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Introduction

In operando nanomechanical mapping of PEDOT:
PSS thin films in electrolyte solutions with bimodal
AFM+

Simone Benaglia,
Ricardo Garcia (2 *2

2 Sofia Drakopoulou,®€ Fabio Biscarini®® and

Understanding the interplay between the nanomechanical properties of organic electronic materials and
their electronic properties is central to developing sensors and transducers for applications ranging from
immunosensing to e-skin. Controlling organic device operations in aqueous electrolyte solutions and their
mechanical compliance with the host tissue or living systems, as for instance in active implants for the
recording or stimulation of neural signals, is still largely unexplored. Here, we implemented bimodal AFM to
map the nanomechanical and structural properties of thin films made from poly(3,4-ethylenedioxythio-
phene):poly(styrene-sulfonate) (PEDOT:PSS), the most widely used conducting polymer blend, during oper-
ation as a microelectrode in an electrolyte solution. Nanomechanical maps showed the film consisting of a
granular structure made from PEDOT:PSS regions embedded in the PSS matrix. The film swelled upon
immersion in an aqueous solution. In operando bimodal AFM data obtained by applying a sequence of
doping/de-doping bias cycles showed a significant decrease in the modulus (70%) that saturated after about
10 cycles. A similar sequence of biases at the opposite polarity did not significantly influence the mechanical
behaviour of PEDOT:PSS. The decrease in the modulus was explained by the development of persistent
hydration, which was enhanced by the cations trapped inside the organic electronic material.

Poly(3,4-ethylenedioxythiophene):poly(styrene-sulfonate)
(PEDOT:PSS) is a widely used organic electronic material for

Organic semiconductor devices are used in a variety of
applications."™ Among these, organic field effect transistors
are promising in biomolecular sensing and biomedicine.*”” In
mixed ionic electronic materials, the properties of the organic
materials are controlled by electrochemical doping.*”
Improving the performance of the devices requires an under-
standing of how the structure and the mechanical properties
of organic semiconductors influence ion transport, and vice
versa how ion injection modifies their electrical and structural
properties.
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in vivo active implants due to its electrochemical stability, high
conductivity and biocompatibility.® In particular, PEDOT:PSS
can be used as an active layer for organic electrochemical tran-
sistor biosensors,”'® neuromorphic devices,'" and implantable
devices for recording and stimulation.*™* In those highly
dynamic conditions, the organic semiconductor might
undergo a variety of nanomechanical changes that also sub-
stantially affect the electronic response.'>'® In this context, we
note that very few studies have been devoted to studying the
mechanical properties of PEDOT:PSS."”"'® To the best of our
best knowledge there are no contributions that aim to address
its nanoscale properties in in operando conditions.

Ion doping/de-doping in PEDOT:PSS thin films upon a gate
electrolyte voltage bias was studied at the macroscale either by
optical microscopy, for example by recording the electrochro-
mic changes associated with the propagation of the de-doping
front,"*° or by electrochemical quartz crystal microbalance
experiments.”® Recently some advanced atomic force
microscopy (AFM) methods such as electrochemical strain,>?
photo-induced force microscopy,”® and electrostatic force
microscopy’**® were applied to perform in situ studies of the
electrical properties of organic semiconductors. However,
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nanoscale methods that provide real-space nanomechanical
maps®®>° have not been applied yet to study in situ the evol-
ution of mechanical properties under different bias con-
ditions. Bimodal AFM stands out among nanomechanical
mapping methods because of its fast data acquisition speed,
quantitative accuracy and capability of mapping at a high
spatial resolution the nanomechanical properties of a large
variety of materials in the liquid state.>*™*

Here, bimodal AFM was applied to map the nanomechanical
and structural properties of PEDOT:PSS thin films in air and elec-
trolyte solution environments. We measured in situ the Young’s
modulus of PEDOT:PSS thin films in an electrolyte solution
under the application of different biases. Under the application
of de-doping biases (cation injection), the elastic modulus shows
a significant decrease (about 70%). The overall decrease was
punctuated by some small oscillations if the bias was switched to
0 V. By reversing the polarity, we observed a small increase in the
elastic modulus (10%), which remained unchanged over several
bias cycles. The decrease in the modulus was associated with the
development of persistent hydration inside the material.

