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Abstract

We present the preparation of nanostructured conducting PEDOT:PSS thin films by
solvent vapor annealing (SVA), using the low boiling point solvent tetrahydrofuran
(THF). An Atomic Force Microscopy (AFM) study allowed the observation of distinct
nanostructure development as a function of solvent exposure time. Moreover, the
nanostructures’ physical properties were evaluated by nanomechanical, nanoelectrical,
and nano-FTIR measurements. In this way, we were able to differentiate the local
response of the developed phases and to identify their chemical nature. The combination
of these techniques allowed to demonstrate that exposure to THF is a facile method to
effectively and selectively modify the surface nanostructure of PEDOT:PSS, and
thereafter its final properties. Moreover, our nanoscale studies provided evidence about
the molecular rearrangements that PEDOT:PSS suffers during nanostructure fabrication,



a fundamental fact in order to expand the potential applications of this polymer in
thermoelectric and optoelectronic devices.



1. Introduction.

Nowadays, poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS) is one of the most employed intrinsically conducting polymers on the
industrial market [1]. Its success is related to its unique optoelectronic properties [2], high
and tunable electrical [3,4] and thermoelectrical properties [5-9], and excellent
physicochemical stability [10]. In this way, PEDOT:PSS has been used in applications as
low consuming organic light-emitting diodes [11,12] and highly effective perovskite solar
cells [13,14], which are being highly demanded for developing a more sustainable and

greener future.

The PEDOT:PSS nanostructure and morphology — especially at the surface — has
captured important attention in recent years [15]. In this regard, two main approaches
have been explored to tune and enhance the resulting PEDOT:PSS properties and physical
behavior. On one hand, several authors have focused on modifying the PEDOT:PSS
surface properties, as its work function and electrical/thermoelectrical response, while
leaving mostly unchanged its surface morphology. For example, the removal of the free
PSS phase that connects the PEDOT:PSS rich grains in the thin film geometry allowed to
increase the thin film electrical conductivity [16—18], without important impact to the
surface topography. For this purpose, many solvent-based methods have been largely
used, mostly employing high boiling point polar molecules as ethylene glycol (EG),
dimethyl sulfoxide (DMSO), or dimethylformamide (DMF), as well as other liquids as
alcohols, sorbitol and acids [19]. Also, the use of other molecules has allowed to tune the
polymer’s work function [20-23]. In particular, using tetrakis(dimethylamino)ethylene
(TDAE), it was possible to reduce superficial PEDOT from its polaron/bipolaron state
(PEDOT*?") to the neutral state (PEDOT’), while preserving its good electrical

conductivity [20].



On the other hand, the fabrication of precise PEDOT:PSS nanostructures have
permitted the modification and enhancement of the resulting polymer properties [24-27],
in turn, leading to boosted applications [28-34]. In this way, several groups have
developed different nanostructured PEDOT:PSS surfaces by laser irradiation
[27,31,33,35,36], nanoimprint lithography [25,29,37,38], and by using templates and
molds [31,34,39]. In these works, it was possible to fabricate distinct surface features as
linear nanostructures or nanogratings [25,27,34,35,37,39], nanocavities [36],
nanopores/nanopillars [31], hemispherical patterns [29], with characteristics lengths
ranging from 10%-10* nm. For example, very recently Gutiérrez-Fernandez and
collaborators presented an ablation-free method to prepare nanostructured PEDOT:PSS
surfaces by laser irradiation [27]. In their work, the authors managed to create
nanogratings, with a characteristic period of ~250 nm, without inducing strong
modifications to the physical properties of the polymer. In particular, the authors found a
partial segregation of the conducting domains towards the lower phases of the gratings,
allowing preparing functional nanostructures. However, in counterpart, most of the so-far
presented methods for nanostructuring PEDOT:PSS are highly demanding since they
require special facilities, or might risk the physicochemical stability of PEDOT:PSS. For
example, nanoimprint lithography on PEDOT:PSS can be difficult to perform due to the
non-thermoplastic property of this material [40]. Also, it requires access to clean room
facilities and the use of a nanopatterned stamp, introducing several conditions to fulfill
prior the actual nanostructuring process. Moreover, the use of laser-based PEDOT:PSS
nanostructuring has been mostly applied by ablating the polymer surface [33,35,36,41].
By this high energy process, the polymer material is prone to suffer physicochemical

modifications that might alter its resulting behavior.



In our work, we present the fabrication of surface nanostructures on PEDOT:PSS
thin films by exposing the polymer to tetrahydrofuran (THF) solvent vapors. Our solvent
treatments resulted in drastic changes of the PEDOT:PSS surface morphology, allowing
the fabrication of custom structures based on solvent exposure time. We evaluated the
nanostructured polymer properties by different nanoscale measurements, including
nanomechanical, conductive AFM, and nano-FTIR. In this way, we determined the
impact of nanostructure formation on PEDOT/PSS morphology and phase segregation,
as well as the conductivity, Young’s modulus, and chemical composition of the samples.
In particular, we found an enriched sheet of neutral state PEDOT species (PEDOT?) at
the upmost layer of the solvent-structured thin films. Our methodology provides a new
and facile method to effectively and selectively modify the surface nanostructure of
PEDOT:PSS and thereafter its final properties, to expand its potential applications in

thermoelectric and optoelectronic devices.
2. Experimental section

Materials. Poly(3,4-ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS) was
purchased from Sigma-Aldrich (product #655201, water dispersion 3-4 wt%). The
polymer was used as received. Tetrahydrofuran (THF) was purchased from Scharlab

(product TE02282500).

