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Abstract

Resistors are essential and ubiquitous building blocks in electronic circuits. Fabrication of printed resistors in a manner
compatible with roll-to-roll printing is important for realizing low-cost and high-throughput production of electronic devices.
Here we present fully printed resistors fabricated via a novel self-aligned printing method termed SCALE (Self-aligned
Capillarity Assisted Lithography for Electronics). Flexible substrates with imprinted features such as reservoirs and capillary
channels were prepared by roll-to-roll processing. Functional inks were then delivered sequentially into the reservoirs by
inkjet printing and the ink flowed spontaneously into the adjoining channels driven by capillarity. Poly(3,4-ethylene
dioxythiophene):poly(styrene sulfonate) (PEDOT:PSS) was used as the resistive material, and silver was used for the
electrodes. Using SCALE, we achieved fully inkjet-printed, self-aligned resistors with resistance values ranging over five
orders of magnitude while keeping the overall dimensions of the devices constant. We then employed SCALE to build low-
pass RC (resistor-capacitor) filters with cutoff frequency from 0.4 - 27 kHz and excellent operational stability. Overall, this
work expands the potential of self-aligned inkjet printing for producing fully printed electronic circuits.
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1. Introduction

The use of printing strategies for production of flexible
circuits on plastic or paper substrates is attractive for several
reasons including the compatibility of printing with
continuous, roll-to-roll processing, scalability to large areas at
lower cost, and reduced materials waste by eliminating
subtractive etching steps [1]. Printed and flexible circuits have
potential applications in large area sensor arrays [2], wearable
electronics [3], displays [4], smart labels [5], and medical
diagnostics [6, 7]. Among printing techniques, inkjet printing
has been widely used for printed electronics demonstrations
due to its numerous advantages including digital control, non-
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contact operation, materials compatibility, minimal material
waste, and widespread commercial acceptance [8-22].
However, its application in high-throughput roll-to-roll
processing of multilayered microelectronic circuits is limited
currently by poor resolution and materials registration
challenges.

To solve this problem, a novel inkjet-based printing method
called self-aligned capillarity-assisted lithography for
electronics (SCALE) has been developed [23]. The SCALE
process starts with imprinting a multi-level network of open
reservoirs, capillaries, and device cavities in a UV curable
coating on a flexible substrate. Subsequent materials
deposition and layer-to-layer alignment is achieved by
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inkjetting electronic inks sequentially into the easy-to-hit
reservoirs, followed by spontaneous capillary flow of the inks
via open channels into cavities shaping discrete electronic
components. The SCALE process thus combines imprint
lithography with inkjet printing to enhance printed resolution
- linewidths of 1 um are readily achievable - while
simultaneously simplifying materials registration. An
additional benefit of SCALE is that crisp, well-defined line
edges characteristic of conventionally photopatterned
materials are readily obtainable, which is not typical of inkjet
printing [24, 25].

Already, successful fabrication of discrete circuit elements
including transistors, capacitors, and resistors on individual
plastic sheets has been demonstrated by SCALE [23, 26-30].
However, the use of SCALE and roll-to-roll processing to
create resistors with  resistances over many orders of
magnitude has not been demonstrated. As resistors are
ubiquitous electronic building blocks, this is a crucial
challenge for the ultimate goal of roll-to-roll printing of
complete circuits. Indeed, printed resistors have been realized
utilizing screen printing [31-34], stencil printing [35], aerosol
jet printing [36] and inkjet printing [24, 37-39], but these
fabrication procedures were not completely compatible with
self-alignment and/or roll-to-roll processing. Thus, in this
paper we focus on demonstrating SCALE-based, roll-to-roll
approaches to creating resistors with resistances spanning
many orders of magnitude.