Results and discussion

Conventional AFM modes have been applied to image the mor-
phology of PEDOT:PSS;'”**®” however, there were no high-
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spatial-resolution measurements of its nanomechanical pro-
perties. Bimodal AFM is based on the simultaneous excitation
and detection of the two eigenmodes of the cantilever, commonly
the first and the second modes.*® We applied a bimodal AFM
configuration that keeps the amplitude of the first mode constant
to generate a topographic image (AM) while the parameters of the
second mode are controlled by a frequency modulation (FM)*
feedback (Fig. 1a). The instrument observables (first mode ampli-
tude and phase shift and second mode frequency shift) are con-
verted into nanomechanical properties (Young’s modulus, inden-
tation, energy dissipation) using a well-established theoretical
framework detailed in the ESL{ 39311042

High-spatial-resolution nanomechanical maps of PEDOT:PSS
in air

Fig. 2 shows the topography, Young’s modulus and energy dis-
sipation maps of a region of the PEDOT:PSS film obtained in air
(RH: 23%). The film exhibits a granular structure which coincides
with earlier observations.'**” The dissipation map shows that the
grains are isolated (Fig. 2b). Between the grains there is a narrow
strip that provides higher values of energy dissipation. The energy
dissipation signal is generated from the phase shift of the first
mode (see the ESI Fig. S17). It is established that AFM energy dissi-
pation maps provide compositional contrast.>*** Thus, the
observed differences between the narrow bands and the top of the
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(a) Bimodal AFM (AM—FM configuration) and electrical connections for the in operando nanomechanical characterization of organic semi-

conductors. The cantilever is simultaneously driven at the first and second resonances. An amplitude modulation feedback (AM) acts on the observa-
bles of the first mode, while a frequency modulation feedback (FM) controls the observables of the second mode. The amplitude A; and phase shift
¢4 of the first mode and the frequency shift Af, of the second mode are used to determine the nanomechanical properties of the sample. An electri-
cal set-up was directly implemented into the cantilever holder. It allowed external voltages to be applied between a Pt electrode and Au electrode
simultaneously with bimodal AFM operation. (b) Scheme of the molecular structure of PEDOT and PSS and morphological model of a PEDOT:PSS
film. Adapted and reproduced under terms of the CC-BY license.* Copyright 2016, Springer Nature.
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grains reveal compositional variations. The Young’s modulus map
(Fig. 2c) is highly correlated with the energy dissipation map.
There, the central region of the grains gives a lower Young’s
modulus value (2-3 GPa) than the narrow strip surrounding the
grains (~6 GPa).

The nanomechanical maps appear consistent with the
PEDOT:PSS model illustrated in Fig. 1b. In this model, the
PEDOT:PSS film is made from PEDOT-rich cores surrounded
by shells composed of PSS chains. The core-shell system is
immersed in a hydrophilic matrix made from PSS.****7** Thus,
the strips that surround the grains are identified with the PSS
matrix. The nanomechanical maps indicate that the matrix pro-
vides a rigid framework. Paradoxically, the PSS matrix is also
characterized by higher energy dissipation values with respect to
the central regions. We attributed this observation to the hydro-
philicity of the PSS matrix. The sulfonate groups of PSS molecules
might form hydrogen bonds with other sulfonate groups and
with water molecules (Fig. 1b).***” Therefore, those regions are
prone to adsorbing water from the humid air which, in turn,
favours the formation of small nano-sized menisci between the
tip and the polymer surface. The formation and rupture of the
water nano-meniscus are a source of energy dissipation.*” For
that reason, more dissipation is observed on the PSS matrix than
on the PSS shell and PEDOT-rich areas. Force-distance curves
performed on a central and a border region of the grains support
the above model (ESI Fig. S3+).

In some of the grains we observed variations across the
central region. Those changes were attributed to the presence
of PEDOT-rich areas, which should give rise to lower values.

