Shear-Enhanced Transfer Printing of Conducting Polymer Thin Films
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ABSTRACT: Polymer conductors that are solution-process-
able provide an opportunity to realize low-cost organic
electronics. However, coating sequential layers can be
hindered by poor surface wetting or dissolution of underlying

S [ =

Shear Assisted Organic Printing (SHARP)

layers. This has led to the use of transfer printing where solid film inks are transferred from a donor substrate to partially
fabricated devices using a stamp. This approach typically requires favorable adhesion differences between the stamp, ink, and
receiving substrate. Here, we present a shear-assisted organic printing (SHARP) technique that employs a shear load on a post-
less polydimethylsiloxane (PDMS) elastomer stamp to print large-area polymer films that can overcome large unfavorable
adhesion differences between the stamp and receiving substrate. We explore the limits of this process by transfer printing
poly(3,4-ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS) films with varied formulation that tune the adhesive
fracture energy. Using this platform, we show that the SHARP process is able to overcome a 10-fold unfavorable adhesion
differential without the use of a patterned PDMS stamp, enabling large-area printing. The SHARP approach is then used to
print PEDOT:PSS films in the fabrication of high-performance semitransparent organic solar cells.
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1. INTRODUCTION

Conjugated polymers are attractive materials for large-area
electronics because of their unique optoelectronic properties
and potential to reduce device costs. They are typically
solution-cast and part of a number of heterogeneous layers that
make up a device. However, solution-casting sequential layers
can be challenging because of dissolution of underlying layers
or because of poor wettability of the ink on the surface of
interest. This has led to transfer printing methods where solid
film “inks” are transferred from a donor substrate to a receiving
substrate using an elastomer stamp.'~® The success of this
approach has led to its broad applications in processing organic
electronics.”’~'" The transfer printing technique typically
relies on increasing the adhesion of the ink from the donor
substrate, to the stamp, and finally to the receiving
substrate.”'" When this criterion is not met, modifications to
the transfer printing process are often employed including the
use of sacrificial layers,">™"* the use of heat,">™"” or modifying
the surface of the film or stamp through UV/ozone or O,
plasma treatment.”'®™*° However, these methods can be
invasive and negatively impact the final device. Alternatively,
various mechanical loading protocols can be employed to
improve transfer printing success.”>'"*** In particular,
Carlson et al. described a transfer printing technique that
applies a shear load to a polydimethylsiloxane (PDMS)
elastomer stamp with posts to enable printing of Si
nanomembranes.””> The shear load on the PDMS reduces
the normal force required for delamination and creates a
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moment that concentrates a tensile stress at the leading edge of
the stamp post.””*® This approach was shown to overcome
unfavorable adhesion differences between the stamp/ink and
ink/receiving substrate. However, this method was only
demonstrated for stiff silicon membranes that were ~0.01
mm? in area and over 300 nm thick.”' As they reduced the film
thickness, the transfer printing process was unsuccessful. This
poses a challenge for applying this approach to thin-film
organic electronic films that are comparatively soft and thin
and where large areas are often desired. In order to address
these challenges, we developed a modified shear-based printing
technique that uses an unpatterned prestrained PDMS stamp
to print large-area polymer thin films. We refer to this
approach as shear-assisted organic printing (SHARP). We have
previously used SHARP to produce devices difficult to realize
with solution coating” > and to probe structure—property
relationships in organic semiconductors.”’ ! For example, this
approach was used to transfer print polymer semiconductor
films in organic transistors showing similar device character-
istics to direct solution-cast films.”*** It was shown that films
could be repeatedly retrieved and printed from a low surface
energy substrate multiple times without impacting charge
transport.”” This approach has also been used to consecutively
print multiple polymer and small-molecule films with sharp
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Figure 1. lllustration of the SHARP technique with the following steps: (a) strain applied to the elastomer stamp, (b) lamination of the stamp onto
the ink, (c) transfer of the ink to the stamp assisted by the quick removal of the donor substrate, (d,e) stamp moved and laminated to the receiving
substrate, (f) removal of the strain applied to the stamp, (g) normal force applied to the leading edge of the stamp, resulting in delamination of the
ink, and (h) removal of the stamp, leaving the ink on the receiving substrate. Pictures of the process are also provided that correspond to
illustrations (e—h).
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interfaces,””*° including the ability to print sharp planar
heterojunction organic photovoltaic (OPV) cells.”” Although
the SHARP technique has been used to fabricate a number of
devices and structures, the capabilities of this approach have
not been considered in detail. In this paper, we explore the
adhesion limits of the SHARP technique and use this approach
to fabricate OPV cells. We focus on printing the widely used
conducting polymer poly(3,4-ethylenedioxythiophene):polys-
tyrene sulfonate (PEDOT:PSS) and tune the adhesion of the
films by varying the PEDOT:PSS formulation. We show that
the SHARP method overcomes an unfavorable work of
adhesion ratio between the stamp/ink and ink/receiver of
approximately 10 without the use of heat or stamp
modification. We then apply the SHARP method to print
PEDOT:PSS films as transparent electrodes to realize high-
performance semitransparent OPV cells.

