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ABSTRACT Organic electronics promise to provide flexible, AFM —— 500nm
large-area circuitry such as photovoltaics, displays, and light =% %ﬁ
emitting diodes that can be fabricated inexpensively from solutions. light
P3HT (soluble) PBHT:FATCNQ Exposed
A major obstacle to this vision is that most conjugated organic (insoluble) areas dissolve
materials are miscible, making solution-based fabrication of multi- De’dOD‘”gl
layer or micro- to nanoscale patterned films problematic. Here we ~ e
demonstrate that the solubility of prototypical conductive polymer s red gaseos Chemically ! Area exposed
poly(3-hexylthiophene) (P3HT) can be reversibly “switched off” using P3HT Patterned P8HT ;goH\?red (dwségh‘ggt}

high electron affinity molecular dopants, then later recovered with

light or a suitable dedoping solution. Using this technique, we are able to stack mutually soluble materials and laterally pattern polymer films by

evaporation or with light, achieving sub-micrometer, optically limited feature sizes. After forming these structures, the films can be dedoped without

disrupting the patterned features; dedoped films have identical optical characteristics, charge carrier mobilities, and NMR spectra as as-cast P3HT films. This

method greatly simplifies solution-based device fabrication, is easily adaptable to current manufacturing workflows, and is potentially generalizable to

other classes of materials.
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wo major factors have driven re-

search interest in organic electronics

in recent years: the ability to easily
tune material properties chemically and
the potential to manufacture inexpensive,
large-area devices by solution processing.
Products taking advantage of chemical
tunability, allowing for fine adjustment of
material properties such as fluorescence or
phosphorescence in small-molecule organ-
ic light-emitting diode (OLED) displays, have
already entered the marketplace. However,
despite intense research interest in apply-
ing low-cost, large-area printing techniques
such as inkjet printing to organic semicon-
ductors,' > almost all commercial organic
electronics are manufactured by compara-
tively costly vacuum deposition techniques,
limiting material choices to small molecules
or oligomers.

The major roadblock to solution-processed
organic devices is the high mutual solubility
of conjugated organic materials (COMs).
Promising applications such as displays or
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sensor arrays require complex, 3-D arrange-
ments of different materials on a single
substrate, which necessitates methods to
limit mixing or spatially separate deposited
solutions. For example, in small-molecule
photovoltaics and OLEDs, devices com-
posed of five or more stacked organic layers
are not uncommon.®~'° Organic architec-
tures that are this complex are currently
only possible using evaporative deposition
of small molecules. Similar issues are often
encountered in biomedical and optical
materials."’ Solution processing is poten-
tially cheaper for large-area deposition and
allows for the use of polymers as well as
small molecules. But patterning of solution-
processed materials requires a combination
of methods to reduce miscibility of stacked
materials and/or spatially separate miscible
materials. Bilayer deposition is possible in
specific cases where orthogonal solvents for
two materials can be found,'*' but for
applications where several different stacked
materials are required, this approach fails, as
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Figure 1. Demonstration of reversible doping induced solubility control in P3HT. (a) Structures of P3HT and FATCNQ.
(b) UV—vis—NIR absorption, (c) photoluminescence spectra, and (d) OFET transfer curves of a thin film of P3HT as-cast, after
doping and rinsing with CB, after dedoping, and after rinsing with chloroform, showing complete recovery of as-cast optical
properties and solubility. After annealing, transistor characteristics recover as well. (e) Details of "H NMR spectra of P3HT films
as-cast and dedoped, redissolved in chloroform-D. Chemical shifts assignments for P3HT?>® are shown in the inset.

most COMs are soluble in a range of solvents. Even in
the cases where orthogonal solvents can be found,
specific tuning to individual material combinations
and device architectures is necessary to minimize
mixing. Spatial separation is achievable with printing
techniques, but precise control of feature size, place-
ment, and thicknesses requires prepatterned sub-
strates,>*'* due to surface energy effects, which affect
most printing and coating techniques.'® Even printing
a single layer of unmodified COMs using standard
inkjet printing gives rise to nonuniform pixels due to
fluid dynamics. Clearly, building a 3-D, fully solution-
processed device requires new approaches.

