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1-Chloronaphthalene-Induced Donor/Acceptor
Vertical Distribution and Carrier Dynamics Changes
in Nonfullerene Organic Solar Cells and the Governed

Mechanism

Xinjun He, Christopher C. S. Chan, Jinwook Kim, Heng Liu, Chun-Jen Su, U-Ser Jeng,
Haibin Su, Xinhui Lu, Kam Sing Wong, and Wallace C. H. Choy*

Electron donors and acceptors in organic solar cells (OSCs) shall strike

a favorable vertical phase separation that acceptors and donors have
sufficient contact and gradient accumulation near the cathodes and
anodes, respectively. Random mixing of donors/acceptors at surface will
result in charge accumulation and severe recombination for low carrier-
mobility organic materials. However, it is challenging to tune the vertical
distribution in bulk-heterojunction films as they are usually made from a
well-mixed donor/acceptor solution. Here, for the first time, it presents
with solid evidence that the commonly used 1-chloronaphthalene (CN)
additive can tune the donor/acceptor vertical distribution and establish
the mechanism. Different from the previous understanding that ascribed
the efficiency enhancement brought by CN to the improved molecular
stacking/crystallization, it is revealed that the induced vertical distribution
is the dominant factor leading to the significantly increased performance.
Importantly, the vertical distribution tunability is effective in various hot
nonfullerene OSC systems and creates more channels for the collection of
dissociated carriers at corresponding organic/electrode interfaces, which
contributes the high efficiency of 18.29%. This study of the material vertical
distribution and its correlation with molecular stacking offers methods

for additives selection and provides insights for the understanding and
construction of high-performance OSCs.

1. Introduction

In today’s high-performance OSCs, addi-
tives have been widely employed to
optimize the morphology and thus sig-
nificantly improve the device photovoltaic
performance. 1-Chloronaphthelene (CN)
is one of the most commonly used addi-
tives in organic active layer to tune the
aggregation behavior of donors and accep-
tors during film formation process.'™
The improvement brought by CN has
been ascribed to more ordered molecule
stacking and higher crystallinity in organic
films which leads to better charge dissocia-
tion and collection.>8] However, it draws
our attention that the molecular stacking
in organic films has very slight change
upon CN addition whereas the device
efficiency has significant improvement.
Particularly, the state-of-the-art donors/
acceptors has very sophisticated chemical
structures with delicately tailored back-
bone and side chain to balance crystallinity
and molecular stacking.* For example,
the typical 77 stacking distances that
reflects on the inter-molecular interaction
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in organic active layer remains almost no change upon CN
addition while the efficiency has a huge jump in the star non-
fullerene PM6:Y6 systems (chemical structure in Figure S1,
Supporting Information).”””1®l The change of corresponding
crystal coherence length (CCL, in relation to molecule crystal-
linity) is generally within 0.3 nm. Correspondingly, it has been
reported that ~20 nm domain size is favorable for exciton dis-
sociation and charge transportation due to limited exciton
diffusion length.[”18] These results indicate the current under-
standing about the function of CN additive in OSC is still incon-
clusive, which however is very important for the understanding
and construction of high-performance OSCs.

It is generally believed that the electron donor and acceptor
domain in active layer shall strike a balance between misci-
bility and phase separation to guarantee large donor/acceptor
contact area and big domains gradiently enrich near anode/
cathode, respectively. In this regard, the fabricated OSCs will
simultaneously achieve efficient exciton dissociation at the
donor/acceptor interface and fast charge transportation in the
domain.”"! Contrarily, random mixing of donor and acceptor
materials at the interface will result in counter-charge accumu-
lation and severe charge recombination especially for low car-
rier mobility organic materials.[2%