PEDOT:PSS is chosen as a model ink for its wide use and
more practically to meet a need for effective processing organic
electronics. For example, in semitransparent OPV cells, there is
a need for a transparent electrode capping the device.”™’
Conducting polymers are particularly attractive for this top
electrode because of their low-cost, low-temperature process-
ing, and mechanical flexibility. The most common polymer
investigated has been PEDOT:PSS because of its high
transparency, high conductivity, and stability. However, it is
a challenge to solution-cast PEDOT:PSS as a top electrode in
organic electronic devices because of poor surface wetting®*””
and incompatibility of processing methods used to improve the
film conductivity.” Specifically, to achieve high conductivity,
PEDOT:PSS can be treated with organic solvents such as
dimethyl sulfoxide (DMSO) and ethylene glycol, which
increases the conductivities of the film by 2 orders of
magnitude.”' ~* However, the additive may diffuse into
underlying layers during solution processing. The increasing
conductivity may also be achieved by post-treating the films
with acids.”* However, acid treatments cannot be performed
on PEDOT:PSS with underlying organic semiconductor layers.
Because of these challenges, there have been several
demonstrations of PEDOT:PSS films that are cast and
optimized on a donor substrate and then transfer-printed
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during device fabrication.*”**™>° To successfully transfer print
the PEDOT:PSS films, external plasma or UV/ozone treat-
ment has been used to increase the interfacial surface energy
between the film and receiving substrate.”””>"**  Another
approach has been to apply heat during the printing process
once the film is in contact with the receiving substrate.””>*~°
The SHARP approach mitigates these additional processing
steps that potentially damage the underlying layers. While
PEDOT:PSS is used as the ink in this study, the SHARP
process is widely applicable to other polymers and is a
powerful tool to produce a range of devices.

2. EXPERIMENTAL DETAILS

2.1. SHARP Method. The SHARP technique is illustrated in
Figure 1. The process starts by placing the stamp in a custom strain
stage and straining the stamp by at least 10%. The PDMS stamp is
then laminated onto the ink that is on a donor substrate. The donor
substrate is then removed rapidly from the stamp to promote transfer
of the ink from the donor to the stamp by exploiting the rate-
dependent adhesive properties of the stamp.’® The stamp/ink
composite is then laminated onto the receiving substrate. The strain
in the stamp is then reduced by approximately 5—10%. This results in
a shear load across the stamp/ink interface and a moment at the
leading edge of the adhered stamp. After reducing the strain on the
stamp, a small normal tensile force is applied at one side of the stamp
that results in delamination of the ink from the stamp at the leading
edge of the ink. Once the stamp delaminates from the edge of the ink,
a delamination front propagates across the ink and it is effectively
transferred to the receiving substrate. This process significantly
reduces the normal force required to reach the adhesive fracture
energy at the stamp/ink interface, enabling film transfer from the
stamp to the receiving substrate. A video of this process is provided in
the Supporting Information, with snapshots of the process given in
Figure 1.