Key to this effort is the choice of printable resistive
materials. Poly(3,4-ethylene dioxythiophene):poly(styrene
sulfonate) (PEDOT:PSS), which has been widely used as both
a conductive and a resistive material in printed electronics, is
an ideal material due to its adjustable resistivity and good
printability. It has been reported that the resistivity of
PEDOT:PSS films deposited from the commercial PH1000
ink (Heraeus) can be decreased by adding a small amount of
high boiling point solvents such as dimethyl sulfoxide
(DMSO) and ethylene glycol (EG) [40, 41]. Jung, et al.
reported inkjet-printed resistors using PEDOT:PSS PH1000
inks [24]. They modified the film resistivity by varying the
concentration of DMSO added into the solution. Also, Ali et
al. increased the resistivity of PEDOT:PSS films from 48 to
210 mQ-cm by blending poly(methyl methacrylate)(PMMA)
into PH1000 PEDOT:PSS ink [25]. Though not explored
here, carbon based inks can also be used to print the resistive
layer. Chang, et al. blended high (Dupont 5036) and low
(Dupont 7082) resistivity carbon materials and achieved a
resistance range from 3.3 kQ/o to 800 k(/o using screen
printing [32].

In order to make resistors having resistance ranging over
orders of magnitude, but with the same spatial footprint, which
is important for circuit layout considerations, we employed a
two-pronged strategy in which the distance between printed
electrodes was changed in concert with alterations of the

PEDOT:PSS ink formulation to adjust resistivity, as just
described. We achieved resistors on plastic substrates with
resistances varying from 10-10° Q. The resistors were robust
to bending strains of up to 1% and to thousands of repeated
electrical measurements. To test dynamic performance, we
printed low-pass RC (resistor-capacitor) filters. The
fabrication of RC filters by inkjet printing was first reported
by Varahramyan and colleagues [42-44]. Then, Castro, et al.
demonstrated all-inkjet-printed low-pass filters with cutoff
frequency from 82 Hz to 740 Hz by applying printed organic
thin-film transistors [45]. Here we demonstrate fully printed
low-pass RC filters with cutoff frequencies over three orders
of magnitude by varying the resistance. Collectively, the
results demonstrate that the SCALE process has excellent
potential for self-aligned printing of resistors and RC filters
necessary for building more advanced electronic systems on
flexible substrates.

2. Experimental Section

2.1 Silicon master template fabrication

The silicon master template was fabricated by two rounds
of traditional photolithography. (a) Patterning the recessed
reservoirs and channels for electrodes: A 4-in silicon wafer
was heated at 115 °C for 1 min to remove the water molecules
on the top surface. Then the wafer was treated in a
hexamethyldisilazane (HMDS) atmosphere for 4 min. A layer
of photoresist (Microposit S1813, Dow) was spin-coated onto
the silicon wafer at 3000 rpm for 30 s. The wafer was soft-
baked at 115 °C for 1 min and then exposed to UV light for 5
s under a photomask designed for the electrodes. The wafer
was developed in a mixture of Microposit 351 (Dow) and
deionized water (1:5 v/v) for 30 s. The exposed area of the
wafer was dry etched down to a depth of 7 um in a deep trench
etcher (SLR 770). The photoresist was then washed off by
acetone and the wafer was immersed in Piranha solution
(H2SO4 and HO,, 1:1) for 20 min at 120 °C to clean the
residual photoresist. (b) Patterning the raised ink receivers:
SU-8 2010 photoresist (MicroChem) was spin-coated onto the
same silicon wafer at 500 rpm for 5 s and then at 2000 rpm for
30 s, followed by baking at 65 °C for 3 min and 95 °C for 7
min. The photoresist was then exposed to UV light for 24 s
through the photomask designed for the raised walls. The
exposed wafer was heated at 65 °C for 1 min and 95 °C for 7
min. The wafer was immersed in [-methoxy-2-propanyl
acetate for 5 min to develop the photoresist and then rinsed
with isopropyl alcohol. Lastly, the wafer was baked at 180 °C
for 10 min.

2.2 PDMS Stamp Fabrication

The silicon master template was first silane-treated in a
vacuum chamber overnight with trichloro(1H,1H,2H,2H-
perfluorooctyl)silane (Aldrich). A curing agent and PDMS
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Figure 1. Schematic illustration of roll-to-roll imprinting of reservoirs, capillary channels, and device cavities for the SCALE process. The imprint
material (green) is a cross-linkable liquid that is cured by UV illumination while the web is in contact with the PDMS stamp roll, as shown.
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monomer (Sylgard 184, Dow Corning) were mixed in a weight
ratio of 1:10 and then poured onto the silicon master template.
The PDMS was first cured at 70 °C for 2 h in an oven. Then
the PDMS stamp was peeled off from the silicon wafer,
followed by heating at 120 °C for 2 h and at 215 °C for another
2 h to enhance the mechanical durability.