In this work, we reveal that the commonly used CN additive can
effectively tune the donor/acceptor vertical distribution in bulk-het-
erojunction (BH]J) films, which was neglected and its contribution
to device performance was covered up. We fundamentally explain
that the large disparity of boiling points between the additive and
main solvent in the blend solution, together with the different
CN-donor/acceptor interaction, has led to the distribution discrep-
ancy. Such structure creates more channels for the collection of the
dissociated charges at the corresponding electrode interface. Dif-
ferent from previous understanding, we found the induced donor/
acceptor vertical distribution is the main factor that leads to the
efficiency enhancement while the slightly improved crystallization/
aggregation brought by CN has very limited influence on the device
performance. Meanwhile, the tunability of vertical distribution can
be generally applied in various hot nonfullerene OSC systems
including PM6:Y6, D18-CLY6:PC;,BM and D18-CL:N3:PC4BM
(chemical structure in Figure S1, Supporting Information), con-
firming the mechanism is wide applicable and contributing to a
high efficiency of 18.29%. In addition, we also confirm that the CN
engaged device is very stable with little degradation in power con-
version efficiency (PCE) after storage at glove box for over 2600 h.
To the best of our knowledge, this is the first work presents solid
evidence that CN can tune the donor/acceptor vertical distribu-
tion and clarifies its importance compared to the slightly better
molecular stacking brought by CN. It contributes to better under-
standing about morphology control, and offers guidelines to the
selection of new additives for constructing high-performance OSCs
by simple one-step process of BH] active layers.

2. Result and Discussion

In this study, we firstly demonstrate that CN will induce favour-
able vertical distribution in BH]J film and then to clarify that it
dominantly contributes to the better efficiency compared to the
slightly better molecular packing/crystallization. To establish

Small Methods 2022, 2101475

2101475 (2 of 8)

www.small-methods.com

the mechanism for the distribution discrepancy, a benchmark
nonfullerene OSC system is selected with PM6:Y6 as light
absorbing layer, chloroform as main solvent and CN as addi-
tive. In this scenario, additive CN has much higher boiling
point of 263 °C compared to the host solvent chloroform
(CF, 61 °C), the majority of the chloroform will quickly vola-
tilize and the increasing concentration of CN will magnify the
solubility difference between donor and acceptor during the
film drying process.*"?2l The component (acceptor in this case)
that has a stronger interaction with additive shall follow the
volatilization of high boiling point CN to the top surface while
the other component will enrich at the bottom. In order to esti-
mate the interaction between additive CN and donor/acceptor,
Hansen solubility parameters () are calculated by group con-
tribution method.*3-?%] For the case of PM6:Y6, Spyg = 19.12,
Sys = 19.88 and ¢y = 20.65. Accordingly, the solvent-molecule
interaction (J..,) can be calculated by Flory-Huggins theory:
Iomecn = 0.602 and yye.cn = 0.561. A lower y value indicates
a stronger interaction. Considering the stronger Y6-CN inter-
action and the high molecular weight of the PM6 (framework
of the blend), Y6 is prone to follow the CN volatilization to the
top surface while PM6 will gradiently enrich at layer bottom
(Figure 1a). To verify the conjecture and visualize this process,
we have conducted thin layer chromatography (TLC) meas-
urement with cellulose as the stationary phase. As shown in
Figure 1b, the blended donor and acceptor (right) remain in a
mixed state after the pure CF elution. On the contrary, when
CN is incorporated (CF:CN ratio of 1:1), an obvious colour
stratification occurs with dark cyan on top and purple at bottom
(the left photo of Figure 1c). Importantly, in Figure 1b where
pure CF is employed, the thin layer (cellulose substrate) will
quickly dry (several seconds) after taking out from the elution
agent, but it keeps wet when CN is incorporated due to its high
boiling point of 263 °C (the left photo of Figure 1c). The excess
CN in the substrate will volatize and further extend (upward in
particular) in the substrate. Following that, the acceptor (dark
cyan) has reached the top of the substrate whereas the donor
(purple) remains little change (the right photo of Figure 1c).
We understand that the TLC results can not represent the real
film-formation process as there is not cellulose in the fabrica-
tion process. However, it still serves as a strong evidence to sup-
port the proposed mechanism as it proves that CN has stronger
interaction with Y6 and it will continue to influence the Y6 dis-
tribution even after spin coating due to the high boiling point.
We then apply this mechanism in the real film-formation pro-
cess to identify how the additive will influence the vertical distri-
bution of donor/acceptor in BHJ film. We firstly investigate the
morphological changes of the PM6:Y6 films with different CN
additive ratios. As shown in Figure 2a, the atomic force micro-
scopic (AFM) images shows that the film without any additive
(0%) displays a smooth surface with a root-mean-square rough-
ness (Rpums) of 1 nm, indicating that the donor and acceptor
materials are well mixed in the blend films (the corresponding
phase image is shown in Figure S2, Supporting Information).
After incorporation of CN, there are many small protrusions at
the top surface and they grow bigger when CN content increases.
The corresponding Ryys of the films slightly increase to 1.12 nm
when the additive ratio increases to 0.75%, which improves the
contact area to cathode and favours carrier collection. At higher

