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Recent studies have demonstrated the advantage of developing pressure-sensitive devices with
light-emitting properties for direct visualization of pressure distribution, potential application to next
generation touch panels and human-machine interfaces. To ensure that this technology is available to
everyone, its production cost should be kept as low as possible. Here, simple device concepts, namely,
pressure sensitive flexible hybrid electrodes and OLED architecture, are used to produce low-cost
resistive or light-emitting pressure sensors. Additionally, integrating solution-processed self-assembled
micro-structures into the flexible hybrid electrodes composed of an elastomer and conductive materials
results in enhanced device performances either in terms of pressure or spatial distribution sensitivity.
For instance, based on the pressure applied, the measured values for the resistances of pressure
sensors range from a few MQ down to 500Q. On the other hand, unlike their evaporated equivalents,
the combination of solution-processed flexible electrodes with an inverted OLED architectures display
bright green emission when a pressure over 200 kPa is applied. At a bias of 3V, their luminance can be
tuned by applying a higher pressure of 500 kPa. Consequently, features such as fingernails and fingertips
can be clearly distinguished from one another in these long-lasting low-cost devices.

Since their introduction at the end of the last century, organic semiconductors and organic electronic devices have
demonstrated their potential as low-cost alternatives to the state-of-the-art inorganic devices'**. Among these
organic devices, a particular attention has been given to organic light-emitting diodes (OLEDs) for two main
reasons. One would be that they provide the means to develop next generation display technologies (e.g. flexible
wearable displays). Additionally, they provide the possibility to extremely decrease their fabrication cost using
roll-to-roll-compatible high productivity processes’>~’. Both these aspects are related to their capacity to avoid
major damages when mechanical stress (e.g. bending or stretching) is applied to organic electronic devices. While
small molecules lead to higher device performances, semiconducting polymers provide much higher mechanical
properties due to polymer chain entanglement. Furthermore, as they can be deposited through solution process,
the fabrication cost of polymer electronics is lower than that of evaporated small molecule systems®?.

Among the polymer semiconductors, poly(9,9’-dioctylfluorene-co-benzo-thiadiazole) (F8BT) is now con-
sidered as one of the state-of-the-art materials used as emitting layers in OLEDs due to the high external quan-
tum efficiencies (EQEs) and luminance efficiencies obtained for F8BT-based devices!®!'. While the EQEs of
F8BT OLEDs are usually under 10% for conventional device architectures (bottom transparent anode/top metal
cathode), recent studies have demonstrated that higher EQEs can be obtained for inverted device architectures
using zinc oxide (ZnO) covered indium tin oxide (ITO) as bottom transparent cathode!?. Organic electronic
devices also present the major advantage of being easily integrated with other electronic circuits and devices
to produce new and original concepts such as light-emitting pressure sensors with potential applications as
user-interactive electronic skin for instantaneous pressure visualization'®. In fact, in their study, Wang et al.
demonstrated that, by combining a thin-film-transistor (TFT) active matrix backplane with arrays of OLEDs
covered with pressure-sensitive rubber, devices which switch on only when and where pressure is applied can be
produced. However, the complicated device architecture presented in their work relies on a multiple-step process
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which includes micro-patterning and thermal vacuum evaporation resulting in a large increase of the production
cost. A device with similar properties (color changing upon application of pressure) was recently introduced
by Chou et al. in which an electrochromic device is associated with a pressure sensitive tactile sensor'®. Unlike
the TFT-OLEDs-pressure-sensitive rubber combination; the spatial distribution in this second study is obtained
through the integration of photolithographic pyramid-like features on a flexible carbon nanotubes-covered poly-
dimethylsiloxane (PDMS) electrode. By applying pressure on the flexible electrode, electrical contact is generated
locally which induces a change in the apparent color of the electrochromic material. This approach utilizes a
much simpler device architecture compared to the concept presented by Wang et al. However, the electrochromic
pressure-sensitive devices require a relatively long color-switching time (largely over 1s) and no bright emission
can be observed from the devices (they cannot be used in the dark).

