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1 | INTRODUCTION

Solution-processable conjugated organic semiconductor
materials have attracted huge research interest because
of their enormous potential for use in manufacturing

Dong Hwan Wang'?

Abstract

This study attempts to develop a reproducible thin-film formation technique
called vacuum-free (VF) lamination, which transfers thin films using
elastomeric polymer-based laminating mediators. Precisely, by controlling the
interface characteristics of the mediator based on the work of adhesion,
VF lamination is successfully performed for various thicknesses (from 20 to
240nm) of a conjugated photoactive material composed of 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)] (a polymer donor) and 2,2'-((2Z,2'Z)-((12,13-bis(2-butyloctyl)-3,
9-diundecyl-12,13-dihydro-[1,2,5]thiadiazolo[3,4-e]thieno[2’/,3"":4’,5"|thieno
[27,37:4,5]pyrrolo[3,2-g]thieno[2,3":4,5]thieno[3,2-b]indole-2,10-diyl)bis
(methanylylidene))bis(5,6-difluoro-3-oxo-2,3-dihydro-1H-indene-2,1-diylidene))
dimalononitrile (a nonfullerene acceptor). Interestingly, the organic photo-
voltaic and photodetecting applications, prepared by the VF lamination process,
showed superior performance compared to those of devices prepared by
conventional spin-coating. This is due to the overturned surface morphology,
which led to enhanced charge transport ability and blocking of the externally
injected charge. Thus, the reproducible VF lamination process, exploiting
an adhesion-based elastomeric polymer mediator, is a promising thin-film
formation technique for developing efficient next-generation organic opto-
electronic materials consistent with the solution process.

KEYWORDS

conjugated, nonfullerene acceptor, photodetectors, photovoltaics, polymer, vacuum-free
lamination

processes owing to characteristics such as ease of
printing, large scalability, flexibility, and cost-
effectiveness.' ® Recently, it was reported that with the
development of new, novel polymer donors and non-
fullerene acceptors (NFAs), the power conversion
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efficiency (PCE) of single-junction organic photovoltaics
(PVs) exceeded 19% and the detectivity of organic
photodetectors (PDs) increased beyond 10'* Jones.” '
In addition to the realization of these new materials, the
manipulation of micro-morphology based on phase
separation is key to enhancing performance. As a result,
numerous strategies have been developed, such as
adjusting the solvents (and additives), introducing a
guest component, controlling the ratio of donors and
acceptors, and coating processes.’'

Although blends containing donors and acceptors are
well controlled by the above-listed strategies, when
different surface energies exist between the donor and
the acceptor, phase separation occurs during the film
formation process, especially in the thick photoactive
layer. Moreover, the small-molecular acceptor materials
settle at the bottom and the polymer donor tends to move
to the surface, which can negatively affect the specific
vertical device structure.'>'®

Accordingly, the development of a new thin-film
formation process to control the morphology of films is a
crucial challenge in the field of solution-processed
conjugated organic electronic devices.'”*° Therefore, to
achieve a desirable film surface morphology with a well-
distributed donor and acceptor phase in the vertical
structure, we developed a vacuum-free (VF) lamination
process, in which the target material is dry-transferred
onto the substrates without the vacuum process. In
particular, using this approach, the surface morphology
can be controlled based on the reversal effect of thin
films regardless of the type or thickness of the material.*'

To realize the reproducible VF lamination process, we
synthesized adhesion-controlled polyurethane acrylate
(PUA)-based transfer mediators considering the surface
energy between the mediator and the target material.
Accordingly, we successfully carried out the VF lamination
process on photoactive layers composed of 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)]
(PM6) and 2,2'-((2Z,2'Z)-((12,13-bis(2-butyloctyl)-3,
9-diundecyl-12,13-dihydro-[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-
difluoro-3-oxo-2,3-dihydro-1H-indene-2,1-diylidene))
dimalononitrile (BTP-4F-12) with various thicknesses using
adhesion-optimized PUA mediators.

Among the devices with various thicknesses of VF-
laminated PM6:BTP-4F-12, we selected a specific thickness
for PV and PD applications. In addition, we confirmed the
superiority of the VF lamination—-processed devices com-
pared to spin-coated devices through optical, electrical,
morphological, and stability analyses.

