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ABSTRACT: The industrial development of semiconducting polymers (SPs) faces a
significant hurdle in the absence of an inexpensive, rapid, and viable patterning technology
capable of producing submicron features. In this study, we explore photothermal patterning
as a promising technique that leverages the solubility characteristics of SPs to address this
challenge. We demonstrate the rapid adaptability of this technique using one of the
commercially available direct-write photolithography apparatuses, the Alvéole PRIMO that is
commonly found in university clean rooms. Additionally, we developed a predictive model to ser
quantify photothermal dissolution of SPs in solvent mixtures. We successfully determined the
depth and width of the resulting patterns and identified the influence of solubility kinetics on
heat transfer within the film, tying feature size to laser intensity, dwell time, and solvent quality for two different semiconducting
polymers. We then demonstrate the technology by etching complex artwork into SP films with ym lateral resolution and ~10 nm
depth control. Put together, this method and the associated theoretical model set the stage for the development of a cost-effective
and rapid photopatterning technology for SPs, opening up possibilities for industrial applications in microfabricating organic
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electronic devices.
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H INTRODUCTION

The rate of increase in microprocessor chip speed has doubled
roughly every two years for decades as observed by Moore’s
law. The steady increase in microprocessor speed has largely
been the result of miniaturization of individual transistors
through improvements in photolithography processing. Photo-
lithography is a multistep chemical processing technique that is
used to dope and etch semiconductor domains and to deposit
electrodes at desired locations on the chip.'~ The worldwide
annual investment in photolithography instrumentation
increased to over $11 billion/year in 2023.* Viability and
scalability of any latest semiconducting product will therefore
depend largely on how well it integrates with the existing
photolithography infrastructure. Utilizing existing photolithog-
raphy infrastructure for scale-up for upcoming materials with
drop-in technology is vastly less expensive and less complicated
than developing more instrumentation and processing modal-
ities.

Most photolithography infrastructures are designed for hard
semiconducting materials like silicon. Recent research on
semiconducting polymers (SPs) demonstrates advantageous
material properties like mechanical flexibility, lower environ-
mental toxicity, and superior optoelectronic performance.’™*
Solution processibility and compatibility with roll-to-roll
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processing are also huge advantages for SPs compared to
hard semiconductors, but progress toward commercial
products has been limited because published methods for
nano/micropatterning SPs are incompatible with the existing
technological infrastructure for electronic devices.” Here, we
present a chemically nondestructive photopatterning technol-
ogy capable of laterally and vertically patterning polymer
domains with nano/micro resolution that is fully drop-in
compatible with existing photolithography infrastructure. We
demonstrate high-resolution micropatterning of both p-type
and n-type SPs, making this technology an optimal choice for
scale-up of future SP devices.

SP micropatterning is an active area of current research with
multiple approaches, each with its own limitation associated
with soft material processing. Traditional photolithography
employs light to modify the solubility of a photoresist and then
uses either lift-off or etching methods to pattern the small
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Figure 1. (a) Alveole PRIMO embedded with a 375 nm laser with contactless and maskless photopatterning. The Alveole PRIMO is attached to a
Nikon eclipse TI microscope. (b) Cartoon schematic of the experimental setup to determine the dissolution temperature. (c) Temperature vs good
solvent volume fraction for P3HT (red, filled symbols) and PNDI-T2 (blue, open symbols).

molecule organic semiconductors.' ™" Photolithography pro-

cessing steps are usually incompatible with SPs as the SPs and
photoresists mix and are soluble in most casting and stripping
solvents used in this process.12 A different approach is to
change the chemistry of the SP to enable chemical cross-
linking, which makes the SP permanently insoluble."> Such a
strategy has been widely used for amorphous materials (like
emitters for organic light emitting diodes), but the cross-link
groups interfere with crystal formation, reducing performance
and greatly increasing the difficulty of material processing.'*
Noncontact techniques like inkjet printing operate by ejecting
ink droplets from a series of nozzles (with diameter in the
range of 9—50 um) on the substrate."”™'® These printing
techniques are favorable for manufacturing, but result in
features that are too large for optical applications.'®*® And
finally, stamping techniques can achieve a higher resolution but
the stamp mask often suffers from material deformation and
degradation.”""** Hence, there is a glaring need for a patterning
technique that is compatible with all SPs with no additional
chemistry and is noncontact, high-throughput, and high-
resolution.

