strategies, mod-
erating the morphology by the construction of ternary and quater-
nary blends performing ternary and quaternary QPVs.['%14283C
Regarding the first approach, 1-chloronaphthalene (CN) has been
the most reported solvent additive to fine tune the morphology of
PM6:Y6 OPVs, achieving 15.7% efficiency as compared with its
nonadditive ones (15%), as presented by Lv et al.”! Furthermore,
the influence of TA and posttreatments was significant in
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enhancing both the blend morphology and the interface match-
ing with the interfacial layers."®3'3% As reported by Lui et al.,
they minimized the degree of energetic disorder and reduced
the energy losses due to less nonradiative recombination of
0.17 eV, resulting in high PCEs up to 16.5%.2" For the second
approach, introducing an additional component to the photoac-
tive blend (ternary or quaternary) with careful selection leads to
decrease in the density of trap states and increase in charge
mobility.*>>”) That has been observed in the ternary system
through enhancing the fill factors (FFs), as reported by
Gasparini et al.*® Furthermore, the ternary/quaternary blends
influence the electronic energy-level alignment and the spectral
coverage, which enhance photonharvesting, provide better
charge transfer, and in turn improve the photovoltaic perfor-
mance 5:15:37.39-41]

In our scenario, we demonstrate an interesting correlation
between the CN solvent additives and the TA treatment on the
optical and physical properties of the binary and ternary
inverted NF-OPVs (iNF-OPVs) based on PM6:Y7 and PM6:
Y7:PC;0BM active blend, respectively. Subsequently, we related
the observed results with the photovoltaic performance of the
devices. Our goal of the work is to manifest the diversity effect
of these treatments on the binary (with NFAs) and ternary pho-
tovoltaic cells (with the addition of PC;,BM fullerene acceptor).
Hence, we conduct a systematic investigation to reveal the
effect of the mentioned treatments on the morphology of
the binary and ternary blend layers. Moreover, a particular
study was conducted on the electronic properties and the cor-
related charge transfer, separation, and recombination mech-
anisms using impedance spectroscopy (IS) and Mott—Schottky
analysis of the treated and nontreated binary and ternary
devices.

www.solar-rrl.com

2. Results and Discussion

The effects of additives and TA treatment on the performance of
binary and ternary iNF-OPVs were investigated by fabricating the
device with the inverted structure of ITO/ZnO/active layer/
V,05/Ag, as shown in Figure 1a. ZnO and V,0s were used as
n-type and p-type charge transport interfacial layers, respectively;
moreover, a binary BHJ of PM6:Y7 and a ternary blend of PM6:Y7:
PC,oBM were used as the photoactive layer. The chemical struc-
tures of the PM6 polymer donor, Y7 NFA, and the PC;,BM
fullerene acceptor with the energy-level alignment for binary
and ternary devices are shown in Figure 1b,c, respectively. The
energy positions of the band edges for the semiconductors and
the metals’ work functions were taken from other studies.**~*

To better distinguish the parameters given, we labeled the
binary iNF-OPVs in Roman capital letters A—D and the ternary
iNF-OPVs in Arabic capital letters I-IV. As shown in Figure 2,
Type A, B in binary iNF-OPVs, and type [ and I in ternary iOPVs
are the nonannealed (NA) devices treated without (0%) and with
2% v/v chloronaphthalene (CN) solvent additive, respectively.
Moreover, type C, D in binary iNF-OPVs, and type I1I, IV in ter-
nary iNF-OPVs are the thermal-annealed (TA) devices treated
with 0% and 2% v/v CN, respectively. Figure 3 shows the current
density—voltage (J—V) characteristics of the fabricated binary
and ternary iNF-OPVs with different processing treatments mea-
sured under illuminated AM 1.5G (100 mW cm %) conditions
and in the dark. The photovoltaic parameters of the correspond-
ing cells are shown in Table 1. As shown in Figure 3a, on the one
hand, regarding the effect of CN additives, without TA treatment,
device A (NA, 0% CN-pristine) exhibits a maximum PCE
(PCEax) of 8.26% with an average open-circuit voltage (Voc)
of 0.69V, short-circuit current density (Jsc) of 21.23 mA cm 2,

PBDB-T-2F
(PMe6)

(Y7)

= -7

Figure 1. a) The schematic diagram of the fabricated iNF-OPV structure, b) the chemical structures of PM6-donor, Y7-NFA, and PC;,BM-fullerene
acceptor, and c) the energy band diagrams of the inverted binary and ternary OPVs.
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Figure 2. Schematic illustration of the nanomorphology models of the binary and the ternary BH) films under different treatment conditions.

and FF of 0.56. After 2% CN additive, the device B’s (NA, 2% CN)
performance was improved to provide a PCE,,,, of 11.64% (with
average Voc=0.71V, Jsc =26.12mA cm 2, and FF = 0.63). It
can be clearly seen that the entire performance parameters of
device B were enhanced upon the addition of 2% CN.
Moreover, it was interesting to observe the same behavior for
the thermally annealed C (TA, 0% CN) and D (TA, 2% CN) sam-
ples, where 2% of CN additives increases the PCE,,,,,
average Voc, Jsc, and FF from 10.09%, 0.74V,
22.06 mA cm 2, and 0.61, respectively, in device C to 13.62%,
0.75V, 28.61mAcm™? and 0.64, respectively, in device D.
Furthermore, it is worth noticing that the Js¢ values were highly
pronounced by the CN additives, as shown in Figure 3a, for
device B and device D, which may explain the improvement
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in their PCEs. The enhancement of Jsc is in good agreement
with the obtained external quantum efficiency (EQE) values
and photocurrent charge carrier density versus effective voltage
analysis, as discussed later. Another factor that assists the
enhancement of the PCE comes from the increase of the FF
due to the distinguished decrease in the series resistance average
values (Rs) from 3.03 and 1.48 in device A and device C (with 0%
CN), respectively, to 1.68 in device B and 1.20 in device D (with
2% CN). We obtained the same effect of improving the perfor-
mance parameters upon 1% CN of the NA and annealed devices,
as shown in Figure S1, Supporting Information.

In contrast, the obtained data remarked the effect of TA on the
fabricated devices. By comparing device A with device C and device
B with device D, we noticed that all the photovoltaics parameters
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Figure 3. Current density—voltage (J-V) characteristic curves a,b) under AM 1.5 G illumination of binary and ternary iNF-OPVs and (c,d) in the dark of

binary and ternary iNF-OPVs.
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Table 1. Photovoltaic performance parameters statistics of the fabricated binary and ternary iNF-OPVs. The open-circuit voltage (Voc), short-circuit
current density (Jsc), FF, PCE, series (Rs), and shunt (Rsy,) resistances presented from average of at least eight devices.