Here, we present our approach to generate light-emitting pressure sensors using low-cost solution processes.
The simple device architecture that we introduce consists of an inverted OLED device in which the top anode,
which is commonly deposited by thermal evaporation, is replaced by a hybrid flexible and pressure sensitive
electrode composed of PDMS, poly(3,4-ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS) and silver
nanowires (AgNWs). Furthermore, using self-assembled templates, we produce micro-structured PDMS-based
flexible electrodes, which induce enhanced pressure sensitivity and provide a higher spatial resolution as com-
pared to the flat flexible electrodes. The flexible PDMS-based electrodes are first tested in resistive pressure sen-
sors. Compared to the evaporated electrodes, the solution-processed ones exhibit a higher transmittance and
introduce the possibility to obtain pressure-sensitive pressure sensing. When these electrodes are used as anode
in inverted OLED architectures, our all-solution-processed devices prepared using scalable and low-cost fabri-
cation techniques exhibit strong luminance at relatively low voltages and consequently, open the way to the next
generation of interactive electronic skins and pressure sensors.

Results and Discussion

Solution-processed PDMS-based electrodes.  Previous studies on PDMS-AgNWs hybrid flexible elec-
trodes have demonstrated that deposition of AgNWs on PDMS substrates can be rather problematic due to the
low wetting of this inorganic elastomer by the AgNWs solution’®. In fact, to obtain highly conductive hybrid
electrodes, Huang et al. used a combination of two processes, namely, the pre-straining/post-embedding process
and the spraying of the AgNWs. However, both these processes lack control and cannot be easily scaled up to
generate large-scale devices. On the other hand, Chen et al. proposed to use alternative materials such as polyeth-
ylene terephthalate (PET) as flexible substrates to deposit AGNWs/PEDOT:PSS hybrid electrodes which could be
used in capacitive pressure sensors with the following device architecture: PET/AgNWs 4 PEDOT:PSS/PDMS/
AgNWs+ PEDOT:PSS/PET'®. In these capacitive pressure sensors, a PDMS layer placed between the two PET-
based flexible electrodes is needed to provide pressure sensitivity. Consequently, these flexible electrodes cannot
be readily used for light-emitting pressure sensors. In this section, we will demonstrate that by using an additional
PEDOT:PSS compatibilizing layer and integrating micro-structures on the surface of the PDMS substrates, we
can achieve similar results without the insertion of the interelectrode PDMS layer.

Materials used as electrodes in organic electronics typically have resistivities below 20 Q.cm. However, as
charge injection is limited by the intrinsic charge transport properties of the semiconducting polymers, it is safe
to assume that electrodes with higher resistivity values (below 1kQ.cm) would still efficiently work in organic
devices. The resistivity of AgNWs electrodes are closely related to the wettability of the AgNWSs solution on the
used substrates. A high wettability typically results in a homogeneous and dense AgNW s network. On the other
hand, if the AgNWs dispersion does not spread well on the surface of the substrate, large aggregates, which con-
siderably reduce the long range percolation ability of the electrodes, will be generated. While direct deposition of
the AgN'WSs suspension in isopropanol (IPA) does not result in homogeneously covered PDMS surfaces, depos-
iting dense AgN'W s networks on a PEDOT:PSS layer either by spin-coating or dip-coating has been previously
demonstrated'” 8. Furthermore, in our recent study, we used solvent additives in the PEDOT:PSS suspension
and pre-deposition plasma treatment of the PDMS surface to produce PDMS substrates homogeneously cov-
ered with PEDOT:PSS'. We compared the performances of PDMS-based flexible electrodes by measuring their
resistance at various pressures in devices containing an indium thin oxide (ITO) counter-electrode (Figure S1,
Supplementary Information). The compared samples are listed below:

o PDMS/AgNWs (drop-casted)

« PDMS/PEDOT:PSS/AgNWs (drop-casted)

o PDMS/PEDOT:PSS/AgNW:s (drop-casted)/PEDOT:PSS
« PDMS/Ag (evaporated reference electrode)

Note that the PEDOT:PSS layer were deposited by spin-coating and all contain a surfactant acting as a wetting
agent and dimethyl sulfoxide (DMSO) to improve its conductivity while AGNWs were drop-casted from a dilute
solution?®2!. Table 1 summarizes the results obtained for the various samples at different applied pressure.