Compositional variations of the PEDOT and PSS regions at the
surface of the polymer film were confirmed by high-resolution
AFM. Using a multifrequency AFM approach based on the exci-
tation of the cantilever with small amplitudes at its second
mode,***” we obtained molecular resolution images of PSS and
PEDOT lamellae (ESI Fig. S6t). These images revealed two
different lamellar structures characterized, respectively, by
0.79 nm and 1.25 nm characteristic length scales. The smaller
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periodicity described the ordering of PSS chains while the larger
was attributed to lamellar structures formed by PEDOT
molecules.*®

Nanomechanical maps of PEDOT:PSS in aqueous solutions

The topographic maps of PEDOT:PSS thin films (Fig. 3a and b)
obtained in air and in an aqueous solution both revealed a
granular morphology. The grain diameter (average value) was
significantly larger in water: it increased from 38.2 + 9.1 nm
(dry) to 75.8 + 15.2 nm (aqueous solution). The organic semi-
conductor thickness also showed an increase from 185 nm
(dry (RH = 23%)) to 254 nm in the wet state (immersed in the
solution). The thickness was measured with respect to the
surface of the gold electrode (mean thickness equals 65 nm).
The above observation is in agreement with previous measure-
ments.*? The Young’s modulus maps (bottom panels in Fig. 3a
and b) acquired simultaneously with the topography preserved
the features of the topography. The average value of the
modulus decreased from 2.9 + 1.8 (dry) to 0.5 + 0.2 GPa
(aqueous). Previous measurements performed on electro-
chemically deposited PEDOT thin films in air provided a
modulus value of 2.6 + 1.4 GPa.*° This value is close to the
ones reported here for the PEDOT regions (2-4 GPa).

The above results underline the role of the PSS matrix in
controlling the nanomechanical properties. The PSS regions
are hygroscopic. Upon immersion in water, they adsorb water.
Water adsorption weakens the inter PSS-PSS hydrogen bonds.
This process leads to (i) the swelling of the film, (ii) the
increase of the grain diameter, and (iii) the decrease of the
Young’s modulus.

In operando nanomechanical mapping of PEDOT:PSS in
aqueous solutions

The electrical and optical properties of PEDOT:PSS thin films
can be controlled by the application of a voltage bias in an
aqueous electrolyte solution.'®*° The driving of cations in
the film, induced by charge balance, reduces the density of
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(a) Topography map. (b) Energy dissipation map. (c) Young's modulus map. The above maps were obtained simultaneously in air (RH = 23%).

The panels at the bottom show the cross-sections along the lines marked in the maps. Information regarding the bimodal AFM parameters is given
in Table S1.f The number of pixels was 512 X 393 and the fast scanning frequency was 4.9 Hz.
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(a) Topography (top) and Young's modulus map of a PEDOT:PSS film obtained in air (RH = 23%). (b) Topography (top) and Young's modulus

map of a PEDOT:PSS film immersed in a KCl solution (50 mM). (c) Histogram and Gaussian fit of the grain diameter and the Young's modulus. The
values were obtained from panels (a) and (b). The average grain diameter in air is about 39 nm while in liquid it is about 76 nm. The Young's modulus
(average) value is 2.9 GPa (dry) and 0.5 GPa (in solution). Information regarding the bimodal AFM parameters is given in Table S1. The number of
pixels was 512 x 470; the fast-scanning frequency was 3.3 Hz (a) and 1.95 Hz (b).

mobile holes, and thus, effectively, de-dopes the organic semi-
conductor (see the ESI Fig. S41)." We hypothesized that the
nanomechanical properties should also be influenced by the
bias voltage.

To demonstrate the effect of the ion uptake on the nanome-
chanical properties, we performed the measurements simul-
taneously with the application of the bias voltage. We modified
the standard bimodal AFM probe holder by introducing two
electrode leads (see the ESI}), one (Pt electrode) controlling
the electrolyte and the other (Au electrode) coated with
PEDOT:PSS. In the new set-up, the electrodes, cantilever, and
PEDOT:PSS film were fully immersed in the solution.
Specifically, we generated nanomechanical maps at AV =0V
(doped state) and AV = 0.8 V (de-doped state). The voltage bias
was applied between the Pt electrode and a gold/PEDOT:PSS
electrode (Fig. 4a).

