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Thickness Insensitive Organic Solar Cells with High
Figure-of-Merit-X Enabled by Simultaneous D/A

Interpenetration and Stratification

Xiyun Xie, Ruijie Ma,* Yongmin Luo, Top Archie Dela Peiia, Patrick Wai-Keung Fong,
Dou Luo, Hrisheekesh Thachoth Chandran, Tao Jia, Mingjie Li, Jiaying Wu,*

Aung Ko Ko Kyaw,* and Gang Li*

Low cost and printing friendly fabrication of organic solar cells (OSCs) require
thick-film devices with simply structured photoactive molecules. Thus,
achieving high power conversion efficiency (PCE) for non-fused ring
acceptor-based devices with high thickness is of great significance. Herein, by
transforming traditional blend casting method to emerging sequential

practical level is not proven, due to the
undesirable synthetic complexity (SC) of
fused ring molecular acceptors.['?] Up
to now, only a few cases have real-
ized satisfactory figure-of-merits (FoMs)
with high PCEs.'26] On the other
hand, efficiency pursuit efforts are usu-

deposition (SD) method, D18:A4T-16 active blend exhibits large efficiency
improvement from 8.02% to 14.75% in 300 nm thick devices. Systematic
morphological and photophysical characterizations showcase the
effectiveness of SD processing in achieving sufficient donor/acceptor
interpenetration and vertical stratification, which eliminates the dilemma of
charge generation/transport in blend casting films. Meanwhile, D18 bottom
layer is proven helpful in realizing fast evaporation of postdeposited poor
solvent, resulting in naturally thickened active layer with well-regulated
crystallization. Furthermore, a new index to emphasize thick-film devices
based on nonfused ring acceptors, called figure-of-merit-X (FoM-X), has been
defined. The SD processed D18:A4T-16 devices herein, with 300 nm, 500 nm,

and 800 nm thicknesses possess leading FoOM-X values.

1. Introduction

Though organic solar cells (OSCs) are approaching 20% power
conversion efficiency (PCE) in single-junction devices, the pro-
duction cost of these high-efficiency systems to an economically

ally paid for thin-film (%100 nm ac-
tive layer) devices, but >300 nm thick-
ness active layer based device results are
more instructive for next stage roll-to-
roll printing fabrication.?”-** Thereby,
the field urgently needs corresponding
contributions on high-performing thick-
film (>300 nm) non-fused ring molec-
ular acceptor based OSCs, but such de-
vices with high efficiency are rare.®!

Compared to fused ring counterparts,
non-fused small molecules connected by
C—C bonds are in nature of poorer
planarity and rigidity, thereby insuffi-
cient intramolecular charge transfer, usu-
ally leading to unsatisfactory exciton
generation. Furthermore, according to our recent understand-
ing on the correlation between the exciton diffusion length
versus pure phase length scale (L,/2R,) and charge generation,
in bulk heterojunction (BH]J) scene, enlarged domain size of
non-fused acceptor is not suggested.’®! However, the thick-film
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devices of high PCEs have been proven containing large-size
crystallites/aggregates in films, particularly for small molecular
acceptors.’’~41 Accordingly, traditional blend cast deposition for
active layer is not applicable in boosting efficiency on thick-film
devices of non-fused ring acceptors.

In recent years, utilizing sequential deposition (SD) of donor
layer and acceptor layer has been an emerging fabrication
method to realize highly efficient and reproducible devices, due
to well-defined vertical donor-acceptor (D/A) phase separation,
and more uniformed film quality.*?=>3] This method has been
shown effective in promoting thick-film device’s PCE, yet effi-
ciency loss is still significant compared to thin-film ones due
to more severe exciton recombination.*>¢! In view of this, SD
treatment is a promising candidate to achieve thick-film non-
fused OSC’s efficiency breakthrough, once more sophisticated
optimization is carried out to further suppress the recombina-
tion.