Proposed solutions to these deposition issues
include cross-linking reactions,'®™ ' tailored syn-
thesis,'*?° self-assembly,?’ orthogonal solvents,'*'?
evaporated protecting layers,® improved photo-
resists,'*272 soft lithography,®'?’~2° and surface-
directed pattering.*'""'*?® Unfortunately, none of
these methods are universally effective and many
require numerous processing steps, reducing the cost
advantage of solution-processing. Cross-linking reac-
tions permanently alter the chemical structure and
generally require chemical tailoring, which usually
results in degraded material properties."®™"® Photo-
resists modified for compatibility with organics require
either numerous complex processing steps or fluori-
nated solvents>>'*?272% and do not allow for multilayer
devices, e.g., stacking two mutually soluble polymers.
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Other techniques such as soft lithography are not
easily applied to devices requiring pattering over
disparate length scales®?*"?72%3% or requiring precise
alignment. In short, despite the promise of cheap,
solution-processed large-area electronics, the lack of
a disruptive patterning methodology, like photolitho-
graphy was for inorganic semiconductors, is holding
back commercial adoption of polymeric electronics.
Here, we present a candidate for such a process.

RESULTS AND DISCUSSION

Our technique, dopant-induced solubility control
(DISC), is based on the observation that the solubi-
lity of semiconducting polymers can be reversibly
controlled by doping with high electron affinity
molecules. Figure 1a shows the structures of the proto-
typical semiconducting polymer regioregular poly(3-
hexylthiophene) (P3HT) and molecular dopant 2,3,5,6-
tetrafluoro-7,7,8,8-tetracyanoquinodimethane (FATCNQ)
When P3HT and FATCNQ are mixed, charge is transferred
from P3HT to FATCNQ,*' 3> which renders the polymer
insoluble in a wide range of solvents (Figure S1).

Reversible solubility control is demonstrated in a
straightforward experiment: a thin film of P3HT is
coated onto glass from a chlorobenzene (CB) solution,
then doped by immersion in a dilute FATCNQ/acetone
solution to render the film insoluble, and finally rinsed
with CB to verify that the film is insoluble. To reverse
the process, the film is dedoped by immersion in a
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solution of acetone and ethylenediamine. As seen in
Figure 1b and ¢, upon dedoping we observe complete
recovery of the m—m* absorption (1.9—2.2 eV) and
photoluminescence (1.4—2.0 eV) bands of P3HT, both
of which are quenched by doping interactions.>” Com-
plete fluorescence recovery implies that a vanishingly
small FATCNQ density remains in the film or that the
remaining FATCNQ has all reacted with ethylenedia-
mine to form a nondoping product. Dedoped films
show no change in thickness or solubility compared to
as-cast films despite having been rinsed with CB while
doped. Figure 1e shows "H NMR spectra of as-cast and
dedoped films redissolved in chloroform-D, verifying
that no chemical modification of the polymer occurs
during this procedure. The dedoped + solvent washed
curve in Figure 1b shows little residue left after redis-
solving the film in chloroform-D, indicating that the
solution-state NMR spectra are representative of the
entire film. In addition, AFM images (Figure S2) show
minimal changes to film RMS roughness, increasing
from 2.85 nm as cast to 3.07 nm after doping and
3.26 nm after dedoping.

To establish that the electrical properties of the
polymer are similarly recoverable, we fabricate organic
field effect transistors (OFETs) using P3HT as the active
layer and subject them to the same doping and
dedoping procedure used in the optical measure-
ments. Although still quite functional, we do not
observe complete recovery upon dedoping, which is
attributed to irreversible morphological changes due
to extended solvent exposure (~17 min total) during
the procedure. Upon modifying the procedure to
minimize solvent contact time (approximately 20 s
total, using the same doping and dedoping solutions;
see Methods section), we obtain the transfer curves
shown in Figure 1d. After a short annealing step, the
dedoped device returns almost exactly to as-cast
device performance. These devices show on/off ratios
of >10°, with off currents limited by the sensitivity of
our instrumentation. Saturation-regime mobilities*®
are unchanged at x4 = 0.07 cm?/V s for both as-cast
and dedoped annealed devices, comparable to the
state-of-the-art for P3HT of 0.1 cm?/V' s,"*® demonstrat-
ing that DISC processing does not adversely affect even
high-performance devices. Figure S3 shows OFET
transfer curves for devices fabricated using the immer-
sion-based doping and dedoping procedure.