From the results presented in Table 1, we can clearly observe that depositing a PEDOT:PSS layer prior to
AgNWs results in a large decrease in resistivity of the flexible electrodes, which can be associated with a more
homogeneous coverage of the substrate by the AgNWs. Independently of the applied pressure, the resistivity of the
flexible electrodes is reduced by a factor of approximately 2 orders of magnitude upon insertion of the PEDOT:PSS
interlayer. Note that the variation observed for different pressure is most likely due to measurement errors. By
depositing an additional layer of PEDOT:PSS on the PDMS/PEDOT:PSS/AgNW:s electrodes, their resistance can
be decreased by a factor of 2. While the first PEDOT:PSS layer in contact with PDMS acts as a compatibilizing
layer, the second PEDOT:PSS layer deposited on top of the AgNWs decreases the resistance by filling the gaps
between adjacent AgN'WSs but also increases the mechanical stability of these electrodes and modifies their work
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Flexible electrode type 0kPa 50kPa 200kPa 500kPa
PDMS/AgNWs oL’ 48 MQ 49MQ 47MQ
PDMS/PEDOT:PSS/AgNW's oL" 733Q 747 Q) 769 Q)
PDMS/PEDOT:PSS/AgNWs/PEDOT:PSS oL’ 368Q) 450Q 388Q)
PDMS/evaporated Ag OL" <0.1Q" <0.1Q° <0.1Q"

Table 1. Measured resistance of PDMS-based flexible electrodes at various pressure. “OL (Overload) and
<0.1Q correspond to the upper and lower limits of the measuring equipment, respectively.

function so that they can be used as anodes in inverted OLED architectures. Although the solvent-processed
electrodes have a lower conductivity compared to that of evaporated Ag ones, the resistance achieved (approx.
400 Q) should be sufficient to use them as electrodes in organic electronic devices. Additionally, their enhanced
mechanical stability compared to evaporated Ag electrodes represents a major advantage as PEDOT:PSS/AgNWs/
PEDOT:PSS hybrid electrodes can undergo over 300 repeating cycles (500 kPa pressure ON/OFF) without major
changes in the measured resistance, while evaporated Ag flexible electrodes stop functioning after approximately
50 repeating cycles. The rapid deterioration of the evaporated Ag devices is due to the appearance of cracks
upon application of mechanical stress through pressure but also to a partial transfer of the evaporated Ag to the
counter-electrode bottom substrate. The surface free energy of the ITO counter-electrode is of approximately
60 mJ/m?, while those of Ag, PDMS and PEDOT:PSS are 1250, 19.9 and 73 mJ/m?, respectively?*~2*. Consequently,
Ag has a higher adhesion to the material with the highest surface free energy, namely, ITO and PEDOT:PSS
when evaporated and solution-processed electrodes are used, respectively. Lastly, evaporated Ag flexible elec-
trodes have a very low transmittance over the visible range. On the other hand, the hybrid PDMS/PEDOT:PSS/
AgNWs/PEDOT:PSS multilayer electrodes have a transmittance of approximately 80% from 350 nm up to 750 nm
(Figure S2, Supplementary Information) allowing them to be used for applications such as touch panels.