From the material library, D18 is chosen as the donor mate-
rial in our work since its strong crystallinity and good compatibil-
ity with non-fused ring acceptors, to match with A4T-16, which
is well studied by us and revealed performing well by o-xylene
plus 1,8-diiodooctane (XY+DIO) cosolvent processing.’’? To
better compare the performance, here we define a new index
called figure-of-merit-X (FoM-X = FoM*(d/100 nm)), where d is
the thickness of active layer. The D18:A4T-16 blend is firstly stud-
ied by blend cast in 100 nm and 300 nm thickness scenarios.
The results demonstrate that best PCE of 12.04% is achieved by
100 nm device, while 300 nm cell yields only 9.04%. The sac-
rificed open-circuit voltage (V,), short-circuit current density
(Jsc), and fill factor (FF) show film thickening is detrimental
to charge generation and collection as predicted. On the other
hand, the SD method is applied, i.e., casting chloroform (CF)
dissolved D18 solution before casting A4T-16 (in XY+DIO). Sur-
prisingly, SD devices with 60 nm D18 layer exhibit insignifi-
cant performance change with 40 nm to 240 nm A4T-16 layer
atop (15.08% vs 14.75%). When increasing D18 layer’s thickness
to 180 nm, and decreasing acceptor layer to 120 nm, the efi-
ciency goes back to 10.24%, which is again caused by simulta-
neous loss in V¢, Jsc, and FF. Subsequently, morphological and
photophysical characterizations reveal that SD photoactive layers
contain sufficient D/A interface for charge separation and well-
regulated crystalline features. Then the effectiveness of D/A inter-
penetration and stratification required SD method is extended to
D18:BTP-eC9 by the same fabrication recipe, resulting in 17.00%
and 12.53% PCEs for 300 nm and 500 nm devices. Our work
presents a novel strategy and in-depth understanding for effi-
ciency boosting on thick-film OSCs, a new concept to evaluate
device performance, and a breakthrough for non-fused ring OSC
systems.
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2. Results and Discussion

D18 and A4T-16’s chemical structures are illustrated in Figure 1,
together with the temperature-dependent aggregation (TDA) fea-
ture of D18, and the SD processing schematic diagram. The
solubility of D18 has been confirmed extremely poor in ortho-
xylene (XY), and even in CF it requires high temperature to be
dissolved.[®3%4] Here this feature is also evaluated. By simultane-
ously increasing the heating temperature to 100 °C and stirring,
the D18 can be dissolved within 20 mins and demonstrates light
red. When cooling down the solution to room temperature (RT),
it appears darker and stickier, indicating much stronger chain
entanglement and aggregation. After being reheated to 100 °C,
it turns to be light red and more fluidic again. Thereby, post-
deposited acceptor layer with XY as solvent will not cause small
molecules fully interpenetrating the donor layer due to D18’s
poor solubility, thus significant vertical donor-acceptor stratifi-
cation can be obtained. This prediction is substantiated by the
time-of-flight secondary ion mass spectroscopy (ToF-SIMS) ex-
periment results, as demonstrated in Figure S1 (Supporting In-
formation).

Next, the morphology study is carried out on both BH]J blend
casting and SD processed films with different thicknesses by
ultraviolet-visible (UV-vis) absorption spectroscopy and atomic
force microscopy (AFM) measurements, as displayed in Figure
S2 (Supporting Information). Shown in Figure S2a (Supporting
Information), D18’s optical property is not altered significantly by
XY+DIO washing, supporting the declaration of post casting will
not induce strong swelling-intercalation-phase separation (SIPS)
phenomenon in this system, thus significant stratification and
partial donor—acceptor interpenetrating region providing suffi-
cient interface for charge separation.’®) The AFM images sup-
ports that D18’s surface morphology (aggregation in bulk can
be inferred) is not changed by solvent washing. Furthermore,
it shows A4T-16 neat film cast from XY+DIO solvent has very
large aggregates, with significant 0-0 and 0-1 vibrational peak in
its absorption profile. When blending with D18 and cast by CF,
A4T-16 demonstrates no significant aggregation feature accord-
ing to both absorbances and AFM images, until the participation
of DIO comes. Empirically, more significant aggregation features
represent more suitable phase separation, which is beneficial to
charge transport, thus higher FF. For SD processed films, the
normalized absorption profiles show identical shapes in accep-
tor region, demonstrating similar aggregation behaviors of the
A4T-16 molecules. The D18's relative absorption intensity of 60
+ 240 nm combination is much lower than others, supporting
A4T-16 content is clearly more than D18 in this film. By compar-
ing the absorption edges of these films with that of A4T-16's neat
film, blueshift phenomenon is obvious, suggesting bottom lay-
ered D18 can suppress the undesirable over aggregation of small
molecule acceptors induced by DIO. This is also supported by
AFM images, where their surface roughness values, root mean
squares (RMSs), are apparently lower than A4T-16 neat film, and
large aggregates in neat film are replaced with well separated
small clusters. In addition, it is noteworthy that all blend films fail
in realizing fibrillar network dominated morphology, unlike cur-
rent high-performance systems.[°>%7] Thereby, blend cast active
layers would face the dilemma of contradicting phase separation
behavior.3¢)
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Figure 1. General information of materials and device fabrication. Device structures of D18 and A4T-16; photos of 5 mg mL~" D18 dissolved in CF under
room temperature (cooled from 100 °C) and 100 °C (reheated); the schematic diagram of SD processing.

