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ABSTRACT: Polymer thin films have become increasingly popular for \ Fluorescence microscopy
the fabrication of large-area and flexible devices. Doping of organic thin Dye-loading e Rl

films is a powerful strategy to achieve highly efficient devices with precise  gjo4ing and " :*: -

and reliable control of their key parameters and to expand their range of =~ drying .

applications. However, the spatially controlled doping of polymer thin soft.contact rwrwu’
films is a challenging task that has yet to be adequately addressed. Herein, ~ approach —
we report an effective strategy for local doping of polymer thin films with .
submicrometer lateral resolution in a single step. We use optically inert  doping E
poly(methyl methacrylate) (PMMA) and blue-fluorescent poly(9,9-di-n-  pyve.popen '
octylfluorenyl-2,7-diyl) (F8 or PFO) thin films as models to investigate  THIN FILM E—
the doping process with different photoluminescent dyes (Rhodamine [ bye dopant EPolymer thin fiim
101, Fluorescein 27, Coumarin 2 and DCM) by fluorescence microscopy, oW stam . Substrate
laser scanning confocal microscopy and localized and photoluminescence

spectroscopy. Further insights into the doping mechanism are provided by computational studies. We show that the use of soft
stamps as spatially confined doping tools allows for localized doping of the polymer thin film through dye diffusion without
compromising the film morphology. This strategy overcomes solvent compatibility constraints typical of organic material processing
and can be additive, allowing thin films to be doped with multiple dyes with independent control over their spatial distribution.
These results strongly support the effectiveness of stamp-assisted doping as a highly versatile and reliable approach for achieving the
spatially controlled doping of polymer thin films, thereby opening opportunities for organic optical and optoelectronic applications.

KEYWORDS: spatially controlled doping, thin film polymer, soft stamp, dye diffusion, confocal fluorescence micro-spectroscopy

B INTRODUCTION and to control the emission color of polymer light-emitting
devices."”™”’ The easiest and cheapest manufacturing
processes for doping organic thin films include solution-
based techniques such as coprocessing or immersion, thermal
or chemical vapor doping, electrochemical doping, or
physisorption.”*~*° Controlling the doping process of organics
in organics is a complex task, and different alternatives have
been explored. Doping by codeposition is the simplest method
and allows a fine control of the dopant concentration, but it
does not allow spatial confinement of the dopant in the host
film. In addition, codeposition from solution-based techniques
may pose solubility constraints and typically lacks a fine control
on the resulting film microstructure (contrarily to codeposition
from vapor-based techniques). Alternative sequential process-
ing methods, based on the addition of the dopant into a

The growing interest in the application of organic materials in
electronic, photonic, and optoelectronic devices is due to the
possibility to tailor their properties in combination with low
manufacturing cost, flexibility, lightweight, solution and large-
area processability, and low-temperature manufacturing. >
Other than single devices, the miniaturization and integration
of efficient organic electronics and optoelectronics have also
enabled the development and demonstration of sensing
systems for the point-of-need.”” Tailoring the optical,
electrical, and optoelectronic properties of organic materials
can be pursued throu§h chemical design,®~"" control of their
polymorphic phases, ”'* and the addition of molecular
dopants."”"* Similar to their inorganic counterpart, doping of
organic semiconductors is emerging as an indispensable
strategy to achieve highly efficient devices with precise and
reliable control of their key parameters.">~'® The soft nature of Received: = October 2, 2023
organics compared to that of inorganic materials makes them Revised: ~ November 14, 2023
suitable for otherwise inaccessible applications, but it also Accepted: November 20, 2023
makes them incompatible with typical doping processes. Published: December 7, 2023
Alternative doping strategies for organic materials have been