In fact, the assembly of these flexible hybrid electrodes on ITO substrates results in the fabrication of sim-
ple solution-processed pressure sensors-like devices (Figure S1, Supplementary Information). However, the
results in Table 1 clearly demonstrate that the measured resistance in the flexible electrodes pressure sensors does
not depend on the applied pressure. Chou et al. demonstrated that PDMS substrates prepared using nano- or
micro-structured templates combined with sprayed carbon nanotubes can display such pressure-sensitivity'*.
In their approach, the carbon nanotubes deposited on top of the pyramid-like PDMS (produced by pho-
tolithography) were removed using the scotch-tape peeling method, which is a relatively low-control and
low-reproducibility technique. As an alternative to photolithography, we generate micro-porous struc-
tures using our recently introduced low-cost polymer self-assembly approach?. After depositing blends of
Poly(3-hexylthiophene-2,5-diyl) (P3HT) and poly(methyl methacrylate) (PMMA) by spin-coating, the PMMA
phase is selectively removed to generate micro-porous structures. A detailed analysis of the morphology of
these micro-porous structures using atomic force microscopy is presented in the Supplementary Information
(Figure S3(a)). Using these micro-porous films as templates, PDMS substrates with micro-islands on their sur-
faces can be prepared through a scalable solution process (Figure S3(b), Supplementary Information). Note that
the devices and results presented here were obtained without using scotch-tape peeling. Furthermore, although
a wide dispersion in diameter distribution of the features on PDMS can be found, the heights of these features
only display a minor variation and are of approximately 240 nm. The evolution of measured resistance with
applied pressure presented in Fig. 1(a) clearly emphasizes that, while flat PDMS electrodes do not exhibit pres-
sure sensitive response, in the micro-structured hybrid films, three distinctive responses can be observed. The
resistance measured using micro-structured solution-processed electrodes for applied pressures of 0, 50, 200
and 500 kPa are of over 100 M(), 8~10 MQ, 1~5kQ and 480 ~525 Q, respectively. Consequently, three different
levels of pressure can be detected with these hybrid electrodes. Additionally, unlike devices based on evaporated
Ag, the solution-processed devices can be fabricated on large scales over 10 x 10 cm? as electrical contact is only
generated when pressure is applied. In Ag evaporated devices, the weight of the hybrid electrodes is enough to
induce deformation of the PDMS substrate and as the resistivity of evaporated Ag is extremely low, this results
in a parasitic electrical contact for device with active areas larger than 0.5 x 0.5 cm?. The peculiar properties
of micro-structured electrodes in simple pressure sensors can be explained by taking a closer look at the posi-
tions of AgNWs aggregates on the PEDOT:PSS covered PDMS substrates (Fig. 1(c)). For flat PDMS substrates,
the AgNWs drop-casted from a dilute solution form a dense network which remains relatively flat and with
PEDOT:PSS/AgNWs/PEDOT:PSS thicknesses of approximately 200 nm which is slightly below the height of the
PDMS micro-islands. After the pre-deposition 30 min ultrasonic treatment to increase the quality of AgNWs
dispersion in IPA, the average AgNWs lengths were found to be below 2 um. When micro-structured PDMS
is used, AgN'Ws which are not covered with PEDOT:PSS are concentrated into regions with a similar arrange-
ment as the micro-islands (Fig. 1(c)). Furthermore, by looking at the areas around the micro-islands, a high
density AgNWs network embedded into PEDOT:PSS can be observed. These two regions on top and around the
micro-islands will be referred to as high-AgNWs and low-AgNWs, respectively. Note that, AgNWs on flat PDMS
substrates are almost entirely embedded in the PEDOT:PSS layer (similarly to low-AgNWs) which is not the case
for high-AgN'Ws located on top of the micro-islands of micro-structured PDMS. In the initial OFF state when no
pressure is applied, the high-AgNWs and low-AgNWs are not in electrical contact with each other due to a break
in percolation resulting from the difference in heights between the two regions containing AgNWs.

In Fig. 2, a comparative schematic representation of the working mechanism of the two pressure sensors
is proposed. At low applied pressure, upon deformation of the PDMS micro-islands, the high-AgNWs are
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Figure 1. (a) Pressure sensitive response of PEDOT:PSS/AgNWs/PEDOT:PSS deposited on flat and micro-
structured PDMS; (b) Schematic representation of the micro-structured PDMS electrodes and (c) Optical
micrographs of micro-structured PDMS before and after deposition of PEDOT:PSS/AgNWs/PEDOT:PSS and
zoomed areas (right) corresponding to high- (top) and low-AgNWs (bottom). Scale bars of left and right images
correspond to 2 pm and 500 nm, respectively.