Next, the crystalline characteristics of blend cast and SD films
are investigated by utilizing grazing incidence wide-angle X-ray
scattering (GIWAXS) test.[*71] In Figure 2 and Figure S3 (Sup-
porting Information), the 2D patterns for neat films, SD films
and blend films are displayed, while the corresponding extracted
line-cut profiles alongside in-plane (IP) and out-of-plane (OOP)
directions are given in Figure S4 (Supporting Information). To
evaluate the vertical crystallization differences of SD devices, a
smaller grazing incidence angle of 0.1° is applied. In addition,
the calculated characteristic peak properties are summarized in
Tables S1 and S2 (Supporting Information) for IP lamellar peak
and OOP z—r stacking peak, respectively. Accordingly, D18 has
a face-on orientation dominant packing motif, suggested by its
clear OOP (010) peak signal, and significant IP lamellar pack-
ing. On the other hand, neat film A4T-16 demonstrates mul-
tiple diffraction peaks of ring shape, which indicates its poor
molecular packing order and random orientation. Specifically,
an [P directional (010) peak and ring-shaped lamellar signal at
g~ 0.5 A~! are found to be A4T-16's unique packing charac-
teristics. XY+DIO cosolvent washing leads to insignificant de-
crease of crystallinity and packing order of D18, which is con-
sistent with above conclusions. The BH]J film’s results suggest
blending with D18, the crystalline features of A4T-16 would be
diminished. For both 100 and 300 nm film, DIO treatment leads
to partial A4T-16’s independent crystallization, evidenced by 7—
# stacking peak splitting and ring-like diffraction signal’s reap-
pearance (Figure S3, Supporting Information). Parallelly, SD pro-
cessed films are evaluated: i) 60 + 40 nm active layer shows well
intermixed crystalline features at upper part, where (010) peak
locates at 1.85 A~!, while the general film’s signal suggests inde-
pendent donor and acceptor crystallization (z—z stacking peaks
are at 1.74 and 1.93 A~"); ii) 60 + 240 nm film’s signals detected
by 0.1° and 0.25° are all mainly from A4T-16 due to their (010)
peak position are highly similar to those of neat film A4T-16; iii)
180 + 120 nm instead, displays significant D18'’s crystalline fea-
ture when detected by 0.25° incidence. These results well sup-
port that SD processed active layers simultaneously possess suf-
ficient D/A intermixing and vertical segregation. In addition, it
is also defended SD processed thick film contain highly ordered
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packing A4T-16 molecular clusters with clear face-on orienta-
tion, which is beneficial to maintaining efficient charge trans-
port. The mobility evaluation further supports this declaration.
The space-charge-limited-current (SCLC) method is utilized to
extract hole mobility (u,) and electron mobility (u,) values, from
hole-only and electron-only device results (Figure S5, Supporting
Information). Then, the calculated mobilities are summarized
in Table S3 (Supporting Information). The y;, and u, values of
SD devices are stably at a normal level, guaranteeing the charge
transport.

Moreover, the practicability of constructing such thick ac-
ceptor layer is evaluated by using in situ UV-vis absorption
measurement.l”?”74l By screening the whole process of casting
A4T-16’s XY+DIO cosolvent onto PEDOT:PSS and D18 films, it
can be found that acceptor layer’s solidification and aggregation
behaviors. The details are visualized in Figure 2b, where three
stages for liquid to solid transition of A4T-16 can be found when
casting onto PEDOT:PSS: I) solvent evaporation (4.5s) with A4T-
16 small molecules forming clusters; II) the absorption red shift
due to continuous molecular aggregation (10.3s); III) absorption
weakening caused by thickness loss (7.3s). Meanwhile, there’s
only stage I (7.5s) can be marked for D18 substrate. This differ-
ence is supposed to be made by D18’s surface roughness, which
limits the solvent removal by centrifugal effect, thus more A4T-
16 materials are left on substrates. Besides, this process is also
beneficial to suppressing A4T-16's aggregation degree, substan-
tiating the disappearance of neat film’s large aggregates in SD
processed films.