Device type Voc V] Jsc [mAcm ™ FF PCE [%] PCEmax [%] Rs [Q cm?] Rsh [( cm?]
Binary

A (NA, 0% CN) 0.69 + 0.02 21.234+1.18 0.56 + 0.02 8.04 4+0.22 8.26 3.03 4+ 0.85 389422
B (NA, 2% CN) 0.7140.01 26.12 +1.62 0.63 +0.06 11.124£0.52 11.64 1.68 +0.24 462432
C (TA, 0% CN) 0.74 +0.01 22.06 + 0.74 0.61 + 0.04 10.00 4 0.09 10.09 1.48 £ 0.44 271412
D (TA, 2% CN) 0.75 4+ 0.01 28.61+0.43 0.64 + 0.08 13.04 +0.58 13.62 1.20 +0.09 382+ 57
Ternary

I (NA, 0% CN) 0.74+0.01 23.3440.93 0.54 +0.02 9.45+0.70 10.38 1.69 + 0.47 290 + 34
Il (NA, 2% CN) 0.76 +0.05 22.02+1.29 0.63 + 0.04 10.14 4 0.92 11.16 2.0940.67 679 + 259
11l (TA, 0% CN) 0.7140.01 23.16 +1.08 0.52 4 0.01 8.63 4+ 0.54 9.05 1.49 +0.06 274+33
IV (TA, 2% CN) 0.73 +0.01 23.54 +0.56 0.66 4+ 0.01 11.28 4 0.25 11.71 1.30 £ 0.02 650 =+ 282

were enhanced but at the expense of slightly reduced Rgy; values for
the corresponding thermally annealed devices (device C and device
D). However, the noticeable decline in the Rg average values of the
thermally annealed samples (R of device C = 1.48 Q cm” and Rg of
device D = 1.20 Q cm?) might be the reason for enhancing the FF
and in turn the PCEs of these cells. Furthermore, we can say that
the major effect of TA was obtained by improving the FF and the
Voc of the TA cells (device C and device D). Though there was no
clear effect observed due to the TA on the Js¢ values of device C, it
was more noticeable in device D. Accordingly, it is worth noting
that device D illustrated the dual benefit of the 2% CN additives,
as well as the TA, in fabricating efficient high-performance devices.
Moreover, it was interesting to detect the same impact trend due to
CN additives and TA using additional percentage of CN (1% v/v),
along with various times of annealing (10min and 30min at
100°C), as shown in Figure S2, Supporting Information, and
the obtained performance parameters statistics are shown in
Table S1, Supporting Information.

As compared with the binary as-cast device type A, ternary as-
cast device type I have a higher Vo of 0.74V, a higher Jsc of
23.34mAcm ™%, and a slightly lower FF of 0.54, leading to a
higher PCE,,,, of 10.38%. The higher V¢ and Jsc values in type
I devices than those of type A device may arise from the contri-
bution of PC;,BM as the third component in PM6:Y7-blend,
improving energy alignment of the device as well as broadening
the absorption window of the active layer, as discussed later.
After 2% CN additive treatment, PCE,,,x of NA device type II
increases to 11.16% with a higher Voc of 0.76V, a lower Jsc
of 22.02mAcm™2, and a higher FF of 0.63. A similar behavior
is observed for thermally annealed devices type III and IV
in which the addition of 2% CN in ternary blend increases
the PCEmam Voc, jsc, and FF from 9.05°/)y 0.71 Vv,
23.16 mA cm 2, and 0.52 for device type III to 11.71%, 0.73 V,
23.54mA cm 2, and 0.66 for device type IV. It is obvious that
the overall photovoltaic parameters for the devices with and with-
out TA treatment in either binary or ternary OPVs were
enhanced upon the addition of 2% CN, suggesting that solvent
additive is an effective strategy to improve device performance in
different blend systems. Furthermore, it is worth noting that
unlike binary OPVs with a noticeable increase in Js¢, ternary
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OPVs show a noticeable increase in FF values upon the addition
of 2% CN, as shown in Figure 3b. Highly pronounced FF values
upon additive treatment originate from the apparent increase in
Rsp, from 290 to 679 © cm? for NA devices type I and I and from
274 to 650 Q cm? for annealed devices type IIT and IV, respec-
tively. Moreover, the difference of Rgy, between devices type I
and IIT and type II and IV in the ternary system is bigger than
devices type A and C and type B and D in the binary system. It
indicates that the solvent additive CN affect is more pronounced
in FF for the ternary OPVs than the binary OPV counterpart.
Furthermore, it was interesting to observe that Jsc values in
binary OPVs are much higher than those of ternary OPVs upon
additive treatment either for NA or TA devices, which contribute
significantly to the enhancement of PCEs in binary than ternary
OPVs. It also signifies that CN additive may play a different role
to generate photocurrent in the presence of fullerene in the ter-
nary system versus binary system.

In contrast, we observed a different behavior of the TA effect
on the ternary devices compared with binary devices. In ternary
OPVs, by comparing NA devices type I and II versus TA devices
type III and IV, there is no significant difference observed in Js¢c
and FF values; however, we noticed a considerable decrease in
Voc values. It implies that the main effect of TA in ternary
OPVs may be attributed to a change of different density of states
(DOS) or energetic disorders of the blend due to the aggregation
of fullerene upon TA.[***% It is worth noting that TA treatment
provides different behaviors between different blend systems in
which Vo in the binary system improves along with increase in
Jsc and FF values upon TA, suggesting that in the other blend
system, even small amount of addition of the third component
may not give similar device performance parameters using the
same treatment.

Figure 3c,d shows the J—V curves in the dark for the binary
and ternary devices, respectively. In binary OPVs, a lower leakage
current under reverse bias was obtained for the 2% CN devices
(device B and device D) than the 0% CN ones (device A and
device C), as shown in Figure 3c. This lower leakage current
in the 2% CN devices leads to increasing the shunt resistance
Rsi*® from 4.33 x 10* in device A to 3.80 x 10° Q cm? in device
B and from 2.34 x 10* in device C to 2.09 x 10° cm” Q in device

© 2021 The Authors. Solar RRL published by Wiley-VCH GmbH
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D in the dark. This enhancement in the Rgj reveals a lower
charge carrier recombination in the active layer blend.”*! This
behavior confirms the higher Jsc and FF observed for device
B and D with 2% CN under illumination conditions, as shown
in Figure 3a. In ternary OPVs, as shown in Figure 3d, similar
behavior of lower leakage current was observed for 2% CN devi-
ces type II and IV compared with 0% CN device type I and III,
leading to three-order-magnitude higher Rg, from 6.42 x 10*
and 2.15 x 10* Q cm? t0 3.08 x 107 and 2.00 x 107 Q cm?, respec-
tively. A significant increase in Rg), for 2% CN ternary devices
validates the FF enhancement by the addition of 2% CN in
the ternary system, as shown in Table 1. It is worth noting that
ternary OPVs have higher R, values than binary OPVs in 2%
CN-treated devices, which is in good agreement with much lower
leakage current possessed by ternary OPVs. At forward bias
(V>0.3V), we noticed a steep slope of the J—V curves for binary
TA devices (device C and device D) more than the NA cells (device A
and device B) that indicates low-Rs*”! devices (Rs device A= 1188.1,
RS-deVice B= 4753, RS-deVice c= 59.19, and RS-deVice D= 943Q sz),
which is in good agreement with the obtained Rg values under
illumination, as shown in Table 1. In ternary OPVs, about one-
order-higher Rg values of 117.47 and 79.22 Q cm” were observed
for 2% CN devices type II and IV compared with 0% CN devices
type I and I11 with Rg values of 12.61 and 10.30 Q cm?, respectively.
Interestingly, ternary OPVs have higher Rs values than the binary
counterpart for 2% CN devices and vice versa for 0% CN devices.
This behavior may be attributed to the interaction between the CN
and fullerene acceptor in the active layer, leading to the increase
in bulk resistance, and the other layer remained the same within
the devices.
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The dramatic increase in the Jsc for the binary OPVs with 2%
CN-devices (type B and D) compared to that in 0% CN-devices
(type C and D) as well as the trend of Js¢ in ternary OPVs under
different processing treatment were confirmed by the EQE
response with AM 1.5G reference spectrum, as shown in
Figure 4a,b, respectively. It can be noticed that the entire devices
for both binary and ternary systems have similar wavelength
ranges of broad photoresponse ranging from 300 to 950 nm.
However, the absorption intensity at short wavelength range
of 300—400 is still low due to the limited absorption of the poly-
mer donor in this region.**¥! As shown in Figure 4a of the
binary devices, the pristine devices (device A) show different
responses than the other cells by a sharp reduction in the absorp-
tion range of 450—800 nm. This obtained reduction in the spec-
tra was suggested to be related to the insufficient charge
extraction and transport mechanism, which greatly matches with
the device A’s low performance parameters, as shown in Table 1.
Otherwise, the EQE spectra from 450 to 800 nm exhibited strong
photoresponses for the 2% CN devices with a maximum plateau
achieving around 80% for the device B, around 90% for device D,
and medium response at around 65% for device C with 0% CN.
In the case of ternary OPVs, as shown in Figure 4b, as-cast device
I have EQE values of 74.99% and 79.32% at 630 nm and 840 nm.
The EQE values of 0% CN-device II at 630 nm slightly increase to
77.09%, whereas EQE values at 840 nm moderately decrease to
72.30% upon TA treatment, corresponding to a slight decrease in
Jsc of 23.34 Ma cm ™2 for device I and 23.16 mA cm™ for device
III. After 2% CN addition, NA-device II shows the lowest
EQE values of 75.34% and 72.01%, whereas TA-device IV dis-
plays the highest EQE values of 85.79% and 88.94% at the
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Figure 4. a,b) EQE spectra (left) and the integrated short-circuit current (right) of binary and ternary iNF-OPVs. ¢,d) UV(vis optical characteristics of the
PM6:Y7 binary and PM6:Y7:PC70BM ternary blend films under different treatment conditions.