Recent work attempts to address this gap via a contactless,
scalable, photopatterning method called projection photo-
thermal lithography.”> This technique leverages the fact that
SPs are soluble in some solvents but insoluble in others. For
photothermal lithography, a SP film is exposed to a mixture of
a good and a poor solvent that is designed to render the
polymer insoluble at room temperature but to enable complete
dissolution at an elevated temperature. Subsequently, the SP
film is exposed to laser radiation at a wavelength that is
strongly absorbed by the SP in its solid state. The absorption
of the photons from the laser leads to production of excitons
which relax to ground state and through nonemissive processes
leads to local heating of the SP. Once the film temperature
surpasses the dissolution threshold, the SP dissolves, resulting
in the formation of negative patterns.

Using this strategy, Murrey et al. achieved sub-um resolution
with their home-built photothermal patterning setup.”
However, it is impractical for researchers worldwide to
replicate the entire setup, including a microscope, laser, and
photomask alignment system. The objective of this study is to
evaluate the compatibility of commercially available direct-
write photolithography equipment for this process and prove
universal replicability. We demonstrate that commercial
photolithography equipment can be easily adapted to pattern
SPs. In this study, we used the Alveole PRIMO, which is a

commercially available maskless photoaligner designed for
biomolecule micropatterning, hydrogel folzmerization, and
microfabrication, all in a single device. 4% We used this
apparatus to test the photothermal patterning of both p-type
and n-type polymers at various solvent concentrations and
laser fluences. We also developed a quasi-steady state model to
predict the depth, width, and shape of the negative pattern as a
function of the solvent quality, depth of focus, laser fluence,
and dwell time. Our results and predictive model demonstrate
that photothermal patterning is compatible with available
commercial photolithography equipment and that the method
can be predictably and universally applied to any SP for
electronic device fabrication.

B RESULTS AND DISCUSSION

Photothermal Patterning and Solvent Selection. In
this study, we used poly(3-hexylthiophene) (P3HT) and
poly[N,N’-bis(2-octyldodecyl)-naphthalene-1,4,5,8-bis-
(dicarboximide)-2,6-diyl]-alt-5,5'-(2,2"-bithiophene) (PNDI-
T2) as the SPs of interest. These polymers are significantly
different because P3HT is a p-type homopolymer that is highly
crystalline, orients edge-on to the substrate, and absorbs goorly
at 375 nm (Supporting Information Figure $5).”7%° By
comparison, PNDI-T2 is an n-type alternating copolymer with
low crystallinity. It orients face-on to the substrate, and absorbs
strongly at 375 nm (Supporting Information Figure §5)31
Demonstrating that both polymers can be patterned using the
same tool and analyzed using the same predictive model shows
the universality of the method. The Alvéole PRIMO (Figure
1a) was used for the photothermal patterning experiments.
The assignment of good and poor solvents for each polymer
was made after soaking the SP film in each of the solvents at
room temperature. A good solvent will fully dissolve the SP
and a poor solvent will not dissolve the SP at all at room
temperature. For this study, 1,2-dichlorobenzene (DCB) and
cyclohexanone (CHN) were chosen as the good and poor
solvents respectively for PSHT. For PNDI-T2, p-xylene (XLN)
and CHN were chosen as the good and the poor solvents
respectively.