Solar cells were fabricated of ITO/PEDOT:PSS/active layer/
PFN-Br/Ag structure, and their current density versus voltage
(J-V) characteristics are plotted in Figure S4 (Supporting Infor-
mation), with deduced photovoltaic parameters summarized in
Table S4 (Supporting Information). Then the parameter’s varia-
tion tendency is visualized in Figure 3a, where high thickness
tolerance of 60 nm D18 bottom layer-based SD devices is di-
rectly presented. On the contrary, within fixed total thickness of
300 nm, increasing D18 layer’s thickness from 60 to 180 nm,
the PCE keeps dropping from 14.75% to 10.24%, due to cease-
lessly decreased Vi, Jsc, and FF. Meanwhile, the CF blend cast
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Figure 2. Morphology features. a) 2D GIWAXS patterns of neat films and varied angle detected SD films. b) In situ absorption spectra of A4T-16 solution
cast on the PEDOT:PSS and D18 films, that are marked with crystallization stages and periods.
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Figure 3. Photovoltaic performance. a) Device parameter variations of D18:A4T-16 system processed by blend casting and SD. b) FTPS-EQE spectra

and c) EQE-EL results for representative blend casting and SD devices.

D18:A4T-16 devices exhibits best efficiency of 12.04% in 100 nm
layer without DIO treatment thanks to high V. and Jg., though
FF is poor. After treated by DIO in precursor, 100 nm blend cast
device displays only 10.42% PCE due to significant loss in V(¢
and Jg¢, which cannot be saved by increased FF. Correlated with
the morphology analysis, it clearly reflects the dilemma of en-
larging or minimizing phase separation length scale. The 300 nm
blend cast device exhibits more significant FF loss, due to the lack
of continuous pure phase. In this scenario, precursor treated by
DIO leads to better PCE (9.04% vs 8.02%) due to FF recovery. Rea-
sonably, severe V- and J. reduction is observed, as well. Subse-
quently, the external quantum efficiency (EQE) spectra of all de-
vices are measured at shown in Figure S6 (Supporting Informa-
tion), too. The derived measurement error for optimal devices is
found smaller than 5%. Noteworthy, the DIO-processed devices,
regardless of blend casting or SD ones, display blueshift EQE

Adv. Energy Mater. 2024, 2401355 2401355 (5 of 10)

edges compared with those without DIO, corresponding to wider
bandgap (E, py), but containing clearly lower V¢ values. Hence,
an energy loss () study is implemented by applying sensitive
EQE (s-EQE) and electroluminescence (EL) measurements upon
representative devices. The normalized EQE spectra are put in
Figure 3b, and EQE-EL results are placed in Figure 3c. The de-
rived parameters are displayed in Table S5 (Supporting Informa-
tion). The results suggest that enlarged E, ., mainly comes from
increased non-radiative energy loss (A E;), which is observed be-
ing increased by two factors: film thickening and DIO treatment.
In SD processed devices, D18 layer’s thickening is more powerful
in raising A E, than that of A4T-16 layer.

Following addressing V. concerns, device physics side anal-
yses for understanding on Ji- and FF change are carried out.
The charge dissociation and collection behaviors are evaluated
by photocurrent density versus effective voltage (], vs Veq)

© 2024 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH

85U8017 SUOWILIOD BAEa.D 8|qel(dde aup Aq peusenob a e S9ole YO @S JO Sa|n 10} A%eud1T8ul|UO /8|1 UO (SUORIPUOD-PUB-SWBIW0 A8 | 1M ARIq 1 BUIUO//SANY) SUORIPUOD Pue SWe 1 8y 89S ' [7202/60/2T] Uo AkiqiTauliuo A8im ‘Aiseniun Ajod Buo BuoH Aq SSETOKZ0Z WUse/Z00T OT/I0p/u0d A8 Arelq1jeuljuo//sdny woiy papeojumod ‘0 ‘0r89rToT


http://www.advancedsciencenews.com
http://www.advenergymat.de

ADVANCED
SCIENCE NEWS

ADVANCED
ENERGY
MATERIALS

www.advancedsciencenews.com

(a) 24 110
Y O Naiss
—— ’icnu o it
. 22+ -
P -
B
§ -90 5
<
E =
= Leo &
= &
L70
184
)