Thin films preparation. Thin films of pristine PEDOT:PSS and PSS were cast onto
Indium Tin Oxide (ITO) substrates (Ossila, product #S111) by spin coating, at 3000 rpm
for 2 min (usual ITO substrate size was 10x5 mm). Prior spin coating, the ITO substrates
were washed in acetone and dried under a nitrogen flow. After spin coating, the thin films
were transferred to a high vacuum chamber (pressure < 107 bar) and left overnight (~16

h) at room temperature to allow the evaporation of remaining water molecules.



Nanostructure fabrication. For the fabrication of solvent-structured PEDOT:PSS
surfaces we explored two strategies. First, for fast solvent exposure, we spin casted a drop
of THF onto the PEDOT:PSS thin films. Here, a drop of solvent coated the whole material
surface, forming a meniscus, and spinning started immediately afterwards. Second, for
long solvent exposure, we carried out solvent vapor annealing (SVA) treatments,
following a previously reported procedure [42]. For SVA, we used a glass desiccator
(inner diameter = 150 mm) saturated with THF vapors. This chamber was prepared by
leaving a pure volume of THF (20 mL), free to evaporate inside it. The solvent was
replaced as many times as required until it preserved its volume without further
evaporation. The polymer pristine thin films were subjected to solvent vapors for different
times. For both strategies, after solvent exposure, the films were left again in high
vacuum, overnight and at room temperature, to allow evaporation of possible residual

solvent.

Methods. Atomic Force Microscopy (AFM) measurements were acquired at room
conditions (50% RH, 24 °C), using a Multimode microscope, and Nanoscope V
electronics (Bruker). The system was controlled by the Nanoscope 8.15 software (Build
R3Sr8.103795). All AFM images and maps were analyzed using Nanoscope 1.90
(Bruker).

Topography characterization of the samples was performed using the PeakForce
Tapping mode, and Tap300AI-G probes (BudgetSensors). From the topography images,
the mean surface roughness (R,) was calculated as R, = N~ 1 YN .|z, — z,|, where N is
the total number of pixels in the image, |z; — z,| the average height value at the i-th pixel
of the image, from the mean plane (z).

The nanoelectrical properties of the PEDOT:PSS thin films were measured by the

so-called TUNA protocol, using the same AFM equipment. TUNA is a conductive-AFM



(C-AFM) method that allows the evaluation of the samples’ conductivity by measuring
the current flowing through the material [43]. For this purpose, the PEDOT:PSS thin films
on ITO substrates were electrically connected to the metallic sample holder using silver
paint (RS components, product #189-3593). For TUNA measurements, we used
diamond-coated conductive probes (DDESP-FM-10, Bruker). Electrical current maps
were obtained by applying DC bias (10 mV) to the sample stage (Ssias) while scanning.
The current flowing through the sample was detected via the probe using a current
amplifier (Extended TUNA, Bruker), at a 1 nA/V sensitivity. Prior the experiments, the
diamond-coated probes were calibrated to allow a precise force control, as follows. The
cantilevers’ spring constant was determined by Sader’s method [44,45] resulting in usual
values of about 5 N/m. The photodetector sensitivity was calibrated using a force-distance
curve against a sapphire standard (Bruker), leading to usual values of ~50 nm/V. In this
way, for all the TUNA imaging experiments, we used a fixed probe deflection setpoint of
2.5 nm, which was equivalent to ~12.5 nN of probe-sample normal force. This allowed
testing the electrical properties without compromising the material’s topography and the
probe quality. Based on the electrical current maps, on selected areas of the surface we
performed current-voltage characteristics (I-V curves). For this process, a DC voltage
ramp was applied to the sample in the -10 mV < Sgias < 10 mV range, at a 1 Hz rate and
collecting about 9000 points. For this purpose, we increased the probe-sample normal
force to 75 nN to ensure a good probe-sample electrical contact. The data obtained from

the I-V curves was analyzed in conformity following previous reported methods [46,47].

Nanomechanical studies were conducted using the PeakForce-QNM method (PF-
QNM), using Tap300AI-G probes. For PF-QNM measurements the system was calibrated
following recent literature reports [48—50]. Briefly, the cantilevers’ spring constant was

calculated using Sader’s method, resulting in typical values of 20 N/m. The photodetector



sensitivity was calibrated by performing a linear force-distance curve against a sapphire
standard (1 Hz, Z-ramp = 200 nm, trigger threshold = 0.2 V). The deflection sensitivity
was verified during PF-QNM operation, using the same sapphire sample (PeakForce
frequency =2 kHz, PeakForce amplitude = 100 nm, PeakForce setpoint=0.2 V), allowing
a maximum 10% deviation between the PF-QNM and force-distance results. Immediately
afterwards, the “Sync Distance” parameter was evaluated using the sapphire sample. The
obtained value was fixed during all PF-QNM measurements performed on the
PEDOT:PSS thin films. Finally, the tip end-radius was obtained by the evaluation of a
force-distance curve on a polystyrene thin film, with a nominal Young’s modulus (Ey) of
3 GPa. Typical end-radii were in the 10-12 nm range. In all cases, PF-QNM
measurements were carried out using a PeakForce setpoint value of 20 nN. From PF-
QNM data, we calculated Young’s modulus maps, using the simplified Derjaguin-Miiller-
Toporov (DMT) approximation as [51,52]:

s B
3

F—Fan = a=w

VR&3/2 (1)

where F is the applied force, F, 45, the probe-sample adhesion force, v the Poisson ratio,
Ry the tip end-radius, § the probe-sample indentation, and Ey the Young’s modulus.
Eqn (1) was fitted to the PF-QNM dynamic force-distance retrace curves, in the 30-90%
range of total force.