Sol. RRL 2021, 2100480 2100430 (5 of 16)

© 2021 The Authors. Solar RRL published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.solar-rrl.com

ADVANCED
SCIENCE NEWS

; ‘ RRL

www.advancedsciencenews.com

wavelength of 635 and 820 nm, respectively, resulting in the low-
est Jsc of 22.02mA cm 2 for device 1I and the highest Jsc of
2316 mAcm™2 for device IV among the studied ternary
OPVs. It is interesting to see that the ternary 0% CN-devices have
higher EQE values than binary 0% CN-devices, suggesting com-
plementary absorption by the formation of the acceptor alloy of
PC;oBM and Y7. However, lower EQE values of ternary 2% CN-
devices than that of binary 2% CN-devices in the long wavelength
range indicate the inefficient charge dissociation and charge
transport mechanism in ternary devices by the addition of 2%
CN as discussed later. In addition, the calculated integrated
Jsc values from the EQE spectra were 19.44, 24.74, 21.49, and
26.24 mA cm ™~ for device A, B, C, and D in the binary system
and 21.39, 20.76, 22.22, and 24.29 for device I, II, III, and IV
in the ternary system, respectively. These calculated Jsc agreed
with the values obtained from the J—V measurements under AM
1.5 G illumination with the maximum error values of less than
10% (Table 1).

To further determine the effect of CN additives and TA treat-
ment on the underlying PM6:Y7 and PM6:Y7:PCy,BM films and
investigate the relation toward improving the Jsc in the fabri-
cated devices, we conducted the UV—vis absorption spectrum
of the PM6:Y7 and PM6:Y7:PC,oBM pristine and treated blend
films, as shown in Figure 4c,d. Compared with the pristine films
of binary (A), PM6 shows almost unchanged absorption peak
positions (500—750 nm) with 2% CN additive films. However,
surprisingly, the main change appeared in the absorption inten-
sity of PM6, where the 2% CN additives showed a bit lower
absorption intensity than the 0% CN blends in the binary system.
In contrast, Y7 peak position (700—900 nm) in binary blends
shows 8 nm redshift from 826 to 834nm (maximum peak)
besides higher absorption peak intensity for the 2% CN-modified
blends. These results indicated that the Y7 molecules showed
more tight aggregation, which is typically ascribed to z—x inter-
actions,*® which provide more absorption from the Y7 acceptor
that efficiently converted into photocurrent.”*”! As a consequence,
Y7 gave the major pronounced effect within the blend than PM6
by providing higher Jsc, as well as better device performance for
the 2% CN-modified cells. In addition, it is worth to mention that
this behavior explains the enhancement of the EQE response of
the 2% CN devices above 800 nm, more than the 0% CN ones.
Similar results were obtained by Wang et al.*® Furthermore, a
different behavior was observed for the TA binary blend; it was
clearly seen that the absorption spectra intensity increased for the
TA devices more than the NA ones in binary films. Device C
showed a higher absorption intensity than device A (the same
for devices D and B) for both PM6- and Y7-related peaks.
Interestingly, the same behavior was exhibited from the calcu-
lated absorption coefficients of the binary blends, as shown in
Figure S3a, Supporting Information. From the obtained absorp-
tion coefficients, one may assume that the contributions of light
harvesting from the treated devices were higher than those
absorbed by the pristine ones. Accordingly, the overall evaluation
of the binary blend film UV —vis spectra and the absorption coef-
ficient reflects that 2% CN additives and TA treatment have a
positive influence on Y7 and PM6, respectively. Hence, the
EQE spectra verify the paired improvement effect obtained from
CN additives and the TA step by showing higher intensity for the
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champion device D with 2% CN and TA treatment for binary
devices.

In ternary systems, we noticed that the blends with 2%
CN additives (II and IV) show a modest and substantial increase
in absorption intensity for PM6 and Y7 region, respectively,
but decrease in absorption intensity of PC;,BM region
(300—400 nm) compared with that of 0% CN films (I and III).
No spectra peak shift was observed for the ternary films with
and without CN additive. The increase in absorption intensity
indicates the further ordering of Y7 molecule and hinders the
molecular order of fullerene PC;,BM in ternary blend simulta-
neously by the addition of 2% CN.% In contrast, a lower absorp-
tion intensity in all PM6, Y7 and PC;,BM spectra was acquired by
TA-treated films (III, IV) compared with NA-films (I, II). The
effect of TA in ternary films was more pronounced in lower
Y7 absorption intensity than NA ternary films and it caused a
9nm redshifted peak position from 820nm to 829nm for
NA-films to TA-films. The redshift in Y7 absorption peak of
the TA-blend may be due to increase in the interfacial charge
carrier concentration of Y7.°" It is worth noting that device II
showed the higher absorption coefficient (Figure S3b,
Supporting Information); however, it demonstrates the lowest
photogenerated current (Table 1, Figure 4b). This behavior is
not merely defined by the active layer absorption of blend II
but also by dissociation and recombination at the interfaces
between the blend and the electrodes within the device, as
observed in the study by Jin et al.*? Furthermore, we calculated
the internal quantum efficiency -IQE) (IQE = EQE/absorption of
the active layer) of the binary and ternary devices to estimate the
efficient charge collection from the devices within the active layer,
taking into account the recombination losses that might take place
in the devices.”® Figure S4a, Supporting Information, for the
binary devices shows the highest IQE intensities obtained for
2% CN devices of B and D, which greatly match with their supe-
rior Jsc values (Table 1). Furthermore, the highest IQE response
exhibited for the champion device D possessed the highest Jsc
value. However in the case of ternary devices, it was interesting
to observe that the IQE response of the entire devices was quite
comparable (Figure S4b, Supporting Information), which in turn
verifies the quite close Jsc values obtained for the ternary devices.
However, the highest IQE response was observed for IV device
with highest Jsc value. It is worth noticing that the IQE response
for the binary devices was higher than the ternary ones, which
explains the higher Jsc values obtained for the binary devices
more than the ternary ones. Hence, this study explains the higher
absorption obtained for the ternary blend films than the binary
ones; however, the ternary OPVs obtained lower IQE and hence,
lower current generated than the binary devices, which might be
attributed to the recombination losses due to the addition of
PC;0BM as claimed previously. Similar behavior of highest
absorption intensity leading to the lower IQE was observed by
type II ternary based blend film, resulting to the lowest Jsc.

