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Abstract
We investigate and optimize the Aerosol Jet Printing of PEDOT:PSS by studying the role of parameters
determining the final quality of the printed features. Printing thinfilms of organicmaterials requires a
high control in the deposition process to control themorphology/structure of thefilms that determine
the electrical and functional performance of organic devices.We studied aerosol jet printed lines of the
PEDOT:PSS semiconductive polymer on flexible Kapton substrates.We choose the focus ratio,
defined as the ratio between the sheath and carrier gasflow rates, as themain parameter that best
characterizes the process and hence the characteristics of printed lines. A detailed analysis of the line
width and thickness, as a function of the focus ratio and carrier gas flow for different nozzle sizes and
sheath gas flow rates, is reported. The edge profile definition of printed PEDOT:PSS lines has been
found to be affected by a combination of overspray, typical of aerosol deposition, and pinholes due to
theKapton/PEDOT:PSS interaction, while their core profile results to be almost defects free. An
optimal printingwindow for different nozzle sizes has been determined in terms of aminimization of
overspray/pinholes effects with respect to thewhole linewidth. Finally, an array of whole-plastic,
planarOrganic Electrochemical Transistors, having both the channel and the gate electrodemade of
PEDOT:PSS, has beenmanufactured using the best combination of process parameters. Transistors
have been characterized for different channel/gate area ratios and the transconductance analysed as a
function of channel to gate area.

1. Introduction

In last decades relevant efforts have been devoted to
design and implement new printing techniques foster-
ing rapid prototyping of various geometries, overcom-
ing limitations of traditional and cost-consuming
photolithographic methods [1]. Direct-Write (DW)
printing is an Additive Manufacturing (AM) technique
suitable to deposit features onto different kinds of
substrate materials, allowing CAD-based rapid proto-
typing of various geometries [2, 3]. Inkjet printing is the
best known DW technique, already exploited to print
flexible circuits, including transducers for biosensing
and biopotential recording [4]. Aerosol Jet Printing
(AJP) represents a promising extension of Inkjet, in
terms of (i) larger set of printable materials (including
also viscous insulators), (ii) easier prototyping of ink

formulation [3], (iii) printing on 3D surface [5, 6], (iv)
improved resolution of printed features with size down
to 8 μm [7], (v) open to implementation towards 4D
printing [8]. AJP offers several additional potential
advantages compared to the Inkjet [9], particularly in
the area of microelectronics and large area, flexible/
wearable electronics [1, 10]. AJP has been successfully
used for manufacturing antennae made of inorganic
materials [6], to print parts of Organic Field Effect
Transistors [11], passive components [3], and ZnO-
based photodetectors [12]. Recently, AJP has also been
used to print bio-materials [13], and for stretchable and
flexible electronics [14]. Although AJP has already
demonstrated advantages, including reproducibility
and printing resolution, minimization and control of
edge profile instabilities of the printed lines, generally
referred as overspray (OS), continues to be a challenging
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open issue. In AJP, as well as ink jet printing, the
optimization of process parameters for every specific
ink, is a challenging task because it depends on several
parameters, mainly from the substrate/ink compatibil-
ity, as well as on the deposition system’s parameters,
other than on cleaning protocols or fine contamina-
tions. A standardizedprocedure to optimize and control
process parameters is missing, and each ink is printed
with an optimization focused on specific applications.
In this work, weprovide a recipe for the aerosol printing
of a specific couple substrate/ink, i.e. PEDOT:PSS/
Kapton. A standardized approach has been proposed
very recently, also exploiting machine learning analysis
[15]. Hydrophilicity/hydrophobicity of the substrate,
environmental and possible non-thermodynamic equi-
librium conditions of the process upon deposition of
organic thin films from liquid precursors [16, 17], are
some of the factors that have to be taken into account to
achieve a reproducible printing quality. However,
despite being already identified as important factors of
the production process, their investigation is far from
being satisfactory and requires further thorough studies
to achieve the needed level of confidence and perfor-
mance. Even though OS issues have been identified on
miniaturized applications where cross-talking effects
arising between close and adjacent structures are critical
[18], only a few studies have systematically analysed OS
[10], and discussed its causes [19]. Among these, the
work byChen et al gives a comprehensive interpretation
of OS based on the analysis of the influence of printing
parameters on the deposition of an insulating material
(NorlandElectronicAdhesives,NEA, 121) [20].

In this framework, here, we contribute to the com-
prehension of the mechanisms and to the control of
OS, investigating printing quality, thus extending the
state of the art to organic aqueous inks printed on plas-
tic, flexible substrates suitable for microelectronics
printing [10].We hence choose a substrate widely used
inflexible electronics, a polyimide thinfilm (Kapton®),
over which we print PEDOT:PSS inks, which is one of
the best performing [21, 22], semiconducting poly-
mers available for organic electronics.