100 nm Ian*DIO 300 nm 3Nnm¢DIO 60+40nm 60+ 240 nm 180 + 120 nm

www.advenergymat.de

(b)

——n »
——S

1.1

1.0 §

T T T T T T T
100nm 100 nm +DIO 300 nm 300 nm + DIO 60+ 40nm 60+ 240 nm 180 + 120 nm

(©)
1.0 1.04 1.0 1.0
/ /
08 z 08 d 0.8 0.8+
E 06 A s 0.6 o 3 0.6 s 06 ¥
3 i i A i
E 04 A E 044" E 0.4 go4l/
z /M z z =z with DIO
021 singlets BHJ 100 nm 0.21 0.2 ——60+40 0.21 ——BHJ 100 nm
—— control —— 60 + 240 —— BHJ 300 nm
0.0 — +DIO 0.0 5 0.0 — 180 + 120 0.0 —_— l‘.BL 60 + 240 nm)|
04 2 10 100 3001000 7000 0.4 2 10 100 3001000 7000 04 2 10 100 3001000 7000 04 2 10 100 3001000 7000
Time (ps) Time (ps) Time (ps) Time (ps)

Figure 4. Charge behaviors and carrier dynamics. a) Summary of charge dissociation/collection parameters: J ., #14iss,» and #1.oy;. b) The change of n (trap-
assisted recombination) and S (bimolecular recombination). c) Picosecond to sub-nanosecond singlet and polaron dynamics: parallel comparisons of

featured solar cells.

relationships. The experimental details, resulting curves
(Figure S7, Supporting Information), and calculation processes
are elaborated in Supporting Information. Key parameters
including saturated current density (J ), charge dissociation
efficiency (1), and collection efficiency (1) are presented in
Figure 4a. Both blend casting and SD processed active layers
exhibit over 22.5 mA cm~? ], when thickness locates at 100 nm.
Increasing A4T-16 layer thickness can maintain the J, > 22 mA
cm~2, while raising D18 layer’s thickness is significantly harm-
ful for this value. Besides, DIO treatment and film thickening
are negative to this index. These changes are well consistent
with above discussed morphology evolutions. In addition, the
changing characteristics of ny, and 7., are supportive to FF
variation and phase segregation (horizontally and vertically), too.
Afterwards, the recombination degrees are assessed by using
J-V measurement under various illumination intensities. Cor-
responding Vi,c//sc versus Py, curves are plotted in Figure S8
(Supporting Information). Related fitting methods and physical
meanings are presented in Supporting Information, as well. The
ideal factor n (for trap-assisted & surface recombination) and
bimolecular recombination index S are derived and drawn in
Figure 4b.1”°] Blend cast 100 nm and 300 nm systems have a sim-
ilar degree of trap related and surface recombination, while DIO
treatment is responsible for largely increasing traps in 100 nm
layer, but more efficient in leading to surface recombination
sites in 300 nm ones. As for SD cast devices, the traps marginally
increase with the increase of thickness. Thicker D18 bottom
layer results in more traps than A4T-16 top layer thickening
does. All above parameters can be found in Table S6 (Supporting
Information).

Subsequently, the exciton splitting and recombination ki-
netics at the donor/acceptor interface are studied by apply-
ing femto-second transient absorption spectroscopy (fs-TAS)
technology.”*7°l The blend films with different processing

Adv. Energy Mater. 2024, 2401355 2401355 (6 of 10)