proposed to increase the performance of organic transistors
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preexisting host film, include vapor, electrochemical, or
immersion doping. A limitation of sequential processing
methods is that the dopant diffusion in the host matrix
depends on the thickness and porosity of the host film and on
the diffusion coeflicient of the dopant. However, the structural
order of the host film is more easily retained during the doping
process, and patterned doping is also possible. In the case of
vapor doping, spatial control of the doping can be achieved by
the use of shadow masks. However, the resolution and
definition of the doping spatial features are determined by the
(expensive and complicated) technologies used for the
fabrication, positioning, application, and removal of shadow
masks. On the other hand, patterned doping from alternative
dry or solution-based techniques has been less explored.
Therefore, cheap and versatile alternatives for the spatially
controlled doping of functional organic layers must be
addressed, to fully meet the technological aspirations placed
on the use of these materials.”> While several examples of
homogeneous doped thin films obtained by blending and
coating/dipping have been reported,””’ ™" there is no
established methodology to achieve the spatially controlled
doping of submicrometric areas of organic thin films. The
solution processability of organic materials allows the use of
low-cost manufacturing processes but also poses solvent
compatibility issues when multistep processing strategies are
required. Controlled spatial wet deposition of the dopant
requires the selection of orthogonal solvents for the dopant
and the material to be doped so as not to compromise the
predeposited organic film. Solvent compatibility/orthogonality
constraints severely limit the successful doping of organic thin
films with controlled spatial resolution. Despite the plurality of
versatile and low-cost nonphotolithographic techniques
capable to pattern at micro and nanoscale a wide range of
functional materials, such as soft lithographic techniques,”"**
few studies have reported localized molecular doping of
organic layers. These strategies exploit the diffusion of dopant
molecules from a “donor substrate” to the target polymer film
using masks, localized Joule heating or silicon stamps, and,
more recently, by inkjet printing, local dedoping, or the
combination of an interlayer and laser light stimuli to spatially
control the doping process.””™*!

In the present work, we report on the submicrometer
spatially controlled doping of polymer thin films with a dye by
means of a stamp-assisted, additive, and soft-contact technique.
We demonstrate that the use of soft stamps as a dopant-donor
substrate is an effective strategy for locally doping polymer thin
films with submicrometer lateral resolution in a single step. As
schematically shown in Figure la, spatially controlled doping is
performed using elastomeric stamps that have the dual
function of acting as a molecular dopant reservoir and
imposing lateral confinement of the doping process. The soft
contact with the relief structures of the stamp allows localized
doping of the polymer thin film through dye diffusion without
compromising the film morphology. We investigate the doping
process in optically inert poly(methyl methacrylate) (PMMA)
and blue-fluorescent poly(9,9-di-n-octylfluorenyl-2,7-diyl) (F8
or PFO) with different photoluminescent dye dopants by
fluorescence microscopy, laser scanning confocal microscopy
(LSCM), and localized and photoluminescence (PL) spec-
troscopy. The use of an inert and transparent polymer, such as
PMMA, allows us to demonstrate the spatially controlled
doping by exploiting the optical properties of three different
commercial dyes (Rhodamine 101, Fluorescein 27, and
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Figure 1. (a) Schematic representation of stamp-assisted and soft-
contact doping process. Fluorescence microscope images and
corresponding localized emission spectra (light excitation: 405 nm)
of PMMA thin films doped with (b, ¢) Rhodamine 101 (Ex 510—560
nm, DM 575 nm, BA 590 nm), (c, f) Fluorescein 27 (Ex 400—440
nm, DM 455 nm, BA 470 nm), and (d, g) Coumarin 2 (Ex 330—380
nm, DM 400, BA 420).

Coumarin 2) without any interference from the surrounding
host material. Moreover, the investigation of composition-
dependent photophysical properties of fluorescent F8 thin
films doped with the charge transfer emitting dye 4-
(dicyanomethylene)-2-methyl-6-(4-dimethylaminostyryl)-4H-
pyran (DCM) provides deeper insights into the doping
process. Finally, further insights into the doping mechanism
and on the dynamics of the process are provided by
computational studies.

B EXPERIMENTAL SECTION

Materials. 4-(dicyanomethylene)-2-methyl-6-(4-dimethylaminos-
tyryl)-4H-pyran (DCM, 98%), PMMA (M,, ~ 120,000), chloroform
(anhydrous, 99.8%), toluene (anhydrous, 99.8%), butyl acetate
(anhydrous, 99%), isopropyl alcohol (spectrophotometric grade,
99.5%), and ethylbenzene (anhydrous, 99.8%) were bought from
Merck. Rhodamine 101, Fluorescein 27, and Coumarin 2 were bought
from Exciton. Poly(9,9-di-n-octylfluorenyl-2,7-diyl) (F8 or PFO, M,,
= 58,000, PDI = 2.7) was bought from Ossila Ltd. Sylgard 184
(polydimethylsiloxane, PDMS) silicone elastomer base and the curing
agent were purchased from Dow Corning.