Bimodal AFM was performed on a region that included the
PEDOT:PSS film and the quartz substrate. Neither the struc-
tural nor the mechanical properties of the quartz substrate
were affected by the application of a bias. Therefore, we chose
the elastic modulus measured on the quartz as a reference to
calibrate the Young’s modulus of the thin film (see the
Experimental section). This approach prevented undesirable
changes in the tip’s geometry affecting the interpretation of
the nanomechanical measurements on the film.

Two main features were observed by applying a positive
bias of 0.8 V, viz., a reduction of the Young’s modulus and the
swelling of the film. We discuss those effects separately.

Fig. 5 shows height cross-sections across the quartz sub-
strate-gold/PEDOT:PSS interface. We have also included a

This journal is © The Royal Society of Chemistry 2022

cross-section from the quartz-gold interface as a reference.
The cross-sections quantified the increase in the film thick-
ness by immersion in the solution. More importantly, we
noted a further increase in the thickness by applying a de-
doping voltage of 0.8 V.

We can compare the observed swelling at 0.8 V (Ah =
73 nm) with an estimation of the number of cations of the
solution incorporated into the film using a 1D version of
Malliaras and co-workers’ model.>* This model considered
that the mean distance between cations equals 1.8 nm. For a
PEDOT:PSS film of 185 nm thickness (dry state, RH = 23%), on
average there should be about 103 sites available for K" uptake
in the vertical direction. At 0.8 V, all the PSS sites should bear
hydrated K* ions. By assuming that K" ions carry inside the
organic layer 4 water molecules (the first hydration shell), the
diameter of the K'-H,O system should be about 0.66 nm.*?
Those assumptions give an increase in thickness of Az =~
68 nm. The above value compares well with the difference
observed between % (wet (0.8 V)) and % (dry), Ak = 73 nm. In
short, the in operando bimodal data are in agreement with pre-
vious macroscopic observations that related the film swelling
to ion uptake.”’ Furthermore, they link quantitatively the
observed swelling with the number of cations.

To provide a more comprehensive understanding of the
nanomechanical properties of PEDOT:PSS films, we performed
bimodal AFM measurements while switching back and forth
the bias from doping to de-doping states. The experimental
run took about 80 minutes. Fig. 6a shows the relative change
in the Young’s modulus (black circles) as a function of the
bias from doping (0 V) to de-doping (0.8 V) voltage. The

Nanoscale, 2022, 14,14146-14154 | 14149
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(@) Scheme of the in operando bimodal AFM experiments. The PEDOT:PSS film is immersed in 50 mM KCl solution. Doping (0 V) and de-

doping (0.8 V) conditions are illustrated. (b) Topography. (c) Young’s modulus maps. Topography and Young's modulus maps, either doping or de-
doping voltages, were acquired simultaneously. Information regarding the bimodal AFM parameters is given in Table S1.+ The number of pixels was

512 x 256 and the fast scanning frequency was 2.8 Hz.
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Fig. 5 Variation of the thickness as a function of the doping/de-doping
voltages. The quartz substrate is the reference baseline. The thickness
first increases by immersion in the solution. A further increase is
observed under de-doping (cation injection) conditions.

de-doping voltage was chosen to facilitate cation uptake while
preventing water hydrolysis. The relative modulus was defined
as AE = (E(t) — E,)/E, where E, is the Young’s modulus of the

14150 | Nanoscale, 2022, 14, 14146-14154

wet film at ¢ = 0 s and AV =0 V. The Young’s modulus decayed
with the sequence of voltages towards a saturation value that
amounted to about a 70% reduction. After the first two cycles,
the elastic modulus decreased at the de-doping bias (i.e. for
cations driven into the film) while it increased in the doped
state, with variations of about 10%.

Fig. 6b shows the distribution of the normalized modulus
in the wet condition for a bias of 0 V and for a positive bias of
0.8 V. The elastic modulus distributions were measured at the
end of the sequence shown in Fig. 6a. By de-doping the film,
the maximum of the distribution was shifted to lower Young’s
modulus values. We observed a reduction of the Young’s
modulus of about 70% at the end of the experimental run.