An illustrative application for DISC would be to stack
mutually soluble materials, such as an OLED on top of
an OTFT in an active-matrix display.**° Poly[(9,9-di-n-
octylfluorenyl-2,7-diyl)-alt-(benzo[2,1,3]thiadiazol-4,8-
diyl)] (F8BT) is a yellow-green emitting polymer com-
monly used in OLEDs that is soluble in similar solvents
to P3HT.*® Figure 2a and b show UV—vis—NIR and
photoluminescence spectra of an F8BT film spin-
coated from CB on top of doped P3HT. The P3HT layer
is then dedoped with the F8BT layer still in place,
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Figure 2. Fabrication of stacked mutually soluble polymers.
(@) UV—vis—NIR absorption and (b) photoluminescence
spectra of P3HT as-cast, doped then coated with F8BT,
dedoped with F8BT layer still in place, after removal of the
F8BT layer, and after rinsing with chloroform, demonstrat-
ing the ability to dedope through multilayer stacks.

verified by the recovery of vibronic features in the
absorption spectrum at 2.0 and 2.25 eV and the
recovery of photoluminescence. F8BT is known to
quench P3HT excitons,*' so recovery of photolumines-
cence after dedoping suggests that the film contains
discrete P3HT and F8BT layers. Upon removal of the
F8BT by an orthogonal solvent, we observe nearly
complete recovery of as-cast absorption and photo-
luminescence.

Although the electron affinity of FATCNQ is insuffi-
cient to dope most other conductive polymers,®' the
mechanism extends to other material combinations.
lodine has been studied as a neutral molecular dopant
for COMs,** and we observe similar inhibition of solu-
bility upon doping P3HT or MEH-PPV (poly[2-methoxy-
5-(2-ethylhexyloxy)-1,4-phenylenevinylene]), a highly
amorphous** conducting polymer, with iodine vapor
(see Figure S4). Also, as seen in Figure S5, when
FATCNQ-doped films are immersed in “good” solvents
for P3HT, crystalline domains swell with solvent but do
not dissolve, even at low doping levels, where FATCNQ
resides in amorphous domains of P3HT.3%*° These
observations together suggest that the reduction in
polymer solubility is not simply a result of cocrystalli-
zation of [polymerl[dopant™]. No new covalent
bonds between the polymer and itself or dopants are
expected to form or observed on the time scales of the
doping and dedoping process; it therefore appears
that reversible charge-transfer interactions™ are
central to the mechanism. In this case, the technique
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Figure 3. Additive patterning. (a) Schematic of the additive patterning process. (b and c) Atomic force (AFM) micrographs of
P3HT films patterned by evaporation of FATCNQ though a 2000 mesh TEM grid and developed with ODCB, after the
developing step and after the dedoping step. (d) Laser scanning confocal micrographs showing reflectance (bottom) and
photoluminescence (top) after doping, developing, and dedoping steps. Doped areas appear dark in the photoluminescence
images, while undoped regions appear bright. Photoluminescence images are false-colored. A reflectance image of the mask

is shown lower right, along with a 25 um scale bar.

could be generalized to a wide variety of COMs if
suitable dopant materials are designed.

ADDITIVE PATTERNING

By controlling doping (and thereby solubility) in
specified areas of the film, we can use DISC to pattern
P3HT at high resolution. Two solution-based pattern-
ing techniques are demonstrated below.