Table 1 summarizes synthetically the state of the
art in literature on PEDOT:PSS printed by AJP on
three different substrates (Kapton, PET and SiO2/Si).

Table 1 is aimed at giving an easy fast reference guide
to the reader. The reported works only explore just
one set of process parameters, as their major aim is the
manufacturing of specific organic devices instead of a
complete characterization of the PEDOT:PSS printing
process. A complete characterization of the printing
quality for the PEDOT:PSS/Kapton system is in fact
still missing, so that AJP cannot be yet considered as a
method fully exploitable forflexible andwearable elec-
tronics. Our work is aimed at assessing the PEDOT:
PSS writing quality on Kapton, quantitatively evaluat-
ing instabilities of line features in terms of an ill-
defined line profile that is mainly ascribed to both OS
phenomena and emerging pinholes occurring in the
proximity of the line edges. OS is determined by the
formation of small ink droplets within the aerosol jet
that, deviating from the centre of the gas flow, are
being deposited on the substrate at a variable distance
away from the core of the line, contributing to an
uncontrolled width of the lines [20, 23]. Pinholes can
be ascribed in our case to PEDOT:PSS/Kapton inter-
action. Our analysis of printed lines instabilities is
accordingly referred to the combined effect of holes
formations and overspray (hOS).

The paper gives first the experimental setup, mate-
rials and methods. Experimental results and the rela-
ted discussion are presented in the second part. The
final section shows a set of organic electrochemical
transistors (OECTs)made of PEDOT:PSS, that are the
first whole-organic aerosol jet printed OECT reported
in literature. We showed a fabrication process consist-
ing of three layers of deposition, for: (1) contacting cir-
cuitry (Silver ink), (2) organic active layers (PEDOT:
PSS ink) and (3) protection/passivation layer (NEA
121 ink).

1.1. TheAJP
For a detailed introduction to the operating principles
of the AJP we refer the reader to the paper by E. Secor
[23]. Here we give only an overall synthetic description
that is needed to make the paper and the discussion
easier to be understood. Figure 1 shows a schematic
of the AJP that is based on four main steps of process:
(1) atomization from a liquid ink in which a mist of
the material, the aerosol, is generated through a

Table 1.Review from literature of process parameters used for printing PEDOT:PSS byAJP. All depositions were carried out usingUA.

PEDOT:

PSS ink LW (μm)
Gasflows SG/

CG (sccm)
Nozzle

(μm)
Plate

Temp. (°C) Substrate Application References

Bytron P 26 — — 60 Kapton TFT [24]
PEDOT:PSS 100 — — 50 Kapton TFT [25]
PH500 50 — — 60 PET EGTs [26]
PH500 100 40/20 150 60 Kapton EGTs [27]
PH500 83 40/20 150 60 SiO2/Si wafer EGTs [11]
PH1000 86 40/20 150 60 SiO2/Si wafer EGTs [28]
C-NANO-NV 70 40/40 150 40 Kapton Four points [7]
V2 JET 60/30 250 60 PET Resistors [3]
PH1000 126 35/25 60 SiO2/Si wafer EGTs [29]
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pneumatic or ultrasonic atomizer; (2) the atomized
material is then delivered to the printing head through
a carrier gas flow (nitrogen); (3) the aerosolized
material seeded in the gas flow is surrounded by a
sheath gasflow that confines and collimates the aerosol
stream and (4) it is focused inside the nozzle for the
deposition on the underneath substrate at a distance
varying between 3 and 5 mm.

In more detail, the atomization step is required to
produce the aerosol phase from the liquid ink, deter-
mining droplets with a diameter size in the range of
1–5 μm [23]. Wemeasured the deposit size from indi-
vidual droplets by SEM, finding an average splat dia-
meter of 1.5 μm (figure SI 2D is available online at
stacks.iop.org/FPE/5/014005/mmedia). During the
printing run, the substrate is kept at a constant temp-
erature with a controlled-temperature plate. Depend-
ing on the ink/material properties, the temperature of
the platen (moving stage) allows the solvent to evapo-
rate quickly just after droplets impinging. As already
mentioned, themist is generated by an ultrasonic (UA)
or a pneumatic atomizer (PA), capable of atomizing
inks with viscosities from 1 to 10 cPs, and from 10 to
1000 cPs, respectively, a range much wider than in
Inkjet printing [9]. In the UA, an ultrasonic wave gen-
erates droplets of ink through a surface acoustic wave.
Heavier droplets recombine in the liquid phase, while
lighter droplets get captured by the gas carrier flow and
addressed toward the printing head, through a deliv-
ery tube (the mist tube). In the PA, a gas flow at high
pressure (from hundreds of sccm up to 2000 sccm) is
used to generate droplets. PA is equipped with a waste
reservoir connected to a virtual impactor, where the
smaller droplets are trapped by means of an Exhaust
Gas Flow. Gas flow parameters settings i.e. flow rates
of carrier gas (CGFR), exhaust (EGF) and sheath flow
(SGFR), depend strongly on the ink viscosity. Once
formed, the aerosol is carried toward the deposition
head through the gas carrier flow, via the mist tube.
Once inside the deposition head, the atomized mat-
erial is surrounded by the sheath gas flow, whose func-
tion is to aerodynamically focus the material flow and,