In a similar but different PEDOT:PSS sample, we repeated the
nanomechanical measurements in the doped state (AV =0 V).
Consecutive nanomechanical maps were acquired during
80 min. The results (blue dots in Fig. 6a) showed that the
Young’s modulus remained constant (within the experimental
error). We also performed additional experiments by reversing
the polarity (AV = —0.5 V). In this case, the Young’s modulus
remained practically constant during the sequence of voltage
pulses (Fig. 6¢). A small increase in the Young’s modulus of

This journal is © The Royal Society of Chemistry 2022
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Fig. 6 (a) Variation of the Young's modulus after switching back and

forward between doping (0 V, red dots) and de-doping (0.8 V, black
dots) states. The squares in blue refer to the Young's modulus at the
open circuit value. (b) Young's modulus shift of PEDOT:PSS film
immersed in 50 mM KCl solution at doping and de-doping states.
Young’'s modulus distributions are obtained from maps as the ones
shown in Fig. 4. (c) Variation of Young's modulus between 0 V and a
negative bias (—0.5 V). The relative variation of Young's modulus is
defined as AE = (E(t) — Ep) where Eg is the Young's modulus at t = 0 and
AV = 0; E(t) is Young's modulus at a given time t.

about 10% was observed after the application of the first —0.5 V
sequence. Negative voltages should prevent the uptake of
cations by the film, which is confirmed by the nanomechani-
cal data. The minor increase in the modulus might indicate
the existence of an electrical field-induced strain.

The application of a positive voltage to the Pt electrode
drives the anions Cl~ towards Pt and the cations K' into the
PEDOT:PSS film. Cations are combined with sulfonate anions
of the PEDOT:PSS, which leads to the de-doping of the
channel of the device. The bimodal AFM data show that the
initial modulus is not restored when cations are driven out
from the film (AV = 0 V). This observation is consistent with
previous observations of PEDOT:PSS organic electronic devices
that showed that a few de-doping/re-doping cycles were
required to reach a reproducible and stable current behaviour.

This journal is © The Royal Society of Chemistry 2022
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This was attributed to the formation of percolation channels
due to cation injection, which generates a persistent hydration
of the polymer film."® The nanomechanical data show that the
persistent hydration introduces a non-reversible change in the
mechanical properties. The non-reversible behaviour of
PEDOT:PSS swelling upon ion insertion was previously
explained by the presence of a bulky hydrophilic PSS phase
acting as a site for the accumulation of ions not involved in
the de-doping process.>*

Conclusion

We performed a comprehensive characterization of the nano-
mechanical properties and structure of PEDOT:PSS films. The
nanomechanical maps revealed a granular structure made
from PEDOT:PSS grains embedded in a PSS matrix. Within the
grains, we observed the lamellar structure of PEDOT-rich
areas. Furthermore, we resolved the molecular structure of PSS
regions.

In operando bimodal AFM revealed how the ion uptake
modified both the structure and the nanomechanical response
of a PEDOT:PSS film. The immersion of the film in an
aqueous solution followed by the application of a doping/
de-doping voltage sequence produced a decay of the modulus
film as a function of time. The softening was associated with a
persistent change in the hydration structure of the film pro-
moted by the cations. Additionally, from our data it is evident
that the injection/removal of cations allows for a softening/
stiffening of the polymer film.

It was previously established that the uptake of cations in
PEDOT:PSS devices modifies their electronic and optical pro-
perties. Bimodal AFM demonstrated that this process intro-
duced a non-reversible softening of the film. Modulating this
effect will enhance the in vivo application of PEDOT:PSS
devices.”

Experimental

Materials

EDOT (ethylenedioxythiophene) and Na'PSS™ (sodium poly
(sterene-sulfonate)) were purchased from Sigma-Aldrich. Test
patterns made from gold electrodes on a quartz substrate were
purchased by Fondazione Bruno Kessler (Italy). Aqueous solu-
tions of 50 mM KCI were prepared by dissolving KCI (>99%,
Sigma-Aldrich) in ultra-pure water.