compressed between the ITO counter-electrode and the high conductivity PEDOT:PSS/AgNWs hybrid film
(low-AgNWs). As the number of high-AgNWs in contact with low-AgNWs is relatively low in these conditions,
the probability that charges can efficiently percolate to the low-AgNWs remains relatively low and therefore, high
resistances of 8~10 M(Q) are measured. By increasing the pressure to 200 kPa, the high-AgNWs are further com-
pressed and generate a much more efficient electrical contact with the low-AgNWs. Consequently, percolation
is ensured and charges injected from the ITO counter-electrode will first move along the high-AgNWs and then
along the high conductivity continuous network of PEDOT:PSS embedded low-AgNWs. As observed previously
(Table 1), uncovered AgNWs have a lower conductivity with respected to PEDOT:PSS covered AgNW's which
suggests that the limiting step for percolation corresponds to the charge transport throughout high-AgNWs (not
covered with PEDOT:PSS). Surprisingly, the measured resistance for 200kPa (1~5k€) is higher than the previ-
ously measured one for flat substrate uncovered AgNWs (approximately 0.75kQ). This small difference could be
due to a variation in AgNWSs density between high-AgN'Ws on micro-structured substrates and when deposited
on flat PDMS substrates. At high pressures of 500 kPa and over, the ITO counter-electrode comes into direct
contact with low-AgNWs and consequently, low resistances (similar to those of PEDOT:PSS embedded AgNWs
deposited on flat PDMS) can be measured.

These extremely simple devices have a very promising potential for the development of next-generation elec-
tronic devices. In particular, the three specific responses obtained for different ranges of applied pressure can
become an interesting tool to fabricate multifunctional devices. In this study, we demonstrate that these hybrid
electrodes can also be applied to light-emitting pressure sensor fabrication as discussed in the following section.

Light-emitting pressure sensors. The device architecture and measurement conditions for light-emitting
pressure sensors are presented in Figure S4 (Supplementary Information).Using micro-structured substrates
should provide a higher spatial resolution of electrical contact as compared to devices prepared with flat PDMS
substrates. In simple pressure sensors where electrical contact is simply translated into variations in resistance,
the spatial distribution cannot be adequately visualized. However, by combining an OLED architecture with the
flexible hybrid electrodes, we fabricated devices in which pressure distribution can be directly visualized through
electroluminescence. The work functions of the two electrodes play an essential role to have efficient devices
which is why we used an inverted device architecture in which the solution-processed flexible electrodes can
be used as anode. To compare our solution-processed electrodes with evaporated ones, PDMS/evaporated Ag/
evaporated molybdenum trioxide (MoO;) films were also used as flexible anodes placed on top of ITO/zinc oxide
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Figure 2. Schematic representation of the working mechanism and percolation paths in flat (top) and micro-
structured (bottom) electrode pressure sensors.

(ZnO)/F8BT substrates (Figure S5, Supplementary Information). MoO; and ZnO play the roles of work function
modification as well as charge selective layers in this device configuration. Using the inverted device architecture
enables the use of Ag as top anode and increases the device stability as compared to regular device architectures''.
Additionally, as the flexible anodes are deposited on PDMS, which acts as a barrier for oxygen and moisture, the
device stability in air should increase?.

Upon application of pressure, the evaporated electrode device switches on and bright green electrolumines-
cence can be observed from F8BT. Due to partial PDMS deformation near the applied pressure contact area and
the low resistivity of Ag evaporated on PDMS, a large area around the contact points also switches on. Note that
these results are almost independent of the applied pressure (observed even at low pressure) and similar para-
sitic emission can be observed when using micro-structured PDMS/evaporated Ag electrodes. Additionally, the
evaporated electrode is gradually transferred to the F8BT surface after just 5 ON/OFF cycles and the amount
of transferred metal increases with the number of repeating cycles (Figure S4, left image). After 20 cycles, the
devices cease to function. The values of surface free energies for PDMS, Ag, MoO; and F8BT are 19.9, 1250, 31
and 26 mJ/m?, respectively?* 2% 252, Consequently, the adhesion of MoO; with F8BT is much stronger than that
of Ag and PDMS and that of MoO; with Ag. During the ON state, some MoOj; can therefore be easily transferred
to the F8BT surface. As established earlier, the stronger adhesion of Ag with MoO; as compared to that of Ag
with PDMS also results in a partial transfer of Ag to the F8BT surface together with that of MoOj;. On the other
hand, similarly to the resistive pressure sensors, AgNWs and PEDOT:PSS should exhibit a strong adhesion and
consequently, AgNWs should not transfer from the PEDOT:PSS covered PDMS to the F8BT surface. As a result,
the devices prepared with solution processed flexible electrodes have a much higher lifetime as compared to the
evaporated Ag/MoO; electrodes.