2.2. PEDOT:PSS Film Preparation and Characterization.
PEDOT:PSS was chosen as the ink to study the limits of the SHARP
technique because of its tunable adhesive properties through the use
of surfactants and adhesion promoters.’”***”*% We focused on the
high-conductivity Clevios PH1000 PEDOT:PSS and modified the
adhesive properties using two primary approaches: (1) the addition of
DuPont Capstone FS30 fluorosurfactant™*® and (2) blending with
Clevios CPP10SD PEDOT:PSS. CPP10SD contains Dynol 604, an
acetylenic glycol-based nonionic surfactant, and Silquest A187, an
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Table 1. PEDOT:PSS Formulations Considered with Film Properties

name formulation” thickness (nm)

PH1000 PH1000 104
FS30-1% PHI1000 + 1% FS30 131
FS30-5% PHI1000 + 5% FS30 160
FS30-10% PH1000 + 10% FS30 195
CPP-1:0 CPP10SD 187
CPP-3:1 CPP105D:PH1000 (3:1) 191
CPP-1:1 CPP105D:PH1000 (1:1) 206
CPP-1:3 CPP105D:PH1000 (1:3) 205
MSA PH1000 + MSA 74

conductivity spun-cast (S/cm)

conductivity printed” (S/cm) contact angle (deg)

795 £ 71 1104 £ 2
604 + 3 574 + 19 451 £S5
436 + 2 443 + 14 231+ 4
358 + 28 369+ S 200+ 5

43+3 NA 333+ 5
202 + 3 NA 332 £ 8
341 £ 13 NA 33.5+3
436 + 24 415 +2 33.7+2
843 + 32 849 + 70 NA

“The added FS30 is by weight percent, and the ratio of CPP10SD:PH1000 is by volume. “Printed conductivity was measured for films printed

from OTS-Si to glass substrates.

epoxy-functionalized silane, which has preferential adhesion proper-
ties with silicone materials such as PDMS.® Capstone FS30 was
added to the PH1000 PEDOT:PSS solution at 1, 5, or 10 wt %. CPP
105D PEDOT:PSS was mixed with PH1000 PEDOT:PSS at volume
ratios of 3:1, 1:1, and 1:3. DMSO was also added at 5 wt % to these
solutions to increase the conductivity. The solutions were spun-cast
onto octyltrichlorosilane (OTS)-treated Si at 1000 rpm for 30 s. The
cast films were then annealed at 150 °C for 30 min, followed by
vacuum drying the films for 10 h at 1 X 107 mbars. The OTS-treated
Si was used to provide a low adhesion donor substrate. Finally,
PH1000 PEDOT:PSS films treated with methane sulfonic acid
(MSA) were also considered. The MSA process is known to
significantly increase the electrical conductivity of the film and results
in the ability to retrieve the film from a glass donor substrate onto a
PDMS stamp.*>*® In this case, PH1000 PEDOT:PSS with 5 wt %
DMSO was spun-cast on glass substrates at 1500 rpm for 30 s. The
films were then dried at 120 °C for 20 min. This was followed by
covering the substrate with 100 #L of MSA and thermally annealing at
160 °C for 4 min. The acid was removed by immersing the substrate
in deionized water and in isopropyl alcohol, before being dried at 160
°C for 1 min. There are a total of nine different PEDOT:PSS-based
films considered, with processing conditions and film thickness
summarized in Table 1. Also included in Table 1 are shorthand names
for the formulations that will be used throughout the rest of the paper.
The film thicknesses were determined by spectroscopic ellipsometry.
The film transmittance was measured using an Ocean Optics Jazz
spectrometer.

2.3. Adhesive Fracture Energy. Generally, the ability to transfer
print a polymer film is dependent on the relative adhesive fracture
energy between the donor and ink (Glonor/ky " the stamp and ink
(G*mp/ik) "and the ink and receiver (Gi/receiver)!!

Gloner/ink o gstamp/ink g1 printing from donor onto stamp

(1)

ink/recei ink L .
Gink/receiver - Gstamp/ink o1 printing from stamp onto receiver

)

In this study, the donor substrate is either OTS-Si or untreated
glass, and the receiving substrate is OTS-Si. OTS-Si was chosen for
the receiving substrate because of its low surface energy, making it a
challenging surface to print the PEDOT:PSS ink. The adhesion
fracture energy between the stamp/ink and ink/receiver was
measured using peel tests. For fracture energy from the PDMS
stamp, the stamp is adhered to a glass substrate and delamination was
conducted slowly to minimize viscoelastic effects. The PDMS
(Sylgard 184) stamp was prepared in a 15:1 ratio of base to cross-
linker and cured for 12 h under vacuum at 60 °C. For all peel tests, a
backing tape (3M double-sided tape) was laminated on the
PEDOT:PSS surface and attached to the grips of an Instron 5943
tensile tester. The average applied load during delamination was then
used to obtain the adhesive fracture energy by®
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_ (P/b)
"~ 2Eh