© 2022 Wiley-VCH GmbH
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Figure 1. a) The illustration of the additive induced vertical distribution. After additive volatilization, acceptor gradually enriches at layer top (pink)
while donor enriches at bottom (purple). TLC results of neat donor, acceptor, and blend materials with the elution agent b) pure CF (CF:CN = 1:0),

and ¢) CF:CN =1:1.

CN content of 1% and 1.25%, the surface roughness increases
vastly to 5 and 13 nm, with height fluctuation of 34.3 and
100.9 nm, respectively. The ultraviolet-visible (UV-Vis) absorp-
tion spectra of the neat film and blend films with various addi-
tive ratios are provided in Figure 2b. Two main absorption peaks
at around 610 and 810 nm can be assigned to donor and acceptor
absorption peaks, respectively. It clearly shows that with the
increase of additive ratio, the absorption peak at around 810 nm
(Y6 absorption peak) has red shifted. At 1.25% CN content, its
spectrum at long wavelength region is very close to neat Y6 film.
These results suggest that Y6 in the blend film has aggregated2®!
upon CN incorporation and the large bright domains in AFM
images can be explained by Y6 aggregation or molecule packing.
Photoluminescence (PL) spectra of the blend films and PM6
neat films are provided in Figure 2c and Figure S3 (Supporting
Information), respectively. The PL spectra are intensified with
the increase of CN ratio, suggesting an increasing trend of phase
separation in the film. For example, the PL signal is about five-
fold of the 1.25% sample compared to the 0.75% sample at about
670 nm, which means that donor and acceptor are more segre-
gated in 1.25% sample. We have also conducted water contact
angle test to shed light on the surface property evolution of the
films (Figure S4, Supporting Information). The extracted contact
angle value is provided in Figure 2d, the contact angle encoun-
ters a decrease with the increase of additive ratio. The water
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contact angle of neat PM6 and Y6 films are given in Figure S5
(Supporting Information) with value of 109.2° and 98.1°, respec-
tively. The fractional surface area of each component in the
active blend can be estimated from Cassie’s equation (o is the
fractional surface area of each component):

COS BOpiend = Opms COSOpy + Oy COS Oy (1)

The calculated factional surface of PM6 and Y6 is listed in
Table S1 (Supporting Information). It suggests that the propor-
tion of Y6 at the surface increases with the raise of CN ratio.
To further uncover the elemental distribution of the films, we
have implemented time-of-flight second ion mass spectroscopy
(ToF-SIMS) measurement on the samples with a configuration
of indium tin oxide (ITO)/poly(3,4-ethylenedioxythiophene):
polystyrene sulfonate) (PEDOT:PSS)/PM6:Y6. Figure 2e
exhibits the elemental intensity evolution with sputtering time
in the sample without CN incorporation. The stabilized signal
of cyano group (CN7), ST, and InO~ emerge in order, displaying
a clear hierarchical structure of ITO/PEDOT:PSS/PMG6:Y6.
Since F~ signal is very sensitive to the changes and it exists in
both PM6 and Y6 while CN™ exists in Y6, here we use CN7/
F~ as the indicator to represent the dynamic ratio evolution of
PM6/Y6. The CN~/F~ value shall be 0 for the neat PM6 film
and a positive value for Y6 film. A lower CN™/F~ value suggests