hence, to control the spot size. The nozzle tip can be
kept at a distance from the substrate of 3–5 mm. At the
exit of the nozzle, the flow stream impinges on the
underneath substrate depositing the material. AJP
belongs to the family of Direct Writing Additive Man-
ufacturing Technologies, and it is a CAD-driven tech-
nique, where the toolpath of patterns is designed by
the AutoCAD software controlling the movement of
the plate.

2.Materials andmethods

All the experiments were carried out with a commer-
cial Aerosol Jet Printer (AJP 200, Optomec Inc.)
equipped both with an Ultrasonic (UA) and a Pneu-
matic Atomizer (PA). The Clevios P JET N V2, with a
viscosity of 5cPs, is an inkjet formulation of PEDOT:
PSS, suitable for ultrasonic aerosol printing and was
purchased from Heraeus GmbH. The JET N V2 ink
consists of a dispersion in PSS phase of PEDOT
clusters with nominal average diameter <20 nm [30],
that is doped with 8% w/v of Ethylene Glycol already
optimized for inkjet printers. The Silver ink used was
the Prelect® TPS 50G2 (from Clariant), consisting of
silver particles of approximately 10–20 nm in dia-
meter, dispersed in ethylene glycol. Silver Clariant ink
has a viscosity of 12 cPs. The Ultrasonic Atomizer is
suitable to print inks with a maximum viscosity of
10cPs; hence the Silver Clariant inkwas diluted 1:1 v/v
in DI Water to lower the final viscosity below 10 cPs.
As passivation material, we used the Norland adhesive
NEA 121, having a high viscosity of 300 cPs, that is
printable by using the Pneumatic Atomizer. Both the
silver-ink and PEDOT:PSS formulations were printed
using the ultrasonic atomizer.

Using the UA, we loaded inside a glass vial 2 ml of
the ink just before every printing run. The vial was
immersed into a stabilizer water bath keeping the
temperature of the ink at the constant value of 20 °C.
Ultrasonic current was set to the constant value of
0.5 mA. We used commercially available Kapton foils,

Figure 1. Schematics of the Aerosol Jet Printing process. (1)Atomization from a liquid inkwith Pneumatic (1 PA) orUltrasonic (1UA)
atomizer, (2) delivery of thematerial toward the deposition head through a carrier gas stream, (3) sheath gas focusing and (4)
deposition on the underneath substrate.
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purchased from RS Electronics, as substrates (75 μm
thickness). Substrates were cleaned with Acetone, IPA,
DI-Water, followed by a plasma-oxygen treatment
(2 min, 30W) before each printing run, in order to
enhance the hydrophilicity of the surface and allow the
ink to spread and adhere easier over the surface.
Untreated substrates show a relevant surface hydro-
phobicity that makes the ink adhesion onto the sub-
strate quite poor and hence often producing
discontinuous lines. During every printing session the
speed of the stage (1 mm s−1) and the distance
between the tip of the nozzle and the substrate
(d=3 mm), are kept constant. Preliminary tests show
that the chosen distance d was the optimal for a better
film homogeneity. Four different nozzles with dia-
meters Dn=100, 150, 200 and 300 μm have been
used for the deposition of the PEDOT:PSS lines. Drift-
ing issues, consisting of a worsening in the quality of
the printing features over the time, represent a critical
drawback in AJP. To exclude drifting effects on the
characterization of PEDOT:PSS printed lines, we used
to perform a continuous printing for 5 min before the
first printing run. We performed a preliminary check-
ing by controlling how to optimize the deposition in
terms of a negligible drift. SEM images of two lines
printed at the beginning and after 15 min of con-
tinuous printing indicated that the drifting effects are
minimal and quantitatively evaluated by a reduction of
the line width that, for instance, is less than 2.8% in the
case of a 200 μm nozzle at CGFR=26 sccm and
FR=3. As the timescale of our experiments is of
about 1 min, drifting effects are excluded.