2.3 Roll to Roll Imprinting of the Flexible Substrates

The imprinting of the flexible substrates was performed on
aroll-to-roll machine (Carpe Diem Technologies). The PDMS
stamps were glued to a piece of silicone coated PET sheet and
cured at 45 °C for 1 day. The PET sheet with the PDMS stamps
on it was then wrapped around the imprinting drum and
clamped in place. A pre-cleaned PET web, which was used as
the flexible substrate, was coated with a liquid layer of UV-
curable imprint resist (Norland Optical Adhesive 73, Norland
Products) to a thickness of 25 um by reverse gravure coating.
The web then passed at 10 cm/min and 18 N web tension to
the imprint drum where the PDMS molds were pressed into
the NOA layer. A high intensity UV light cured the resist
coating while it was still in contact with the stamp. The web
with the imprinted layer was then delaminated from the PDMS
stamp roll and spooled up.

2.4 Ink Preparation

The resistive inks were prepared following the
compositions listed in Table 1. Two types of PEDOT:PSS inks
(Clevios PH1000 and Clevios AI4083) were purchased from
Heraeus. Ethylene glycol was purchased from Sigma Aldrich.
Isopropyl alcohol (10 vol%) was added to reduce the surface
tension. The inks were sonicated for 15 min and filtered
through a 5 um pore filter before each use. The ion-gel ink was
prepared by mixing an ionic liquid (1-ethyl-3-

methylimidazolium bis(trifluoromethylsulfonyl)imide,
[EMIM][TFESI]), a triblock copolymer (poly (styrene-b-ethyl
acrylate-b-styrene), SEAS) and n-butyl acetate to a weight
ratio of 8:2:90.

2.5 Device Fabrication

For printing the resistor, a reactive silver ink [26] was
delivered into the electrode reservoirs by inkjet printing
followed by a 3-min annealing process at 100 °C in air to
generate the two electrodes. Then the PEDOT:PSS ink was
also inkjet-printed into the round ink receiver in the center of
the device to cover the gap between the two electrodes
followed by drying at 100 °C in air for 10 min, resulting in a
I-um thick PEDOT:PSS film. For printing the RC filter, the
interdigitated electrodes and the connection wires were also
printed from the reactive silver ink. Then the PEDOT:PSS ink
and the ion-gel ink were delivered respectively into their
raised receivers and were annealed at 100 °C for 10 min in air
together. A piezoelectric nozzle (Microfab) with an orifice of
80 um was used for the inkjet printing. A unipolar waveform
was applied during the jetting with a rise time of 5 ps, a dwell
time of 20 ps, a down time of 5 s, a driving voltage of 120 V
and a frequency of 1000 Hz. 8 nL of the silver ink (20 drops)
was delivered into each of the electrode reservoir and 27 nL
of the PEDOT:PSS ink (70 drops) was delivered into the
corresponding ink receiver.

2.5 Characterization

The optical images of the devices were taken by an optical
microscope (Keyence). Film thickness profiles were measured
by a Tencor P-7 profilometer. The surface tensions were
measured by a pendant drop shape analyzer (Kruss). The
resistivities of the PEDOT:PSS films were measured via the
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Figure 2. Top-view (left) and cross-sectional (middle) illustrations and optical images (right) for the fabrication of a resistor via the SCALE process. The
cross-sectional illustrations show the topographic profile along the red dashed lines in the top-view illustrations. (a) When the silver ink is delivered to
the reservoirs by inkjet printing, the ink is patterned into the channels by capillary action and forms electrodes after thermal annealing. (b) PEDOT:PSS
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PSS

ink is delivered to the center ink receiver to form a resistive layer between the electrodes.

Van der Pauw method on spin-coated PEDOT:PSS films on
square glass slides. To calculate the resistance, current-voltage
curves were measured under a N, atmosphere using two
source meters (Keithley 236 and 237). For the electrical
characterization of the RC filter, the input signals were
generated by a waveform generator (Agilent 33512B). The
output voltages were acquired with a digital oscilloscope
(Tektronix TDS3014C). The capacitance of the printed ion-
gel capacitor was measured by an impedance analyzer
(HP4192A LF).