Thin Film Preparation. Thin films of PMMA or F8 were
deposited onto quartz or Si/SiOx substrates by spin coating (1500—
3000 rpm) of a PMMA butyl acetate solution (20 g/L) or F8 toluene
solution (S or 10 g/L) under inert atmosphere of nitrogen (O, < 0.1
ppm, H,0 < 0.1 ppm). Thin films with thicknesses of 20, 40, and 60
nm were prepared varying the F8 or PMMA concentration and
controlling deposition conditions. The solvent is allowed to evaporate
at room temperature for 24 h. Before the deposition, the substrates
were cleaned by sonication in acetone, in 2-propanol, and then dried
under a stream of nitrogen.

Doping. Doping of PMMA films with Rhodamine 101,
Fluorescein 27, and Coumarin 2, and doping of F8 films with
DCM were performed by the stamp-assisted soft-contact doping
technique. Elastomeric PDMS molds were prepared by replica
molding of silicon masters fabricated by photolithography.* The
stamp motifs consist of parallel lines (600 nm wide and 1.5 um
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periodicity, or 30 ym wide and 60 ym periodicity, or 2.5 ym wide and
15 pm periodicity), square grid (hole size 10 ym), or a matrix code.
After curing for 6 h at 70 °C, PDMS stamps were peeled off, cleaned
by sonication in ethanol for 10 min, and dried in a stream of nitrogen
prior to use. The structured side of the PDMS stamp was brought into
contact with a 1 g/L (or saturated) solution of dyes in chloroform at
room temperature, and after 60 s, the excess of solution was removed
by blotting with optical lens paper and then dried under a stream of
nitrogen. The stamp was brought to and left in contact with the
PMMA or F8 films under dry nitrogen. Afterward, the stamp was
removed, and before characterization, the films were aged under a
nitrogen atmosphere for 2 h.

Morphology Measurements. Atomic force microscopy (AFM)
images were collected at room temperature in air on a Multimode 8
microscope operated in PeakForce mode and equipped with a type J
scanner (Bruker Nano Inc. GmbH) and SNL-A probes (Bruker AFM
Probes, Camarillo, CA). Background interpolation was performed
with Gwyddion 2.61 (http://gwyddion.net/ )" The morphology was
quantitatively characterized via the root-mean-square surface rough-
ness descriptor S;. Reported S, values are the averages of at least five
different regions.

Optical Microscopy. Samples were examined using a Nikon
Eclipse 80i microscope equipped for fluorescence analysis.

Profilometry. The thickness of the thin films was measured by a
KLA Tencor P6.

UV—vis Absorption. The absorption spectra of F8 and DCM in
solution and of thin films on quartz were recorded with a Jasco V-550
spectrophotometer using bare quartz as the reference.

PL Spectroscopy. PL spectra of thin films were recorded by
exciting the samples with laser sources at 375 or 442 nm and
collecting emission with a PM-11 optical multichannel analyzer from
Hamamatsu. All measurements were performed with the samples kept
in a vacuum chamber (~107% mbar) at room temperature.

LSCM. The LCSM images were registered with a Nikon TE2000
inverted microscope, equipped with a laser diode source at 405 nm, a
60X objective with 0.70 numerical aperture, and a pinhole, connected
with a Nikon EZ-C1 confocal scanning head. All measurements were
performed with the samples kept in a vacuum chamber (~107° mbar)
at room temperature.

Localized PL Spectroscopy. The localized PL spectra were
acquired by optical coupling the LSCM output optical fiber with the
PM-11 optical multichannel analyzer from Hamamatsu, selecting an
acquisition area of 10 X 30 ym or 30 X 30 ym from the LCSM images
by the EZ-C1 software.