© 2022 Wiley-VCH GmbH
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Figure 2. a) AFM images, b) UV-vis spectra, c) PL spectra, and d) contact angle (water) of PM6:Y6 films casted from solutions with different addi-
tive ratios. €) ToF-SIMS measurement of the PM6:Y6 films without CN additive. f) CN/F~ ratio versus sputtering time of different active layers. g) TA
spectra of the PM6:Y6 film with 0.75% CN incorporation recorded from front (top) and back (bottom) pumping.

a higher PM6 ratio and lower Y6 ratio. Importantly, the CN~/F~
ratio shows low variation in the control film without additive
(100-500 s, Figure 2f), indicating a relatively more homoge-
neous distribution of PM6 and Y6 over the active layer. Differ-
ently, the CN™/F ratio gradually decreases in the films with CN
incorporation (0.75% and 1.25%), which means that Y6/PM6
ratio decreases in the vertical direction of the film and confirms
that Y6 is enriched at the top region of the film (The separate
CN™ and F~ ToF-SIMS profiles of different additive ratios are
provided in Figure S6, Supporting Information).

We have also conducted transient absorption (TA) charac-
terization on the front and back sides of the samples with laser
pumping at both sides (800 nm). The corresponding spectra of
samples with and without CN incorporation are displayed in
Figure 2g and Figure S7 (Supporting Information), respectively,
and the peak at around 840 nm is ascribed to ground state bleach
(GSB) of the acceptor Y6. For the 0.75% CN sample, an intensi-
fied peak in the front-pumping spectrum is captured compared to
its back counterpart. Meanwhile, there is little difference between
the front- and back-pumping spectra of the sample without CN.
The results manifest that CN-incorporation can successfully tune
the donor/acceptor vertical distribution in the BHJ film. In a con-
ventional structured device, such a top Y6 enriched morphology
with better phase separation is more beneficial to the charge
transportation.
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Next, we have fabricated OSCs with a conventional
configuration of ITO/PEDOT:  PSS/PM6:Y6/2,9-bis[3-
(dimethyloxidoamino)propyljanthra[2,1,9-def:6,5,10-d’e’f’]
diisoquinoline-1,3,8,10(2H,9H)-tetrone (PDINO)/Ag where the
active layers are made from different additive ratio to reveal
how the vertical distribution will affect the device optical and
electrical properties. The device performances are summa-
rized in Table S2 (Supporting Information). The PCE firstly
increases and then decreases with increasing CN ratio. The
OSC with 0.75% CN shows the highest PCE of 16.75% with
open circuit voltage (Voc) of 0.849 V, short circuit current
(Jsc) of 26.27 mA cm™ and fill factor (FF) of 0.75. To under-
stand the improved device performances, we have conducted
various measurements including J-V measurement under dif-
ferent light intensities, photocurrent versus effective voltage,
space charge-limited current (SCLC) measurement on the
devices to probe into the exciton and carrier dynamics. The
detailed discussion is provided in the supporting information
(Figures S8-S13, Supporting Information). Briefly, the device
with 0.75% CN incorporation presents suppressed bimolecular
recombination at short-circuit condition, highest exciton dis-
sociation probability (95.6%) and charge collection probability
(85.1%), and the most balanced hole and electron mobility
(Un/le = 1.13), which accounts for the higher FF and better
performance of the device. It shall be noted that since CN will

© 2022 Wiley-VCH GmbH
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Figure 3. a) Illustration of the PL sampling process. PL spectra of b) D18-Cl and Y6 neat films and blend films (D18-Cl:Y6:PC;;BM) excited from front

or back of the sample c) as-cast and d) with 0.25% CN incorporation.

concurrently increase the donor/acceptor crystallization and
tune their vertical distribution, it is important to distinguish the
contribution of performance enhancement brought by these
two factors, which will be discussed in the final part.