2 | EXPERIMENTAL SECTION

2.1 | Preparation of materials

Aliphatic urethane diacrylate (UA) oligomer (Ebecryl
9270; SK Cytec), 1-hydroxycyclohhexyl phenyl ketone
(HCPK; Sigma-Aldrich), 2-hydroxyethyl acrylate (HEA;
Sigma-Aldrich), 2,2,2,-trifluoro methacrylate (TFMA;
Sigma-Aldrich), and  perfluoropolyether = (PFPE;
SKChems) were used for the fabrication of the VF
lamination mediator. Poly(3,4-ethylenedioxythiophene)
poly(styrenesulfonate) (PEDOT:PSS) was used as a hole
transport material and N,N’-bis{3-[3-(dimethylamino)
propylamino|propyl}perylene-3,4,9,10-tetracarboxylic dii-
mide (PDINN) was used as an electron transport
material, and these were purchased from Heraeus and
1-Material, respectively. PM6 and BTP-4F-12 were
purchased from Brilliant Matters.

2.2 | Synthesis of VF lamination
mediators

The normal PUA solution was synthesized using 9.5 g of
UA oligomer and 0.5g of HCPK. Surface-energy-
controlled PUA solutions were synthesized using 3.0g
of urethan diacrylate oligomer, 1.0 g of HCPK, and 6.0g
of HEA (relatively hydrophilic), TFMA (relatively hydro-
phobic), or PFPE (relatively hydrophobic). The solutions
were sonicated for 10 min at room temperature. Then,
the mixtures were spread on a silicon wafer and rubbed
after covering with a polycarbonate film. Finally, the
prepared mediator was cured by exposure to ultraviolet
(UV) light for 10 min.

2.3 | Device fabrication

The glass/indium tin oxide (ITO) substrate was cleaned
using sonication equipment for 20 min with distilled
water, acetone, and 2-propanol sequentially and then
blown with nitrogen (N,) gas to eliminate residual
substances. Before spin-coating PEDOT:PSS onto the
glass/ITO substrate, for hydrophilic surface modification,
the prepared substrate was treated with UV-ozone for
10 min. PEDOT:PSS was formed by spin-coating at
5000 rpm for 40s and thermally annealed at 140°C for
10 min. The PM6:BTP-4F-12 solution, in a weight ratio of
1.0:1.2 (at a concentration of 22 mgmL™"), was added to
o-xylene with 1-chloronaphthalene (0.5 vol%). PM6:BTP-
4F-12 was spin-coated onto PEDOT:PSS-coated sub-
strates or VF-laminated mediators. Subsequently, for
VF lamination, PM6:BTP-4F-12 was VF-laminated from
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the mediators to the PEDOT:PSS layer at 110°C on a hot
plate and thermally treated at 150°C for 10 min. After
that, PDINN (1.0 mg ml™! in MeOH), as an electron
transport layer with a thickness of approximately 10 nm,
was spin-coated at 5000 rpm for 40s. Finally, a Ag
cathode with a thickness of 100nm was thermally
evaporated onto the prepared device using a shadow
mask at 4.0 x 107° Torr using a thermal evaporator.

24 | Characterization

UV-visible spectroscopy (PerkinElmer Lambda 365)
measurements were performed to investigate the light
absorption of the PM6:BTP-4F-12. The photolumines-
cence (PL) spectra were investigated using a Hitachi F-
7000 fluorescence spectrophotometer at an excitation
wavelength of 600 nm. PV and photodetection perform-
ances were determined using a solar simulator (PEC-L01;
Peccell Tech, Inc.) under AM 1.5 G 100 mW cm™2 (1-sun
condition) calibrated with a silicon reference device. J-V
characterizations were performed using an electrical
measurement system (ZIVE SP1). The external quantum
efficiency (EQE) spectra measurement was performed
using a monochromator (MonoRa-500i; Dongwoo Optron
Co., Ltd.) after power calibration (L.S150; ABET Tech Inc.).
Impedance spectroscopy of the devices was performed
using a potentiostat (ZIVE SP1; Zivelab). Photo responses
were obtained after amplifying 1000 times using a variable
gain amplifier (DLPCA-200; Femto Messtechnik Gmbh).
All electronic measurements were performed in a dark
metal box (Faraday cage) for electron shielding. The
thickness of the thin film and surface morphology of
the thin films were determined by alpha-step and atomic
force microscope (AFM) in noncontact mode (Park NX10),
respectively. X-ray photoelectron spectroscopy (XPS) mea-
surements were carried out using a K-Alpha+ spectrome-
ter (Thermo Fisher Scientific).