Printed lines have been characterized by acquiring
SEM microscopy (Auriga Compact), while line width
(LW) and instabilities have been quantitatively eval-
uated through the open-source imaging software
Gwyddion 2.53. The Gwyddion analysis (roughness
tool) consists of evaluating and comparing the rough-
ness and the shape of each line parallel to the hor-
izontal axis of a SEM image, 512×512 px res, which
defines the profiles of both the cross-sectional shape of
the printed line and the substrate around the same line
that is not covered by PEDOT.PSS. Both roughness
and shape of the substrate/line profiles can be simulta-
neously obtained. A statistical analysis has been car-
ried out averaging individual profiles of 128 different
horizontal lines composing the central region of the
analysed SEM image (see figures 2(A) and (B)). Line
thicknesses have been alsomeasured by a profilometer
(Tencor P10) to calibrate the profiles obtained by
Gwyddion software. The extracted line parameters
have been plotted as a function of the Focus Ratio (FR)
that, as already mentioned, represents the main figure
of merit for characterizing line quality features, and is
defined as the ratio between ShGFR and CGFR [3, 18].
OS is another important factor affecting the printing

quality. It can be quantitatively defined as: =OS
LW

LW

illdef ,

where LWilldef is the width of the ill-defined part of the

printed line and LW is its whole width. Fine control of
OS is a critical step in the AJP process because it can
cause unwanted overlapping of electrical paths, lead-
ing to short-circuit or to a not-well defined edge in
device geometries, limiting the final resolution of the
fabrication process.

We fabricated a series of OECTs where all the fea-
tures were realized by the AJ200 aerosol jet printer.We
designed a planar architecture consisting of three lay-
ers respectively defining (1) the silver source and drain
contacts (active device channel definition) and inter-
connects, (2) the transistor channel and the gate elec-
trode made of PEDOT:PSS and (3) a protective/
passivation layer made of the NEA 121 adhesive. The
device geometry has been conceived for an electrical
connection to the measurement station based on zero
insertion force (ZIF) connectors.

The ratio between the gate and channel areas was
varied from 2:1 to 5:1 [31], while the distance between
the channel and gate was fixed at 150 μm for all the
printed devices. For each of the gate/channel area
ratio, three OECTs were printed. The aspect ratio of
designed OECT channel (width/length, W/L) is 1
(W=200 μm; L=200 μm). Process parameters
were chosen to obtain a 200 nm thick PEDOT:PSS lay-
ers. Electrical characterizations were performed using
a National Instruments PXIe-8370 system equipped
with a PXIe-4145 source measure unit (SMU), used to
apply Vds and Vgs at the OECTs terminals (Source,
Drain and Gate) and measure simultaneously the
channel and gate currents, Ids and Igs, with a scan time
of 0.1 s. The output curves (Ids versus Vds) were mea-
sured by varying Vds in the range from 0 to −0.6 V in
steps of 0.05 V for fixed Vgs (from 0 to 0.8 V, steps of
0.1 V). The transfer curves (Ids versus Vgs) were
acquired by biasing the source-drain terminals at
Vds=−0.1 V and by varying the gate voltageVgs from
−0.2 to 0.8 V, in steps of a 0.05 V, at a scan time rate of
0.05 s. All measurements were done in an aqueous
solution of NaCl 150 mM, used as the gate electrolyte
and confined by a printed artificial ring-shaped well
made of NEA121, surrounding the channel and gate
electrodes. Before eachmeasurement, the PEDOT:PSS
channel was hydrated in DI-water to allow the full
water swelling to optimize the porosity and the forma-
tion of water channels inside the PEDOT:PSS micro-
structure [32]. This procedure confers the needed
reproducibility during all the measurement sessions
[33]. Three repeated transfer curves weremeasured for
each of the fabricated devices. Transconductance gm,
which is a figure of merit measuring the OECT ampli-
fication, was calculated by plotting the derivative of the
transfer curve (gm=dIds/dVgs). The transit time of
holes ( τe) in the PEDOT:PSS channel was estimated
by recording the variation of Ids (t) (at Vds=−0.1 V)
upon application of four constant gate currents,
(Igs=100 nA, 500 nA, 1 μA and 5 μA), as [34, 35]:
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( )
t