3. Results and discussion

Figure 1 illustrates the roll-to-roll process to prepare the
imprinted substrates for resistors. Prior to the roll-to-roll
imprinting process, a silicon master template (Figure Sla) was
prepared by traditional photolithography methods, and the
patterns were transferred to PDMS stamps (Figure S1b, c).
The PDMS stamps were secured around an imprinting drum
in the roll-to-roll machine. When the PET web, which was pre-
coated with a layer of UV curable imprint resist, passed
through the imprinting drum at a speed of 10 cm/min, the
PDMS stamps were pressed into the imprint coating to create
the capillary channels and connected reservoirs. At the same
time, the imprint layer was cured by a high intensity UV light.
The imprinted web was peeled off from the PDMS stamps and
collected by a rewind drum. The channels (20 um wide and 7
um deep), reservoirs (500 pm in diameter and 7 pm deep) and
ink receivers (500 pm in diameter and 10 pm above the plane)
were successfully replicated onto flexible substrates from the
silicon master template, which is shown by the tilted scanning

electron microscopy (SEM) image in Figure 1. Compared with
our previous SCALE resistor design [23], this new design
reduced the device area from 2.8 mm? to 1.0 mm?. Further
reductions should be possible in future designs with smaller
TeServoirs.

Figure 2 shows the printing steps of a resistor on the
imprinted substrate. To generate electrodes (Figure 2a), a
particle free silver ink [46] was delivered into the two
reservoirs on both sides by inkjet printing. The silver ink
wicked into the capillary channels, and then formed
conductive silver films in the channels connected to the
reservoirs upon annealing. Compared with directly writing the
electrodes by conventional inkjet printing, the SCALE process
(1) increased resolution by preventing lateral spreading of the
silver ink, (2) provided straight electrodes with highly smooth
edges, and (3) simplified registration of the two electrodes
with respect to each other, i.e., precise nozzle alignment was
not required to produce the two electrodes with the desired
spacing and co-linear alignment. To deposit the resistor layer
and complete the device, PEDOT:PSS ink was delivered into
the center ink receiver, bridging the two electrodes (Figure
2b).

To manipulate the total electrical resistance (R) of the
device, the resistive film was deposited using a mixture of two
types of PEDOT:PSS solutions (purchased from Heraeus)
with different intrinsic resistivities: PH1000 (resistivity: 1.3
Q-cm) and AI4083 (resistivity: 8800 Q-cm). Figure 3a shows
the PEDOT:PSS film resistivity measured in Van der Pauw
geometry as a function of the mixing ratio of the two inks. The
film resistivity increases with the concentration of AI4083 and
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Figure 3. (a) Resistivity of PEDOT:PSS films printed from a mixture of PH1000 and AI4083 for different mixing ratios. Error bars represent one standard
deviation. (b) Resistivity of PEDOT:PSS films versus the weight fraction of ethylene glycol in the PH1000 ink. Note that the error bars (one standard
deviation) are not visible in this panel as they are smaller than the data points.
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can be controlled in a wide range from 1 to 300 Q-cm by the
mixing ratio. Moreover, the resistivity can be further adjusted
by the addition of ethylene glycol (EG) into the PH1000
solution. It is proposed in the literature that the addition of
ethylene glycol induces a conformational change of the
PEDOT chains from coiled to linear or to an expanded-coil
conformation [41, 47]. This change leads to enhanced charge
carrier transport within the PEDOT:PSS film and results in a
lower resistivity. As shown in Figure 3b, the resistivity of the
PEDOT:PSS film printed from the PH1000 ink decreases
from 1 to 0.008 Q-cm with the addition of only 2 wt% of
ethylene glycol. Therefore, the resistivity of the printed
PEDOT:PSS film can be changed over five orders of
magnitude by simply modifying the ink formulation.

Table 1. Composition of PEDOT:PSS ink formulations

Ink # PH1000 Al4083 Ethylene glycol
(Wt%) (Wt%) (Wt%)
Ink 1 25 75 0
Ink 2 50 50 0
Ink 3 75 25 0
Ink 4 100 0 0
Ink 5 99 0 1
Ink 6 98 0 2

All inks were modified with 10 vol% isopropyl alcohol.