Nano-FTIR spectroscopy [53—55] based on Fourier transform infrared near-field
spectroscopy allows for chemical characterization of a wide range of organic and
inorganic sample systems and material properties such as infrared absorption [53] or
carrier concentrations [54,56]. Here we used a commercial nano-FTIR setup (neaSNOM
by neaspec GmbH) with two integrated broadband laser light sources (covering the mid-
IR and near-IR spectral ranges; respectively 700 — 1700 cm™ and 2600 — 3600 ¢cm™!) in

combination with standard Ptlr-coated AFM tips (Arrow NCPt, Nanoworld, tip radius 30



nm), yielding a spatial resolution of roughly 4/250 in the mid-IR range and 4/100 in the
near-IR range. The infrared radiation is focused onto the AFM tip that acts as optical
antenna [57], effectively focusing the infrared radiation into a concentrated
electromagnetic hot spot below the tip apex. Near-field interaction between the tip and
sample modifies the tip-scattered light, the latter being detected in a Michelson
interferometer setup including a MCT detector. In contrast to far-field FTIR
spectroscopy, the sample and the tip are located in one of the interferometer arms,
yielding amplitude- and phase-resolved infrared spectra. Unwanted background signals
are suppressed by operating the AFM in tapping mode (tip oscillation amplitude 50 nm
and frequency 250 kHz) and demodulating the detector signal at the 3™ higher harmonic
of the tip oscillation frequency [53,55]. In this work, we show amplitude spectra, which

can be interpreted (qualitatively) as local infrared near-field reflection spectra.

Calculated nano-FTIR spectra were obtained using the finite dipole model (FDM)
for semi-infinite samples [58]. In the model, the AFM tip is approximated as a prolate
spheroid with a major half-axis length 300 nm and apex radius 30 nm, that is oscillating
sinusoidally over the sample surface with a tapping amplitude of 50 nm (corresponding
to the experimental values). The near-fields created by a point charge near the tip apex
are (quasi-)electrostatically reflected at the sample surface and induce an additional

0.06i

charge distribution into the tip, where the model parameter g = 0.7¢"%" describes which

part of the additional charge is effectively relevant for the near-field interaction [58].

nano-FTIR amplitude spectra are described in the model by the absolute value of the
effective polarizability cefr = 0.5(5/0)/(1-4f1) of the coupled tip-sample system, where fo,
/1 are geometry factors [58] and £ is the sample’s electrostatic reflection coefficient that
for semi-infinite samples depends solely on the sample’s permittivity &, i.e. f = (&

1)/(e+1). For layered samples we use modified expressions given in [59].



3. Results & Discussion

3.1. Nanostructure formation by exposure to THF

Figures 1(a,b) show the surface topography of a PEDOT:PSS thin film, obtained
from the commercial PEDOT:PSS water dispersion, without any further treatment
(pristine sample). We observed a continuous surface with a mean roughness of 3.4 nm,
comprised by granules with a mean diameter of ~50 nm (Figure 1b). These surface
features were in line with those previously reported for PEDOT:PSS thin films [60-63],
where dried PEDOT:PSS has been reported as composed by highly conducting
PEDOT:PSS grains, each coated with a thin shell of PSS [63,64]. We evaluated the
PEDOT:PSS thin film thickness via AFM, by scratching the surface using sharp tweezers
and measuring height between the sample/substrate step. This analysis allowed obtaining
a thickness value ~400 nm for this sample. All the determined structural features for the

PEDOT:PSS sample are summarized in Table 1.

Table 1. PEDOT:PSS structural features, as determined by AFM measurements. In this table, t is the
exposure time, h the film thickness, < R, > the overall roughness (whole film), R,_,, the roughness of the
upmost layer, hp the depth of the inclusions, and D; the diameter of the inclusions.

Sample te h <R,> Ra_up hp D;
Pristine -- 34+£0.2 nm -- -- --
PePSS-ST 1min | 400£10nm | 3.0£02nm | 1.0£02nm | 18+2nm 220 £ 50 nm
PePSS-LT 10 min 23+ 1nm 0.5+02nm | 30+ 10nm 0.8 -3 um

Figures 1(c-f) show the surface structure of PEDOT:PSS after two different THF
treatments, i.e., short and long solvent exposure times (t.). Samples nanostructured by a
short exposure to THF (t. < 1 min), were prepared by spin casting a drop of THF onto
pristine PEDOT:PSS thin films (see Experimental Section). We found that the surface
topography was affected by the fast interaction with the solvent, as shown in Figures

I(c,d). In this sample, from now on called PePSS-ST, we observed the formation of

10



randomly distributed holes on the PEDOT:PSS surface. These inclusions had a typical
diameter of ~250 nm, and depths of ~18 nm. No changes in the film thickness were
detected and the overall film’s roughness (< R, >) was about 3.0 nm. Moreover, by
taking a closer look to the AFM topography images, we observed that the PEDOT:PSS
granular structure could not be distinguished anymore on the highest areas of the surface
(see green arrows in Figure 1c¢). This observation can be further appreciated by comparing
Figures 1b and 1d and their respective cross-sections. We confirmed the observations by
calculating the roughness of the upmost layer (R,_,,) of PePSS-ST, which resulted in
typical values of ~1.0 nm, i.e., ~70% lower when compared to the pristine PEDOT:PSS
sample (Table 1).