P
+ Z(l — cos ) (3)

where P is the peel force, b is the width of the peeling arm, E and & are
the composite elastic modulus and height of the backing layer and
film, and @ is the peel angle. Assuming high tensile stiffness and low
bending stiffness of the bending arm, the first term in eq 3 is
neglected. The peel angle 6 was approximately 90°. The contact angle
of the inks on OTS-treated Si substrates was also measured to
consider surface wetting and its relationship to adhesion of the solid
films to the stamp. Contact angles were measured using a rame-hart
standard goniometer (model 200-U1).

2.4. Device Fabrication. Two OPV active layers are considered
with the printed PEDOT:PSS electrode to achieve semitransparent
devices. Control devices with a reflective top metal electrode are also
considered.

2.4.1. P3HT:PC4x;BM Device Preparation. A thin layer of
polyethylenimine (PEIE), 80% ethoxylated solution, was spun-cast
onto patterned indium tin oxide (ITO)-coated glass substrates at
5000 rpm for 60 s in air, followed by drying the film at 100 °C for 10
min. This layer reduces the work function of ITO, allowing for an
inverted OPV architecture.”” Regioregular poly(3-hexylthiophene)
(P3HT, Rieke Metals) and phenyl-C61-butyric acid methyl ester
(PCBM, Nano-C) with a 60:40 mass ratio were dissolved in
dichlorobenzene at a total concentration of 34 mg/mL. The films
were spun-cast at 700 rpm for 60 s in a nitrogen-filled glovebox.
Control device films were then annealed at 130 °C for 10 min.

2.4.2. FTAZ:IT-M Device Preparation. A ZnQ film was cast onto an
ITO substrate at 5000 rpm for 60 s using a previously described
method to form an inverted architecture.*Poly(4,8-bis(3-
butylnonyl)benzo[1,2-b:4,5-b]dithiophen-2-yl)thiophen-2-yl-2-(2-bu-
tyloctyl)-S,6-difluoro-7-(thiophen-2-yl)-2H-benzo[d][1,2,3]triazole
(FTAZ) was synthesized using previously reported methods,”® and
(3,9-bis(2-methylene-((3-(1,1-dicyanomethylene)-6/7-methyl)-inda-
none))-S,5,11,11-tetrakis(4-hexylphenyl)-dithieno[2,3-d:2/,3"-d']-s-
indaceno[1,2-b:5,6-b’]dithiophene) (IT-M) was purchased from 1-
Material. FTAZ and IT-M were dissolved in toluene with a mass ratio
of 1:1 with a total concentration of 10 mg/mL. The solution was cast
on the ZnO-coated substrate at 1000 rpm for 60 s. The control film
devices were annealed at 150 °C for 10 min.

2.4.3. Post-Film Deposition. For opaque devices, a top electrode of
12 nm MoO;, followed by an opaque metal layer of silver or
aluminum, was deposited by vacuum thermal evaporation at 107
mbar. For the semitransparent devices, a 10 nm MoOj; layer was
deposited, followed by transfer printing the PEDOT:PSS electrode. A
comparison is also made to a solution-cast top PEDOT:PSS electrode.
In these cases, the entire stack was annealed at 140 °C for 30 min.
The electrical characteristics of the OPV devices were tested using a
Newport 150 W solar simulator with an AM1.5G filter under 1 sun
(100 mw/ cmz) illumination. The active area for the semitransparent
devices was approximately 0.025 cm’.
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3. RESULTS AND DISCUSSION

3.1. Adhesion Limits of Printed Films. Static contact
angle measurements of the various PEDOT:PSS inks on the
low surface energy OTS-treated silicon are given in Figure 2.

120—+ - .