3 | RESULTS AND DISCUSSION

Figure 1A illustrates the chemical structure of PM6 as a
polymer donor and BTP-4F-12 as a nonfullerene accep-
tor. All the devices fabricated were consistent with
normal structure configurations consisting of ITO/
PEDOT:PSS/PM6:BTP-4F-12/PDINN/Ag  (Figure 1B).
Furthermore, to realize reproducible VF lamination by
transferring the hydrophobic PM6:BTP-4F-12, we intro-
duced UV-curable PUA as the laminating mediator and
controlled the adhesion property based on the work of
adhesion (w,) values (Figure 1C).*

CARBON ENERGY-WI LEY—L 2o

Specifically, the adhesion-controlled mediators were
designed, considering the various surface energies from
hydrophobic to hydrophilic, by introducing PUA-PFPE,
PUA-2,2,2-trifluoroethyl methacrylate (TFMA) and PUA-
2-hydroyxyethyl acrylate (HEA). The mediators were
fabricated by the reaction between the polar functional
chains of the reactive agent and UA oligomers and were
adopted as the transfer mechanism for the lamination of
PM6:BTP-4F-12 layers onto the PEDOT:PSS-coated
substrate. The w, values were obtained by calculating
the surface energies of various VF lamination mediators
from the contact angle measurements (Figure S1 and
Table S1). From the w, values, it is clear that when the
mediator has low surface energy due to the addition of a
reactive agent like PFPE or TFMA, it shows low adhesive
properties, which induces a nonuniform surface on these
mediators. Meanwhile, when the 2-HEA (hydrophilic
reactive agent) was added to the PUA, it showed high
surface energy, which shows improved adhesion behav-
ior with hydrophobic PM6:BTP-4F-12 (Figure S2 and
Table S2). Therefore, we adopted the PUA-HEA mediator
for the reproducible VF lamination process and achieved
successful fabrication using the UV-curing system as
shown in Figure 1D.

Moreover, to implement well-formed thin films
through the VF lamination process, the interfacial
energies among the target material, mediator, and
PEDOT:PSS surface were calculated by considering the
surface energy of the PEDOT:PSS, following the
Owen-Wendt method using Young's equation given
below:

N @ + cos6) = 2,y yd

+2JvEyE, ey

=¥t = 207y —2(rhrE. @)
where 6 is the contact angle; y;,,, yﬁ,, and y{ represent the
liquid surface free energy, the dispersive surface energy,
and polar surface energy, respectively. By using Young's
equation, the interfacial energies can be calculated among
the PUA-HEA, PM6:BTP-4F-12, and PEDOT:PSS sub-
strates. The interfacial energy between PM6:BTP-4F-12
and PUA-HEA was 4.14mJm™> and that between
PM6:BTP-4F-12 and PEDOT:PSS was 11.05 mJ m™~2. This
result indicates that the interfacial energy between
PM6:BTP-4F-12 and PEDOT:PSS is stronger than that
between PM6:BTP-4F-12 and PUA-HEA so that PM6:BTP-
4F-12 is successfully delaminated from the mediator and
formed onto the PEDOT:PSS substrate.

In general, although the donor and the acceptor mixed
properly, when spin-coating was performed, it induced an
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FIGURE 1 (A)Molecular structure of the PM6 donor and the BTP-4F-12 acceptor, (B) energy-level diagram of the device, (C) calculated
adhesion property between the target (PM6:BTP-4F-12) and the transfer mediator, and (D) schematic of the adhesion-optimized polymer

mediator by using 2-HEA reactive agent.

unexpected phase segregation owing to the difference in
the surface energy of the materials, and small-molecular
NFAs tend to move during the film formation.”
Specifically, the donor component is mainly located at
the surface of the active layer, while the acceptor
component is located toward the bottom. Therefore, from
observation of spin-coated PM6:BTP-4F-12, it is clear that

the PM6 components dominantly occupy the surface,
while the BTP-4F-12 components mainly occupy the
bottom. This indicates that PM6 makes contact with
PDINN as the electron transfer layer (ETL) and BTP-4F-12
makes contact with PEDOT:PSS as the hole transfer layer
(HTL), inducing inefficient charge transport in the normal
structure (Figure S3). Conversely, the VF lamination can
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modify this by reversing the surface morphology that
turned upside down during the process (Figure 2A). In
previous studies, the thin-film transfer process was
performed only on a single material or a solution-
processed material with a specific thickness. However,
as shown in Figure 2B, we successfully conducted the
film-transfer lamination process on photoactive materials
with thickness from very thin to thick based on the
optimized adhesive property adopting HEA-PUA as the
VF-laminating mediator and investigated thickness-
dependent absorption properties (Figure S4).