Although a fast exposure of PEDOT:PSS thin films to THF resulted in a
nanostructured surface, we must highlight two observations that hinder its application as
structuring strategy. First, the observed changes were not homogeneous throughout the
whole film surface, since different areas of the material presented different features as
shown in Figure S1 (Supplementary Information). This fact can be related to an
inhomogeneous distribution of the solvent on the polymer surface during spinning.
Second, the resulting structures changed dramatically only by small variations the spin
coating process. For example, fairly different structures were obtained if the THF drop
was casted once the spinning began or, on the opposite way, by waiting a couple of
seconds between casting the solvent and starting the spinning (Figure S2). These set of
observations were fundamental towards the use of spin casting for the modification of
PEDOT:PSS thin films in a reproducible manner.

Comparing our results with previous works, we found that there are several reports
dealing with the use of different solvents to tailor and tune PEDOT:PSS properties [65—

67]. In most cases, the works have used high boiling point solvents, as EG [13,66,68],

11



DMF [68] and DMSO [65-68], or alcohols as ethanol or methanol [13,69]. In these
reports, the authors did not observed the formation of well-defined nanostructures, as the
ones obtained in our current work using THF. However, most authors reported some
changes in the surface roughness that, in some cases, allowed a better adhesion of further
layers during final device fabrication [65]. Moreover, these high boiling points solvents
allowed tuning the PEDOT:PSS electrical properties, in most cases enhancing the
electrical conductivity of the polymer. Nonetheless, an improved electrical conductivity
is not the unique factor to consider when tailoring PEDOT:PSS for final applications
[68,70,71]. For example, Liu et al. were able increase the transport properties of
PEDOT:PSS thin films by spin casting EG, DMF, and/or DMSO [68]. However, the
authors observed that the treated films, with enhanced conductivities, led to poorer device
performance in perovskite-based solar cells. In fact, in their work, the authors determined
that by inserting a thin layer of non-conducting PSS between the PEDOT:PSS and the
perovskite films allowed improving the final device behavior, since PSS allowed a better
perovskite adhesion and film formation [68,70]. In our work, exposure of the
PEDOT:PSS thin film to THF vapors also allowed its controlled nanostructuring, as

presented in the following lines.

12
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Figure 1. AFM topography images of PEDOT:PSS thin films treated with THF: (a,b) pristine sample, (c,d)
after short interaction times (t, < 1min), and (e,f) after long interaction times (t, = 10 min). A topography
cross-section, taken at the center of each image, is presented below each figure.

Figures 1(e,f) show the topography of a PEDOT:PSS thin film after a long
exposure to a saturated THF atmosphere (t, =10 min). We will refer to this sample as
PePSS-LT from now on. Here, the sample was subjected to an SVA treatment that
allowed a good control of exposure time (see Experimental section). As shown by the
AFM topography images, the long exposure to THF vapors resulted in a further surface
nanostructuring, compared to PePSS-ST. Now, the PEDOT:PSS surface was
characterized by clearly defined micrometer-sized domains, as if the holes observed for
short times kept on increasing due to the influence of the THF vapors. The domain depth
was about 40 nm (%2 deeper), while their diameter ranged between 0.8 — 3 um (up to x10
larger, compared to PePSS-ST). The characterization of different samples of PePSS-LT,

revealed that the domains not always show a regular circular geometry and they present

13



a typical depth of 30 £ 10 nm. Inside these features, there were other nanometric
structures, as islands with typical diameters of 250 nm, and varying heights (Figure 1f).
No changes in the film thickness were detected, as measured from the upper layer,
indicating that long exposure to THF vapors did not result in film dewetting. Finally, the
upmost layer of this sample presented again an extremely low roughness value (R,_y, =
0.5 nm), even lower to those found for the flat areas of PePSS-ST.

Furthermore, we explored how SVA exposure at different times allowed to
prepare different nanostructures on the PEDOT:PSS surface. When using t, < 10 min, a
similar problem to that found for spin casting was observed: although surface
nanostructuring was possible, the formed features were not reproducible. For example,
Figures S3(a,b) show two PEDOT:PSS thin film treated by SVA for 7 min where
particularly different features were formed. In the specific case of Figure S3b, we
observed the initial formation of the inclusions in PEDOT:PSS, characterized by lower
values of depth, diameter and < R, >. For longer treatment times, t, > 10 min,
homogeneous surface nanostructuring was achieved. However, for exposure times of 30
and 60 min, the < R, > increased dramatically to values ranging from 30—70 nm. In these
two cases, AFM images (Figures S3(c-f)) showed the breakage of the upper part of the
PEDOT:PSS thin film, forming now aggregates of 50 — 300 nm in diameter and ~40 nm
of height, for a 30 min treatment. Interestingly enough, after 60 min of solvent exposure
these aggregates reached an almost homogeneous size distribution, with diameters and
height of 150 nm and 40 nm, respectively. Moreover, for these two cases we observed
spherulites in random areas of the films, covering micrometer sized areas of about 4 um
in diameter, and 200 nm of height. Finally, it is worth highlighting that the observed
structural rearrangement did not result in film dewetting, but in a thickness reduction. In

particular, we were able to quantify a film thickness of ~300 nm for 30 and 60 min SVA

14



treated films, as measured from the homogeneous surface outside the crystalline domains
down to the supporting ITO substrate.