As discussed, photothermal lithography works on the
principle that an SP will dissolve in a solvent mixture at
some elevated temperature and all heating is achieved by using
a focused laser. There are several process parameters that can
affect the pattern shape and resolution like solvent quality
(specific interactions with good and poor solvents and their
ratio), polymer molecular weight (M), polymer polydispersity
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index (PDI), laser fluence (Ep), laser intensity, and dwell time.
All of these process parameters effectively manipulate the
temperature gradient in the SP film and locations at which a
dissolution temperature (DT) is reached, which ultimately
dictates the resulting pattern and dissolution rate. PDI of SPs is
always greater than 1, so there is a range of temperatures over
which the polymer dissolves in a solvent. DT, is defined as
the minimum temperature at which the polymer starts to
dissolve into the solvent mixture. DT, must be low enough
that it can be quickly achieved by the thermal heating from the
laser, and it must be high enough that SP does not dissolve
into the solvent at room temperature, even after hours of
solvent soaking.

Figure 1b shows a cartoon schematic of the experimental
setup used to determine DT, ,. The setup involves a solvent
mixture contained in a well-mixed cuvette. The SP is coated on
a substrate of known area and thickness which is immersed in
the cuvette. We use a 405 nm 20 mW laser to probe the
transmittance through the solvent, which tracks the amount of
SP that dissolves into the solvent. We begin a slow (3 °C/min)
temperature ramp from room temperature and slowly increase
the temperature of the system. The transmittance through
solvent decreases quantitatively as a function of the polymer
solution concentration until the polymer is completely
dissolved. The transmittance vs temperature plots for P3HT
and PNDI-T2 can be found in the Supporting Information,
Figures S2 and S3. Based on the DT, one could select the
solvent concentration for patterning based on Figure 1c, which
shows temperature versus good solvent volume fraction for
P3HT and PNDI-T2. DT, for PNDI-T2 in XLN + CHN is
higher than that of P3HT in DCB + CHN. Therefore, to
pattern at the same DT, the solvent ratio must be changed.
The dashed lines are the solvent concentrations chosen for
experimentation in this study, in the range 60—100 °C. In
principle, the patterning rate would be increased by working at
a lower DT, because lower laser exposure time would be
needed to produce a particular volume etch. However, since
most semiconducting polymers have a PDI of 2—4, DT, is
usually about 30 °C lower than DT 4 as seen in Figure 1c. The
consequence of choosing a low DTy, is the systematic
reduction of the SP layer thickness by dissolution of the
shorter polymer chains.

The dissolution temperature experiment proves that
polymer dissolution is driven by thermal stimulation alone.
The purpose of the laser in photothermal patterning is to
achieve precise micrometer-sized local heating. We have
previously shown that there is no chemical reaction that
occurs because of exposure to the laser.”>*°

For the patterning experiment, an SP film was enclosed in a
solvent cell with a 300 um layer (<200 uL total solvent) of the
solvent mixture. We then projected an image of the photomask
(Supporting Information Figure $4) onto the surface of the SP
and exposed it to a 375 nm laser (output power: ~5.2 mW)
embedded in the Alvéole PRIMO. It is important to note that
P3HT and PNDI-T2 in solid state have significantly different
absorbance at 375 nm based on the UV—vis-NIR spectra (refer
to Supporting Information Figure S5). This further shows the
universality of this process. We used a 20X objective lens to
focus the photomask image on the SP layer. The area per
projection was ~0.17 mm? at this magnification. We used the
P3HT results for the figures in this study but obtained similar
results for both polymers. The experimental conditions for
P3HT that were used are shown in Table 1:

Table 1. Experimental Conditions for P3HT

solvent concentration (%)

laser fluence (in pJ/nm?)

