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Abstract—Inkjet printing is a viable method for rapid and
low-cost manufacturing of flexible sensors. In this paper, we study
a technique for inkjet printing of poly(3,4-ethylenedioxythio-
phene):poly(styrene sulfonate) (PEDOT:PSS) strips. A low-cost
inkjet desktop printer is used for the fabrication of PEDOT:PSS
resistive strips on polyimide substrates. Accounting for several
geometries of printed PEDOT:PSS strips, we assess the variability
of the fabrication process. Owing to the printing process, we
can easily choose the width, length, and thickness. We found
that printed strips on polyimide foils show a conductivity equal
to 115 S/cm, which linearly increases with the strip thickness.
The maximum variability is lower than 13%. The frequency
analysis shows a purely resistive impedance in the frequency
range investigated (100 Hz-100 kHz). Moreover, the strips folded
up to 1000 times shows a resistance variation lower than 6%. The
study demonstrates that inkjet printing is a viable method for
the simple, fast, reliable, and low-cost fabrication of PEDOT:PSS-
based sensors on plastic substrates and circuit interconnections.

Index Terms—Flexible sensors, inkjet printing, poly(3,4-
ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS),
polymer films.

I. INTRODUCTION

ONDUCTING and semiconducting organic materials,
both polymers and molecules, are opening up new
application opportunities including active matrix flexible
displays [1], [2], sensors [3]-[5], circuits [6], [7], wear-
able and implantable electronics [8]-[10], and biological
and medical devices [11]-[13]. Among them, the conduct-
ing polymer poly(3,4-ethylenedioxythiophene):poly(styrene
sulfonate) (PEDOT:PSS) is gaining much attention for both
electronic and bioelectronic sensors. PEDOT is a 7 -conjugated
polymer-doped p-type to a highly conducting state by PSS.
A change in the doping can also be achieved by means of
electrochemical doping when ions from an electrolyte enter
the PEDOT:PSS film, or vice versa [14]-[18].
PEDOT:PSS shows unique feature combination compared
with other conductive polymers. It is highly conductive,
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air stable, available in aqueous dispersion, environmentally
friendly, biocompatible, and mechanically flexible. Thanks to
the aforementioned properties, PEDOT:PSS has been used for
the successful fabrication of optoelectronic devices [19], [20],
electronic textiles [21], [22], implantable sensors [23], phys-
ical, chemical, and biological sensors [24]-[29], and soft
actuators [30]-[32].

In optoelectronic devices such as polymer thin-film tran-
sistors [19], organic light-emitting diodes [20], photovoltaic
cells [33], and batteries [34], thin films of PEDOT:PSS are
used as conductive electrodes and/or as interfacial layers to
improve hole injection and extraction [35]. In sensors and
actuators, PEDOT:PSS is patterned typically in the form of
a thin strip and used as an active material in resistive ele-
ments [24], [27], [32] or electrochemical transistors [28], [29].
PEDOT:PSS is among the most widely used conducting poly-
mers for implantable ion-pumps [9], enzyme based biosen-
sors [12], [13], and implantable sensors [23]. Moreover,
PEDOT:PSS finds relevant application as interconnections in
large-area flexible circuits [36]-[38].

PEDOT:PSS can be processed from a water emulsion, at
low temperature, on large area, and with low-cost deposition
techniques like die coating [10] drop casting [26], [28], spin
coating [24], [31], aerosol printing [39], screen printing [30],
and inkjet printing [13], [40]. In particular, inkjet printing is
a very appealing fabrication method because it uses a small
amount of material that is directly patterned with various form
factors without the need for solvents and masks. Inkjet printing
is the primary choice for the inexpensive and rapid fabrication
of PEDOT:PSS-based sensors on flexible, stretchable, and
conformable substrates.

Inkjet-printed sensors [13], [41]-[43] have the potential to
revolutionize the spread of applications. Two main challenges
have to be mastered on the way toward printed sensors:
1) the development of stable sensor characteristics and 2) the
development of a reliable fabrication process.