To see the behavior of optical properties and the interfacial
charge transfer efficiency of all blends, we measured their
photoluminescence (PL) spectra. From Figure S5, Supporting
Information, it is shown that the PL peak of all blends shifts
to a lower energy or higher wavelength (about 650 nm) than
those of the absorption peak (about 620 nm) in the wavelength
window from 600 to 850nm, corresponding to the PM6
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characteristic. It indicates that the PL and absorption measure-
ment in this study is reliable as this phenomenon occurs due to
the relaxation state of electrons within the atoms of PM6 to the
lower energy level and it can emit the photon. From the PL mea-
surement itself, the quenching degree of PM6 is higher in the
ternary blend than those in the binary blend. It is important
to note that the device parameters are difficult to explain by
merely using the optical measurements. There are other param-
eters that affect the final performance, as we observed in our
manuscript by IS, Mott— Schottky analysis, and morphology anal-
ysis by atomic force microscopy (AFM). In PL measurement, it
gives us information about the energy transfer from the donor to
the acceptor. In the case of binary systems, devices B, C, and D
have similar energy transfer, whereas the as-cast binary A has a
different energy transfer, indicating that the TA and additive
treatment have a positive effect for the energy transfer in binary
devices. Meanwhile, in the case of ternary devices, the energy
transfer of the four types of ternary devices I-IV is different
from each other, indicating that the TA and additive treatment
gave a significant effect on the energy transfer of ternary blends.

Furthermore, it was interesting to investigate the low Js¢, Voc,
as well as PCEs obtained by the 0% CN binary devices (A and
C) by studying the optical properties of the blend film using
Urbach’s rule as follows"**

a(E) = ageF~F)/Fu 1)

where a(E) is the optical absorption coefficient, a, is the optical
absorption coefficient at the band edge, E is the photon energy,
and Ey is Urbach’s energy. The Ey value represents the DOS
distribution, which explains the energetic disorder in the molec-
ular orbitals.®¥ Hence, the smaller Ey value corresponds to the
abrupt band edge.*"! The obtained results in Figure S6a,
Supporting Information, show that the curves of the 0% CN
exhibited two different slopes at the low-energy region of tail-
state distribution, explaining the high disorder in these 0%
CN cells.!! Moreover, this behavior proof that the 0% CN devi-
ces have more trap states than the 2% CN results in reducing
their device performance (Table 1). Interestingly, this behavior
confirms the dip intensity of the EQE response that appeared
for the 0% CN devices (A and C) above 800nm (Figure 4a).
In addition, the calculated values of the Ey (in the inset of
Figure S6a, Supporting Information) were quite close for all devi-
ces; however, they still have lower values for device B than device
A and for device D than device C, reflecting the less disorder
distribution in the B and D devices due to 2% CN additive modi-
fication. In ternary systems, as shown in Figure S6b, Supporting
Information, there is only one slope observed and the Ey values
are almost similar with the binary counterpart, even lower in the
case of 0% CN-devices (I vs. A). It indicates that the addition of
third component PC;,BM in PM6:Y7 blend can provide the for-
mation of the free-trap device.

To further understand the reason for improvement in the per-
formance of the iNF-OPVs prepared by 2% CN additives and the
TA treatment, we have evaluated the recombination characteris-
tics of the fabricated devices by measuring the dependence of Jsc
and Voc on the incident light intensity (Ppigpn;). The equation that
represent the relation between Jsc and Pyigy, is Jsc o (PLight)sl,
where the power-law exponent S; close to 1 represents the
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insignificant bimolecular recombination.>**® Figure 5a,b

shows the Jsc dependence on Py, of the fabricated devices;
we noticed the difference in the dependency behavior at low
and high light intensities. At low Ppign (< 1 mwcm ™), the S;
values for the entire devices both for binary and for ternary sys-
tems were almost the same (around 0.6—0.7 which is less than
1), which indicates a major effect of bimolecular recombination.
However, a different attitude was observed for the S; values at
high Ppighe (>10 mW cm™?) for binary A, B, C, and D devices,
which are 0.810, 0.860, 0927, and 0.998 and for ternary I, II,
III, and IV devices, which are 0.826, 0.842, 0.809, and 0.947,
respectively. We can see that for the binary system, the pristine
devices (A—NA, 0% CN) suffer from the major effect of
bimolecular recombination (S; < 1) than the other devices. In
addition, device B (NA, 2%CN) possessed a higher S; value rep-
resenting a bit less bimolecular recombination effect than device
A. Concerning the thermally annealed devices, the S; value tends
to 1 that is indicative of the lowest bimolecular recombination
excited in devices C and D. However, we can mention that device
D possessed the closest S; value to 1 due to the virtue of 2% CN
additives, along with the TA effect, which highly matched its
prior performance. Meanwhile, the device that suffers from
bimolecular recombination in ternary OPVs is device II (NA,
2% CN), giving the lowest PCE among ternary devices
(Table 1). It is worth noting that to obtain device performance
that suffers less from bimolecular recombination in ternary sys-
tems, solvent additive can be a good strategy.

The measurement of Vo as a function of Pyjg, helps to iden-
tify the presence of trap-assisted recombination.””*®! Hence,
Figure 5c¢,d shows the logarithmic dependence of the Voc on
Pjigne of the binary and ternary systems, which is represented
by following diode equation.

T T
VocasS; (%) In(Piighe)anig (%) In(Jsc) (2)

where ny4 is the ideality factor of the diode (nqg = S,/S1), k is the
Boltzmann constant, T is the temperature, and g is the elemen-
tary charge. When the value of ny4 is close to 1, it indicates that
bimolecular recombination is the main form of recombination in
the OSC devices,” whereas n;q >1 explains the presence of the
trap-assisted recombination mechanisms.**®% The S, values in
binary iNF-OPVs were calculated by fitting Equation (1) and
obtaining values of 1.746, 1.296, 1.350, and 1.212 that give n;4 val-
ues of 2.156, 1.507, 1.456, and 1.214 (at P ;g >10 mW cmfz) for
A, B, C, and D devices, respectively. However, we obtained nig
values higher than 1 for the 0% CN devices (A and C) than
the 2% CN (B and C) ones. However, the n;4 values were more
close to 1 for the TA (C and D) devices than the NA cells (A
and B). Accordingly, we suggested that the trap-assisted recombi-
nation was mitigated for the devices treated with the 2% CN as
well TA devices. All these factors approve the enhanced FF as well
as the PCEs observed in the B- and D-treated binary devices.
Using the same equation, the S, values of 1.987, 1.293, 2.263,
and 0.991 for device I, II, III, and IV in ternary iNF-OPVs can
be calculated, giving n;q values of 2.405, 1.536, 2.797, and
1.046, respectively. The lower nyq values for 2% CN-treated devices
IT and IV can be attributed to a less concentration of traps in the
bulk, resulting in higher FF values for these devices, as shown in
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Figure 5. Binary and ternary device performance parameters of a,b) light intensity versus Jsc and ¢,d) Voc. Symbols for the experimental data and the red
line for the fitted data. e,f) Jp versus Vg characteristics of the binary and ternary devices under different treatment conditions.