Computational Studies. Finite-element simulations were
performed by employing the COMSOL Multiphysics 6.0 simulation
software (Burlington, MA, USA). After testing, the fine free triangular
mesh was chosen for the modeling. The “Chemical Species
Transport” module (“Transport of diluted species in porous
media”) has been used. Analyzing the results of computational and
experimental studies about similar systems in the literature, the
diffusion coefficients of both PDMS and PMMA were set to 107'*
m?/s.**** To account for the effect of porosity in the diffusivities, the
Millington and Quirk models have been applied. The values of the
porosity for the PDMS and PMMA were set at eppys = 107", epyivia
= 107, respectively. The study has been carried on in time-
dependent mode, with timesteps of 1 min for a total simulation time

of 1 h.

B RESULTS AND DISCUSSION

Soft and elastomeric stamps made of PDMS were fabricated by
replica molding of prepatterned masters.”” We used stamps
made of PDMS because it is an elastomer with low interfacial
free energy and chemical inertness, which allows excellent
conformal contact with surfaces and reversible adhesion.*® The
loading of the dopant into stamps was performed by bringing
the patterned side in contact with chloroform solutions of the
dye followed by a quick drying step to remove excess solution.
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Solution concentration, dipping, and drying time of the loading
procedure have been optimized to minimize the formation of
dye deposits that could compromise the homogeneity of the
doping process by monitoring the surface morphology of the
stamps by optical microscopy. The surface of the stamps
appears, in fluorescence microscope images, almost free of
deposits after the loading phase for all of the dyes used (Figure
S1). Stamp-assisted doping was performed by bringing into
contact for 1 h the patterned side of a dye-loaded stamp with
60 nm-thick PMMA films deposited on quartz or silicon
substrates by spin coating (Figure la). The fluorescence
microscope images shown in Figure 1b—d reveal the presence
of Rhodamine 101 (red), Fluorescein 27 (green), and
Coumarin 2 (blue) in the PMMA thin films only in the
regions that were in contact with the stamp, as the doped areas
exactly reproduce the stamp pattern. The localized PL spectra
of the doped PMMA thin film (Figure le—g) confirm that dye
diffusion occurs only in the contact regions between stamp
protrusions and the polymer film, regardless of the dye. The
dye-doped areas show emission spectra (Figure le—g solid
lines) in agreement with the corresponding dye/PMMA blend
films (Figure S2a—c), while no (or barely detectable)
fluorescence is detected in the undoped areas (Figure le—g
dashed lines). In particular, while no emission from the
undoped areas is registered for the Rhodamine 101 based
sample (Figure le, dashed line), a very low but detectable
residual emission is registered from the undoped areas of the
Fluorescein 27 based sample (Figure 1f, dashed line), and a
slightly higher residue is registered in the undoped areas of the
Coumarin 2 based sample (Figure 1g, dashed line). This trend
could be explained by light scattering effects rather than by dye
diffusion in the PMMA film outside the contact regions.
Indeed, although scattering should be minimized using the
pinhole in the confocal microscope setup, under the same
experimental conditions used for the three systems, residual
light scattering possibly still occurs and increases passing from
the red spectral region to the green, to the blue one (Rayleigh
scattering). In details, the ratio between the integrated spectra
taken in the doped and in the undoped regions decreases
passing from the red spectral region (ratio of 110 for
Rhodamine 101) to the green spectral region (ratio of 15 for
the Fluorescein 27) to the blue spectral region (ratio of 6 for
Coumarin 2). In addition, it should be noted that we used the
same stamp-film contact time (1 h) for all three dyes, but this
may not be the optimal contact time to maximize the diffusion
of the dye from the stamp to the polymer thin film, which
varies depending on the specific combination of dye and
polymer.

Overall, the edges of all the patterns are well-defined, and
their structure and lateral resolution are dictated by the stamp
motif. The doping process showed remarkable reproducibility,
regardless of the dye used, and most noteworthy, the stamps
were used at least 10 times with no observed deterioration in
lateral resolution performance.