In addition to controlling the electrical resistivity, another
way to manipulate the device resistance is controlling the
distance between the two electrodes. For facile control of the
resistance with the electrode separation L (Figure 4a), the film
uniformity is important because a linear relationship between
the resistance and the electrode separation can be expected
when the film thickness is uniform in the center ink receiver.

However, the resistive layer printed using the as-received
PEDOT:PSS solution shows significant thickness variation, as
evident in the profile (Figure 4b). To improve the thickness
uniformity, isopropyl alcohol (IPA) was added to the
PEDOT:PSS solutions to reduce the surface tension of the
inks. As previously reported, Xing, et.al. suggested that the
addition of IPA into the PEDOT:PSS inks led to a film with a
flatter top surface in a confined groove due to a reduction in
the ink surface tension [48]. The surface tension of PH1000
was measured without and with IPA, as shown in Figure 4c.
The surface tension of the ink decreases with the IPA content
because IPA has a much lower intrinsic surface tension (23
mN/m) than the aqueous PH1000 ink (68.5 mN/m). As a
result, the PEDOT:PSS film exhibits significantly improved
thickness uniformity after the addition of IPA to the ink
(Figure 4d) while the film resistivity remains almost
unchanged (Figure 4c).

The relationship between the resistance and the electrode
separation (L) was explored for various resistance ranges by
employing different PEDOT:PSS ink formulations (Table 1)
modified with IPA (10 vol% in the inks). Figures 5 a-f display
the plots of the resistance as a function of L for devices
fabricated with different inks. Each data point represents the
average and the standard deviation for 20 devices, and 600
devices in total were fabricated with a yield of 100%. The
standard deviations of resistance were all less than 15% and
could be further reduced upon optimization of the printing
precision to achieve better thickness control of the
PEDOT:PSS film. The results demonstrate that the resistance
increases linearly with the electrode separation and the linear
relationship holds well for all the resistance ranges with R?
higher than 0.9. Typical current-voltage curves of printed
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Figure 4. (a) Sketch defining the electrode separation L. (b) Thickness profile of the PEDOT:PSS film (in the ink receiver) printed using (b) as-received
PH1000 and (d) a mixture of PH1000 and isopropanol (9:1 vol/vol). The profiles were taken along the red dashed lines shown in the inset optical images.
(c) Surface tension of PH1000 inks blended with isopropyl alcohol and resistivity of PEDOT:PSS films printed using these inks.
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Figure 5. (a)-(f) Resistance as a function of L for resistors printed with different ink formulations (see Table 1). The red dashed line shows the linear fit

resistors covering all the resistance ranges indicate good linear
response (Figure S2). We found that the resistors could
withstand a maximum current of 5 mA. Finally, a resistance
range over five orders of magnitude from 57 Q to 1.3 MQ was
achieved with good repeatability.

To investigate the mechanical flexibility of the printed
resistors (Figure 6a), a bending test (Figure 6b) was performed
with a bending radius of 1 cm (tensile strain of about 0.8%).
The device resistance was monitored during the bending test
and did not exhibit a significant change over 5000 bending
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cycles, as shown in Figure 6c, revealing excellent tolerance to
bending. Moreover, the operational stability was examined by
acquiring standard current-voltage curves of the resistors
repeatedly. The resistance values are plotted against the
number of measurements in Figure 6d. Typical resistors
retained over 96% of their original resistance after 1000
measurements, showing good long-term operational stability.

To examine dynamic behavior, low-pass RC filters
employing the printed resistors (Figure 7a) were
demonstrated. The capacitor of the RC filter was also
fabricated via the SCALE process using a previously reported
procedure [27]. The underlying silver electrodes are in a co-
planar interdigitated structure with six digits in total. A gel
electrolyte composed of an ionic liquid [EMIM]:[TFSI] and a
copolymer (see experimental), was employed as the dielectric
material due to its high specific capacitance, excellent
printability at room temperature, and good mechanical
integrity [49, 50]. The capacitance of an individual printed
capacitor is shown as a function of frequency in Figure S3.
The maximum operating voltage is approximately 3V. Figure
7b shows an optical image of a completed RC filter.