25%, 35%, and 45% DCB, rest CHN

3,5 8and 10

“thru glass” and “thru solvent”

870, 1450, 2000, 3480, 4350, 5520 and 5300

solvent cell orientation

photomask width (in nm)

The solvent cell assembly contains two glass pieces that
enable laser exposure while enclosing the solvent to prevent
leakage and human exposure. One glass is a thin (0.1 mm)
coverslip, and the other is a standard 1 mm microscope slide or
indium tin oxide (ITO) glass. We performed experiments with
the SP coated onto either of the glass pieces, such that the
polymer is always in contact with the solvent. This test is
significant because the laser had to travel through different
materials and distances to reach the polymer as shown in
Figures 4b and 5b. The case in which the laser had to travel
through glass alone to reach the polymer is referred to as the
“thru glass” case and when the laser had to travel through the
glass and the solvent to reach the polymer is called the “thru
solvent” case. The choice of through glass or through solvent is
consequential for the experiment design for two reasons. First,
through solvent enables the use of a standard thickness
substrate, but there are more optical interfaces and a larger
working distance between the laser source and the SP layer.
Thru glass requires only the use of a coverslip (0.1 mm thick)
for the device substrate (delicate) but reduces the focal
distance and removes reflectances off the interfaces. The other
consequence is that the laser heats the glass/SP interface in the
case of thru glass excitation, whereas it heats the solvent/SP
interface in the thru solvent case. In the future, organic
electronic devices are expected to be fabricated on flexible
webs or metal foils with varying thicknesses. It is important
that any patterning technology be compatible with all substrate
geometries.

Figure 2 shows the line profiles of the patterns obtained for
P3HT with 35% DCB + 65% CHN for both orientations, all
four laser fluences, and seven different exposure widths. These
line profiles are extracted from atomic force microscopy
(AFM) images which can be found in Supporting Information,
Figure S8. It is clear from Figure 2 that there are discernible
etch shape and depth differences in the line profiles obtained
for the two orientations and four fluences. As expected,
increasing the laser fluence results in more heating and
therefore deeper features. Also, the “thru solvent” orientation
results in wider features. We model laser-induced heating and
polymer dissolution into the homogeneous, well-mixed solvent
to understand the effect of changing the processing parameters
on the shape and dimensions of the patterns obtained. We also
note that more polymer redeposition occurs in the “thru glass”
orientation which results in positive features in the AFM
image. Our model cannot account for the redeposition of
polymer in locations far from the dissolution location. The
“thru glass” sample has more redeposition because in this
orientation, gravity pulls the particles down to the substrate.
Future iterations of the sample cell will feature solvent flow to
remove polymer from the system before redeposition for both
orientations.

To further bolster the universality of photothermal
patterning, we patterned a nonthiophene containing polymer.
Poly(9,9-dioctylfluorene-alt-benzothiadiazole) (F8BT) is a
popular fluorene copolymer that is used in organic light

https://doi.org/10.1021/acsapm Ac01884
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Figure 2. AFM cross sections of patterned P3HT with 35% DCB + 65% CHN. These line cuts are taken from AFM images (for full AFM images
refer to Supporting Information Figure SS5). Thru glass profiles are on the left, and thru solvent is on the right. The different profiles come from
different exposure widths, and the different line colors come from different exposure intensities.
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Figure 3. (a) Cartoon schematic of the patterning process “thru solvent” orientation. Not to scale. (b) Laser exposure dose E(x, z) vs cross-section
position x. (c) Three-dimensional (3-D) plot of E(x, z) vs x and z with the threshold energy for dissolution (Ey,) depicted.

emitting diodes. The details and results of patterning can be
found in Supporting Information Section S5.

Predictive Model for Pattern Width and Depth. A
practical prerequisite for this processing technique is a
quantitative model that predicts feature geometry as a function
of the processing variables. We introduced DT above, which
is the temperature at which the polymer starts dissolving into
the solvent. We also introduce a threshold energy (Ey,), which
is the cumulative optical power (in Joules per nm®) that is
needed to reach DT,,. Just like DT, Ey, depends strongly
on the choice of solvent mixture because the polymer will
dissolve at a lower temperature in a better solvent,
corresponding to a lower Egy. The dissolution occurs over a
time scale of seconds to minutes, which allows us to describe
the system as quasi-steady state.