As an example, to assess the versatility of stamp-assisted
doping, PMMA thin films were doped with Rhodamine 101
using stamps with three different patterns and lateral
resolution. Figure 2a,b shows PMMA films doped with parallel
Rhodamine lines of different widths and spacings from those
shown in Figure 1b—d. We were able to achieve the localized
doping of PMMA films in a single step with lateral resolution
in the submicron scale, i.e., rhodamine-doped parallel lines 600
nm wide and 900 nm apart (Figure 2b), as well as to produce
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Figure 2. Fluorescence microscope images (Ex 510—560 nm, DM
575 nm, BA 590 nm) of PMMA thin films doped with Rhodamine
101 using stamps with different patterns: (a) parallel lines 2.5 ym
wide and 15 pm periodicity, (b) parallel lines 600 nm wide and 1.5
um periodicity, (c) square grid, and (d) matrix code.

dye-doped PMMA thin films with completely different patterns
from the parallel lines, ie., square grid (Figure 2c) and matrix
code (Figure 2d). Noteworthy, AFM measurements revealed
that the surface roughness (S,;) of PMMA thin films (S < 1
nm, scanning square areas of S ym X S um) is unaffected by
the doping process, and the film flatness is retained (Figure
S3). The preservation of the host film microstructure is a
peculiar feature of the proposed doping methodology, as
compared to the other doping techniques from the literature
where often either the dopant itself or the doping process has
an observable impact on the film microstructure.””*’ ™'

These results indicate that, within the range studied, the
main limitation affecting the pattern and lateral resolution of
the stamp-assisted doping process is related to the challenges
associated with producing stamps with specific patterns and
lateral resolution and that the morphology of polymer thin
films is not affected by the doping process.

We then investigated the additivity of the stamp-assisted
dye-doping process by bringing twice the PMMA films into
contact with dye-loaded stamps. As schematically shown in
Figure 3a, we have used stamps consisting of linear
protrusions, and following the first doping process, a second
doping step was performed, either using the same dye or
alternative ones, after a 90-degree rotation of the polymer thin
film. As shown in Figure 3b—1, on PMMA films obtained by
additive doping, areas doped with the first or second dye,
doped with both dyes, and undoped coexist. In PMMA films
doped both times with the same dye, the PL intensity of the
intersection areas of the stripes, i.e.,, where the doping process
took place twice, is higher than in the others, thus confirming
the additivity of the stamp-assisted doping. Likewise, when
PMMA films are doped with two different dyes in sequence,
the intersection area exhibits a PL spectrum that is the sum of
the spectra from the two dyes. Figure S4 displays the localized
PL spectra of PMMA films doped with Rhodamine 101 and
Fluorescein 27. The PL spectra from regions doped with a
single dye are consistent with those of the respective single-
dye-doped samples (refer to Figure 1), whereas the PL
spectrum from regions where the PMMA is doped with both
dyes is a combination of their spectra.
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Figure 3. (a) Schematic representation of the additive doping process.
(b) Fluorescence microscope images of PMMA thin films on which
stamp-assisted doping was carried out twice using stamps consisting
of parallel, linear protrusions 30 ym wide and 30 pm apart (first
doping: vertical stripes; second doping horizontal stripes). The
excitation/emission filter combination and acquisition time were
adapted individually to better highlight the additive doping process.
Fluorescence filters: Ex 330—380 nm, DM 400, BA 420 for images
(d), (h), and (1); Ex 400—440 nm, DM 455 nm, BA 470 nm for
images (c), (e), (f), (g), and (i); and, Ex 510—560 nm, DM 575 nm,
BA 590 nm for image b.