= -
dIds

dt

Igs
. 1

e

3. Results and discussion

Figure 2(A) shows a SEM micrograph of a typical
PEDOT:PSS AJP printed line (CGFR=12, FR=4,
nozzle 100 μm). The effect of OS is clearly evidenced at
the edges of PEDOT:PSS printed lines on Kapton as an
undefined narrow profile (blue circle in figure 2(A)).
This appears to be quite similar to what is reported for
inks made of metallic nanoparticles [18], or adhesive
inks [20], and experiencedalso inour lab. In this specific
case, however, the edge of the line is further corrupted
by the presence of pinholes (pointed by red arrows in
figure 2(A)), i.e. discontinuities and defects along the
sharp line profile. Pinholes are typically associated to
the quality of the substrate surface, or to specific
solvent/substrate interactions (aqueous PEDOT:PSS
suspension interacting with a hydrophobic substrate)
[36]. One way to remove pinholes is via an increasing of
printing speed or a multi-layered printing. We verified
that in our case the increasing of the printing speed
leads to a worsening of the quality of the printed
lines. (SI file, figure SI1). In order to better qualify the
processes involved in PEDOT:PSS printing, we chose to
characterize only one-pass printing line to guarantee a
better control of the line thickness, since multi-layer
printing does not imply a cumulative effect on the
thickness increase. Figure 2(B) shows the typical line
profile obtained by image analysis of the SEM micro-
graphs. The cross-sectional profile of the printed
PEDOT:PSS line shows a concave shape resembling to a
‘pudding-like’ form (rectangles with round shaped
upper vertices). This kind of shape results to be a typical
characteristic of PEDOT:PSS printed under different
deposition conditions. To consider the presence of
pinholes, we propose a different way to measure the

profile edge instability, i.e. percentage of OS and
pinholes (indicated as OS-p) with respect to the whole
line width (LW, indicated by the black double-arrowed
line infigure 2(A)), defined as (hole-OS,hOS):

( )= ´-
h

L

LW
OS % 100, 2

OS p

where , red circled zones in figure 2(B)) expresses the
width of defective parts of the entire printed line.

The first step towards the evaluation of PEDOT:
PSS lines quality requires the assessment of line widths
at different fixed FR and as a function of CGFR, for the
four nozzles used. Figure 3 shows the effect of CGFR
on LW,where the horizontal dotted lines represent the
nominal nozzle size (ND, nozzle diameter). Data
acquisition was performed by holding a constant
CGFR and varying FR upon changing the ShGFR. As
expected, LW decreases for increasing FRs, as descri-
bed by the equation [23]:

( )= -
+

LW

ND

FR

FR
1

1
. 3

Even if equation (3) has been determined under
some stringent approximations, it gives a good agree-
ment, at least in terms of trends, with experimental
data under laminar flow conditions, mainly at lower
CGFRs and for inks based on low-volatile solvents
[23]. For this reason, it is generally used for modelling
quite differentmaterials and substrates.

As shown in figure 3, our results confirm the pre-
dictions of equation (3) also in the case of PEDOT:PSS
printed onKapton, In particular:

1. LWdecreases upon increasing the FR, confirming
the effects of the confinement of the aerosol
streamdue to the role of the sheath gas;

2. the focussing effect LW<ND is observed for
FR�1 at lower ND, while there are some

Figure 2. (A) SEMmicrograph of PEDOT:PSS printed line (nozzle of 100 μm,CGFR=14 sccm andFR=4). At the right edge, the
standardOS (blue circle) and emerging defects (pinholes, red arrows) are highlighted; the zoom inset shows amagnification of an hOS
area, with pinholes circled in yellow. (B)Thickness versus linewidth profile and related roughness profile obtained by averaging line
profiles in the region delimited by the red bracket in (A), show amarked change over line edge regions delimited by yellowdashed
vertical lines in (A) (denoted as and ). Indicators define the core of the line, as well as the line edges instabilities due to a combination of
overspray and de-wetting issues. Arrows are a guide for the eye.
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deviations at FR=1 for higher NDs (i.e. 200 and
300 μm). Such deviations are a fingerprint of hOS
increase due to the arising of turbulences at FR 1,
where a weaker confinement by ShGFR is
expected. In this case, in fact, it becomes probable
that the aerosol stream can interact with surface
defects at the nozzle exit, even though the laminar
condition is generally fulfilled for typical AJP
systems [20];

3. LW is not influenced by the magnitude of CGFR
but it strongly depends on FR.

In figures 3(A)–(D) the points for which LW>
ND can be considered outside the printability win-
dows, because the line width is larger than the nominal
nozzle diameter. For those points an OS-dominated
printing regime takes place, as it is the case of FR=1
in 3 C and FR=1 and 2 in figure 3(D). Some points
were not reported in the plots, especially for the high-
est values of FR=4 and FR=5 (ex. Nozzle 100,
FR=5), because for those values the printing failed or
went wrong, often because a too high sheath gas flow
makes the nozzle clogged’. An example of printed line
dominated by OS is reported in figure SI2A (SI), toge-
ther with the micrographs showing (i) two lines over-
lapped due to OS (figure SI2B), (ii) the region between
adjacent lines in case of strong OS (figure SI2C) and

(iii) the dimensional analysis of ‘OS particles’ figure
SI2D). Figure 3 represents hence the PEDOT:PSS
printability window, that is the region where the line
printed could be best defined as such.