In this paper, we focus on the fabrication and characteriza-
tion of inkjet printed PEDOT:PSS strips. We show the reliable
fabrication of PEDOT:PSS resistive strips on polyimide foils
by means of an ultralow-cost desktop inkjet printer. The com-
bined analyses of the resistance as a function of the patterned
geometries, polymer thickness, operating frequency, and stable
ambient operation show that the developed fabrication process

0018-9456 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

2
10 mm
A
1> =—— > e 1 > e—
— M- — |
— —
— II-—)_
— e —
— 11 > =——
— — —_—
L w L w L W
(mm) (mm) (mm) (mm) (mm) (mm)
I 10.0 1.0 I 15.0 1.5 I 20.0 1.5
II 10.0 1.0 II 20.0 1.0
IIT 5.0 0.5 IIT 20.0 0.5
(@ (b) ©)
Fig. 1. PEDOT:PSS patterns used for the characterization. (a) Ten nominally

identical strips. (b) Strips with nominally identical resistance but different
form factors. The aspect ratio W/L is constant. (c) Strips with the same
length L.

is potentially suitable for the ultralow cost, rapid, and well-
controlled fabrication of a wide range of PEDOT:PSS-based
sensors, biosensors, and actuators on plastic substrates. More-
over, since both the PEDOT:PSS and the polyimide substrates
are biocompatible materials, the adopted technology platform
is also of interest for the development of implantable sensors.

II. FABRICATION PROCESS AND MATERIALS
A. Materials

The conducting polymer PEDOT:PSS was synthetized by
AGFA-Gevaert (Orgacon IJ-1005), purchased from Sigma
Aldrich, and used as received. This consists of PEDOT:PSS
dispersed in aqueous solution with ethanol (1%-5%) and
diethylene glycol (5%—-10%) [44]. The polyimide foils
(Kapton HN) were purchased in 8.5 in x11 in sheets and
with a thickness of 25 um. The polyimide foils were cleaned
and treated with oxygen plasma. Polyimide is widely used
in flexible electronics as a substrate for flexible printed cir-
cuits, it is easy to clean, and it shows excellent temperature
stability and radiation resistance, inherently low flammability
and smoke emission, and high wear resistance. Furthermore,
polyimide is biocompatible, thus enabling the use of the
printed PEDOT:PSS strips in implantable devices and circuits.
We used A4 paper sheets (paper density 80 g/m?) for support-
ing the polyimide sample during the printing. The tape used for
attaching the polyimide on the paper was Scotch Tape 2836,
manufactured by 3M.

B. Fabrication

The main shape of the PEDOT:PSS strips has the following
geometries: L = 10 mm and W = 1 mm, as shown
in Fig. 1(a). Ten nominally identical strips were printed on the
same polyimide foil. Fig. 1(b) shows the shape of several strips
with the same theoretical electrical resistance but different
form factors. Fig. 1(c) shows strips with the same length and
several widths.

We evaluated the alignment of consecutive printings and
we found that the position accuracy of the printing process
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is about 75 um in the horizontal direction and £20 xum
in the vertical direction. Depending on the measurement and
the form factor of the strips, the polyimide sheet was cut in
4 cm x 4 cm foils as shown in Fig. 1. All samples were
cleaned in an acetone ultrasonic bath for 15 min at room
temperature. After the cleaning, the substrates were dried
with air. The samples were also treated using oxygen plasma
(Colibri, by Gambetti) under medium vacuum (0.5 mbar) at
35-W RF power for 180 s. The oxygen plasma etches and
changes the chemical state of the polyimide surface, which
becomes hydrophilic. This step is required in order to ensure
the proper adhesion of the PEDOT:PSS ink on the polyimide
foil. We also tried UV—ozone cleaning with different exposure
times (5, 10, and 20 min), obtaining good hydrophilicity of
the substrate, but we found that the adhesion of PEDOT:PSS
was poor, resulting in easy peeling of the film by means of
the scotch tape method. The samples were attached on the
A4 paper with the tape 2836 and put on a laboratory extractor
hood.

A low-cost desktop printer, Epson XP-215, was used to
fabricate the PEDOT:PSS strips. The printer has four sep-
arate cartridges with 128 nozzles for black and 42 nozzles
for each color. It has a maximum print resolution equal to
5760 x 1440 dpi and the minimum droplet is 3 pl. An empty
(black) cartridge was refilled with PEDOT:PSS ink. The
conductive strips are printed analogously to a text document.
In order to create a conductive path, the printing process must
be repeated more times and at least four printing steps are
needed. At each printing step, the sample was dried in a static
oven for 1 min at 50 °C in order to avoid the spreading
of the ink with the following printing. After depositing all
layers, the sample was put in the oven for 6 min at 130 °C.
It is worth noting that the annealing temperature was chosen
well below the boiling point of diethylene glycol (244 °C)
to allow the phase separation between the PEDOT and the
excess PSS [14]. The phase separation enables a compact
morphology, thus leading to high conductivity and stability of
the printed PEDOT:PSS films. During the fabrication process,
the polyimide foils were attached to an A4 paper and detached
after the fabrication.