To achieve the above-stated goal, we investigated the
surface component of the PM6:BTP-4F-12 film with
different processes using an XPS analysis. In particular,
before observing the process-dependent PM6:BTP-4F-12
layer, we checked the surface component of the PM6 and
BTP-4F-12-only layer. Figure 3A shows the survey
spectra of pristine PM6 and BTP-4F-12, and we focused
on the difference in their representative elements such as
fluorine (F) and nitrogen (N).**

Based on the chemical structure of each material, it is
clear that PM6 does not have any N element, but BTP-4F-
12 does. For BTP-4F-12, we observed clear N 1s and F 1s
peaks around the binding energies (BEs) of 400 and
680 eV, respectively, indicating that it contained N and
more F components than PMé.

Based on this, the process-dependent PM6:BTP-4F-12
layer was also investigated, and in the VF-laminated
PM6:BTP-4F-12 film, we observed higher N 1s and F1s
peaks than in the spin-coated devices, which is consistent
with the result of pristine BTP-4F-12 as shown in Figure 3B.
From the above results, it was confirmed again that the
spin-coated PM6:BTP-4F-12 had PM6-rich components at
the surface of the film and BTP-4F-12-rich components at
the surface of VF-laminated PM6:BTP-4F-12.

(A) PM6 U~ U

CARBON ENERGY-WI LEY—L o

To obtain more information, we performed fitting of
the F 1s peak of PM6:BTP-4F-12 based on different coating
processes. As shown in Figure 3C, both the PM6:BTP-4F-
12 layer prepared by spin-coating and VF lamination
showed a semi-ionic C-F bond and a covalent C-F bond.
In particular, PM6:BTP-4F-12 with VF lamination shifted
to a high BE for the semi-ionic (687.4¢eV) and covalent
(688.5eV) bonds, indicating a strong binding force
between C and F. Consequently, the higher the C-F bond
intensity, as a result of high electronegativity of F, the
better the internal charge transport ability.>>”° From the
fitted N 1s spectra (Figure 3D), C=N-C (around 399 eV),
C=N (around 400eV), and N-H (around 688 eV) bonds
were found in PM6:BTP-4F-12 with both processes. From
the N 1s spectra, narrower peaks that shifted to a higher
BE were also observed in the VF-laminated PM6, similar
to the Fls spectra.’”* These XPS results provide
convincing evidence that the VF lamination process can
induce the phase-switching effect, based on the observa-
tion of the acceptor-rich component at the surface of
the PM6:BTP-4F-12 film.

Specifically, we fabricated PV (Figure S5) and, subse-
quently, studied the photodetecting (PD) (Figure S6) applica-
tions using various thicknesses of PM6:BTP-4F-12 prepared
by different processes. The detailed device performances are
summarized in Tables S3 and S4. On comparing the above
results, it was confirmed that 110 and 240 nm PM6:BTP-4F-
12 showed optimized thickness for PV (Figure 4A, left) and
PD applications (Figure 4A, right), respectively.

For the PV device based on PM6:BTP-4F-12 of 110 nm,
prepared by VF lamination, we observed better performance
(PCE of 15.97%), with an open circuit voltage (Voc) of
0.838V, a short-circuit current density (Jsc) of 26.97 mA
cm 2 and a fill factor (FF) of 0.71, than that prepared
using the spin-coating process (PCE of 15.30%), as shown in

PDINN

PM6:BTP-4F-12

PEDOT:PSS

PDINN

PM6:BTP-4F-12

PEDOT:PSS

Reproducible VF-Lamination
From thin to thick film

VF-Lamination

FIGURE 2 (A) Schematic of spin-coating and VF lamination process for PM6:BTP-4F-12 by the adhesion-optimized PUA-HEA
mediator. (B) Photographs of the VF-laminated PM6:BTP-4F-12 (from 20 to 240 nm).
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FIGURE 3 XPS survey spectra of the (A) pristine PM6 and BTP-4F-12 layer and (B) PM6:BTP-4F-12 layer prepared by different
processes. Fitted (C) F 1s spectra and (D) N 1s spectra for the PM6:BTP-4F-12 layer with different processes.

Figure 4B. The detailed PV parameters and reproducibility
are presented in Table 1 and Figure S7, respectively. The
current density under 840-nm light illumination showed
improvements, which is in agreement with the EQE trend
(Figure 4C) as shown in Figure 4D. These thickness- and
process-dependent results showed a similar trend as the PL
intensity, which consisted of an ITO/PEDOT:PSS/active
layer/PDINN structure (Figure S8).