100 1

80 | B

60 B

Contact angle (°)

40

20

Figure 2. Contact angle measurements for the various PEDOT:PSS
formulations listed in Table 1. Inset images are photographs of the
PH1000 and FS30-10% solutions on OTS silicon substrates.

The PHI1000 with 5% DMSO solution was measured as a
reference, and its contact angle was found to be 110°. Adding
the FS30 surfactant to the PH1000 formulation resulted in a
large decrease in contact angle, with a lower angle with
increasing FS30 concentration. Adding the CPP105D for-
mulation also resulted in a significant drop in contact angle,
which was stable at ~33° independent of the
CPP10SD:PH1000 ratios considered. These results are
consistent with reducing the surface tension of the ink with
the addition of the surfactant. The reduced surface tension
improves wetting but should also be reflected in greater
adhesion of the film to the substrate. Given the hydrophobic
nature of OTS-treated silicon, the donor substrate remains a
low adhesion surface. However, the surfactant acts as a
plasticizer and will also increase the cohesion of the
PEDOT:PSS and adhesion to the PDMS stamp.*>*

The nominal adhesive fracture energy between the ink and
stamp and the ink and receiver is given in Figure 3. The
stamp/ink fracture energies were found to range from 0.75 to
9.0 J/ m?, whereas the average ink/receiver fracture energies
were all below 0.80 J/m?% We found that while the addition of
the FS30 surfactant or CPP105D to the PH1000 decreased the
ink contact angle relative to neat PH1000, the impact on the
adhesive fracture energy was significantly different. The
CPP105D-based formulations increased the adhesion to the
PDMS stamp significantly more than the FS30-based
formulations, which is attributed to the Silquest A187 adhesion
promoter in the CPP105D.%° In addition, a drop-cast PH1000
film onto the PDMS stamp and OTS-Si substrate had the
lowest adhesive fracture energy. MSA-treated PH1000 was
found to only have a small effect on the adhesion behavior of
PEDOT:PSS. In all cases, the adhesive fracture energy between
the stamp and ink was greater than the adhesive fracture
energy between the ink and receiver, as shown in Figure 3a.
Thus, the nominal cascading fracture energy requirement for
simple transfer printing, per eq 2, is not met for any film. This
is indeed found to be the case, where transferring the ink from
the stamp to the receiver was unsuccessful under normal
loading during stamp retrieval for all films considered.
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Figure 3. (a) Adhesive fracture energy of various formulations of
PEDOT:PSS on PDMS and OTS-treated silicon substrates. The inset
is an illustration of the 90° peel test used to determine the fracture
energy. (b) Ratio of the adhesive fracture energy between the stamp/
ink and ink/receiver.

The SHARP technique makes a drastic difference in the
ability to print the ink to the receiving substrate. With this
approach, the MSA-treated PEDOT:PSS, FS30-5%, and FS30-
10% all transferred to the receiving surface with near 100%
success rates. Lowering the concentration of FS30 to 1%
decreased the success rate of transfer printing to approximately
70% based on transferring a minimum of 10 films. When
considering the CPP105D formulations, the success rate of the
CPP-1:3 blend was approximate 60%. In the failed attempts,
the film would often partially transfer, but a portion would not
delaminate from the stamp, which would then peel the
transferred portion of the film back off the receiving substrate.
Further refined control of the printing process should improve
the success rate when nearing the printing limits of the process.
Increasing the concentration of the CPP10SD made trans-
ferring films more difficult and the CPP-1:1 and CPP-3:1 blend
films did not transfer print successfully with over 10 attempts
each. Comparison on the transfer print success to the fracture
energy differential GemP/ink/Gink/receiver - given in Figure 3b,
shows that the SHARP technique can overcome a 10-fold
negative adhesion ratio. This demonstrates that the SHARP
technique is able to overcome large unfavorable fracture energy
differences and can be used to print onto very low surface
energy substrates. In addition to the ability to print the films,
the film morphology and electrical properties should not be
negatively impacted. We found that the electrical conductivity
of the films, measured using the Van der Pauw technique, are
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similar prior to and after printing, with the results given in
Table 1. The topography of the films after transfer printing is
also unchanged, with atomic force microscopy (AFM) images
of the FS30-1% prior to and after transfer printing shown in
Figure S1. These results are consistent with previous
demonstrations of the films that are transfer-printed onto
low adhesion energy surfaces.”>”*’