In the “additive process”, we add dopants to an
initially undoped film, then develop the pattern by
disolving away the undoped areas. The dopant can be
introduced by various printing or vacuum deposition
techniques; here, the process is demonstrated by
thermally evaporating FATCNQ through a transmission
electron microscopy (TEM) grid used as a shadow
mask. Figure 3a shows a schematic of this method.
After developing the pattern with o-dichlorobenzene
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(ODCB), atomic force microscopy (Figure 3b) reveals
flat, well-defined features corresponding to the holes
in the TEM grid. Dedoping (Figure 3c) does not
significantly affect feature size. Film roughness is com-
parable to the doped and dedoped films in Figure S2,
with RMS roughnesses of 2.33 nm after developing and
2.85 nm after dedoping. Areas between the patterned
features are significantly smoother, with a roughnesses
of 1.44 nm after developing and 1.85 nm after dedop-
ing. In addition, the height of the patterned features
matches the film thickness, as measured by profili-
meter. This suggests an only very thin layer of material,
if any, remains between the patterned areas.

The process is also visualized by laser scanning
confocal microscopy, shown in Figure 3d; fluores-
cence images are shown above with correspond-
ing reflectance images below. Doping quenches

A N N
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Figure 4. Subtractive patterning. (a) UV—vis—NIR spectra of P3HT:FATCNQ and images of films immersed in THF and
illuminated at indicated absorption bands at intensities of ~500 xW/cm? for 92 h. Note the dissolved circle in the slide
illuminated at 3 eV (405 nm). See Figure S7 for UV—vis—NIR spectra of these films. (b) Schematic of the subtractive patterning
technique. (c) AFM image showing a ~500 nm wide line drawn into a doped P3HT film immersed in THF using a 405 nm laser.
(d) AFM image of the same line after dedoping. (e) Slices through the AFM images.

photoluminescence, so doped areas appear dark while
undoped regions appear bright (false colored red).
After evaporation, reflectance images show faint cir-
cular areas in the film corresponding to doped areas.
This is confirmed by dark circles in the photolumines-
cence images. After developing, the undoped photo-
luminescent regions between the circles dissolve, seen
by the increased contrast in the reflectance image and
nearly black photoluminescence image. Dedoping
does not affect the reflectance image, but is confirmed
by recovery of photoluminescence. Low-magnification
images (Figure S6) show that these features are uni-
formly reproduced over the full masked area (~ mm).
These results suggest this process can reliably produce
features as small as a few micrometers. We expect that
resolution is primarily limited by the diffusion rate of
the dopant and could be improved by engineering
dopant molecules for reduced diffusion rates.
Although the additive DISC process requires the use
of a separate patterning technique (e.g., evaporation
through a shadow mask or inkjet printing), it has
inherent advantages. Since the film thickness is
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determined by the initial polymer thickness and films
remain insoluble over a wide range of doping ratios,
the resulting patterned features are inherently flat. This
potentially allows for inkjet patterning of films while
avoiding variations in thickness or morphology caused
by mass transfer in droplets during solvent evapo-
ration.>'* In addition, it enables evaporative patterning
of polymer films otherwise only feasible for small
molecules or atomic species.

SUBTRACTIVE PATTERNING

A second patterning method, the “subtractive pro-
cess”, begins with a uniformly doped film, from which
dopants are selectively removed to render areas solu-
ble. This is possible via an optical transition at 3 eV
(~405 nm), labeled in the absorption spectrum of
P3HT:F4TCNQ in Figure 4a. The inset shows P3HT:
FATCNQ films that were submerged in tetrahydrofuran
(THF) and illuminated with low-intensity monochro-
matic light (~500 #W/cm? CW) for 92 h at the energies
indicated by the arrows. Most of the films remain in-
soluble; however, the film illuminated at 3 eV dissolves
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in the area exposed to light (visible by the transparent
circle in the film). See Figure S7 for UV—vis—NIR spectra
of these films. When exposed to light or solvent
individually or sequentially, we observe no dissolution.
At high light intensities, dissolution is near-instanta-
neous, permitting features to be written directly into
the film. This effect cannot be simply attributed to local
heating, since (1) at low light intensities no significant
heating is expected, yet the film slowly dissolves when
illuminated at 3 eV, and (2) under focused illumination
dissolution is not observed at 2.28 eV (the strongest
absorption band in the film) but is rapid at 3 eV.