To model this system, we start by assuming a Gaussian-
shaped laser beam intensity profile projected onto the top
surface of the polymer film. The SP film is in equilibrium with
a solvent mixture, such that no dissolution occurs at room
temperature. Initial absorption of photons from the laser
results in heating of the polymer with a temperature
distribution that is identical with the absorbance profile of
the laser in the film. The polymer starts to dissolve into the
solvent mixture when the local temperature exceeds DT,.
Figure 3a shows a cartoon schematic of the entire patterning
process. A Gaussian laser beam distribution with characteristic

width & can be expressed as

11305 https://doi.org/10.1021/acsapm.4c01884
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_ I T
E(x, z) = E, ﬂp[ 62] P( ﬂ] W

where E, is the peak exposure dose at x = z = 0. The beam
intensity attenuates as it penetrates the film, described by an
exponential decrease in the z-direction with a decay constant
that is related to the polymer extinction coefficient at the
excitation energy.

‘We build on models of exposure profiles for a photoresist
exposed to Gaussian laser function with an exponential
decay.”” For this, we define the contrast y that quantifies the
difference between the exposed and the unexposed region on
the polymer:

|»

]

o

E(z)
%, @
where H, is the original height (or thickness) of the film and
E(z) is the optical field intensity. A larger ¥ indicates a larger
observable difference between the exposed and unexposed
areas.

Equations 1 and 2 can be rearranged in terms of spatial
parameters x and z to obtain

Ep x%
n——=—
E, o

y:

. rH,
- H.
1 ¥,
*t3

(3)

which is a parabolic equation of the form of A + Bx%. The
parameter A can be solved in terms of the predicted etch
feature depth (D) at the center position (as shown in Figure
3a) for the laser where:

11306

0

H E
The predicted pattern width at the surface (W) is a
combination of the parameters A and B. W is defined as the full
width at z = 0 (as shown in Figure 3a):

W=12 = ZJE =226 ]1'1E
B \/ Eg (5)

where x, is the half of the top width of the obtained pattern at
z=0, and

H, («*
B= #[—]
B

(6)

Solving for z in terms of D and W then yields the following
depth profile.

_ 4D >
2= DJ’(WZ]’ )

The Gaussian laser intensity pattern yields a parabolic etch
shape because the wings of the Gaussian do not exceed the E,
needed to start dissolution. This is depicted schematically in
Figure 3b,c with representative plots of E(x, z) vs x over the
thickness (2) of the SP. The polymer dissolves into the solvent
only if E > E. This is represented by the colored Gaussian
spectra in Figure 3b,c. The parabolic etch shape is the
intersection of the Ey plane (in yellow) with the Gaussians,
corresponding to cases in which dissolution occurs.

https://doi.org/10.1021/acsapm.4c01884
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We apply this model to fit patterns D and W from the
measured AFM patterns. Figures 4a and Sa represent
photomask width vs W and D for the “thru glass” case and
“thru solvent” case respectively for P3HT. There is a clear
systematic difference in W and D vs exposure intensity for the
two different solvent cell orientations. These differences can be
explained by differences in the thermal transport out of the SP
film. We make the following assumptions to understand
thermal transport effectively:

1 Glass is transparent at 375 nm. The polymer is the only
optically absorbing material in the system.

2 Since light absorbs with exponential reduction in
intensity with depth, the heat gradient must match the
optical field intensity E(x, z).

3 Laser orientation with respect to the film changes the
thermal gradient as follows:

e “thru glass” case: the glass—polymer interface is
hotter than the solvent—polymer interface.

e “thru solvent” case: the solvent—polymer interface
is hotter than the glass—polymer interface.

For the “thru glass” orientation, W increases linearly with the
photomask width for all fluences, while D saturates at ~220
nm, which is the layer thickness (Figure 4a). Figure 4b is a
cartoon schematic depicting the dissolution of the polymer
into solvent- and laser-induced temperature gradients in the
“thru glass” orientation. The laser heats the polymer most at
the polymer—glass interface. P3HT is a poor conductor of heat
(k = 0.158 W/mK), but glass acts as a heat sink (k ~ 1.1 W/
mK) pulling heat from the polymer film. As a result, the glass

heats laterally and results in W that is wider than the
photomask width (dashed line in the left panel of Figure 4a).