Previously, different SVA strategies were used to modify and enhance the
behavior of PEDOT:PSS thin films [3,72-76]. In most cases, the reported works have
focused on tailoring the electric and thermoelectric properties of PEDOT:PSS using
DMSO vapors [3,72-75]. However, only a few reports have focused on the SVA impact
on surface topography and nanostructure formation, where most investigations have
pointed out the separation of PEDOT from PSS after solvent exposure. For example, Xu
and collaborators observed the formation of smooth and uniform film morphologies after
exposing PEDOT:PSS thin films to DMSO vapors for up to 60 min [3]. The authors
associated this structure to the fusion of the PEDOT:PSS grains, which in turn reduced
the tunneling distance between molecules and led to enhanced conductivities. Also, Yeo
et al. [67,73] showed that SVA of PEDOT:PSS thin films, using DMSO for up to 120
min, resulted in an homogeneous surface topography with a fairly low roughness of 0.38

nm. This value was comparable to the R,_, calculated for PePSS-LT in our present

study (0.5 nm). In their work, the authors associated this topography to the formation of
an enriched-PSS layer on the top surface of the SVA-treated films, i.e., a vertical
PEDOT/PSS phase separation took place due to solvent exposure. This PSS segregation
towards the surface allowed preparing PEDOT:PSS anode films with enhanced
conductivities and tunable work functions [67]. However, none of these research works
have shown the possibility of using a SVA strategy to efficiently nanostructure
PEDOT:PSS samples, as in our present study. Then, in order to understand the nature of
the different structural phases of the PePSS-LT sample, we have investigated its physical

properties.
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3.2. Transport properties of nanostructured PEDOT:PSS thin films

Figure 2 shows the nanoscale electrical transport properties of PePSS-LT. In
particular, Figure 2a shows the topography of the sample, as obtained from TUNA
experiments. We observed that the scanning process did not result in damage to the
surface, under the applied normal force conditions. Figure 2b presents the electrical
current map (TUNA current), in a binary color scheme. There, green areas denote
electrically conducting areas, while black areas show non-conducting areas of the sample.
For this binary approach, we selected a current cutoff of 100 pA. This idea allowed
highlighting those areas which electrical current values were comparable to those
reported for pristine PEDOT:PSS [77]. We observed that the electrical current map of
PePSS-LT was heterogeneous, i.e., only some parts of the sample presented an electrical
current flow directly ascribable to the pristine material. In other words, solvent exposure
resulted in a segregation of conducting domains. As shown in Figure 2b, the electrical
conducting regions were composed by a collection of conducting spots, in line with
previous reports for PEDOT:PSS thin films [26,46,78,79]. To link the relations between
the formation of surface nanostructures and segregation of conducting domains, in Figure
2¢c we present a compound topography/electrical map. Here, the green shading over the
topography image indicates those areas showing electrical current above 100 pA. By this
approach, we were able to determine that the bottom phases of the PePSS-LT sample
were the only ones showing electrical current flow comparable to pristine PEDOT:PSS.
On the contrary, both the upper phase and the spherical islands presented current values
well below our cutoff limit, indicating that these zones did not allow electronic transport
under our evaluation conditions. Using the TUNA current maps, we were able to calculate
a typical conductance of ~0.5 nS. This value was on the same order of magnitude to those

found previously for PEDOT:PSS using C-AFM electrical mapping [27,79].
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Figure 2. Nanoelectrical properties of PePSS-LT, as determined by TUNA experiments. (a) Topography. (b) Electrical
current map. Green areas indicate electrical current values above 100 pA. (c) Compound topography/current image.
Green shading denotes regions of the sample with current values higher than 100 pA. (d) Current-voltage characteristics
(I-V curves) performed by TUNA experiments on two spots of the PePSS-LT sample (see triangle and circle in Figure
2¢). Green continuous line in Figure 2d is a linear fit to the data (circles only). The data shown for Figure 2d are
presented as 1 point each 200 captured datapoints.