3.2. Thickness Dependence. The previous transfer
printing process using shear demonstrated by Carlson et al.
had shown a negative relationship between printinig success
and decrease in the silicon membrane ink thickness.*"* Finite
element modeling showed that increasing the thickness of the
silicon membrane increases the strain energy release rate at the
stamp/ink interface relative to the ink/receiver interface and
therefore increases the printing yield. Here, similar experiments
were performed to observe whether a similar trend exists for
the SHARP technique for printing compliant polymer films.
From the results shown in Figure 3, CPP-1:1 and CPP-1:3
films were found to be closest to the transfer printing limit for
printing success using the SHARP technique. The CPP-1:1
film was unsuccessful at the film thickness of 206 nm, whereas
the CPP-1:3 film was successful at the thickness of 191 nm.
These PEDOT:PSS formulations were thus used to consider
the transfer print success as a function of film thickness, with
the results given in Figure 4. An increase in thickness for CPP-
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@ YESI HE---H [ CPP-1:1
(0] \
(&}
% \
£ PART} BE----1m
£ \\
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5 Not O {F+--0O--4-0 t
2
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Figure 4. Transfer printing success as a function of film thickness for
CPP-1:3 and CPP-1:1 PEDOT:PSS formulation.

1:1 did not show any improvement with printing success with
all films failing to print over the thickness range from 50 to 330
nm. The CPP-1:3 films showed a decrease in success rate with
increasing thickness. Films with thickness below 250 nm
printed with complete success, films between 250 and 410 nm
printed with partial success including incomplete film transfer
in some cases, and films that were 450 nm thick were not
successfully printed. This trend is the opposite of what was
found by Carlson et al. for printing Si membranes. The
difference in thickness dependence is currently not fully
understood but may be due to a number of competing
mechanisms that include differences in the crack initiation
between the stamp and ink during the printing processes,
differences in film roughness, and possible difference in
nominal adhesion between the ink and stamp. In printing
the silicon membranes, the stamp posts employed create a
similar interface independent of ink thickness. In the SHARP
process, the stamp extends beyond the ink and also laminates
directly onto the receiving surface. During the shear
delamination process, as the stamp delamination front moves
across the surface and reaches the edge of the ink, the forces

and dynamics will depend on the film thickness. A thicker film
may result in stamp dynamics, which promote crack initiation
at the ink—receiver interface. Kim-Lee et al. showed that
printing success is sensitive to the initial crack length at the ink
interfaces.”” Small increases in the initial crack length at the
ink—receiver interface may result in reduced printing success.
Furthermore, the PEDOT:PSS film roughness increases
slightly with thickness. This roughness may promote adhesion
to the PDMS stamp, lowering the printing success rate. Finally,
vertical segregation of the adhesion promoter in the CPP
formulation may occur that could result in greater adhesion
with increasing film thickness that cannot be ruled out at this
time.

3.3. Device Characterization. The utility of the SHARP
technique is demonstrated by using it to fabricate semi-
transparent OPV cells by transfer printing the PEDOT:PSS as
a top electrode. As shown in Table 1, the electrical
conductivity of the PEDOT:PSS films decreases with added
FS30. Thus, we consider devices with the FS30-1%
formulation, which allows for simple spin-casting onto the
donor OTS-Si substrate and has a minimal negative impact on
electrical conductivity. Two different organic solar cell active
layers are considered P3HT:PCBM and FTAZ:IT-M. The
FTAZ and IT-M molecular structures are shown in Figure Sa
along with the OPV device architecture. The current—voltage
characteristics of the semitransparent OPV cells under 1 sun
illumination are given in Figure 5b. The semitransparent OPV
cells are compared to devices with reflective metal electrodes.
The best power conversion efficiencies (PCEs) for the
semitransparent P3HT:PCBM and FTAZ:IT-M OPV cells
were 2.37 and 6.02%, respectively. The best PCEs for the
control opaque devices were 3.38 and 11.34%, with additional
device metrics provided in Table 2. The semitransparent
devices had lower short circuit current (J¢c) and fill factor (FF)
compared to the control devices attributed to the transparency
and lower conductivity of the PEDOT:PSS electrode relative
to the metal electrodes. The FF of the OPV cells with a
PEDOT:PSS top electrode is similar to previous demon-
strations of similar PHT:PCBM OPV cells.””” This includes
the PEDOT:PSS layer that is solution-cast and transfer-printed
onto the OPV cell. The transfer-printed OPV cell is also
compared to a FTAZ:IT-M-based semitransparent OPV cell
with spun-cast FS30-1% top electrodes. The PCE of the spun-
cast PEDOT:PSS electrode was limited to 1.4% because of
poor FF and Jy (see Figure S2). The poor performance of the
solution-cast PEDOT:PSS electrode onto the device may be
associated with interactions of the surfactant or DMSO with
underlying layers. This highlights the benefit of being able to
optimize the film on a donor substrate, followed by device
fabrication by transfer printing.