Our hOS analysis (equation (2)) over the whole
printed LW, carried out as described in the materials
and methods section, is reported in figure 4. Here, the
hOS is visualized using a polar representation where
the angular coordinate represents the focus ratio (FR)
and the radius length represents the hOS percentage
with respect to the assessed LW. For a better read-
ability, figure 4 reports the CGFR values corresp-
onding to the highest and lowest hOS.

In this representation the closer are the exper-
imental points to the centre of each circle, the lower is
the percentage of hOSwith respect to LW. The 300 μm
nozzle, compared to the other nozzles, shows mini-
mum values of hOS over the widest range of FR. The
maximum and minimum line widths and hOS are
reported for all the analysed nozzles in table SI1 (SI)
together with the CGFR and FR parameters realiz-
ing them.

The showed trends have been rationalized by Chen
et al ([20] of the submittedmanuscript) upon invoking
some basic considerations coming from fluid dynam-
ics principles.

In this work, a laminar flow of the aerosolized
materials is always expected during the path of the

Figure 3. LineWidth LWversus CGFR atfixed FR (color coded in thefigures fromblack to violet) ranging from1 to 5. The panel
shows the results for the four nozzles used having (A) 100 μm, (B) 150 μm, (C) 200 μmand (D) 300 μmsize. The dotted horizontal
line represents the nozzle size (ND). The plots highlight well the FR forwhich LW<ND.
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aerosol stream from the atomizer to the print head
(Re< 2500 under a pipe flow modelling) [20]. Never-
theless, other factors are important such as the design
and state of the nozzle, the materials used and the sur-
face treatments. Since the ideal case is far from being
achieved in real cases, upon turbulences due to non-
ideality of AJP systems, one would expect the forma-
tion in the aerosol of a non-uniform distribution of
drops sizes around the nozzle axis. Smaller particles
that have a significant component of the velocity
perpendicular to the beam are therefore not efficiently
confined by the sheath gas, and hence are generated
away from the ideal nozzle axis. They tend to deviate
from it when pushed by the carrier gas, giving rise to
overspray issues. We have mentioned this study
because, on one hand, typical parameters used for
deposition byAJP systems are claimed to fulfil a condi-
tion of laminar flow and, on the other hand, we have
effectively verified that OS is dramatically affected by
the nozzles’ state in so far as not perfectly cleaned noz-
zles imply an enhanced overspray.

Recently, the work by Secor [37] demonstrated
that overspray can be ascribed to drying effects at the
nozzle exit, without referring to turbulences arising
fromnon-ideal conditions inside the aerosol path, and
in particular at the nozzle exit. Experiments applied in
the case of PEDOT:PSS ink with different ethylene gly-
col doping% are in progress.

We now discuss the line thickness dependence as a
function of FR. As previously mentioned, also the

thickness of the printed lines was assessed considering
FRs exceeding the printability window defined above.
The best CGFR in terms of stability over the largest FR
range was selected for each of the used nozzles.
Figure 5 shows the width and thickness of the printed
lines as a function of FR for the selected process para-
meters. We observe that the line thickness increases
for decreasing width, in agreement with data reported
in literature in the case of silver inks, confirming the
idea of a focusing effect, according to which the total
amount of material is the same and only the area over
which it is deposited, changes [18]. In fact, for a given
CGFR, the increase of ShGFR enhances the confine-
ment effect of the gas stream, the LW decreases while
the thickness increases (continuity equation). Hence,
independently on the chosen nozzle, all the LW curves
as a function of FR pass through aminimum FR value.
This trend is mainly due to the increase of the %OS
that enlarges the overall line width, confirmingmodels
proposed in literature for othermaterials [20].

A quantitative analysis indicates that the thickness
of PEDOT:PSS lines spans over a wide range of values,
from 10 nm (equal to a nominal monolayer of PEDOT
grains in PEDOT:PSS suspension [38]) up to 900 nm,
an overall range that is quite interesting for several
applications including those based on supercapacitors
[39, 40], and OECTs [41]. While in the case of printed
silver lines the thickness (and LW) shows amonotonic
trend, here the thickness) begins to fall (LW increases
correspondingly) at FR around 5–7, confirming that at

Figure 4.Polar representation of the%OS for all of nozzles used.
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too high FRs a printing regime where OS phenomena
become too large takes place. Collected data, in addi-
tion, show that the largest, stable printing window
within the explored FR range, was found for
ND=200 μmat CGFR=20 sccm. A careful analysis
of the reported thickness versus FR curves, also indi-
cates that the thickness of (ND=150, CGFR=20)
and (ND=300, CGFR=30) both show similar
values in the range of FR up to FR=6, indicating that
PEDOT:PSS lines with different widths and same
thickness can bemanufactured, whenever required.