For the PD application, the dark current density
(J4ark) reduction is key to improving the performances,
and the VF-laminated device showed a slightly lower
Jaark (5.86%107'° Acm™) than the spin-coated device
(1.02x10"° Acm™2) under the 0V condition, which
indicates a higher shunt resistance, as shown in
Figure 4E. To clearly compare the photocurrent, photo-
responsivity (R), which converts incident light into
photocurrent output, is calculated using the following

Equation (3), where Jyhoto is the photocurrent density,
Lijgn¢ indicates the incident light density, and A is the
wavelength of the incident light.

J
R = photo — EQE x A ]
Lighe  100% ~ 1240

(3

Figure 4F shows that the VF-laminated device shows
a higher value of 0.50 AW~ than the spin-coated device
(0.48 AW™Y), which is similar to the EQE spectra. As
shown in Figure 4G, D* has been widely used to estimate
the photosensitivity in the PD application. Specifically,
dark current (Ig4,) is often considered the most
important factor that influences the noise current.’**!
Accordingly, the detectivity (D*)" value of the devices is
estimated by simplifying the noise-limited D* based on
the following equation:
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FIGURE 4 (A) Optimized PM6:BTP-4F-12 thickness condition for
applications. Photovoltaic performances: (B) J-V characteristics under

photovoltaic (110 nm, left) and photodetecting (240 nm, right)
AM 1.5 G irradiation at 100 mW cm™2. (C) EQE spectra and (D)

photocurrent under 840 nm light illumination. Photodetecting performances: (E) J-V characteristics under dark conditions, (F)
photoresponsivity, and (G) detectivity under 0V bias obtained from Jyq .

TABLE 1 Photovoltaic performances of the PM6:BTP-4F-12 (110 nm)-based devices prepared by different processes.

PM6:BTP-4F-12 (110nm) Ve (V) Jsc (mA cm™?)

Spin-coating 0.844 (0.834 +0.01)
VF lamination

Note: The average parameters were calculated from 10 devices, with an area of

26.33 (26.11 + 0.64)
0.838 (0.838 +0.01)  26.97 (26.60 + 0.46)

JscEE (mA cm™%) FF
0.69 (0.69 + 0.03)

PCE (%)
25.31 (25.64 + 0.77) 15.30 (14.95 + 0.48)

26.12 (25.74+0.47) 0.71 (0.70+£0.01) 15.97 (15.58 +0.21)

0.15 cm?. Values outside the parentheses denote the best device results.

Abbreviations: BTP-4F-12, 2,2’-((2Z,2'Z)-((12,13-bis(2-butyloctyl)-3,9-diundecyl-12,13-dihydro-[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-difluoro-3-oxo-2,3-dihydro-1H-indene-2,1-diylidene))dimalononitrile;
EQE, external quantum efficiency; PCE, power conversion efficiency; 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'-¢’|dithiophene-4,8-dione)]; VF, vacuum-free.

_ RWVAB _ RVA _ R
\/ qudark \/ 2'quark ’

D* 4)

Inoise

where the R(1), A, and B indicate the responsivity at a
specific wavelength, area, and Jg,x of the devices,

respectively. In addition, iy and Iy, in the above
equation indicate the noise current and dark current,
respectively. The calculated D* value, considering the Jyu
with the VF-laminated devices, was higher (3.61 X 10> cm
Hz"?W™) than that of the spin-coated devices due to not
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only the charge-blocking property against external injection
but also suppression of the leakage current. The detailed
performances are summarized in Table 2.

To observe the difference in the surface morphologies of
thin (110nm) and thick (240 nm) PM6:BTP-4F-12 with
different processes, AFM analysis was performed. More
precisely, from the phase images, it is clear that
in PM6:BTP-4F-12 of 110 nm with the spin-coating process,
the donor components (black) are dominantly present at
the surface (Figure 5A) and the acceptor components
(white) mainly exist at the surface in the VF-laminated film
(Figure 5B). This phenomenon is also observed in the thick

TABLE 2 Photodetecting performances of the PM6:BTP-4F-12
(240 nm)-based devices prepared by different processes.