In fact, micro-structured PDMS/PEDOT:PSS/AgNWs/PEDOT:PSS devices only displayed a small increase in
turn-on voltages of approximately 200 mV after 300 repeating ON/OFF cycles at 500 kPa. Under these conditions,
the electroluminescence from F8BT can already be observed at an applied bias of 1.5V (Fig. 3). Similarly to con-
ventional OLEDs, the device luminance increases with bias and luminance efficiencies of over 2 cd/A can be meas-
ured at higher voltages. Furthermore, in addition to their extremely positive lifetime results, the micro-structured
PDMS solution-processed devices demonstrate a pressure-sensitive increase in luminance (Table 2).

Unlike the resistive pressure sensors, at low applied pressure (approximately 50kPa), no emission can be
observed. This is easily understood as the resistance through the flexible electrode at low applied pressure is on the
MQ scale. Consequently, holes cannot be injected into the emitting layer and no electroluminescence is observed.
By increasing the applied pressure, the second level of electrode resistance is reached (a few kQ) in which holes
are injected into the emitting layer with relatively low injection efficiency and only a low-intensity electrolumi-
nescence can be observed. At high applied pressure, the emission becomes much brighter as the resistance of the
electrode is reduced by a factor of 2 or more. Note that, even though the difference in resistance between the two
types of electrode is of more than two orders of magnitude, the luminance obtained for evaporated electrodes at
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Figure 3. Observed electroluminescence in micro-structured solution-processed light-emitting pressure
sensors (top) at constant pressure with increasing bias or (bottom) at constant bias with increasing pressure.
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Figure 4. Comparison between the emissions from micro-structured evaporated (left) and solution-processed
(right) light-emitting pressure sensors with (a) a round test object (optical micrographs) and (b) the tip of a
finger (photographs of the device).

3V is only 1.2 times higher than that obtained with solution processed electrodes. Furthermore, we tested the
micro-structured evaporated and solution-processed electrodes when a test object with a round surface (contact
area of 4mm?) is pressed against the two devices at a pressure over 500 kPa. The chosen pressure emphasizes the
spatial resolution difference between the two device types but similar results are obtained at lower applied pres-
sure (with a lower luminance from the solution-processed devices). In the micrographs presented in Fig. 4(a),
when the test object is pressed against the evaporated flexible electrode, an emitting area of 9.1 mm? can be
observed. On the other hand, when solution-processed electrodes are employed, the emitting area is reduced to
5.4mm? Additionally, while the evaporated electrode devices exhibit a relatively homogeneous emission from the
whole emitting area, the solution-processed ones display a much more intense emission from the central 4 mm?
relative to the border emission.

When pressure is applied to the test object, the PDMS in the adjacent area also undergoes some deformation.
Although the deformation should be the same for both evaporated and solution-processed electrodes, the fact
that a simple and gentle pressure in the case of evaporated Ag/MoO; on PDMS is sufficient to generate electrical
contact is at the origin of the observed large parasitic emission. On the other hand, solution-processed electrodes,
which undergo the same deformation, require the application of pressures above 200kPa to generate electrolu-
minescence. From the emission micrograph, one can clearly observe that such pressure is confined to the PDMS
directly adjacent to the area where the 500kPa pressure is applied. In summary, compared to the evaporated
electrodes, the solution-processed electrodes have the potential to confine the unwanted emission to less than 150
microns in the area adjacent to the one where pressure is applied while in the case of evaporated flexible electrodes,
the unwanted emission spreads up to 750 microns in the area adjacent to where the test object is positioned.