To gain deeper insight into the mechanism of doping, we
have investigated the stamp-assisted doping of thin films of a
large-band gap fluorescent polymer (F8) with an environ-
mentally sensitive emissive dye (DCM). DCM dyes have a
typical donor—acceptor structure, resulting in a broad
absorption from an ultrafast internal charge transfer,”” and in
a high-yield emissive charge transfer state (CT state). Indeed,
DCM derivatives were introduced in the late 80s as highly
fluorescent dopants in organic electroluminescent diodes.>”
The photophysical characteristics of the chosen system allow
the study in more detail of the doping process by PL
spectroscopy. Emission from the excited state of F8 competes
with resonant energy transfer to the emissive CT state of
DCM.>* This is possible only if a large number of F8 and
DCM molecules are close to each other at maximum
intermolecular distance in the nanometer range, i.e, only if
doping is effective. The CT nature of the DCM emissive state
means that the photophysical characteristics of the system are
also highly sensitive to the dopant concentration, which causes
electronic perturbation of the CT state. A detailed photo-
physical study of F8:DCM blend films is reported in the
Supporting Information (see Photophysical Study of F8:DCM
Blend Films).
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The role of polymer film thickness has been assessed by
contacting flat, unpatterned DCM-loaded stamps with 20-, 40-,
and 60 nm-thick F8 thin films deposited on quartz or silicon
substrates. Figure 4a shows the PL spectra of F8 thin films after
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Figure 4. (a) PL spectra of F8 thin films with different thickness (20,
40, and 60 nm) doped with DCM by using flat, unpatterned stamps
(contact time: 1h; light excitation: A, = 375 nm); (b) normalized PL
spectra (light excitation A,. = 375 nm) of F8 thin films (thickness: 20
nm) doped with DCM by using unpatterned stamps and different
conditions: contact time 1 h (black line) or 24 h (red line) with
stamps loaded with DCM by standard procedure; and, contact time
24 h with stamp loaded with DCM by immersion (blue line). (c)
Localized PL spectra (light excitation: A, = 405 nm). (d)
Fluorescence microscope image (Ex 400—440 nm, DM 455 nm, BA
470 nm) of F8 thin film doped with DCM by using a stamp consisting
of parallel lines 40 ym wide and 70 ym periodicity. Note that the
emission spectra in (c) are cutoff at 450 nm due to the presence of a
dichroic filter in the LSCM setup to eliminate the backscattered laser
light excitation.

the same contact time (1 h) with the DCM-loaded stamp. The
intensity of characteristic blue emission of F8, peaked at 438
nm, increases with the increase of the film thickness, as well as
the band centered at around 550 nm, characteristic of emission
from the CT state of DCM in an apolar environment.
However, while intensity ratio between the emission peaks of
DCM and F8 of 20- and 40 nm-thick thin films is almost the
same (~1), the thicker F8 film shows a lower ratio (~0.75) as
best evidenced by the normalized spectra (Figure SS). These
results suggest that the doping concentration of the 60 nm-
thick films is significantly lower than that achieved in the
thinner films.

For further insights into the stamp-assisted doping process,
we then investigated the effect of the stamp-film contact time
and the amount of doping agent contained in the stamp at a
fixed film thickness (20 nm). As shown in Figure 4b, the
intensity ratio between the emission peaks of DCM and F8
doubled when the stamp-film contact time was increased from
1 h (black line) to 24 h (red line), revealing that the DCM
concentration in the F8 thin film increases with increasing the
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contact time. It is noteworthy that the DCM molecules
retained their isolated behavior (i.e., no bathochromic shift of
the emission peak was observed) despite the increase in DCM
concentration in the F8 film. A further increase of the stamp
contact time to 72 h leads to a decrease of the absolute PL
intensity, probably due to a degradation of the dye molecules
during the prolonged contact time (data not shown).

We also investigated the effect of increasing the DCM
concentration in stamps on the doping process by loading a 10
times more concentrated solution of DCM (ie, 10 g/L).
However, this led to the formation of micrometer aggregates
on the stamp surface, thus compromising the possibility of
achieving good contact between stamps and F8 films (data not
shown). Therefore, the loading of DCM was increased by
saturating the stamps through full immersion in a 1 g/L of
DCM solution. The F8 films, which were doped using these
stamps (i.e., saturated with DCM solution), show both a slight
decrease in the ratio of the DCM peak to F8 and a
bathochromic shift (from 554 to 561 nm) of the DCM peak
(Figure 4b, blue line with respect to the red line). The findings
imply that a higher load of DCM in the stamp promotes the
diffusion of more DCM molecules into the F8 thin film and to
a greater intermolecular proximity between DCM molecules in
the film, leading to concentration effects (i.e., intermolecular
electronic interactions) on the emission from their CT state.
Finally, as for PMMA films, spatially controlled doping of F8
thin films with DCM has been performed using patterned
stamps consisting of parallel, linear protrusions 40 ym wide
and 70 pm periodicity. The optical properties of the resulting
samples were then characterized by using LSCM and localized
PL spectroscopy. Figure 4c shows the localized PL spectra of
the DCM-doped F8 film shown in Figure 4d. The emission
spectrum of the polymer film areas that were in contact with
the stamp protrusions (black line, Figure 4c) matches perfectly
with that of the DCM-doped F8 shown in Figure 4b, while
only the emission of pristine F8 is detected in the other regions
(red line, Figure 4c). These results further confirm that the
diffusion of dye from the stamp to the host thin film is
confined to the stamp-film contact regions.