For this orientation, the 115 nm layer closer to the glass gets
heated first (f ~ 115 nm, calculation in Supporting
Information S7). Heat diffuses slowly to the cold side which
is the polymer—solvent interface but more quickly to the glass
heat sink. Dissolution into the solvent must occur at the
polymer—solvent interface. Since the glass heat sink is closer to
the hot polymer interface in this case, vertical heat transfer in
the z-direction is more efficient than lateral heat transfer in the
x-direction, which results in lower W and higher D as
compared to the “thru solvent.”

Figure 5a shows the photomask width vs W and D for the
“thru solvent” orientation. In this case, lower photomask
widths result in a higher W. W decreases first and then
increases again. This dip in W decreases with increasing
fluence, and it eventually approaches linearity like in the
previous case. D increases linearly with photomask width until
5 pJ/nm? and then saturates at higher fluences and at higher
photomask widths. It is also clear that patterns are deeper in
the “thru glass™ case, which proves a difference in the heat
transfer mechanism between the two cases. Figure Sb is a
cartoon schematic describing the dissolution in the “thru
solvent” orientation. The laser heats the polymer at the
polymer—solvent interface. In this case, the hot side of the
polymer is closer to the solvent, and the solvent serves two
purposes, acting both as a heat sink and as a front for
dissolution. The solvent convects in response to thermal
gradients, resulting in a more significant lateral heat spread
through the solvent compared with the “thru glass” case.

11307 https://doi.org/10.1021/acsapm.4c01884
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Figure 7. (a) Painting by Shiva Ahmadi used as a photomask for patterning P3HT. (b) Optical image of P3HT after patterning. (c) AFM image of

the highlighted area on the optical image.

Solvent convection, which is not considered in the model, is
likely the reason for higher W and lower D obtained in the
“thru solvent” orientation. For a future scale-up of photo-
thermal patterning, a solvent flow would enable the control of
heat transport through the solvent layer.

Master Curve. We can use dimensionless variables to
reduce the number of parameters in the model and to make
the model readily generalizable to other processing conditions.
In this case, we want to predict the W and D of a
photothermally etched feature in SPs using only information
like Ey, DTy DT..qs Ep, B, and time. We choose
dimensionless variables

* z % x

== x =

A JA/B (8)

Substituting these into eq 7 yields

=1+ a7 ©)]

‘We obtain a master curve for P3HT and PNDI-T2 by
applying this nondimensional model to all AFM cross-section
patterns for all widths, intensities, solvents, and operating
conditions (Figure 6). The master curve collapses all data into
a narrow range of values across the entire range of operating
conditions. It is representative of the fact that any SP can be
patterned with a combination of solvents and laser heating.
The two curves are not identical, meaning that one cannot
pattern PNDI-T2 under the same conditions as P3HT. The
collapse of the data into one curve does demonstrate that all

data under all conditions can be accurately described by the
model for a particular polymer and that the model should be
trusted to have predictive power outside the measured range,
for example, for the same polymer in a different solvent
mixture. Significantly more research will be needed to predict
processing conditions for more polymers, but the success of
this model shows that it can be used across all measurement
conditions and with any polymer to predict the etch depth and
width in the photothermal patterning of semiconducting

polymers.

B DEMONSTRATION OF DEPTH SENSITIVITY AND
LARGE AREA PATTERNING

We also took this opportunity to demonstrate the capabilities
of Alvéole PRIMO in the field of polymer patterning. We used
Figure 7a as the photomask. This piece of art is made by Prof.
Shiva Ahmadi from the Department of Art and Art History at
University of California Davis. The size of the projected image
on the surface of P3HT was 404 X 554 um” The solvent
mixture used was 45 vol % DCB, 55 vol % CHN. The image
was broken into 236 gray scale intensities that scaled from
below E,, to full depth etching of the P3HT film. Thus the gray
scale of the image is recorded as a depth map or topo map of
the image. Figure 7b is an optical image of patterned P3HT.
All of the very detailed features of the artwork are present in
the etched P3HT with no large scale distortions. There are
some white specks on the image that come from redeposition
of the polymer. We hope to remove this artifact in future

https://doi.org/10.1021/acsapm.4c01884
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Figure 8. AFM images of patterned P3HT from Figure 7b are put together.