Table 1. Surprisingly, the devices without additive (devices I and
III) show ny4 values higher than 2, which can be related to the
energetic disorder of organic materials in the presence of the ful-
lerene acceptor in PM6:Y7 blend due to nongeminate
recombination.®")

Moreover, the dependence of the photocurrent (Jpy) on the
effective voltage (Veg) was calculated to evaluate the exciton dis-
sociation probabilities (Pyiss), maximum amount of absorbed
photons that provides the dissociation and generation of free car-
riers (Gmay), and the generation rate (G,,) of the free charge car-
riers in the fabricated devices.[6%¢! Jpn is the difference between
light (1) and dark(Jp) current density, Ve = Vo—V, where Vo is
the voltage when Jp, = 0 and V is the applied voltage.”**% We
evaluated the values of Gy.x Paiss, and Gy, using the following
equations (62636566

Grmax = Jsat/ L ¢)
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*)
®)

where ], is the saturation current density, q is the elementary
charge, and L is the thickness of the blend film.

In Figure 5e,f, we plotted double logarithmic-scale curves of
Jph versus Vg for binary and ternary OPVs, respectively. The
obtained results exhibited that the Jpy, of the devices increased
linearly at low Vg (<0.1 V). Then, it tends to saturate by increas-
ing the Vs> 0.2V representing an efficient charge carrier sep-
aration.[”! From the Jsat values extracted from Figure 5c,d, we
can observe that the effect of 2% CN additives in both binary
devices (B, D) and ternary devices (II, IV) has more sufficient
charge carrier separation within the interfaces of the active layer
blend*®? than the 0% CN devices both in binary (A, C) and in
ternary devices (I, I1I). However, the TA devices showed a higher

Pyiss :]SC/Jsat

G =P diss/ Gmax
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saturation behavior than the NA cells, but the effect of the 2% CN
additives was more dominant than the TA effect. Table S2,
Supporting Information, shows the optoelectronic parameters
calculated from the Jp,;,— Veg curves. In binary systems, the values
of the Gy for the NA devices A and B were 1.37 x 10% and
1.66 x 102 m~2 577, respectively, which indicate that more suf-
ficient free carrier generation and dissociation take place in
device B due to the 2% CN additive. The same trend was achieved
by the TA treatment, where the G, of TA devices C and D were
1.40 x 10 and 1.81 x 10*® m™ s77, respectively. It is worthy to
mention the highest value of G, was that for device D, which
consists of the highest Jsc. In turn, these observed results
matched with the G, values (listed in Table S2, Supporting
Information) for the devices which confirm that the photogener-
ated excitons efficiently dissociated into free carriers upon
the 2% CN additive (device B) as well as TA ones (device
D) which correlated with the corresponding performance of
the devices (Table 1). Furthermore, Pg;, of these devices followed
the same trend of D (98.44%) > B (98.05%) and C (97.79%) > A
(96.56%). Accordingly, the highest Py;ss values correlate with the
lower recombination observed for the device D-based NF-OPVs
(Figure 5a,c), reflecting their high FFs, Jsc, and PCEs (Table 1). A
different behavior from binary systems was observed in ternary
systems where the CN additive treatment provides lower G
values of 1.32x10®¥m™> s in NA-device II than that of
1.53 x 10®* m > 57! for NA-device I. In contrast, CN additive
can provide higher G, values of 1.56 x 10®m~3 57! in TA-
device IV than that of III. This result is in good agreement
with the trend of G,,; and Jsc values attained by device II and
IV, showing the poorest and the highest free carrier generation
and dissociation in ternary systems, respectively (Table 1,
Figure 3b and 4Db). It is worth mentioning that all Py values
either for binary or ternary systems are above 90%, indicating
the efficient exciton dissociation and charge collection in our fab-
ricated devices.

The bulk surface morphologies of the binary PM6:Y7 and ter-
nary PM6:Y7:PC,BM blend film ((pristine-NA, 0% CN), (NA,
2% CN), (TA, 0% CN), and (TA, 2% CN)) were investigated using
AFM with morphology and phase modes, as shown in Figure 6.
Interestingly, we observed two different trends regarding the
effect of 2% CN additive and TA. First, for the NA films, where
the addition of 2% CN increased the film roughness root mean
square (RMS) from 2.88 and 1.31 nm (Pristine films—Figure 6a,e)
to 3.67 nm and 1.35 nm (Figure 6b,f) and second and differently,
for the TA films, 2% CN provides a more smooth film surface
from RMS from 1.73nm and 2.07nm (Figure 6c,g) to
1.43nm and 1.36 nm (Figure 6d,h). As compared with binary
films, ternary films have smoother RMS values, especially for
as-cast device and CN-treated devices, demonstrating that
PC;oBM can provide better mixing and smaller domain size
on the blend morphology, which facilitate better charge trans-
port; thus, high FF is obtained (see Table 1 and Figure 5 for
device D vs. device 1V).”®! In binary films, the surface mor-
phology in Figure 6a,c for 0% CN films reveals a strong aggre-
gation in the film blend that commonly produces large phase
separation domains that trap the exciton and hinder the charge
transport.[”) As a sequence, it affects the charge dissociation that
leads to diminishing the Jsc and FF of the fabricated devices, as
verified in devices A and C (Table 1, Figure 3a), which possessed
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the highest leakage current (Figure 3c) and in turn lower PCEs.
In case of device B, however, the 2% CN-based blend films
(Figure 6b) showed higher surface roughness due to 2% CN addi-
tives than the pristine film A, but it demonstrates higher perfor-
mance parameters than device A. Hence, we suggested that the
2% CN additive has the dominant effect on the physical proper-
ties of the film by decreasing the effect of Coulomb interaction
with delocalization, as well as decreasing the domain size that
leads to efficient separation of the excitons providing higher
Jsc and better FF (Table 1) that make morphological roughness
effects less pronounced.>”%”1

Regarding the TA effect in binary films, the TA films showed a
smoother homogenous surface for the 0% CN (Figure 6¢) and
2% CN (Figure 4d) more than the NA blend films. A network
of fiber with less-defined phase separations reflects the homoge-
nous mix of PM6 and Y7. This characteristics indicate the ade-
quate inhibition of molecular aggregation due to the high
thermal stability of the NFAs.['"®! Moreover, this behavior sup-
pressed the carrier recombination and assisted the excitons in
the active layer blend to reach the D/A interface, and in turn dis-
sociated into free carriers,*”) which typically contributed to
enhancing the Jsc and FF of the devices. This obtained results
are in line with device D, which has a lower RMS as well as more
enhanced film crystallization (phase-Figure 6d). That likely facili-
tated the charge transport, which correlated with the closest nig
value to 1, highest Py (Figure 5e), lowest leakage current
(Figure 3c), highest Jsc, FF, and PCE,,,x (Table 1). Accordingly,
the tuning of both CN additives and TA steps are crucial for
achieving the balance of exciton dissociation and charge collec-
tion, prompting better film morphology and increase in the
PCE as confirmed by the case of device D.