The transient response of the RC filter was measured by
applying a square wave input signal and collecting the output
signal using a digital oscilloscope. Figures 7 c-f show the
transient responses of the RC filter consisting of a 90 kQ
resistor and a 0.45 nF capacitor at different frequencies. For
an ideal low-pass RC filter, the output voltage within the time
domain can be predicted by

t

Vout = Vin (1 - e_ﬁ) (1)
where Vi, R, C, and ¢ are the input voltage, resistance,
capacitance, and time, respectively [S1]. RC is the time
constant, which is 40.5 ps in this case. When the RC constant
is much smaller than the period of the input signal, that is, at
a low frequency (f= 10 Hz, Figure 7c), the waveform of the
output signal matches the input signal very well and V,,,; =
V- The output signal follows the input signal well up to 1 kHz
(Figure 7d). At 5 kHz, the period of the input signal is small
enough to be comparable to the RC constant, so the amplitude
of the output voltage starts to diminish (Figure 7e). When the
frequency is further increased, the amplitude of the output
voltage drops significantly until no output waveform is
observed at 1 MHz (Figure 7f). The results show that the
dependence of the transient responses on the input frequency
is in good agreement with the theoretical prediction, indicating
that printed low-pass RC filters via the SCALE process are
fully functional and rationally designed. In addition, an
operational stability test was performed on the RC filter. As
shown in Figure 7g, the transient response of the device shows
negligible change after 12 h of continuous operation at a
frequency of 1 kHz under inert atmosphere, indicating good

long-term operational stability.
To demonstrate the tunability of the cutoff frequency, low-
pass RC filters were fabricated using resistors with different
resistances (12, 90, 800 kQ), as shown in Figure 7h. A low-
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Figure 7. (a) Equivalent circuit of the printed low-pass RC filters. (b) Optical image of a completed RC filter with a PEDOT:PSS resistor and an ion-gel
capacitor. Transient response of a RC filter with a resistor of 90 kQ under a square wave input at frequencies of (¢) 10 Hz, (d) 1 kHz, (e) 5 kHz, (f) 1
MHz, and (g) 1 kHz after 12 hours of continuous operation. (h) Frequency response of printed low-pass RC filters with resistors of 0.8 M€, 90 kQ and
12 kQ.

pass RC filter allows signals with frequencies below the cutoff
frequency to pass through with little to no attenuation, while
suppressing or blocking the ones with higher frequencies. The

cut-off frequency is defined as
1

fe=52= 2)

at which the amplitude of the output voltage is reduced to

Voue = Vin /N2 [51]. The theoretical cutoff frequencies are
compared with the experimental cutoff frequencies estimated
from the frequency response curves (Figure 7h), as
summarized in Table 2. The results show that the measured
cutoff frequencies agree well with the calculated cutoff
frequencies, demonstrating that varying the resistance is a
reliable way to tailor the cutoff frequency of the printed low-
pass RC filter. The cutoff frequency can be adjusted over two
orders of magnitude from 400 Hz to 27 kHz simply by
changing the resistance.

4. Conclusion

In this work, we demonstrated self-aligned inkjet printed
resistors on roll-to-roll imprinted flexible substrates with
resistances ranging over five orders of magnitude. Changes in
resistance within one order of magnitude were achieved by
varying the separation of the two electrodes, while larger

Table 2. Experimentally estimated and theoretically calculated cut-off
frequencies of the printed RC filters

Cut-off fre(ﬁ:&:z;f
Resistance Capacitance zl;(eqel::::l?;l tf;‘om calculated
P theoretically
12kQ 5.00x 10-1°F 26.8 kHz 26.5 kHz
90 kQ 454 x100F 43 kHz 3.9 kHz
0.8 MQ 459 x1010F 477 Hz 434 Hz

changes were made by blending the PEDOT:PSS PH1000 ink
with ethylene glycol or PEDOT:PSS AI4083 ink. A linear
relationship was observed between the resistance and the
electrode separation, indicating precise control of the
resistance. The printed flexible resistors exhibited high
mechanical durability and outstanding operational stability.
Inkjet-printed low pass RC filters with predictable and stable
dynamic performance were also successfully fabricated using
the SCALE process. The cut-off frequency was varied over
two orders of magnitude by simply changing the resistance of
the resistor. The SCALE method appears to be a promising
way to facilitate the fabrication of flexible resistors by roll-to-
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roll processing. Future work will focus on shrinking the size
of the reservoirs to further reduce the footprint and integrating
the resistors into flexible circuits.
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