To explore whether the CN-induced vertical distribution
is generally applicable, we have also investigated the effect
brought by CN in two top-efficiency OSC systems including
D18-CL:Y6:PC;,BM and D18-Cl:N3:PC¢;BM.[#28] We have con-
ducted TLC, UV-vis absorption spectroscopy, contact angle,
AFM and PL measurement on the films without and with CN
incorporation (denoted as as-cast and additive film, respec-
tively). These two systems present identical trend and very
similar to aforementioned PM6:Y6 system. We select D18-
Cl:Y6:PCy;BM to demonstrate the CN-induced vertical distribu-
tion and the corresponding influence on device performance
comparing to simple improved donor/acceptor crystallization/
stacking. Firstly, the TLC results are shown in Figure S14 (Sup-
porting Information), a clear donor/acceptor stratification is
captured after CN addition. Secondly, we have excited the sam-
ples from front or back side to record their photoluminescence
behaviour and further to evaluate the vertical distribution of
donor and acceptor materials in the blend film. Since the exci-
tation wavelength is 510 nm and the acceptor has weak absorp-
tion at this wavelength, the excitation power shall be weak
enough to ensure only the surficial materials are excited. The
sampling process is illustrated in Figure 3a. Figure 3b shows
the PL spectra of neat D18-Cl and Y6 films with a broad peak at
600-700 and 800-900 nm, respectively, which is consistent with
other reports.?3% Importantly, the neat donor and acceptor
present distinct peak location and can be clearly distinguished
from the PL results. In Figure 3c, the as-cast film shows two
PL peaks can be well indexed to the donor and acceptor. Mean-
while, the back-excitation PL signal has similar shape to the
front counterpart with weakened intensity. The identical shapes
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suggest a similar and homogeneous distribution of donor and
acceptor on front or back side of the film. The weaker inten-
sity of back excitation is explained by the substrate absorption
and reflection. Interestingly, in the additive film (Figure 3d), the
peak at around 850 nm is significantly intensified upon front
excitation, indicating more Y6 is accumulated on top of the
additive film. We have also measured the water contact angle
of the D18-CL:Y6:PC;BM films (Figure S15, Supporting Infor-
mation), a lower contact angle is characterized for the additive
film, which also implies more Y6 is enriched on top according
to Cassie’s equation mentioned above. All these results mani-
fest that CN can tune the vertical distribution of other two hot
OSC systems, which confirms that the aforementioned mecha-
nism is wide applicable.

Note that it is widely accepted that CN additive will increase
the donor/acceptor crystallization and thus enhance device
performance. In this work, we have successfully demonstrated
that CN can tune the donor/acceptor vertical distribution. As
mentioned in the introduction that CN addition has resulted in
slightly better molecular stacking in state-of-the-art OSCs with
fancy (donor/acceptor) chemical structure whereas the device
efficiency has significant improvement.[2-16l We believe it is the
induced vertical distribution but not the slightly enhanced crys-
tallization/stacking dominantly contributes to the performance
improvement. To distinguish the contribution of these two fac-
tors, we have made the organic active layers with comparable
molecular stacking/crystallization to the CN-ameliorated films
but without detectable donor/acceptor vertical distribution (ver-
tically uniform distribution).

The temperature dependent aggregation behaviour of accep-
tors including Y6 and N3 have been widely reported either in
neat or in blend films.?%31 The acceptors will aggregate and
become more ordered upon thermal annealing. Here, we
anneal the samples without CN additive at 100 °C for 10 min

(50f8) © 2022 Wiley-VCH GmbH
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Figure 4. D18-CI:PC;;BM:Y6 films. GIWAXS pattern of a,c) annealed and b,d) additive film. e) The UV-vis absorption spectra of as-cast, annealed and
additive film. f) The PL spectra of the annealed sample (no CN) excited from the front and back of the sample. g) AFM images of as-cast, annealed,

and additive film.