To further investigate the impact of 2% CN additives along
with the TA treatment step on the blend film surface, C—V meas-
urements were carried out on the fabricated devices in the dark,
as shown in Figure 7a,b. Figure 7a shows the Mott—Schottky
(A™2C™?— V) plots of binary devices A, B, C, and D; the built-
in potential (V};) can be evaluated by the intercept of the curve
with x-axis, as demonstrated in the figure. The obtained values of
Vi were 0.29, 0.39, 0.36, 0.43V for devices A, B, C, and D,
respectively. We noticed that the Vi,; values were increased by
2% CN additives (devices B higher than A), as well as for the
TA devices (D higher than C); hence, the lowest value was for
the pristine A device (NA, 0% CN) and the highest value was
for device D (2% CN and TA). Consequently, the low V}; leads
to low FF accompanied by diminishing the V,,"® which is in
line with the obtained values in device A and C (Table 1), con-
firming the reduction in the PCEs of these cells. It is worth men-
tioning that device D demonstrates a prior high chemical
capacitance among the other OPVs, as shown in Figure 7a,
due to the tuning of both 2% CN additives and TA treatment,
resulting in less-localized states in the bandgap!*® that lead to
better Voc and FF besides higher PCE."? In the case of ternary
iNF-OPVs, as shown in Figure 7b, a similar behavior was
observed due to the addition of 2% CN, in which the V; values
increase for 2% CN-devices II and IV (0.43V and 0.49 V) com-
pared with the 0% CN-devices I and III (0.39 V and 0.41V). As
observed for device I and III, at lower Vj,;, the photovoltaic cells
do not work efficiently as at forward voltages, the net field in the
device reverses, thereby impeding charge carrier extraction
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Figure 6. AFM topography and phase images of the binary PM6:Y7 and ternary PM6:Y7:PC;oBM blend films of a,e) pristine-NA, 0 % CN, b,f) NA, 2% CN,

¢,g) TA, 0% CN, and d,h) TA, 2% CN.

instead of helping it. As a consequence, the devices with low V;
can lead to low FF, as shown in Table 1 (devices I and III have
lower FFs than devices II and IV). The results are in agreement
with the observation from Upama et al.'®

IS measurements were carried out to gain more information
about the electronic properties of the fabricated devices regarding
the interfacial charge transfer and carrier recombination./”’!
Figure 7c,d shows the Nyquist plots for the binary and ternary
fabricated devices at open-circuit bias voltage under illumination,
which correlated with the efficient transfer at the active layer/
electrode interface.”* The figure demonstrates a typical semicir-
cle behavior with real part of impedance (Z’(€)) as x-axis and
imaginary part (Z”(Q)) as y-axis at open-circuit conditions. In
the binary system, as shown in Figure 7c, we observed that
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the 2% CN additive devices (B and D) showed a smaller arc
radius than the 0% CN (A and C) ones. In addition, regarding
the TA devices, devices C and D showed lower impedance
and smaller arc radius than devices A and B, respectively.
Furthermore, as Arredondo et al. proposed, the impedance arc
at low frequency is an indication for charge accumulation that
cannot be extracted by the contacts of the device.”* Hence,
in Figure 7c, we can see that for the binary system, the low-
frequency arc decreases by the addition of 2% CN as well as
TA treatment, which is in the same line as the arc size. This
behavior confirms the lower performance of device A (NA. 0%
CN, Table 1) as it possesses the highest low-frequency arc which
describes the more pronounced charge accumulation impact that
could originate from the pristine morphology disorder of the
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Figure 7. a,b) Mott(Schottky plot in the dark at 1 kHz of the binary and ternary iNF-OPVs. ¢,d) Nyquist plots at Voc under AM 1.5 G illumination of the
binary and ternary devices, using symbols for the experimental data and the fitting results in solid lines by applying the equivalent circuit in the inset of the
figure. e,f) DOS as a function of |kgTInw| at Voc under AM 1.5 G illumination of the binary and ternary iNF-OPVs.

blend.!"® This consideration is correlated with the high leakage
current and low Vi; of the pristine device A. On the other hand,
for device D, which has the less low-frequency arc, reflecting the
efficient charge extraction through the device results in lower
leakage current, higher V};, and as a consequence, better device
performance. Same behavior was obtained for the binary devices
at maximum power point voltage (Vipp) and short-circuit current
(voltage = 0'V) in Figure S8a,b, Supporting Information. In the
ternary systems, as shown in Figure 7d, the 0% CN-devices (I and
III) have almost similar arc radius, whereas the 2% CN-devices
(Il and IV) have a totally different arc radius depending on the TA
treatment given. It is interesting to mention that ternary devices
have lower Z’—Z" values than binary devices where the mini-
mum Z’ values seem to be similar but the maximum Z’ values
lower. It may correlate with the higher FF and better morphology
for ternary than binary counterparts (Table 1) mainly due to the
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higher Rg), with similar Rs. Another observation in short-circuit
conditions (Figure S8, Supporting Information) for ternary and
binary devices is that the ternary devices have almost twofold
higher Z’-Z" values than binary devices. It indicates that binary
devices show rapid charge extraction, whereas ternary devices
show slower charge extraction, which contribute to the Jsc values
of the devices and agree with the result from Table 1 and the
optical analysis; Jsc of binary devices contribute more to the
PCE enhancement. The PCE of ternary devices is mainly affected
by the optical properties of the blend, wherein in this case binary
shows a much higher PCE with TA and additive treatment,
whereas the ternary devices show an inverse trend.

To get more information on the physical parameters of the
fabricated cells, we conducted an electrical equivalent circuit
to fit the experimental Z'—Z" data. The electrical component
used to fit the plot (solid lines) is shown in the inset of
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Figure 7c for the binary devices and inset of Figure 7d for ternary
devices. The fitted parameters are shown in Table S3, Supporting
Information. The mentioned equivalent circuit consists of resis-
tive/capacitive (RC) elements, where a distributed resistor (R)
represents the resistance of electron transportation in each layer,
where Ry, R,, and R; refer to ZnO, blend active layer, and the
V,0s layer, respectively. In addition, C refers to the geometrical
capacitance values of each layer, proving a parallel association of
the resistor and capacitor for 3 RC elements in series. Rs repre-
sents the series resistance from the metallic wires and the ohmic
components such as ITO layer Ag electrodes?’*”*) and L is the
added inductor to fit the data at high frequency.”*' It is important
to mention that the model for the binary system composed of an
extra implemented R,C, in series, which is attached in parallel
to R,C,, corresponds the active blend layer obeying Debye’s
model.”*! This model was the most suitable to fit the experimen-
tal data to explain the effect of the 2% CN additive and TA treat-
ment conducted in the binary blend. This model considers the
presence of a single type of trap created in one layer.”®