PM6:BTP-
4F-12 Jdark Responsivity Detectivity
(240 nm) Acm™® @AWwW?D (cm Hz'2 W)
Spin-coating  1.02x107°  0.48 2.67 x 10"

VF lamination 5.86x107'° 0.50 3.61 x 103

Abbreviations: BTP-4F-12, 2,2'-((2Z,2'Z)-((12,13-bis(2-butyloctyl)-3,9-
diundecyl-12,13-dihydro-[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-difluoro-3-oxo-2,3-dihydro-1H-indene-2,1-
diylidene))dimalononitrile; 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)]; VF,
vacuum-free.

PM6:BTP-4F-12 (110 nm)
Spin-Coating

PM6:BTP-4F-12 (110 nm)
Spin-Coated
R, :0.965 nm

PM6:BTP-4F-12 (110 nm)
VF-Laminated
Ry :0.927 nm

(240 nm) film, as shown in Figure 5C,D. As the thickness of
PM6:BTP-4F-12 increased, this difference obviously
increased between spin-coating and VF lamination
(Figures S9 and S10). These results are consistent with
the above surface component analyses.****

Spin-coated PM6:BTP-4F-12 showed an R, value of
0.956 nm (Figure 5E), and the VF-laminated device
showed a root mean square surface roughness (R) value
of 0.927 nm, indicating smoother surface morphology
(Figure 5F). In addition, it is a well-known fact that a
sharp surface morphology can contribute to the improve-
ment of charge transfer ability, and our result is in
agreement with the improved current density in the VF-
laminated PV device. However, in the case of the thick
(240nm) film, the spin-coated device showed an
increased R, value of 1.544 nm (Figure 5G) and the VF-
laminated device showed a much higher Ry value of
3.088 nm (Figure 5H). This originated from the strong
phase separation, and the thick film tends to show
stronger phase separation than the thin film.**

In particular, VF-laminated thick PM6:BTP-4F-12
showed a twofold higher roughness value than the
spin-coated owing to the crystallinity of BTP-4F-12,
dominantly present at the surface due to the morphology
inversion effect.

To observe the internal charge transport and resistance
of the PV device based on PM6:BTP-4F-12 of 110 nm
prepared by spin-coating and VF lamination, we performed

(€)

) p— — . n ——
PM6:BTP-4F-12 (240 nm) I PM6:BTP-4F-12 (240 nm) |

Spin-Coating | VF-Lamination

PM6:BTP-4F-12 (240 nm)
Spin-Coated
R, :1.544 nm

PM6:BTP-4F-12 (240 nm)
VF-Laminated
R, :3.088 nm

FIGURE 5 (A-D) AFM phase images and (E-H) three-dimensional height images of PM6:BTP-4F-12 (with respect to thickness)

prepared by different processes.
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optical and physical analyses. Precisely, the photocurrent
density (Jphoto) Characterization of the PV applications was
evaluated based on exciton generation behaviors. In the
analysis, plots of Jyneto Versus internal voltage (Vi) were
constructed using the formula Vi, = Vy — Vjpp1, where Vj is
the zero-voltage position of Jphoo and Vi is the applied
voltage. Additionally, J,ne is calculated using the equation
Jon = Jlight — Jaark, Where Jygn; and Jgu indicate the
characterized current densities under light illumination
(1-sun) and dark conditions, respectively.*> Based on the
calculated Jphoto — Vine plot, the maximum exciton genera-
tion rate (Gpax) values of the devices were calculated based
on the following equation:

Jsat = @ X L X Gax, (5)

where Jg,, g, and L indicate the saturated photocurrent
density, electronic charge, and thickness of the active
layer, respectively. As shown in Figure 6A, the device
with VF lamination showed a slightly higher G« value
of 1.53x10®m™>s™' than the spin-coated device
(1.53%x10®m™3s™).

Considering the G,.x values, the PL intensity was
determined for 110nm PM6:BTP-4F-12 to observe
the charge transfer properties through HTL and ETL
(Figure 6B). Additionally, VF-laminated PM6:BTP-4F-12
demonstrated not only superior exciton generation
properties but also lower PL intensity, indicating a
favorable charge transfer mechanism compared to the
spin-coated device because of the donor and acceptor
interfaces with HTL and ETL, respectively.

Light on/off response speed measurements for the
devices based on different processes with a light-emitting
diode (LED) (light source of 454 nm) were performed, as
shown in Figure 6C,D, respectively. Precisely, the
response time period can be defined as the time required
for the photocurrent values to rise (fall) from 10% (90%)
to 90% (10%).>* When the LED was on and off, the VF-
laminated devices showed a faster response time, with a
rise time (7.s) Of 10.2 s and a turned-off fall time (gy1)
of 9.76 us, compared with the spin-coated device. The
detailed information is summarized in Table S5.