In order to provide a precise measure of the conductivity of the different phases
composing the PePSS-LT sample, we performed [-V measurements at the distinct
regions. Figure 2d shows the obtained results at two representative spots of the samples,
as marked in Figure 2c. The top phase of PePSS-LT showed a response characteristic of
a dielectric material, as observed from the black triangles in Figure 2d. Even by increasing
the sample bias and evaluating the current flow with the highest amplification possible
(10 pA/mV), the detection was still zero. On the contrary, at the bottom phase, a linear I-

V relationship was found (open circles in Figure 2d). By fitting the data to a linear
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function (green line in Figure 2d), from the slope value a conductance (G) of 0.284 +
0.001 nA/mV was obtained. Using this value, a resistance (R) of 3.52 = 0.01 MQ was
calculated. Then, we were able to calculate the conductivity of the material (o) as:

h 2

o=l 2)
where s is the tip-sample contact area, calculated as 3.5x107' m? (see Supplementary
Information), and h is the phase thickness. Following eqn. (2), we obtained a conductivity
of 3.1 £0. 1 S/cm for the bottom phase of PePSS-LT. For direct comparison, we measured
an [-V curve on a pristine PEDOT:PSS thin film, with the same instrumental setup (Figure
S4). Again, a linear I-V relation was obtained, from which a conductivity of 2.5 = 0.1
S/cm was calculated. This result evidenced that the bottom phase of PePSS-LT preserved
the good electronic transport properties of the pristine polymer. Please beware that the
obtained conductivity values correspond to an out-of-plane charge transport process, i.e.,
a current flowing from the ITO substrate to the AFM tip, throughout the whole volume
of the PEDOT:PSS thin film. Our obtained conductivity results are about 5-10 times
higher than those reported previously for PEDOT:PSS thin films, using also C-AFM
methods [46,79]. However, these differences can be understand by the different
physicochemical nature of PEDOT:PSS samples used in these studies. For example,
changes in the polymer molecular weight, PEDOT/PSS ratios, and film thickness lead to

changes in the overall transport properties of this material, as previously reported [64,80].

Further nanoelectrical experiments allowed to evaluate the disposition of the
upper PePSS-LT phase and its penetration onto the thin film volume. In this case, we
detected the variation of the conductivity along the film thickness by using a controlled

penetration of the AFM tip into the sample, as summarized in Figure 3.
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70.0 nm 70.0 nm

Height 1.0 pm Height “TOomm

Figure 3. (a) AFM topography image of a selected PePSS-LT area. (b) I-V curves on the PePSS-LT sample before
(triangle) and after (circles) nanoindentation. In both cases, data is shown as 1 every 20 points. Green line shows a
linear fit to the circles. (c) AFM topography image of the same PePSS-LT area after nanoindentation. Below the image,
a height cross-section is presented, taken at the center of the print left by nanoindentation.

Going into detail, on an arbitrary spot on the upper layer of the PePSS-LT sample,
indicated by the red circle in Figure 3a, we measured an I-V curve at the usual conditions.
At this initial point, the corresponding I-V spectra showed the non-conducting behavior
of the upper phase just discussed. We progressively increased the force setpoint between
the tip and the surface, acquiring an I-V curve at every step. When the normal force was
increased above ~300 nN, an ohmic I-V curve was obtained, with a resistance of = 2.3

MQ (Figure 3b), indicating that we penetrated the surface deep enough to reach a
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conductive path. The obtained resistance was fairly similar to that of the bottom phase of
PePSS-LT, previously presented. After this experiment, a topography image was taken to
evaluate the indentation depth necessary to reach the conductive material (Figure 3¢). We
found that the imprint left after the indentation experiment had a depth of 40 nm; a value
comparable to the average thickness of the upper phase (see vertical cross-section in
Figure 3c). Our nanoindentantion results thus confirmed that the PePSS-LT upper phase
did not reach the bottom of the film, but formed only a covering sheet of a few nanometers
thick, leaving a PEDOT:PSS volume below it. In other words, the bulk properties of the
PEDOT:PSS thin film below the surface were not affected by our solvent-structuring

strategy.
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Figure 4. nano-FTIR: (a) Topography and (b) infrared near-field image taken with mid-IR broadband radiation (v =
700 — 1700 cm™") on the PePSS-LT sample. For imaging, the interferometer is tuned to the white light position. (c)
Experimental nano-FTIR amplitude spectra taken on the lower phase (black curve) and upper phase (red curve) of
PePSS-LT. Inset: Illustration of the sample and nano-FTIR tip on two different measurement spots. (d) Calculated
nano-FTIR spectra of a conductive bulk material (black curve), and the same conductive material placed below a 30
nm-thick dielectric layer (red curve). (c,d) Spectra are normalized to a reference spectrum taken on silicon.

20



To further analyze the electronic transport properties of the PePSS-LT sample, we
performed nanoscale-resolved infrared nano-FTIR spectroscopy (Figure 4). Figure 4a
shows the topography and Figure 4b the simultaneously obtained infrared near-field
image, recorded with the nano-FTIR interferometer tuned to a fixed reference mirror
position, such that all wavelengths interfere constructively (white light position).
Interestingly, we observed a strong contrast between the lower and upper phases,
indicating that they had distinct infrared properties. For analyzing the different PePSS-
LT phases, we recorded nano-FTIR amplitude spectra on the upper and lower phase, as
illustrated in the inset of Figure 4c. We observed two well-defined features: (7) a strongly
decreasing amplitude signal for both phases at higher frequencies and (ii) the same
spectral behavior for both phases, but with a reduced amplitude signal on the upper phase
(red curve) compared to the lower phase (black curve). Both spectra presented a free-
carrier Drude response, as the spectrum had the typical behavior for such a case [56]; i.e.,
the amplitude decreased continuously and strongly for increasing frequencies. This result
was particularly striking since the upper phase of PePSS-LT showed no conductivity in
our nanoelectrical TUNA experiments (Figure 2). However, it is worth considering that
the spectral variation was much smaller in the upper phase compared to the lower phase.
This can be understood by considering that the top layer was thin enough (~30 nm) in
such a way the near fields can probe the material located below it, as reported for other
systems [81]. We confirmed this interpretation in Figure 4d, by modeling nano-FTIR
amplitude spectra with a finite dipole model (see Experimental Section), where the upper
phase is modelled as a dielectric layer of thickness 30 nm and permittivity gupper, and the
lower layer is modelled as a Drude metal of gower = &[1—15%/(V+ivip)], where 1 is the
plasma frequency, » is the electronic damping factor, and & is the relative permittivity.