upgrades of the patterning apparatus. Figure 7c is an AFM
image of the highlighted area in the optical image. We were
able to achieve a resolution ~2 um with depth sensitivity of
~10 nm (Supporting Information Section S8). The AFM
images show that the gray scale image was perfectly transferred
to the P3HT surface. This demonstrates that the polymer can
be patterned over larger areas at sufficient resolution for device
applications.

To make sure that the polymers maintain their opto-
electronic properties after patterning, we conducted UV—vis
spectroscopy and four-probe sheet resistance measurements on
P3HT before and 2—3 h after patterning. The UV—vis spectra
and conductivity measurements prove that opto-electronic
properties of P3HT remain intact after patterning (for details
refer to Supporting Information Section S6).

Figure 8 is a collage of AFM images of patterned P3HT from
Figure 7b. This is an excellent demonstration of the resolution
that Alvéole PRIMO is capable of achieving. The columns on
the bottom right show parallel wires of P3HT with 5§ pm width
and hundreds of um length. The dimensions of the image show
the capability to pattern at the 1 um resolution scale over
dimensions of 1 mm.

B CONCLUSIONS

In this article, we patterned P3HT and PNDI-T2 using
photothermal lithography on a commercially available direct-
write photolithography instrument, such as the Alveole
PRIMO. We developed a quasi-steady-state model to
investigate the photothermal dissolution of SPs in solvent
mixtures induced by a laser beam. We introduced parameters
such as dissolution temperature and threshold energy to
quantify the influence of solubility kinetics on heat transfer
within the film. Through our analysis, we successfully
determined the depth and width of the patterns obtained,
tying feature size to the laser intensity, dwell time, and solvent

quality for two different semiconducting polymers. By gaining
a preliminary understanding of the heat transfer effects, we
were able to identify the regime in which these effects
dominate, thereby enabling us to modify the shape of the
patterns obtained. We demonstrated that any polymer can be
patterned over an area of mm? with a resolution of 1 gm. This
research significantly contributes to the development of a cost-
effective and rapid patterning technology for SPs, opening up
possibilities for their industrial applications in the field of
electronic devices.

B MATERIALS AND METHODS

1. Materials: P3HT was purchased from Sigma Aldrich
(MKCF1948) and PNDI-T2 was purchased from Ossila
(M1201A4). Dichlorobenzene, xylene, and cyclohexanone
were purchased from Sigma Aldrich. Borosilicate glass
microscope slides (Fischer Scientific) cut to the required size
were used as the substrates. All substrates were cleaned by
ultrasonication in acetone, methanol, isopropyl alcohol, and
deionized water for 10 min each. They were then dried with
compressed N, and UV-ozoned for 20 min.

2. Thin film preparation: All polymer thin films used in this paper
were spin coated in a N, glovebox. P3HT films were coated at
800 rpm for 90 s from a 25 mg/mL DCB solution and were
220 nm thick. PNDI-T2 films were coated at 1000 rpm for 90 s
from a 20 mg/mL 4:1 chloroform/chlorobenzene solution and
were 550 nm thick. F8BT films were coated at 400 rpm for 90
s from a 30 mg/mL chlorobenzene solution and were 100 nm
thick. All films were annealed at 125 °C for 1 h on a hot plate
after spin coating.

B ASSOCIATED CONTENT
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Dissolution temperature; photomask used; UV—vis
spectra for P3HT and PNDI-T2; AFM height images
and cross sections for P3Ht and PNDI-T2; calculation of
decay constant f; demonstration of depth control
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