recipes are excited by 800 nm laser with low pump fluence of
3 uJ cm2. Acquired results presented as contour maps and spec-
tral line cuts are displayed in Figures S9 and S10 (Supporting
Information). The acceptor singlet exciton kinetics are obtained
from the decay of acceptor ground-state-bleach (GSB) signals,
while the polaron’s increasing and decreasing trends extracted
from hole polarons photobleaching (PB), which corresponds to
the donor absorption range, are used to describe the free charge
generation and sub-nano second recombination behavior (i.e.,
mainly pertaining to the initial recombination of free charges
formed at the donor/acceptor interfaces). The decay curves are
shown by groups in Figure 4c. First, by comparing blend cast
devices, DIO’s tuning effect upon exciton behavior is identical
to our previous finding: slower kinetics for singlet exciton disso-
ciation, polarons generation, and polarons recombination. Con-
sidering the enlarged phase separation scale imparting sacrificed
donor/acceptor interface area, the reduction of Jy. and enhance-
ment of FF are well supported. On the contrary, by comparing SD
processed devices of D18/A4T-16 thicknesses of 60/40, 60/240,
and 180/120 nm demonstrates nearly identical exciton behaviors.
Thereby, the donor/acceptor interface property of SD type films,
no matter what thicknesses are, is highly similar. One step fur-
ther, 60/240 nm SD film’s kinetics curve is selected to compare
with those of DIO-treated 100 and 300 nm blend cast active layers.
This is designed to further clarify the donor/acceptor interface’s
property differences of SD and blend cast devices by expelling
out the effect of DIO treatment. As a result, the polaron recom-
bination dynamics of the three systems are almost identical, but
there exist definable free charge generation kinetics differences
(k100nm < K604240nm < K300nm)- Based on such results, DIO treatment
can tune the D/A interface energy landscape by modulating A4T-
16’s crystallization characteristics. D18 is not affected by DIO’s
addition, thus charge generation kinetics differences show up,
which is caused by morphology change between blend casting

© 2024 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH

85U8017 SUOWILIOD BAEa.D 8|qel(dde aup Aq peusenob a e S9ole YO @S JO Sa|n 10} A%eud1T8ul|UO /8|1 UO (SUORIPUOD-PUB-SWBIW0 A8 | 1M ARIq 1 BUIUO//SANY) SUORIPUOD Pue SWe 1 8y 89S ' [7202/60/2T] Uo AkiqiTauliuo A8im ‘Aiseniun Ajod Buo BuoH Aq SSETOKZ0Z WUse/Z00T OT/I0p/u0d A8 Arelq1jeuljuo//sdny woiy papeojumod ‘0 ‘0r89rToT


http://www.advancedsciencenews.com
http://www.advenergymat.de

ADVANCED
SCIENCE NEWS

ADVANCED
ENERGY
MATERIALS

www.advancedsciencenews.com

(@),

www.advenergymat.de

e D18 (washed) 10 A4T-16
—0.2uJ cm?
. 08 . 08 ——5ucm? 08
5 g 5
gos gos R08
E H Eoa
S04 804 2
02
021, =383nm 021 1 =3.71nm
00
2 10 100 500 2 10 100 500 1 5 50 300
(b) Time (ps) Time (ps) Time (ps)
hole-electron pair  hole electron
e e e S=s==z=Ss S S=E=SZ2=s
D18 A4T-16 D18 rich region S S=E=S= §§§%§ - KX
X = =E=S\N\z=== S SsE=ESZ22
= Pl = =N\1ZzZ==N\
D/A mixed phase  A4T-16 rich region § 4\§-: éé% \ \r‘ o 2{"\/ I
SS==s=2= N\ 2 47 ¢
Wz T ESNZE2= % <L NN~
‘— SS==sz2z | SS=E=ESsz22 Q%@\M\Nk -
= =N\====\N S EENIEE =N
N T > TN ER
N\ 247 e + WEN2ALZ +
2 /= o e 2 (= AN\ W 42
AINS o S NAAWNS o s
hs=Sh=y | L hSNh=y | s
& (X ) M}é W\ Y=

60+40 nm

60+240 nm

180+120 nm

Figure 5. Exciton diffusion length evaluation and proposed working mechanism. a) Singlet exciton decay curves of neat D18 and A4T-16 films excited
at low and high pump fluences. b) Schematic diagram of charge generation and transport model of SD active layers with different donor and acceptor

thicknesses.

and SD films. These phenomena indicate J; and FF differences
among SD devices are mainly induced by charge recombina-
tion due to diffusion length (Lp) limited singlet exciton geminate
loss.

The L, assessment is realized by combining fs-TAS mea-
surements under different fluences upon neat films (excited
@400 nm for D18, @800 nm for A4T-16) and the exciton-exciton
annihilation (EEA) models.®*81) Extremely low fluence is neces-
sary to estimate the intrinsic exciton lifetimes while high pump
fluence can be used to estimate L, based on the EEA behav-
ior. According to Figure 5a, The L, values of D18 (as cast), D18
(washed), and A4T-16 are 3.83, 3.71, and 9.99 nm, respectively.
With such low Ly, it is reasonable that monomolecular (gemi-
nate) recombination would be serious once D18’s thickness gets
larger.