To determine the internal device resistance, impedance
spectroscopy analyses were conducted for the PV applica-
tions, and these were performed for the internal voltage Vo
and OV state under 1-sun illumination. In the case of the
internal voltage at Vpc, the light-induced voltage is
confirmed, and the photogenerated charge carriers from
the photoactive material are recombined before collecting at
the electrode.”” Accordingly, a semicircle scale at the V¢ is
used to classify the photogenerated charge transport
resistance (Rcr). The device with VF lamination (8.82 Q)
has slightly smaller scales than the spin-coated device,

CARBON ENERGY-WI LEY—L 2o

indicating a lower Rcr, as shown in Figure 6E. Conversely,
for the OV condition, the semicircle shows the charge
recombination resistance (Rggc), and the larger semicircle
indicates a favorable charge recombination suppression
property. As shown in Figure 6F, the device with the VF
lamination process yields better charge recombination
property, with an Rggc of 2470 Q based on a larger semi-
circle scale, than the spin-coated device. The detailed
equivalent circuit and internal resistances are summarized
in Figure S11 and Table S6, respectively. From the
impedance analyses, the optimized ternary device was
confirmed to have excellent charge transport and
recombination characteristics under light illumination, and
its excellent photoelectric conversion ability was also
confirmed.

In terms of PD application, we performed space charge
limited current (SCLC) analyses to confirm the charge
mobility and trap density for the devices with PM6:BTP-4F-
12 (thickness of 240 nm) based on different processes. For
the calculated hole mobility from the hole-only devices
(ITO/PEDOT:PSS/active layer/MoO,/Ag), the spin-coated
devices showed 1.97x 10 *cm’*v s~ and VF-laminated
devices showed a better result of 1.97x 10™*cm?v 's™*
(Figure 7A). Electron mobility was also calculated for
electron-only devices (ITO/ZnO/active layer/PDINN/Ag),
and the VF-laminated devices showed electron mobility of
3.90x 10 *cm?v's™' compared to the spin-coated
devices (2.72 x 10~*cm?v ™' s!) (Figure 7B). The detailed
information on the charge mobility values is summarized
in Table S7.

Meanwhile, trap densities are one of the criteria to
investigate charge transport and recombination systems.
Specifically, when the applied voltage is lower than that
at the inflection point, the current linearly increases with
the applied voltage, showing an Ohmic response. As the
voltage exceeds the first inflection point, the current
shows a steep nonlinear increase (slope > 3), indicating
that all trap sites are filled by the injected charge carriers.
Further, the applied voltage at the inflection point is
represented as the trap-filled limit voltage (Vrgr), which
is used to determine the trap state density. The trap
density is calculated as given in the following equation:

eN,d?
2€:€ ’

VrpL = (6)
where e indicates the elementary charge, d is the thickness of
the active layer, and ¢ is the relative dielectric constant of the
active material. For the hole-only devices, the trap density is
represented by Ny, and for the electron-only devices, it is
represented by Nt,e.3 8 Accordingly, N, for the device
prepared by VF lamination showed a slightly lower trap
density of 1.09 X 10"* # cm > based on a low Vi, (0.19 V). In
addition, N, of the VF-laminated device was also calculated
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FIGURE 6 Additional analyses for the PV devices (PM6:BTP-4F-12, 110 nm) prepared by different processes. (A) Photocurrent
density (Jpnoto) versus internal voltage (Vi) characterization. (B) PL spectra. Light source (C) on and (D) off photoresponse speed
measurement. Impedance spectroscopy (under AM 1.5 G illumination) at sample biases of (E) V¢ and (F) 0V condition.
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FIGURE 7 Additional analyses for the PD devices (PM6:BTP-4F-12, 240 nm) prepared by different processes. SCLC plots of the (A)
hole-only and (B) electron-only devices. Impedance spectroscopy (C) under illumination at 840 nm light and (D) under dark conditions of
—0.1V bias. (E) Frequency-dependent responses and (F) signal-to-noise ratios.
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to be 8.07 x 10'* # cm™>, indicating a lower trap density on
account of a Vg, of 0.14 V. The detailed information of the
trap density values is summarized in Table S8.
Furthermore, impedance spectroscopy measurements
were conducted under light illumination (840 nm) and
dark conditions. Specifically, the series resistance values
were calculated from the impedance responses under
illumination by using an 800-nm LED light. More
precisely, the PM6:BTP-4F-12-based device with VF
lamination showed a series resistance of 217.1 Q, which
is lower than that of the spin-coated device (260.1 Q)
(Figure 7C). Under dark conditions, the VF-laminated
PM6:BTP-4F-12-based device showed a shunt resistance
of 1079.4 x 10° Q, whereas the spin-coating-based device
showed a shunt resistance of 403.8 x 10°> Q (Figure 7D).
Based on the above results, it is clear that the VF-
laminated device shows favorable charge transport due to
its low series and high shunt resistance resistances.***