(denoted as annealed film) to make them more crystallized/
aggregated. Then, it is compared with the CN optimized films
(better crystallization together with favourable vertical distribu-
tion). The molecular stacking information in the annealed and
additive film is probed by grazing incidence wide angle X-ray
scattering (GIWAXS). As shown in Figure 4a—d, a sharp (010)
peak is characterized for both films in the out-of-plane (OOP)
direction, implying a dominant face-on orientation. The addi-
tive film shows a higher (010) peak position at 1.83 A~, com-
pared to annealed film (1.79 A7), the 77 stacking distance is
slightly shortened by 0.08 A. In addition, both films exhibit
lamellar stacking peaks (100) at 0.32 A1, suggesting an identical

Small Methods 2022, 2101475
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stacking distance of 19.6 A. Moreover, the comparable peak
shape in terms of intensity and full width at half maximum
(FWHM) indicates the similar crystallization pattern of the
annealed and additive blend films. The UV-vis absorption
spectra of these films in Figure 4e also verify this point. After
simple thermal annealing, the Y6 absorption peak has red
shifted for =10 nm due to the temperature dependent aggrega-
tion, which falls to the same situation as the additive film. Then
we excite the annealed sample on front and back to record the
PL signal and thus to confirm simple annealing will not lead
to vertical distribution (glass substrate, Figure 4f). The front
and back spectra present similar shape with two broad peaks

© 2022 Wiley-VCH GmbH
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Figure 5. The histogram figure extracted from J-V curve of D18-
Cl:Y6:PC;BM-based as-cast, annealed, and additive device.

at 600-700 and 800-900 nm, indicating donor and acceptor
are uniformly distributed in the top and bottom region of the
film. AFM is implemented to further confirm it. If no additive
involved, the surface roughness of annealed sample slightly
increases from 0.88 to 0.97 nm (Figure 4g), but the film mor-
phology is maintained. For the additive modified films, the
small protrusion morphology come up, which is identical to
Figure 2a and because of the accumulation of acceptor. Now,
we can confirm that simple thermal annealing will lead to
improved molecular packing/crystallization of blend film as the
CN additive does, but it will not obviously change the vertical
distribution of donor/acceptor.

Next, we have fabricated device to figure it out how they will
influence the final device performance. Figure 5 presents the
PCE histogram feature of as cast, annealed and additive devices.
Histograms of other parameters and -V characteristics for dif-
ferent devices are in Figure S16 and Table S5 (Supporting Infor-
mation). The average efficiency of the devices upon thermal
annealing slightly improves from 16.79% to 16.88%, which is
much less than the additive modified devices (1740%). We have
also conducted other optical and electrical characterizations
including external quantum efficiency (EQE), electrochemical
impedance spectroscopy (EIS), transient photocurrent (TPC)
measurement, and stability test to investigate the device proper-
ties from these two factors (detailed discussion is provided in
Figure S17, Supporting Information). The additive devices with
unique vertical distribution generally present better photovoltaic
properties compared to simple annealed device with comparable
molecular packing/crystallization. Based on these results, we
draw a different conclusion from previous understanding that
the biggest reason for device improvement after CN addition is
the induced favorable donor/acceptor vertical distribution. The
slightly improved molecular packing and crystallization has very
small influence on device performance. Finally, the characteri-
zations of another active layer, D18-CL:N3:PCy,BM, are demon-
strated in Figures S14, S19, and S20 (Supporting Information),
which is consistent with other two systems in this work.

3. Conclusion

In conclusion, we reveal CN as an additive can tune the donor/
acceptor vertical distribution to gradually enrich near the
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anode/cathode, respectively. A clear and visualizing mechanism
is provided. Different from the previous understanding that
the performance improvement after CN addition is ascribed
to the slightly better molecular packing and crystallization
of donor/acceptor, we uncover that the vertical distribution is
the main factor that leads to the significant improvement. By
probing and studying the exciton and carrier dynamics via var-
ious photoelectrical characterizations, the active layers with the
favourable vertical-distribution morphology display supressed
charge recombination, enhanced and more balanced carrier
mobility which contributes to better device performances.
Equally important, our results show that such CN-induced
vertical distribution exists in three state-of-the-art BH]J blends
including PM6:Y6, D18-CL:Y6:PC;;BM and D18-Cl:N3:PCyBM,
confirming the mechanism is wide applicable. This work eluci-
dates the critical role of additives and also highlights the impor-
tance of vertical phase distribution in BHJ blends particularly
comparing to the molecular stacking/crystallization. It also
offers method/inspiration for the selection of new additive,
which is essential for understanding and construction of high-
performance nonfullerene OSCs.
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