The second test (Fig. 4(b)) further emphasizes the potential of micro-structured solution-processed elec-
trodes by applying the pressure using the tip of the finger. The tip of the finger is composed of two components,
namely, the actual soft tip of the finger, and the hard nail which will apply a higher local pressure to the inorganic
elastomer. During this test, the applied pressure was kept as low as possible to observe the contrast between
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luminance (cd.m~2) 15V 2V 3V 50kPa 200kPa 500kPa
constant pressure (500 kPa) 0.1 24 18 — — —
constant bias (3V) — — — 0 1.9 17

Table 2. Summary of luminance of micro-structured solution-processed light-emitting sensors.

the emission from the high and low pressure areas. When pressure is applied using the tip of the finger to the
light-emitting pressure-sensor devices, a round-shaped emission from the soft fingertip can be observed (right
side) together with a line-like emission originating from the contact with the fingernail. Although the shapes of
the emitting areas observed for the two flexible electrodes are similar, their intensity and, more specifically, the
relative intensities of the round- and line-shaped features, are entirely different. The evaporated electrode device
displays a similarly bright emission from both areas in contact with the fingertip and fingernail. However, in the
devices employing the solution-processed micro-structured electrodes, a bright emission from the fingernail area
contrasts the low-intensity electroluminescence from the soft fingertip area.

Conclusion

In summary, we fabricated two types of low-cost all-solution-processed pressure sensor device, which are referred
to as simple and light-emitting pressure sensors, respectively. The flexible electrodes used in these devices consist
of a PDMS substrate covered with PEDOT:PSS/AgNWs/PEDOT:PSS trilayers. While the first PEDOT:PSS layer
(in contact with PDMS) acts as a compatibilizing interlayer to allow for efficient wetting of the substrate by the
AgNWs solution, the second PEDOT:PSS layer, on the other hand, is used to partially embed the AgNWs into a
hybrid PEDOT:PSS/AgNWs film with high conductivities and the adequate work function to be used as anode
in inverted OLED architectures. Furthermore, these flexible devices with resistance values around 400 Q) have a
transmittance of 80% spreading throughout the visible range and can therefore be considered as potential can-
didates for low-cost fabrication of touch panels. The integration of micro-structures into the PDMS substrates
results in an applied pressure-sensitive response. The measured resistances in these sensors when 50,200 and
500 kPa are applied is in the MQ, kQ and hundreds of Q) ranges, respectively.

Light-emitting pressure sensors are fabricated using an inverted OLED architecture combined with a top
flexible electrode. The micro-structured solution-processed electrode devices not only exhibit pressure-sensitive
luminance but also a higher spatial resolution as compared to the evaporated electrode devices. Additionally, due
to a stronger adhesion of the PEDOT:PSS embedded AgNWs to the PDMS substrate and the increased flexibility
of this hybrid multilayer with respect to evaporated Ag, the number of ON/OFF cycles is increased from 50 for
the evaporated electrodes to over 300 cycles for the solution-processed ones. Consequently, the devices presented
here open the path to the fabrication of low-cost next-generation technologies such as enhanced optical devices
for fingerprint visualization, wearable electronics or on-board light-communication devices and electronic skin.

Methods
Flexible electrode fabrication and characterization. PDMS elastomer (Sylgard 184) was purchased
from Dow Corning. To fabricate the flexible substrates, the PDMS precursor was mixed with the curing agent
(10:1 weight ratio) and stirred using a glass pipette. After degassing the mixture to remove air bubbles formed
during stirring, standard glass Petri dishes with polished surface were used for the mixture deposition which is
cured at 80 °C for at least two hours. The thickness of the PDMS substrates (approximately 3 mm) was controlled
by the volume of mixture deposited on the cleaned Petri dishes. PDMS substrates are treated for 30 min in a
plasma generated under a pressure of 200~600 mTorr with air prior to metal/semiconductor layer deposition.