III. EXPERIMENTAL RESULTS AND DISCUSSION

The samples were measured using a Janis ST 500 cryogenic
micromanipulated probe station. The probe station can operate
in air or in high vacuum (~107°-10"7 mbar). A turbo-
molecular pumping station Edwards 75 was connected to
the probe station chamber. The positioning of the probe tips
inside the chamber was controlled using manual micrometric
positioners. The probes were connected to a source meter
unit Keithley 2636A, which was used for the dc electrical
measurements.

A typical current—voltage (/-V) characteristic of the
PEDOT:PSS strips [see Fig. 1(a), five printing steps] is shown
in Fig. 2(a). Fig. 2(b) shows one portion of a strip obtained
after the printing of five layers. The voltage across the strip
is swept from —2 V to +2 V with a 100-mV voltage step
in both positive and negative directions. It is worth noting
that the maximum applied voltages are limited to a few volts
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Fig. 2. (a) I-V typical characteristic of the PEDOT:PSS strips shown
in Fig. 1(a) after five printing steps. (b) Photograph of a printed strip by
depositing five layers of PEDOT:PSS.

in order to prevent the self-heating of the strips during the
measurements [32]. Moreover, to evaluate the repeatability of
the measurements, the same strip was measured three times.
Symbols are the averages of the six repetitions for each
voltage step and the line is the least-square approximation of
I = G x V, where G is the conductance of the strip. The
Pearson product-moment correlation coefficient is 1 and the
slope of the line is 0.37195 V/mA; the slope uncertainty is
negligible. The resistance of the strip R = 1/G is 2689 Q.
The maximum hysteresis is equal to 0.11%.

The I-V curve was also measured under several environ-
mental and lighting conditions. In particular, we measured
the resistance of the sample in high vacuum and in ambient
(RH = 55%) under light and dark conditions. The resistance
variation due to the lighting condition is negligible. Fig. 3
shows that the resistance variation due to the ambient condi-
tions is lower than 6% with respect to the vacuum condition.
The decrease in the resistance with the exposure to humidity
suggests an ionic contribution to the overall conductivity [15],
due to the hydration of the hydrophilic excess PSS phase
of the PEDOT:PSS film [16]. However, the presence in our
PEDOT:PSS of the diethylene glycol, that is, a high boiling
point solvent, enables dense packing of the film, reduces the
water uptake, and gives rise to a morphology less susceptible
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Fig. 3. Percentage resistance variation for several PEDOT:PSS strips. The
strips have the same geometries: the width is 500 xm, the length is 10 mm,
and the thickness is 500 nm. AR% = 100 x (Rymb — Rvac), where Ryac

and R,mp are the resistances measured after 48 h in vacuum and ambient
(RH 55%), respectively.

20 — ; ;
. ® . .
. [ ] .
10 .......
2 ¢ .
S - .S TSl LT LT T
c O |
o : :
< ¢ .
—10}- ° :
o
-20 x x x x x x x x x x
1 2 3 45 6 7 8 910
Strip
Fig. 4. Percentage resistance variation (dots) of ten nominally identical

PEDOT:PSS strips [Fig. 1(a), W = 1 mm, L = 10 mm, five printing steps].
AR =100 x (R — R;;;), where R is the measured resistance. The dashed line
shows the average normalized resistance and it is equal to R, = 2.83 kQ.

to swelling. This eventually results in a small variation of
the film conductivity and thus in the measured resistances.
In Fig. 4, ten nominally identical strips [the strip layout is
shown in Fig. 1(a)] were measured (dots). The measurement
distribution with respect to the average value (red line) results
in a maximum standard deviation equal to 12%.

The relation between the resistance of the PEDOT:PSS
strip and the number of printed layers is shown in Fig. 5(a).
Fig. 5(b) shows the color of the strip [pattern of Fig. 1(a)] by
increasing the number of printed layers. A lack of a continuous
conductive layer is observed for the strips with two and three
printed layers, as confirmed by the /—V measurements where
the resistance of these strips is of the order of 10° Q.