From the fitting data shown in Table S3, Supporting
Information, we exhibited that the fitting capacitance values
for each layer were in good agreement with the theoretical values
shown in Table S4, Supporting Information. This might indicate
that at Vo, the IS data were controlled by the geometrical capaci-
tances provided by the metal—insulator—metal (MIM) model
reflecting the presence of fully depleted layers.””! From the fitted
resistance values for each layer of the fabricated devices
(Table S3, Supporting Information), it can be seen that the R
value is low in all devices within the range of 2.0-3.0Q.
First, by investigating the effect of 2% CN additives on the binary
blend, we found that the R, values of device B (17.0 Q) were less
than that obtained in device A (22.0 Q). In addition, device D
showed R, value of 20.0 Q, which is lower than the one of device
C (25.0 Q). Hence, 2% CN additives suppress the R, leading to a
better path for charge transportation within the blend film./”*!
Effects of additives in ternary R, values were quite opposite to
the binary device in which ternary device II has higher R, values
(15.0 Q) than device I (10.0 Q). In addition, device IV showed
higher R, value of 15.0 Q than device III (10.0 Q). This result
is in good agreement with the Rs values obtained from the dark
J—V characteristic in which 2% CN-treated devices showed
higher Rg values than 0% CN-treated devices (Figure 3d).
Regarding the ZnO and V,Os interfacial layer within binary
and ternary devices, we revealed no clear effect upon the 2%
CN additives in binary devices; however, a clear effect was
observed in ternary devices. The ZnO and V,Os interfacial layer
in ternary devices upon 2% CN show higher R; and lower
R; values than 0% CN, respectively. Thus, the total resistance
(Rrotal) evaluated for the devices (listed in Table S3,
Supporting Information) was mainly controlled by the R, of
the blend for binary device and R; of ZnO for ternary device.
In binary devices, it followed the same trend of R, showing
higher values for device A and C, verifying their low iNF-OPV
performance and the smaller Ry, value for devices B and D,
confirming the enhanced iNF-OPV performance. This trend
of resistance obtained for the devices was confirmed by
the Bode plot curve in Figure S7a, Supporting Information.
Furthermore, this obtained behavior agreed with the Rg values
obtained by the J—V characteristics under illumination (Table 1).
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Second, as for the TA effect in the binary device, by comparing
device A with C and device B with D, we showed that the R, val-
ues of the TA blends were a bit higher than NA films for both 0%
and 2% CN devices, as shown in Table S3, Supporting Information.
However, it was surprising that Ry and R; for the interfacial layers
(ZnO and V,0s) were clearly diminished, resulting in reducing the
Rpoia of the TA devices. This observation confirms the enhance-
ment in the interface between the blend and the interfacial layers,
which might be due to the homogenous film morphology obtained
for the TA blend films as discussed previously. Hence, it was inter-
esting to find that both 2% CN and TA treatments contributed in
reducing the impedance of the fabricated devices, which might
indicate less embedded traps in the related blend film that highly
matched with the calculated nyq value observed for device D. In
addition, these behaviors followed the same trend obtained in
the previous discussed characteristics, confirming the enhance-
ment effect upon combining multiple treatments. In ternary devi-
ces, again, a different behavior was observed upon TA. The TA-
devices III and IV have lower R, for ZnO layer compared with that
of devices III and IV; however, the same R; for V,0s layer was
observed. It is worth noting that the R; value of device II is the
highest among ternary devices, which can be attributed to the lower
quality of the interface between the blend and interfacial layers, as
observed by AFM analysis in Figure 6e—h.

Though the best device performance was obtained by the
binary system under combined treatments (device D, TA, 2%
CN), except for the pristine devices (A, I), it is important to notice
that the highest FF values were attained by ternary device IV (TA,
2% CN) due to the improvement of blend morphology by the
addition of PC;oBM. This result is in good agreement with
the lower Z’ values measured for ternary systems. In addition,
the experimental Z'—Z" for ternary devices can be fit excluding
the Debye model, that is, without including impeded trap effects.
Therefore, the reason behind the best performance of binary
OPVs was its high Jsc value related to its optical properties as
well as a high dissociation probability.

An alternative way for understanding the recombination
mechanisms using IS technique is the measurement of the
capacitance—frequency (C—f) to calculate the trap DOS. This
characterization was conducted for OPVs in many research
works to obtain the change in trap emission and disorder-
induced tail states within the devices,.”>”*®! Therefore, the
traps” DOS at a given energy level, E,, can be evaluated by the
variation of the capacitance of the device with frequency. This
correlated with the trapping and the charge release by shallow
traps in the bandgap near the Fermi energy level, as explained

bY Equation (2)_[80,81]
Vocw 0C
D E _ e
OS( m)traPS t1qTky d© ©

where C is the measured capacitance, Voc is the open-circuit
voltage obtained by the J—V characteristics under illumination
conditions, w is the angular frequency, ¢t is the layer thickness,
kg is the Boltzmann constant, g is the electron charge, and T is
room temperature (300 K).

To observe the relation of the trap DOS as an energy depen-
dent, the following equation has been applied.
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(Eo)taps = kBTln? = Eo — kg Tlnw (7)
where f is the cross section and N is the effective DOS.®? Since
assuming that 2N is independent of the frequency value, the
change in its value is related to the shift in the DOS values
on energy scale (Eo).””!

Figure 7e shows the calculated trap DOS plotted as a function
of energy for the fabricated binary devices. It shows a single expo-
nential trap distribution for all samples, where almost same slope
values were detected, which define the same trap activation
energy and carrier response.®® Regarding TA treatment, we
did not see much change in the DOS value from device A to
C or from B to D. However, a shift in Ey value was observed,
showing higher DOS of B and D devices with 2% CN more than
device A and C with 0% CN. This behavior can be explained by
Equation (3), assuming that this small shift of Eg or higher DOS
values might result from the decrease in the SN value, which
means higher obtained energy because of less-localized shallow
trap sites created due to the addition of 2% CN to the blend
film. 73818284851 The details regarding the calculation of the
energy shifting values are explained in the Supplementary
Information. By comparing the energy shift values of the 0%
CN devices (A and C) and the 2% CN ones (B and D), as shown
in Figure S9a,b, Supporting Information, we obtained that the
0% CN devices exhibited almost double trapping sites more than
the 2% CN-treated ones. This observation confirms the superior
performance of the B and D devices due to the addition of 2% CN
that diminished the presence of defects inside the devices. This
behavior was interestingly highly matched with the Ey study dis-
cussed previously in Figure S6a, Supporting Information, and
with the impedance behavior in Figure 7c along with the perfor-
mance obtained in Figure 3a, which explains the higher FF, Vo,
and Jsc obtained for these binary devices. Similar behavior was
noticed with ternary devices, where the same trap activation
energy observed by almost same slope values for 0% CN-devices
(I, III) than 2% CN-devices (II, IV), as shown in Figure 7f. Hence,
ternary devices manifested higher trap states distributed in the
0% CN devices than the 2% CN cells, as presented by the energy
shifting values in Figure S9c,d, Supporting Information, which
matched with the device performance obtained for I and III
OPVs. Furthermore, like binary devices, TA-treated (III, IV)
and NA-treated (I, II) ternary devices also show insignificant
change in the DOS values. However, higher DOS values were
observed for ternary devices compared with binary devices.

Regarding the previous discussed characteristics, we conclude
that the 2% CN possessed the major effect on the performance
of the binary and ternary devices, especially for the Jsc and FF
parameters, respectively. In addition, TA treatment assisted the
improvement of blend morphology, resulting in higher Voc and
FF along with the PCE in binary blend, whereas TA treatment in
ternary devices can be effective with the addition of 2% CN.