Finally, by calculating the line cross section area of
the printed features across different FR reported in
figures 5(A)–(D), we have checked the range validity
for the continuity equation. This check is needed as

the regime of validity of the continuity equation is not
always valid for all FR defining the printed features
[37]. In detail, we have calculated the values of the line
cross-sectional areas approximating the line profile to
a rectangular shaped cross-section. Results are sum-
marized in the figure 6 and confirm that there is a
range of FR for which the continuity equation is valid.
We noticed that for the 100 μmnozzle, the FR range of
validity for the continuity condition is limited to FR
varying from 1 to 3. For the other nozzles (150, 200
and 300 μm) we observed a plateau until FR=5,
above which the behavior is no more ideal. The devia-
tion is realized (and experimentally confirmed by
results in figures 4(A)–(D)) when the validity of
equation (3) is no more guaranteed, i.e. when for a

Figure 5. (A). Thickness versus Focus Ratiomeasured at the best process parameters for each nozzle size and gasflow rate (size,
CGFR). The trend for all the significant couples (nozzle size, CGFR)=(100, 14), (150, 20), (200, 20) and (300, 30) are reported in the
panels (A), (B), (C), (D), respectively.

Figure 6.Cross-sectional areas of printed lines (linewidth * thickness) as a function of FR. The left panel reports the results for the
100 μmnozzle, while the right panel shows cross-sectional areas for the other nozzle (150, 200, 300 μm).

8

Flex. Print. Electron. 5 (2020) 014005 GTarabella et al



given nozzle the line width shows a dependence on the
carrier gas flow CGFR rather than on the focus ratio
(FR=ShGFR/CGFR).

As a final check of how printing condition may
influence the conducting properties of PEDOT:PSS at
the line level, we have assessed lines’ conductivity
upon different deposition conditions in the case of the
200 μm nozzle. We printed Ag test patterns for 4-wire
in-line probing, described in detail in a dedicated
section in the supporting information file (section
SI3). We found an average conductivity value of 154.3
(±6.2, statistical error of the mean) S cm−1, in good
agreement with values reported by Heraeus in the data
sheet of the row PEDOT:PSS formulation (Clevios P
JetNV2).

The ability to control geometrical features of prin-
ted lines and the knowledge of hOS weight on the line
definition can be used to print organic transistors with
finely tailored properties, depending on the applica-
tions they are devoted to. A case study is reported here,
demonstrating the fabrication and characterization of
a whole-OECTs with both the channel and the gate
electrode made of PEDOT:PSS. OECTs are most fre-
quently fabricated by a lithographic process [35], and
recently also by Inkjet printing [4], mainly in applica-
tions for wearable or textile systems, where printing is
essentially used for the deposition of organics. We
recall that OECTs made of PEDOT:PSS are widely
used in organic bioelectronics [41–45], mainly as
highly performing biosensor [41, 46–49], textile
[50–52], and recently for the detection of physiological
signals (biopotentials) [21, 53–55]. They basically
operate in depletion mode, meaning that the channel
current Ids decreases upon injection of cationic species
from the electrolyte into the bulk of PEDOT:PSS
channel [56, 57]. Here, we present the first set of
OECTs fully printed by aerosol jet technique. The
printed transistor is referred to hereinafter as AJP
OECT.Worth to note that, while the nominal channel
length is set at 200 μm for all the fabricated AJP
OECTs, the average value of the measured distance
between source and drain contacts differs by less than
2% from the nominal value for all the fabricated devi-
ces (an optical image of source and drain electrodes
spacing is reported as an example in figure SI4), indi-
cating the high precision of the AJ200 printer. Table 2
reports the process parameters used for printing the
three layers theOECT is composed of.

In figure 7 the schematics of the fabricated AJP
OECTs (top and side views) and a real micrograph of
the device designed for a 3-terminal ZIF connection,
are reported.