(A)
\; PDINN/
iAg
o
é.'
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—o— Spin-Coating

[ —o— VF-Lamination

-
o
o

N Degradation

w/o bias
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To evaluate the optical responses in depth, we used a —3-
dB cutoff frequency (f_,45) under a light pulse for the PD
devices prepared by different processes. Specifically, the
f_aqg is the evaluation index of the PDs when the signal
decays by 50% relative to the initial signal.*' The f .5 of the
device based on VF lamination showed a higher value (over
300kHz) than the spin-coated device under 150kHz
(Figure 7E). The signal-to-noise ratio (SNR) obtained from
the fast Fourier transform test is another index of PD
performance.*” The VF-laminated device showed a higher
SNR value of 53.46 dB compared to the spin-coated device
(44.42dB). This result indicates that the VF-laminated
device showed a reduced noise current value due to the
dark current suppression caused by the surface morphology
inversion effect (Figure 7F).

Figure 8A,B illustrates the internal photo-generated
charge transport and external charge injection mechanism
of the VF-laminated PM6:BTP-4F-12 layer-based PV
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FIGURE 8 Schematic of (A) charge transport and (B) injected charge-blocking mechanism of VF-laminated PM6:BTP-4F-12.
Normalized time-dependent electrical stability (applied —0.1 V bias) under (C) 1-sun illumination (PM6:BTP-4F-12, 110 nm) and (D) dark
conditions (PM6:BTP-4F-12, 240 nm) for the devices prepared by different processes.
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(110nm) and PD (240 nm) devices, respectively. For the
PV devices (Figure 8C), the normalized photocurrent is
measured during 600 s, under 1-sun illumination and an
applied bias of —0.1 V. The spin-coated devices showed a
markedly reduced photocurrent after 50s due to the
externally applied bias, whereas the VF-laminated device
showed a slightly reduced photocurrent after 150s
compared to the initial state. Furthermore, for the PD
device (Figure 8D), dark current was also examined in the
same manner. The spin-coated device showed poor
stability after 100s, and its dark current increased
approximately twice after 200s. Meanwhile, the VF-
laminated device showed a stable operation at 600s
without any abnormal behavior. These efficient PV and
PD performances of the VF-laminated device originated
from the switched surface phase of PM6:BTP-4F-12. When
PM6 is in contact with PEDOT:PSS and BTP-4F-12 is
interfaced with PDINN via VF lamination, the charge
transport ability of the photo-generated charge carriers
improves. In addition, the low and stable dark current
behavior of the VF-laminated device is due to the fact that
the externally injected charge through each electrode has
to encounter challenges to pass over the high lowest
unoccupied molecular orbital (or highest occupied molec-
ular orbital) level of PM6 (or BTP-4F-12).*

4 | CONCLUSION

In summary, we developed a reproducible VF lamination
process (thin-film coating technique) by optimizing the
surface adhesion of a polymer-based thin-film transfer
mediator by the introduction of a polar functional
reactive agent. Besides, we introduced this novel process
in a bulk heterojunction system consisting of a polymer
donor (PM6) and a nonfullerene acceptor (BTP-4F-12),
and then successfully demonstrated the effectiveness of
the process in thin (20nm) and thick (240nnm) films.
Specifically, the reversal phenomenon of surface mor-
phology was identified through a detailed analysis of the
surface component and its chemical bonding. Interest-
ingly, the VF lamination process contributes to efficient
charge transport and injected charge-blocking abilities,
which leads to improved photo and reduced dark
currents. Consequently, the VF-laminated PM6:BTP-4F-
12-based devices showed improved PV (PCE of 15.97%)
and PD (D* of 3.61 x 10" cm Hz">W™") performances.
Additionally, the device prepared using VF lamination
showed improved internal resistance as well as photo-
response property, as confirmed by optical, electrical, and
morphological analyses. Therefore, this innovative thin-
film formation process is a promising strategy for
solution-processable conjugated material-based devices
as well as high-performance PV and PD devices.
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