PEDOT:PSS (Clevios™ PH1000) was purchased from Heraus. Triton™ x 100 (0.5vol%, from Sigma-Aldrich)
and DMSO (5vol%, from Sigma-Aldrich) were added to the PEDOT:PSS dispersion to ensure proper wetting and
increase its conductivity, respectively. The first PEDOT:PSS on PDMS was deposited by spin-coating the mixture
at 4000 rpm for 30s resulting in PEDOT:PSS film thicknesses of approximately 35 nm. The AgNWs layer was
deposited by drop-casting a diluted suspension (Sigma-Aldrich, 1 mg/ml) on the PEDOT:PSS covered PDMS
substrate. After complete drying of the drop-casted AgNWSs (approximately 60 min), a second PEDOT:PSS
layer was deposited by spin-coating at 1000 rpm for 60's in the case of the trilayers. The thickness of this second
PEDOT:PSS layer was approximately 120 nm. After all layers are deposited, the flexible electrodes were annealed
at 150°C for 15 min prior to characterization.

For evaporated electrode fabrication, the PDMS substrates were placed in a vacuum chamber, followed by
thermal evaporation of Ag (120 nm) and MoOj; (20 nm) at respective speeds of 3 and 0.5 AsL.

The transmittance spectra were measured using a UV-Vis spectrophotometer (JASCO V-730) with air as a
reference. Optical micrographs were obtained using a DSX510 microscope (Olympus) in bright-field mode.

Self-assembled micro-structured template and micro-structured flexible electrode fabrica-
tion. Self-assembled micro-structured polymer templates were prepared following a method published previ-
ously?®. P3HT (Mw~200,000, Merck) and PMMA (Mw~15,000, Sigma-Aldrich) are mixed in chlorobenzene at
a 1:1 ratio and with a total polymer concentration of 30 mg.ml~'. The blend is then spin-coated at 1000 rpm for
605 on clean glass substrates and the PMMA phase is selectively removed using acetone generating micro-porous
structures with average pore diameters and depths of 1.65 and 0.25 um, respectively. The PDMS precursor and
curing agent mixture is then poured on the micro-structured templates similarly to the Petri dishes for flat PDMS
substrate fabrication. Solution-processed and thermally evaporated electrodes are deposited as described in the
previous section.
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Device fabrication and characterization. Resistive pressure sensors are fabricated following the simple
procedure described hereafter: ITO covered glass substrates (sheet resistance below 20 Q/sq) are cleaned using
acetone, surfactant, deionized water and IPA in an ultrasonic bath followed by exposure to IPA vapor for 3 min.
After placing the insulating tape, conductive copper tape and silver paste as described in Figure S1, the flexible
electrodes are placed on top of the substrates with the metals and semiconducting layers facing downwards. The
devices are tested under various applied pressure and the resistance variations are measured using an Agilent
U1241B tester.

For light-emitting pressure sensors, ZnO layers were prepared on plasma treated cleaned ITO covered glass
substrates. A precursor mixture composed of 500 mg ZnOAc.H20 and 101.4 mg 2-aminoethanol in 5ml of
2-methoxyethanol was stirred for 3 hours at room temperature. Once a homogenous solution was obtained, the
mixture was spin-coated on the substrates at a speed of 3000 rpm for 30s. The resulting layers were annealed
at 200 °C for 30 min followed by slow cooling until room temperature. Then, a 100-nm thick layer of F8BT
(Sigma-aldrich) was deposited by spin-coating a solution in chlorobenzene at 1500 rpm for 60s. After placing
the insulating tape, conductive copper tape and silver paste as described in Figure S4, the flexible electrodes are
placed on top of the substrates with the metals and semiconducting layers facing downwards. The devices were
characterized by applying pressure on the flexible electrodes while controlling applied voltages with a Keithley
2401 sourcemeter. The variation in emitted light-intensity and spatial distribution was measured using simple
photographs or an optical microscope (AS Tools) equipped with a USB camera. The luminance measurements
were performed using a Topcon BM-9A luminance meter.
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