Tests have been performed to assess the quality of
printed PEDOT:PSS films via estimation of the mate-
rial’s pristine electrical current and charge carrier
mobility. The baseline current (Ids) of pristine OECTs,
measured in their dry state, that is before interfacing
the channel with the electrolyte, shows a gaussian dis-
tribution cantered at 0.33 mA and a standard

deviation σ=0.049, indicating a high reproducibility
of the printing process. (Figure SI5A.) In addition, the
holes transient time τe calculated by driving the AJP
OECT with the gate current (figure SI5B) is in the
order of 12 ms (fit curve using equation (1) reported in
figure SI5C), which corresponds to a charge carrier
mobility in the range of 10−4 cm2 V−1 s−1, an order of
magnitude lower than that of basic PEDOT:PSS for-
mulation for cast deposited films [21, 34]. This differ-
ence is mainly due to the PEDOT:PSS formulation
used for our printing systems which is less viscous but
also less conductive than the basic one used in cast
deposition. PEDOT:PSS. The transfer curve of
figure 7(B), acquired for the OECT with 2:1, repre-
sents the curve statistically averaged on a total of nine
measurements (three transfers for each of the AJP
OECTs having the same channel/gate area ratio). The
very low magnitude of error bars (statistical average
error, SAE) shows high reproducibility also under
OECT operation. The SAE is calculated as σ/√N, with
N=9. A typical output curve is reported for complete
information infigure SI5D.

Current modulation upon Vgs driven cationic
injection provides ON/OFF ratios between 100 and
101, that is in line with the range of values expected for
planar, all-PEDOT:PSS OECTs [48, 58–62]. The
transconductance, defined as gm =ΔIds/ΔVgs is the
main figure of merit of OECTs, expressing their
amplification factor, or gain, upon transduction by
PEDOT:PSS of ionic-signals into electronic ones [35].
Maximum device transconductance is ∼0.5 mS at Vgs

of 0.3 V, retrieved for the 2:1 OECT, and in agreement
with values reported in literature [47]. The peak of gm
linearly decreases with the increase of the gate to chan-
nel area ratios (figure 7(C)). The linear decrease sug-
gests an additive contribution at the gate electrode that
could be ascribed to the electroactive nature of
PEDOT:PSS gate electrode exposed to the presence of
Cl-ions in the electrolyte solution. If forced into the
PEDOT:PSS bulk during the Vgs operation (mass
transport), anions can change microstructural volu-
metric (hence, additive) capacitive contributions due

Table 2.Process parameters for AJP deposition of the three inks of
silver, PEDOT:PSS andNEA121 used in the fabrication of the
OECTs. Sccm=standard cubic cm. Printing velocity=1 mm s−1.

Process parameters Silver

PEDOT:PSS

JetNV2 NEA 121

Nozzle size (μm) 150 200 300

Sheath gas (sccm) 40 60 50

Carrierflow (sccm) 20 30 1200

Exhaustflow (sccm)a — — 1150

Ultrasonic cur-

rent (mA)
0.512 0.512 —

PlatenTemper-

ature (°C)
50 60 0

Post-bake (°C, time) 200, 1 h 120, 1 h 125, 10 min

a for pneumatic atomizer only.
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to electric double layers formed at the PEDOT cluster/
PSS interface [63].

4. Conclusions

We reported a systematic investigation of the aerosol
jet technique applied to the printing of semiconduct-
ing PEDOT:PSS on a flexible film of Kapton substrate,
demonstrating that it is a viable method well suited to
flexible electronics applications. We demonstrated
that critical parameters such as thewidth and thickness
of the printed features could be quite nicely controlled
in a range of significant interest for applications, giving
a guide recipe for a proper PEDOT:PSS printing on
Kapton as a function of nozzle sizes and printer’s
regulations.

Our study also includes a thorough assessment of
the OS combined with emerged pinholes due to ink/
substrate interaction, producing indications on how
instabilities could be reduced by opportune choices of
the printing process parameters. OS is a main cause of
short-circuits or not-defined structures, reducing the
final achievable printing resolution. The proposed ori-
ginal polar representation is particularly suitable for

an easy and immediate visualization of the OS trend
and predicting the OS level given the printing
parameters.

We finally demonstrated, as a case study leveraging
on the obtained printing recipes, the fabrication of a
whole-PEDOT:PSS, planar and flexible OECTs, to our
knowledge printed for the first time with AJP technol-
ogy. Their performance well compares to state of the
art of PEDOT:PSS OECTs. We investigated the trans-
conductance behaviour as a function of different
device gate to channel area ratios, revealing a linear
decrease of transconductance for increasing ratios.

We believe that our work, determining reliable
optimal conditions for the direct writing of PEDOT:
PSS, one of themost popular organic semiconductors,
contributes to qualify AJP as a viable method, ideally
suitable for organic flexible electronics applications.
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Figure 7. (A) Schematics of the AJPOECTbased onPEDOT:PSS. The top-view (left) shows the planar gate electrode printed at
150 μmdistance from the channel, and the cross-section (right) shows the 3-printed layers the device is composed of. Image of the as-
printed transistors in a 3×3 array is reported too; (B) transfer characteristics acquired forVds=−0.1 V, the right y-axis shows the
corresponding calculated transconductance and (C) transconductance peak gm

* as a function of the gate to channel area ratio (Agate/
Achannel).
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