The measured resistance is proportional to the number of
printings, thus suggesting that the thickness of the PEDOT:PSS
strip uniformly increases with the number of printing steps.
This is a crucial point for the fabrication of resistive sensors
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Fig. 5. (a) Resistance measured on ten strips with the same pattern [Fig. 1(a)],
varying the number of printed layers, from four to eight. The dots represent the
average value of the ten nominally identical strips; the error bars represent the
standard deviations. (b) Photographs of the strips as a function of the number
of printed layers.

since in PEDOT:PSS, the bulk material is involved in the
sensing process [24]. To further assess this point, we mea-
sured the thickness of the PEDOT:PSS strips with a stylus
profilometer (Bruker Dektak XT) by varying the number of
printings. The measured average thickness as a function of the
number of printings is shown in Fig. 6(a). Fig. 6(c) shows the
3-D image obtained by means of a microcontact profilometer
in the case of PEDOT:PSS strips after six printing steps
[Fig. 6(b)]. An area of 1 mm x 0.5 mm is scanned and the
film thickness shown in Fig. 6(a) is the average height. Fitting
the measurements [see Fig. 6(a), dots] with a straight line,
we obtained that about 101 nm of PEDOT:PSS are deposited
for each printing step. Interestingly, the straight line intercepts
the x-axis at # = 1, which means that a single printing step
does not form a continuous film. Taking advantage from the
thickness characterization, we calculated the conductivity of
the PEDOT:PSS film, which reads

o =L/(WtR) (1

where ¢ is thickness of the PEDOT:PSS strip. We obtained a
mean value of 115 S/cm with a standard deviation of 13%.
Owing to the diethylene glycol dissolved in the PEDOT:PSS,
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TABLE I

SLOPE AND INTERCEPT OF THE FIRST-ORDER POLYNOMIAL
USING THE LEAST-SQUARES METHOD, VARYING THE
NUMBER OF PRINTED LAYERS

N° Slope (m) Intercept (q)
layers (©/mm) Q)

4 273.4 88.2

5 224.9 156.1

6 175.8 205.2

7 184.8 199.0

8 110.0 139.6

the measured conductivity is two orders of magnitude higher
than pure PEDOT:PSS film [40]. Diethylene glycol enables the
rearrangement of the PEDOT and PSS clusters resulting in a
more relaxed and compact morphology, which in turn leads to
high conductivity and remarkable environmental stability [15].

A. Linearity and Contact Resistance

In order to assess the uniformity and the quality of the
PEDOT:PSS film, we measured the resistance at several posi-
tions along the strip [pattern in Fig. 1(a)]. As shown in the inset
of Fig. 7, we kept constant the position of one tip while chang-
ing the position the other tip with a 1-mm step. The positioning
error was about 100 xm. The relation between the resistance
and the distance (d) between the two measurement points of
one strip obtained with four printing steps is shown in the
main panel of Fig. 7. The measurements are nicely reproduced
by a straight line fitted with the least-squares approximation
method. It is worth noting that a linear relation between
the resistance and the distance between the tips reveals that
the film conductivity and the thickness are almost constant
along the PEDOT:PSS strip. We repeated this measurement
on several samples by varying the PEDOT:PSS thickness
(i.e., # of printing layers) in order to assess the impact of
the PEDOT:PSS thickness on the linearity of the resistance.
The least-square straight line fitting yields the parameters
shown in Fig. 8. The slopes (m) are in good agreement with
those reported in Fig. 5 and the standard deviation is always
below 15%. This value is slightly higher than those obtained
with the full-length devices (see Fig. 5, L = 10 mm) since
now we have to account for both the process variability (12%)
and the positioning uncertainty (10%). The extrapolation of
the resistance at distance zero (g) is in the range 100-200 Q
for all the samples and thicknesses (as reported in Table I),
thus revealing that the contact resistance between the gold
tips and the PEDOT:PSS is not negligible. We verified that
the resistance is about 150 Q and it is independent of the
thickness.

In order to further corroborate the extracted contact resis-
tance, we performed standard four-point measurements on
several strips by varying the width (W = 0.5 and 1 mm),
length (L = 10 and 20 mm), and thickness (¢ = 300, 500,
and 700 nm). The width-normalized contact resistance results
in Wx Rec =1424+32 Q-cm. In the case W = 1 mm,
we obtained Rc = 142 Q, which is in agreement with the
length-dependent analysis shown in Figs. 7 and 8, and with
the values listed in Table 1.
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B. Impact of the Geometry on the Resistance

In this section, we evaluate the impact of the strip geometry
on the resistance. We used the patterns shown in Fig. 1(b)
where the ratio between width and length (W/L) is equal
to 0.1. The number of printing steps is five. The measured
resistances as a function of the strip geometry are shown
in Fig. 9.

Four nominally identical strips for each geometry were
measured. Since the aspect ratio (i.e., W/L) is constant,
the measured resistance should be identical. The measured
resistance of the geometries I and II are in agreement with
those shown in Fig. 5 (five printing steps) and the variability
of the four samples is below 15%. It is worth noting that in the
case of geometry III, the probe positioning uncertainty is not
negligible due to the small length of the strip and this results
in an increased standard deviation.