Finally, finite-element simulations were performed to
reproduce the diffusion process of the dye molecules at the
stamp—film contact interface (Figure Sa). The model is
composed of two domains where the upper trapezoid
represents the dye-loaded PDMS stamp and the lower
rectangular region represents the PMMA thin film (see Figure
S6a for the domain dimensions). Due to their comparable
molecular weights, nearly planar conformations, and similar
polarities, we assumed identical diffusion coeflicients for the
investigated dyes. At t = 0, the initial dye concentration in the
stamp is equal to the nominal concentration of the solution (1
g/L, approximately 2.2 X 107> M), while the polymer film
contains no dye (¢ = 0 M). The analysis of the concentration
profile at different contact times, specifically after 6, 30, and 45
min (Figure S6b—d), demonstrates an increasing diffusion of
dye from the PDMS stamp to the polymer thin film. In
excellent agreement with the experimental results, after 1 h
(the contact time used for the experiments), the concentration
profile showed in Figure 5b exhibits a significant transfer of the
dye exclusively to the PMMA area in direct contact with the
PDMS stamp, while the concentration diminishes to almost
negligible levels at a distance of 70 nm away from the point of
contact.
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Figure S. (a) Schematic representation of the stamp-film section. (b)
Concentration profile plot on a section of the model perpendicular to
the PMMA substrate after 1 h of contact with the dye-loaded PDMS
stamp. The trapezoidal domain represents the PDMS mold, while the
rectangular one is the PMMA substrate.

Overall, our study provides compelling evidence supporting
the effectiveness and reliability of stamp-assisted doping as a
viable strategy for achieving precise spatial control over
molecular doping in polymer thin films.

B CONCLUSIONS

In conclusion, this study presents a novel and effective method
to achieve spatially controlled doping of polymer thin films
with submicrometer lateral resolution in a single step. The use
of soft stamps as doping tools, combined with the high-
resolution lateral confinement, allows for localized doping of
the polymer thin film through dye diffusion without
compromising the film morphology. We successfully demon-
strated this process on various model systems, including
optically inert PMMA and fluorescent F8 polymer thin films
with four different photoluminescent dyes as dopants.
Moreover, we demonstrated the feasibility of additive and
sequential film doping with different dyes, each with an
independently controlled spatial distribution. Fluorescence
microscopy and localized PL spectroscopy were employed to
investigate the stamp-assisted doping process, while AFM
studies revealed that it has no detrimental effect on the surface
morphology of the polymer films. By employing LSCM and
localized PL spectroscopy on the F8 polymer doped with the
DCM dye, which has environment- and concentration-
dependent photophysical properties, we gained further insights
into the effects of polymer film thickness, stamp-film contact
time, and dopant concentration in the stamp on the doping
process. Our experimental results, along with computational
studies, indicated that the doping process occurs through dye
diffusion from the stamp to the polymer thin film. Overall, the
results of this study strongly support the effectiveness of stamp-
assisted doping as a highly versatile and reliable approach for
the spatially controlled doping of polymer thin films. This
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strategy overcomes the solvent compatibility constraints
typically associated with organic material processing and can
be repeated multiple times, allowing for the doping of thin
films with multiple dyes while maintaining an independent
control over their spatial distribution. Additionally, the
flexibility of this method, which does not rely on specific
chemical or physicochemical properties of the polymer thin
film, makes it a versatile and promising approach for a wide
range of materials, including high-performance conjugated
polymers. In summary, by addressing the challenge of spatially
controlled doping of organic thin films, the soft stamp doping
technique demonstrated here holds great promise for future
applications in various technological fields that rely on the
tailored properties of polymer thin films, such as electronic,
photonic, and optoelectronic devices. Furthermore, the low-
cost and solution-based nature of the doping process makes it
an attractive manufacturing strategy for large-area and flexible
devices.
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