With above characterizations, the working mechanism of SD
type solar cells can be illustrated by what is portrayed in Figure Sb.
Thanks to D18’s absorption range, short-wavelength photons are
almost converted to excitons in its bottom pure phase and top
intermixing phase, while casting 40 nm A4T-16 is enough to ab-
sorb left photons of 600 to 850 nm wavelength. Accordingly, in-
creasing A4T-16 layer’s thickness is not harmful for exciton mi-
grating to donor/acceptor interface for splitting, since thickened
part does not absorb light. However, once increasing D18 layer’s
thickness elongated the required L, for excitons equally, thus
resulting in severe geminate recombination, negative for both J.
and FF (Table 1).
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To better evaluate the practical value of typical OSCs, a se-
ries of parameters derived from figure-of-merit (FoM) have been
proposed in recent years, including the stability, fabrication
cost, synthetic complexity, etc. as factors.[®2%] Herein, we define
FoM-X = (PCE/SC)*(d/100 nm) to include the importance of
increasing film thickness. We take our recent summary of SC
values representative acceptors as the basic database (Table S7,
Supporting Information), and then figure out the FoM and
FoM-X values (Table S8, Supporting Information) for direct
comparison.[”?! In order to evaluate the general applicability
of SD processing’s donor/acceptor mixing and segregation be-
haviors, eC9 is chosen to fabricate identical architecture de-
vices, due to its good compatibility with XY+DIO cosolvent and
wide commercial availability, as demonstrated by Figure 6a.%!

Table 1. Device performances.

D18:acceptors Voc V] Jsc [mA FF [%] PCE [%]
cm™?

A4T-16

500 nm 0.897 21.44/20.74 72.0 13.85

800 nm 0.888 19.87/19.05 68.3 12.05

eC9

300 nm 0.838 27.35/26.57 74.1 17.00

500 nm 0.814 23.44/22.69 65.7 12.53

© 2024 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 6. PCE and FoM-X pursuit. a) Chemical structure of eC9. b) J-V curves and c) EQE spectra of SD type devices with respective active layer
thicknesses based on D18:A4T-16 and D18:eC9. d) A PCE versus FoM-X summary of this work and other reports.

Meanwhile, further exploration on thick-film D18:A4T-16 based
devices are also carried out. The J-V curves and related EQE spec-
tra of 500 nm, 800 nm D18:A4T-16, and 300 nm, 500 nm D18:eC9
are plotted in Figure 6b,c. As a result, 500 nm device (60 nm +
440 nm) exhibits 13.85% PCE, still a well-kept value. The effi-
ciency drop of 800 nm device is due to concurrent reduction in
Voc» Jsc and FF, which might be the increase of traps in ultra-
thick A4T-16 layer. The thickness tolerance of eC9 based devices
are poorer, where 17.00% efficiency is given by 300 nm layer but
only 12.53% PCE can be produced by 500 nm devices. This might
be due to eC9 is more sensitive to DIO during liquid-to-solid crys-
tallization. At last, the PCE versus FoM-X chartis portrayed based
on literature results and SD processed device performances in
this work. The representative high-performance fused ring accep-
tors related dots are denoted as FREA, while non-fused ones are
named NFREA in Figure 6d. Apparently, thin-film FREA OSCs
contain higher PCE but lower FoM-X than NFREA based ones.
By increasing thickness, FoM-X values for D18:A4T-16 system
effectively prove our design’s advantage.

3. Conclusion

In summary, here we aim on constructing efficient organic so-
lar cells (OSCs) based on low-cost non-fused ring acceptors with
high active layer thickness, and compare the effectiveness of
blend casting and SD processing. BHJ films exhibits poor per-
formance for lack of fibrillar structures, while SD films with con-
trolled donor layer thickness can realize high PCE with various

Adv. Energy Mater. 2024, 2401355 2401355 (8 of 10)

acceptor layer thicknesses, thanks to simultaneous D/A intermix-
ing and stratification. With the assistance of several morpholog-
ical and device physics characterizations, the working mecha-
nism of SD film’s thickness insensitivity is demonstrated. Fur-
thermore, by combining the perspectives of synthetic complexity
and active layer thickness, a new index called FoM-X is defined,
and our work is shown successful in achieving cutting-edge level
FoM-X. Therefore, this study generates in-depth understanding
in D/A interface behavior, SD type film’s vertical segregation, and
significant performance progress.
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the author.
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