This transition allows for a simple “direct-write”
patterning method similar to photolithography, in
which the polymer essentially acts as its own photo-
resist. A schematic of the technique is shown in
Figure 4b. We demonstrate the method using a HD-
DVD optical pickup (4 = 405 nm = 3.06 eV, beam waist
ca. 500—600 nm) as the illumination source, due to its
low cost (~$5), integrated low-aberration optics, and
relatively long (~2 mm) working distance. Doped P3HT
films were wetted with THF and scanned under the
laser (exposure time on the order of ms) using a
manually controlled micrometer stage. Figure 4c and
d show atomic force micrographs of a line etched into a
film of P3HT before and after dedoping, respectively.
Line scans of these images are shown in Figure 4e. The
process clearly achieves sub-micrometer resolution;
additionally, dedoping does not affect feature sharp-
ness. As the width of the patterned features matches the
laser beam waist diameter (ca. 500—600 nm), we con-
clude that resolution is currently limited by the optical
resolution of our experimental setup. Film roughness is
not significantly affected by the patterning process,
increasing from 2.79 nm RMS after patterning to
3.36 nm RMS after dedoping. These values are in line
with what was observed for planar films (Figure S2).

METHODS

Reagents. P3HT (MW = 65 kDa, batches 11753 and 10560)
was donated by Plextronics. FATCNQ was purchased from TCI
(984-%) and Sigma (97+%). F8BT (MW = 5—10 kDa) and MEH-
PPV (MW = 150—250 kDa) were purchased from Sigma. All
materials were used as received. Solvents were dried over 3A
molecular sieves before use. Deuterated chloroform containing
0.03% TMS for NMR spectroscopy was sourced from Cambridge
Isotope Laboratories.

Thin Film Preparation. Thin films were prepared by spin coat-
ing P3HT solutions (10 mg/mL in ODCB) at 60 °C onto clean,
UV-ozone-treated 1 in. glass slides (Fisher Scientific). Film
thicknesses were ~50 nm as measured by profilimeter (Veeco
Dektak 150). For transistor measurements, silicon wafers (n-type
{100), 300 nm oxide layer) were prepatterned with source and
drain electrodes (1—2 nm Cr/80 nm Au) 50 um length by 2 mm
width. A trichlorododecylsilane self-assembled monolayer was
prepared on the oxide layer before spin coating P3HT.

For bilayer samples, F8BT was spin-coated from CB (10 mg/mL)
to form ~50 nm layers. The F8BT layers were removed with
dichloromethane on the spin coater. MEH—-PPV films were

JACOBS ET AL.

Within the patterned line, roughness decreases from
3.39 nm after patterning to 1.43 after dedoping, sug-
gesting that some material remains after patterning but
is removed after dedoping. This material is most likely
the dopant. P3HT is moderately soluble in THF but
completely insoluble in the dedoping solution; FATCNQ
on the other hand is only weakly soluble in THF, but
dissolves rapidly in the dedoping solvent.

Figure S6 shows a photograph of the apparatus used,
as well as a photograph of much larger (~100 um) lines
drawn into the film using a standard 5 mW 405 nm
laser pointer. In addition, Figures S6 and S8 show
optical and AFM micrographs of larger area films
patterned at an optical power (11 mW/cm? and dose
easily achievable using standard photolithography
equipment. We clearly demonstrate sub-micrometer
patterning control using low-cost optics and low-
toxicity solvents in a bare-bones setup, suggesting that
significant improvements are forthcoming.

CONCLUSION

In its ability to deposit or stack materials without
allowing mixing, DISC is akin to a reversible cross-
linking reaction. On the other hand, the ability to
optically pattern films with sub-micrometer precision
is compatible with direct-write immersion photolitho-
graphy techniques, but requires fewer steps and no
corrosive chemicals. Finally, the ability to pattern poly-
mers by evaporation opens the door to introduction of
polymeric materials in commercial OLED manufactur-
ing workflows and suggests new research directions
that may allow for better surface profile and morpho-
logical control in printing methods. Given the versati-
lity of these techniques, we see a bright future for DISC
in many areas of the emerging organic electronics
industry and beyond, in fields such as optical and
biomaterials processing.

prepared by spin coating from 10 mg/mL solutions in CB. Doped
films in Figure S5 were spin coated from a mixed P3HT/FATCNQ
solution at 60 °C in chloroform, at a concentration of 1 mg/mL
polymer basis.