We can match model and experiment for », = 2200 cm™!, 35 = 4000 cm™! and &x = upper =
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2, corroborating that the PePSS-LT sample comprises a dielectric upper phase and a
conductive lower phase. Furthermore, we extrapolate a DC-conductivity o =
2ncenes o'l % = 40 S/em (c being the speed of light) from the nano-FTIR data, which was
in line with the conductivity values found in our TUNA experiments above.

Previous literature results showed also that the fabrication of surface
nanostructures on conducting polymers thin films resulted in distinct phases, each one
presenting particular electrical properties. For example, the preparation of laser-induced
periodic surface structures on semiconducting polymers [82-84], as well as on
PEDOT:PSS [27] resulted in the segregation of conducting regions, as evaluated by C-
AFM. In the latter case, Gutiérrez-Fernandez et al. suggested that the heterogenous
conductivity of laser-structured PEDOT:PSS films could be related to a different
distribution of PEDOT and PSS phases after irradiation. Since the PEDOT:PSS material
is heated by the laser pulses, the PEDOT and PSS coordination could break, thus leading
to the formation of PEDOT-rich areas, with high conductivities, and PSS-rich areas with
an insulating behavior [27]. In our current work, the zero conductivity of the upper phase
of the PePSS-LT sample, could be related to different possibilities based on the
rearrangement of the PEDOT and PSS phases due to solvent exposure. First, as already
discussed, the non-conducting phase could be related to a vertical PEDOT/PSS phase
separation. Under this idea, a pure PSS layer on the top of the PePSS-LT film would
result in a “dielectric spacer”, hindering electronic transport. Second, instead of being a
pure PSS layer, the upper phase could just be a PSS-rich layer where the PEDOT to PSS
ratio is below the minimum required to allow the percolation of the conductive polymer
grains into the electrolyte matrix, i.e., | PEDOT unit for every 6 PSS chains for a Baytron
P type [85]. In fact, the high conductivity of PEDOT:PSS is mostly related to its charge

carriers density, which is governed by the PEDOT chains [86,87]. Then, as a third
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possibility, the non-conducting behavior of the PePSS-LT upper phase could be related
to a lower doping level onto the n-n conjugated system along the PEDOT chains, because
of differences in the oxidation state of the PEDOT, from its polaron/bipolaron state to a

neutral state [20-23].

3.3. Chemical identification of PEDOT/PSS phases in nanostructured PEDOT:PSS
thin films

To further understand the chemical nature of the PePSS-LT phases, we performed
new experiments. Figure 5 shows compound topography/electrical maps for PePSS-LT
samples, after washing using distilled water. On one hand, Figure 5a shows the results
after spin casting a drop of water onto a PePSS-LT sample. On the other hand, Figure 5b
shows the results after immersing a PePSS-LT film onto a water reservoir, at room
temperature, for 10 seconds. We tested these ideas by following the work of
DeLongchamp and collaborators, who observed that these protocols would allow
removing PSS-rich areas, with negligible PEDOT loss [88]. As presented in Figure 5, our
AFM studies showed that no morphological or electrical changes took place after either
treatment. This important result indicated that the upper layer of PePSS-LT should not be

composed by free PSS chains exclusively.

200.0 nm 200.0 nm

Height + current (white dots) 10 um Hesght + current (white dots) 10 )

Figure 5. Compound topography/electrical maps of PePSS-LT film after (a) spin casting a H2O drop, and (b) immersion
into a H20 bath. On both images, green shading indicates regions with current detection above 100 pA.
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These facts were furthermore supported by a nanomechanical investigation of
PePSS-LT. Figure 6 shows compound topography/mechanical modulus maps for pristine
PEDOT:PSS (Figure 6a) and PePSS-LT (Figure 6b). The pink areas in these maps denote
zones where the Young’s modulus values were above 2.7 GPa, as calculated from eqn
(1). This modulus cutoff allowed identifying areas richer in PSS, as previously reported
for pristine PEDOT:PSS thin films [50,89]. The original images used to create these maps
are presented in Figure S5. From Figure 6a, we observed a homogeneous PSS distribution
throughout the pristine thin film, as expected. However, the PePSS-LT sample showed a
distinctive nanomechanical phase separation. In particular, Ey values above the threshold,
indicating PSS presence, were preferentially located at the bottom phase of the film with
a disposition comparable in shape and density as in the pristine case. On the contrary, the
upper phase was mostly characterized by a slightly lower Ey, which would be indicative

of PEDOT-rich areas, as reported before [50].