Device preparation

PEDOT:PSS thin films were prepared by means of electrodepo-
sition on gold electrodes. Some microliters of a solution of
EDOT (0.01 M) containing an excess of Na'PSS™ (0.8%, w/w)
were deposited over the test pattern. A constant current (1 pA)
was applied between the two terminals of the device for a total
time of 10 s. The thickness of the film (185 + 7 nm) was
measured through AFM. Since the purpose of the study was to

Nanoscale, 2022, 14,14146-14154 | 14151
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characterize the mechanical properties of PEDOT:PSS, the use
of 185 nm-thick films avoided the application of bottom-effect
corrections.>

Bimodal AFM

The Young’s modulus was obtained by applying the theoretical
framework developed previously.*>*"*' This framework is
based on Hertz contact mechanics. Bimodal AFM is
implemented using the software of a Cypher S (Asylum
Research, Oxford Instruments, CA, USA). Measurements were
performed in air (RH = 23%) and in electrolyte solutions
(50 mM KCl). Photothermal excitation was applied to drive the
oscillation of the cantilever. The acquisition time was
2-3 minutes for each image. In operando bimodal AFM was
accomplished by applying a voltage between the Pt and Au
electrodes. We used PPP-NCH-AuD and PPP-NCST-AuD
(NanoAndMore, Germany) and HQ-150-AuD (Asylum Research,
Oxford Instruments, CA, USA) cantilevers. The force constant
of the first mode of the PPP-NCH-AuD cantilevers was cali-
brated using the multiple reference calibration method.>* The
force constants of the first mode of HQ-150-AuD and
PPP-NCST-AuD cantilevers were calibrated by taking a force-
distance curve on a Si sample. For all cantilevers, the force
constant of the second mode was calibrated using the force
constant-frequency power law relationship.>® The radii of the
tips used in Fig. 2 and 3 were calibrated using a test sample
with a well-characterized Young’s modulus (polystyrene, with
E = 2.7 GPa). The Poisson coefficient of PEDOT:PSS was
assumed to be 0.35.>” Calibration values and bimodal para-
meters are given in Table S1 of the ESL{ The radii of the tips
used in Fig. 4 and 6 were calibrated as follows: the tip radius
was changed to keep the Young’s modulus of the quartz con-
stant, considering the Young’s modulus of the quartz indepen-
dent of the applied voltage. Thus, the change in PEDOT:PSS
elastic modulus was normalized to that of the quartz.

A custom-built electrical set-up (Fig. S41) was incorporated
into the AFM holder of a Cypher S (Asylum Research, Oxford
Instruments, CA, USA). It consisted of a thin platinum elec-
trode placed in the vicinity of the cantilever. A cable connects
the Pt electrode to the electrical source measure unit (SMU,
Keithley 4200). Biases were applied between the Pt electrode
and the gold electrode below the PEDOT:PSS film. The gold
electrode was contacted to the wire of the power supplier using
silver paint. Two biases (AV = 0 and 0.8 V) were applied for
120 s before starting the bimodal AFM measurements. The
film was considered to be fully penetrated by cations after
120 s (K" mobility = 2.2 x 10° em* v~ ' s71). 4"

Amplitude modulation AFM

Extensive characterization of the PEDOT:PSS films prior to the
bimodal AFM mapping was performed with an NX20 AFM
(Park systems, South Korea) and a Cypher S (Asylum Research,
Oxford Instruments, CA, USA). The images were obtained in
the amplitude modulation configuration.”” The molecular
resolution images (Fig. S61) were also acquired in the
AM mode. In this case, very small oscillation amplitudes
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(0.1-0.5 nm) were applied to the cantilever. The small ampli-
tude operation enhances the sensitivity to short-range inter-
action forces and as a consequence allows a high spatial
resolution to be obtained.”® Experiments were performed in
air (RH = 23%) wusing PPP-NCH-AuD cantilevers
(NanoAndMore, Germany) driven in their second flexural
mode. Typical values were f, = 1800 kHz, k, = 2000 N m~* and
0, = 600.
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