All sample preparation, doping, and dedoping was per-
formed inside a nitrogen glovebox equipped with a molecular
sieve solvent trap.

Doping and Dedoping. P3HT films were doped by immersion
into FATCNQ solution (0.1 mg/mL in acetonitrile) at room tem-
perature for 2 min. Dedoping was performed by soaking sub-
strates in a 10:1 (v/v) acetone/ethylenediamine solution at 60 °C
for 15 min, followed by washing with acetone on the spin coater.
To verify recovery of solubility, films were redissolved in deuter-
ated chloroform; these solutions were used for NMR spectro-
scopy. A modified method was developed for transistor measure-
ments (Figure 1d). Doping was performed on the spin coater by
coating the film with doping solution (as above), waiting 10 s,
then spinning. Dedoping was accomplished by rinsing with 2 mL
of dedoping solution (as above) at 60 °C while spinning. Anneal-
ing was performed at 150 °C for 10 min under nitrogen.

lodine doping was performed by placing films into a jar
containing solid iodine for 2 min, then rinsing with chloroform
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to verify insolubility. Dedoping was performed by heating at 60 °C
for 30 min under nitrogen.

Spectroscopy and Electrical Measurements. UV—vis—-NIR spec-
troscopy was performed on a PerkinElmer Lambda 750. Photo-
luminescence spectra were obtained on a Varian Cary Eclipse
with Aex = 530 nm. Transistor measurements were performed
using two Keithley 2420 sourcemeters connected to a home-
built probe station in a nitrogen glovebox. Measurements were
taken by sweeping the source voltage from positive to negative
with respect to the drain at constant gate bias. NMR spectro-
scopy was performed in deuterated chloroform in 5 mm tubes
on a 800 MHz Bruker Avance lll spectrometer equipped with a
cryoprobe. Chemical shifts were referenced to TMS.

Patterning and Microscopy. The sample in Figure 3 was pre-
pared by thermally evaporating FATCNQ through a transmis-
sion electron microscopy grid (2000 mesh, nickel, Ted Pella)
taped to a P3HT film. Deposition was performed at 3 x 10~® mbar,
at a rate of ~0.2 A/s and total thickness of 2.5 nm as measured
by a quartz microbalance. The film was developed in excess ODCB
for ~1 min.

The patterned P3HT films (Figures 4 and S8) were washed
with THF on the spin coater after doping to remove any soluble
material. The light source used in Figure S8 was a 405 nm hand-
held laser pointer, and in Figure 4 it was a PHR-803T HD-DVD
optical pickup emitting at 405 nm. Optical power was ~1.75 mW
and ~500 uW, respectively, as measured by a Newport 1918
power meter and 918D-UV-OD3R photodiode. Subtractive
patterning in Figure S8 was performed by exposing the films
for 5.5 min through a TEM grid (2000 mesh, nickel) in excess THF.
Direct-write lithography was performed by wetting the film
with THF and translating the slide in the focal plane of the laser;
fine focus was attained by eye by maximizing the intensity of
the solution-state P3HT fluorescence. The text in Figure S6 was
patterned in a similar manner, except ODCB was used in place of
THF and the light source was a 5 mW 405 nm laser pointer
focused to a 50— 100 um spot size.

Atomic force microscopy (AFM) images were taken using a
Veeco Multimode AFM in tapping mode. Laser scanning con-
focal microscopy was performed on an Olympus LSM-700
equipped with a 488 nm laser.

Photosolubility. Samples for Figures 4a and S8 were coated
and doped as above, washed with THF, and placed into glass
scintillation vials containing 5 mL of THF. Light sources used were
a 355 nm UV lamp (approximately 250 uW/cm?), a defocused
405 nm laser diode (~800 yW/cmZ), a defocused 543 nm
HeNe laser (~1150 uW/cm?), a 1000 W xenon arc lamp passed
through a Newport Cornerstone 260 monochromator at 824 nm
(~450 ﬂW/cmZ), and a 150 W infrared heat lamp (broadband,
>1 mW/cm?). The IR lamp sample was placed on a temperature-
controlled cold plate set to 20 °C. Exposure time was 92 h.
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