In Fig. 10, the impact of the width on the resistance has
been evaluated. We used the patterns shown in Fig. 1(c),

3000
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Py 200071 . 7 Layers
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S 1500/ 8 Layers
@
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o
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0 L L L L L L L L L
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Fig. 8. Resistance as a function of the distance between the two probes. Dots
are the average value of the measured resistance calculated from four samples,

while the error bars represent the maximum and minimum values. The strip
pattern is shown in Fig. 1(a).

where the length L = 20 mm and the widths are
Wi = 1.5 mm, Wi = 1 mm, and Wyy; = 0.5 mm. The number
of printing steps is five. Four nominally identical strips for
each geometry were measured. As expected, the resistance
increases by decreasing the strip width [Fig. 10(a)], while
the maximum variability on the four samples is about 15%
[Fig. 10(b)], which is in agreement with the previous results.
In order to verify the feasibility of accurate overlapping on
large-scale patterns, we printed three strips with W = 0.5 mm
and L = 240 mm. All the printed strips show a conductivity
equal to 121 &2 S/cm. This is in agreement with the mea-
surements shown in Figs. 5 and 6. It is worth noting that the
obtained conductivity is suitable for interconnections in large-
area and flexible circuits [36]-[38].

C. Frequency Characterization

In this section, we evaluate the frequency response of
the printed PEDOT:PSS strips using an impedance analyzer
HP4194A. All the electrical characterizations were carried
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average value of the measured resistance calculated from four samples, while
the error bars represent the maximum and minimum values.
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Fig. 10. (a) Impact of the width on the measured resistance [the pattern

of the strips is shown in Fig. 1(c)]. The dots represent the average value
of the measured resistance on four samples, while the error bars represent
the maximum and minimum values. (b) Percentage resistance variation with
respect to its average value Ry. AR = 100 x (R — Rg), where R is the
measured resistance. The error bars represent the maximum and minimum
values.

out at room temperature in ambient and light conditions. We
used the patterns shown in Fig. 1(a). The number of printing
steps is six. The measurements were repeated five times,
showing a negligible experimental standard deviation. The
average magnitude and phase of the impedance as a function
of the frequency are shown in Fig. 11. The impedance is
purely resistive with an about zero phase in the whole range
of frequencies investigated (100 Hz-100 kHz).

D. Folding Analysis

In flexible electronics, the reliability of the fabricated
devices as a function of the folding times is a crucial issue.
In this section, we evaluate the folding of the printed
PEDOT:PSS strips. We performed the folding test for 10, 100,
and 1000 cycles. Fig. 12(a) shows the experimental setup used
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Fig. 12. (a) Experimental setup used for folding the PEDOT:PSS

strips. The minimum folding radius is 2.5 mm. Optical image of the
PEDOT:PSS (b) before and (c) after 1000 folding cycles. (d) Percentage
resistance variation as a function of the number of folding cycles measured
on six PEDOT:PSS strips, where the width is 500 xm, the length is 20 mm,
and the thickness is 500 nm. AR = 100 x (Rnfold—R0), where Rnfold is
the resistance measured after Npyq folding cycles and Rg is the resistance
measured before folding. The filled circles represent the mean value and the
error bars represent the maximum and minimum values.

for the folding test. The minimum curvature radius is 2.5 mm.
Fig. 12(b) and (c) shows the optical image of the PEDOT:PSS
film before and after 1000 folding cycles, respectively.
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There is no evidence of cracks or macroscopic changes in the
film morphology. This is confirmed by the relative variation of
the strips resistance as a function of the folding cycles shown
in Fig. 12(d). The maximum percentage variation with respect
to the resistance measured before folding is lower than 6%
after 1000 folding cycles.

IV. CONCLUSION

In this paper, we fabricated and characterized inkjet printed
PEDOT:PSS strips. Taking advantage of an inexpensive
desktop inkjet printer, we show a reliable fabrication of
PEDOT:PSS resistive strips on polyimide foils. Both the
substrate and the conductive polymer were selected for their
biocompatible properties. The strips conductivity and the over-
all process variability are 115 S/cm and 13%, respectively.
We fabricated strips with different aspect ratios and we
evaluated the impact of the geometry on the resistance.
The frequency measurements showed a purely resistive
impedance in the whole range of frequencies investigated
(100 Hz-100 kHz). Moreover, the strips show a resistance
variation smaller than 6% if folded up to 1000 times.

The presented analysis indicates that the adopted fabrication
process based on a commercially available desktop printer
enables the fabrication of PEDOT:PSS resistive strips with
small variability and stable electrical characteristics. These are
essential features for the development of ultralow-cost inkjet-
printed sensors on plastic foils.
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