3. Conclusion

In summary, we investigated the role of the CN solvent additive
and TA treatment on the high-performance NF-based binary and
ternary OPVs. Two different blends, binary PM6:Y7 and
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fullerene-added ternary PM6:Y7:PC;0BM, were comparatively
studied. We found that the solvent additive improves the perfor-
mance for both binary and ternary iNF-OPVs by superior
enhancement in the Jsc and the FF of the devices, respectively.
An improvement in Jsc values is noticed in the binary system
mainly due to its high EQE values and high dissociation proba-
bility. In addition, an increase in FF values for ternary devices is
in good agreement with the lower Z’ values measured, and the
experimental Z’'—Z" for ternary devices can be fit excluding the
Debye model, that is, without including interface trap effects.
Furthermore, an opposite behavior was observed by applying
TA treatment for binary and ternary iNF-OPVs, in which TA
treatment provides a higher PCE for binary iNF-OPVs mainly
due to the increase in Voe. Thus, the dual role of additive
and TA treatments is beneficial for improving the binary device
performance. In contrast, TA treatment plays a different role in
ternary iNF-OPVs, where without the addition of CN, TA treat-
ment aggravated the performance due to PC,,BM aggregation
upon TA, whereas with the addition of CN, TA treatment plays
a dual role with CN by further increasing device performance
probably due to the high-boiling-point CN additive to help bal-
ance the aggregation of PC;,BM. Hence, the study highlights
the significance of solvent additive and TA treatments on the
active layer morphology and its consequence to device perfor-
mance. The process engineering demonstrated in this work
can be useful in optimizing the NF-based photovoltaics by taking
into account that even small amount of third component may not
give similar device performance parameters using the same
treatments.

4. Experimental Section

Materials: PM6 (poly[2,6-(4,8-bis (5-(2-ethylhexyl-3-fluoro)thiophen-2-yl)
benzo[1,2-b;4,5-b'dithiophene))-alt-(5,5-(1/,3’-di-2-thienyl-5',7-bis (2-
ethylhexyl)benzo[1/,2"-c:4’,5'-c’|dithiophene-4,8-dione)]) polymer donor
and Y7 (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] pyrrolo[3,2-
g]thieno[2,3":4,5]thieno[3,2-b]indole-2,10-diyl) bis (methanylylidene))
bis(5,6-dicholoro-3-ox0-2,3-dihydro-1 H-indene-2,1-diylidene))dimalono-
nitrile) NFA was purchased from One-Material Inc. The fullerene acceptor
PC70BM ([6,6]-phenyl-Cyo-butyric acid methyl ester) was supplied from
Solenne BV. 1-chloronaphthalene (CN) solvent additive was obtained from
Sigma-Aldrich. Zinc acetate dehydrate was obtained from Sigma-Aldrich.
Vanadium oxide (V,0s) and high-purity silver (Ag) wire (99.99%) were pur-
chased from Sigma-Aldrich and Testbourne Ltd., respectively.

Device Fabrication: The NF-OPV devices were fabricated in an inverted
structure of ITO/ZnO/active layers/V,0s/Ag. The indium tin oxide (ITO)-
coated glass substrate with the sheet resistance of 10 2 cm™? was cleaned
with deionized water/detergent and then sonicated in acetone, methanol
and isopropanol solution in a sequence for 10 min, respectively. The
cleaned ITO—glass substrates were dried under nitrogen stream and
transferred to an oven for 10 min at 100 °C. Before fabrication, the sub-
strates were treated in UV—ozone for 15 min to remove any organic res-
idues and activate the ITO surfaces. The zinc oxide (ZnO) precursor was
prepared by sol—gel method according to our previous work.>#¢ Zinc
acetate dihydrate 150 mg was dissolved in 1 mL of 2-methoxyethanol with
30 pL ehanolamine; then, the mixture was left for 1 h under vigorous stir-
ring at 70 °C and was diluted by methanol in 1:1 (v/v) ratio to obtain ZnO
precursor solution. The ZnO precursor solution was spin coated on top of
the precleaned ITO substrates at 4000 rpm for 40's and then annealed in
air for 1h at 200 °C. The ZnO-coated ITO substrates were brought to a
nitrogen-filled glove box for active layer deposition. The binary PM6:Y7
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blends with the weight ratio of 1:1 were dissolved in chlorobenzene to
prepare the total concentration of 20mg mL™' solution. The ternary
PM6:Y7:PC;0BM blends with the weight ratio of 1:1:0.1 were dissolved
in chlorobenzene to obtain the total concentration of 20 mg mL™" solu-
tion. All blend solutions were stirred and heated on a hotplate at 80 °C for
3 h. Different concentrations (from 0vol% to 2 vol%) of 1-chloronaptha-
lene were added as the solvent additives before device fabrication to study
the effect of addition of the additives for all blends. The blend solutions
were spin coated onto the ZnO/ITO substrates to obtain an active layer
thickness of around 100 nm. Then, the prepared films were treated with
and without TA at 100 °C for 1 h to study the effect of TA treatment on the
performance of the binary and ternary solar cells. The substrates were
finally transferred into an evaporation chamber inside the glove box where
5 nm of V,05 and 100 nm Ag were sequentially deposited under high vac-
uum conditions (< 1 x 107° mbar). The V,Os layer was deposited at a rate
0f 0.05 kA s™" and the Ag film rate was 0.1 kA s for the initial 10 nm thick-
ness and then increased to 0.4 As™" till 100 nm film thickness that was
conducted through 190 min.®”) This slow rate of evaporation was con-
ducted to provide a smoother interface in addition to avoid the degrada-
tion that might happen to the V,0Os thin layer during Ag deposition. The
effective area of devices was 0.09 cm?.

Device Measurement and Characterization: The current density—voltage
characteristics, namely, the short-circuit current density (Jsc), open-circuit
voltage (Voc), FF, and PCE, were extracted using a Keithley 2400 Source
Measure Unit with a solar simulator (Abet Technologies model 11000
class type A, Xenon arc) as an artificial light source. The standard light
intensity of the AM 1.5G spectrum was calibrated by an NREL-certified
monocrystalline silicon photodiode. The devices were tested under illumi-
nation at light intensity of 100 mW cm ™2 Moreover, dark measurements
were carried out to obtain /—V dark curves. All the /—V characteristics were
conducted at room temperature. ]—V curves were measured in the forward
direction from -1 to 1V, with a scan step of 0.01 V. V¢ and Jsc over dif-
ferent light intensities were obtained by J—V measurements under the
solar simulator using a set of optical density filters. The EQE measurement
took place using Lasing IPCE-DC model with the series number LS1109-
232 under a forward-wavelength sweep direction from 300 nm to 800 nm.
The PL measurement was carried out on a Fluorolog Horiba Jobin Yvon
spectrofluorimeter using 600 nm excitation wavelength. IS measurements
were carried out under simulated AM 1.5G illumination using an HP-
4192A impedance analyzer. Impedance data were extracted at three differ-
ent dc levels: short-circuit current point, near maximum power point, and
close to open-circuit point, superimposing an ac signal with 5 mV ampli-
tude in the frequency range between 5 Hz and 2 MHz. The IS experimental
data were fitted using Ivium software analyzer. All devices were measured
in a sealed holder in N, atmosphere. Furthermore, the impedance ana-
lyzer was used to measure the C—V at 1 kHz with the voltage range from
—1V to 1V in the dark. The performance of the devices was tested both
prior to and after the impedance measurements with no sign of degrada-
tion. Blend film morphologies’ topography images were obtained by AFM in
a tapping mode using silicon probes with a spring constant of -5 N m™"
and a resonant frequency of 75 kHz. Molecular Imaging Pico SPM Il instru-
ment (pico+) software was used to analyze the surface morphology images.
The absorbance spectra were collected by a UV—vis/near infrared (NIR)
spectrometer at room temperature.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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