The transmittance of the active layers and semitransparent
electrodes is given in Figure Sc. The transmittance of the FS30-
1% PEDOT:PSS film was found to be over 85% across the
visible spectrum. This is comparable to the ITO film used as
the counter electrode. The transmittance of the complete
device stack is also provided in Figure Sc. As mentioned above,
the use of an unpatterned PDMS stamp in the SHARP
approach enables the printing of large-area films. As an
example, the inset of Figure Sc shows a large area (3 cm X 2.5
cm) PEDOT:PSS FS30-1% film that was printed onto glass,
where the film area is only limited by the size of the mechanical
stage used in the printing process.
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Figure S. (a) Chemical structure of the polymers FTAZ and IT-M and an illustration of the device stack including the bulk heterojunction active
layer (P3HT:PCBM or FTAZ:IT-M) and the electron transport layer that was either ZnO or PEIE. (b) Current—voltage relationship for
P3HT:PCBM and FTAZ:IT-M OPV devices with a PEDOT:PSS or opaque metal electrode. (c) Transmittance of semitransparent electrodes ITO
and PEDOT:PSS (FS30-1%) and the overall transmittance of the semitransparent OPV devices with PBHT:PCBM and FTAZ:IT-M active layers.
Inset: photograph of large-area transfer-printed FS30-1% film on glass.

Table 2. OPV Device Characteristics Comparing Opaque Metal Electrodes to Semitransparent PEDOT:PSS (FS30-1%)
Electrodes for a Minimum of Four Devices

active layer top electrode V. (V) Jsc (mA/cm?) FF (%) ave PCE (%)“ best PCE (%)
P3HT:PCBM MOO3/Ag 0.62 + 0.01 8.74 + 0.4 0.59 + 0.1 3.18 +£ 0.2 3.38
P3HT:PCBM FS30-1% 0.62 + 0.01 6.68 + 0.8 0.50 + 0.1 2.10 + 0.3 2.38
FTAZ:IT-M MoO;/Al 0.96 + 0.002 17.94 + 0.21 0.66 + 0.1 11.34 + 0.13 11.60
FTAZ:IT-M FS30-1% 091 + 0.03 12.00 + 0.7 0.51 + 0.003 5.54 + 0.54 6.02

“Average taken from a minimum of four devices.

4. CONCLUSIONS

In this report, we demonstrate a transfer printing technique to
print PEDOT:PSS top electrodes using an unpatterned
elastomer stamp, named SHARP. The SHARP process consists
of using a prestrained elastomer stamp. During the printing
process, when the ink supported by the stamp is in contact
with the receiving substrate, the prestrain in the stamp is
reduced, resulting in a shear force at the stamp—ink interface.
This shear force reduces the nominal work of adhesion
between the stamp and ink, enabling the printing of polymer
thin films. Various PEDOT:PSS formulations were used to
explore the adhesion fracture energy limits of the transfer
printing process. Using this material system, it was shown that
SHARP is able to overcome a 10 times unfavorable adhesive
fracture energy difference between the stamp/ink and ink/
receiver. The SHARP process was then used in the fabrication
of high-performance semitransparent OPV cells. It was found
that the transfer-printed PEDOT:PSS electrode significantly
outperforms a film directly cast onto the device stack. This
method is a generalized technique that can be used to print a
wide range of polymer thin films. It is particularly useful in
organic electronics where film morphology and interface
structure are critical to device performance.
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