50.0 nm 200.0 nm

Figure 6. Nanomechanical results, as compound topography/modulus maps, for pristine (a) PEDOT:PSS, and (b)
PePSS-LT. Pink shading refer to zones on the sample were the Young’s modulus values were higher than 2.7 GPa.

Our nanoscale studies pointed out that the upper phase of PePSS-LT must be rich
in PEDOT chains. However, considering its low conducting properties, the surface chains

should be composed by neutral PEDOT chains (PEDOT?). On the contrary, the nanoscale
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properties of bottom phase remained fairly similar to those of a pristine PEDOT:PSS thin
film. This latter fact indicated that at the conducting areas of PePSS-LT, the PEDOT
chains remained in the doped polar/bipolaron state (PEDOT"?"), stabilized by the
presence of PSS counterions [90]. In other words, our results show that exposure of
PEDOT:PSS to THF resulted in an enhanced mobility of polymer chains that allowed a
vertical segregation from the granular PEDOT:PSS state in the volume of the thin film,
in such a way a PEDOT? sheet was formed on top of the samples. A vertical phase
separation of PEDOT and PSS phases has been observed by Yeo and collaborators [67] ,
as discussed in section 3.2. However, in our current work, the use a low boiling point
solvent favored PEDOT vertical segregation, instead of the PSS segregation observed
previously when using DMSO [67]. The presence of a PEDOT? layer at the top of the
nanostructured thin films can be interesting for potential applications of the material, for
example for tuning its optoelectronic [11,91] and thermoelectric properties [22,23]. This
is related to the fact that a PEDOTC sheet would allow to modify its surficial work
function and hole transport properties by decreasing the charge carrier concentration at
the interphase [80]. Finally, we point out that our strategy allowed a fast fabrication of
nanostructured surface domains on PEDOT:PSS thin films, just by a controlled solvent
exposure. This result opens the possibility of developing further solvent-based fabrication

strategies able to tailor the structure and properties of PEDOT:PSS.
4. Conclusions

Solvent-structured PEDOT:PSS thin films were fabricated by exposing the
material to controlled THF vapors. Spin casting THF onto the polymer thin films allowed
a first approach into nanostructure fabrication. However, the method proved to be not
reliable to ensure homogeneity and good reproducibility. On the contrary, subjecting the

films to a saturated THF atmosphere, by SVA, allowed the fabrication of controlled
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nanostructured PEDOT:PSS surfaces. The obtained samples showed distinct conducting
areas at its upmost surface, while leaving unchanged the nanoelectrical properties of the
volume. A combination of nanoscale methods allowed to determine that the exposure of
PEDOT:PSS to THF vapors resulted in a vertical phase separation of the PEDOT and
PSS components. In particular, we proved that the PEDOT chains moved preferentially
towards the material surface, forming a discontinuous covering sheet. This surficial film,
of 30 nm in thickness, was preferentially composed by neutral state surface PEDOT
chains. This PEDOT? chains would allow to modify its surface work function and hole
transport properties, opening the possibility of new applications of nanostructured

PEDOT:PSS as optoelectronic and thermoelectric material.
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Figure S1. AFM topography images of different areas of a PEDOT:PSS thin film, nanostructured by spin
casting THF. A topography cross-section, taken at the center of each image, is presented below each figure.
The table below shows the overall roughness values (< R, >) for each image.

Figure <R, >

S1(a) 1.8+0.2 nm
S1(b) 3.0+0.2 nm
S1(c) 5.4+0.2nm
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Figure S2. AFM topography images of PEDOT:PSS thin films nanostructured by spin casting THF. (a)
Sample prepared by casting the solvent after 5 seconds of spinning. (b) Sample prepared by casting THF,

waiting 5 seconds, and then starting spinning. A topography cross-section, taken at the center of each image,
is presented below each figure. The table below shows the overall image roughness for each case.

Figure <R, >
S2(a) 3.1£0.2 nm
S2(b) 3.1+0.2 nm
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Figure S3. AFM topography images of PEDOT:PSS thin films nanostructured by SVA. A
topography cross-section, taken at the center of each image, is presented below each figure. The table below
shows the overall roughness values of the images.

Figure <R, >
S3(a) 3.5£0.2nm
S3(b) 3.1+£0.2nm
S3(c) 8.1£0.5 nm
S3(d) 60 +2 nm
S3(e) 66 +2 nm
S3(f) 30+ 2 nm
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Figure S4. I-V curve recorded on a pristine PEDOT:PSS thin film (open squares). The continuous red line
shows a linear fit to the data. In this Figure, the points represent 1 every 200 collected datapoints.
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Figure S5. AFM topography (a,c) and nanomechanical (b,d) images of PEDOT:PSS thin films for pristine
PEDOT:PSS (a,b), and PePSS-LT (c,d).



Contact radius for conductivity measurements evaluation
The local conductivity measurements were calculated from I-V curves, using eqn 2 (main

manuscript). There, the tip-sample contact area (s) was obtained via the Hertz model, as:

2

s=ma’=m (—Rtip F>§ S1
Ey

where Ry, is the tip radius (taken as 40 nm, as provided by the manufacturer), F the
normal force applied to the sample (75 nN), and Ey the Young’s modulus, as determined
from PF-QNM measurements (~2.6 GPa). The parameter a is the so-called contact radius,

which was obtained as 10.6 nm.



