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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-

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 μm 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 mΩ·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 kΩ/□ to 800 kΩ/□ 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 10-106 Ω. 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 ºC 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 ºC 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 μm 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 H2O2, 1:1) for 20 min at 120 ºC 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 ºC for 3 min and 95 ºC 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 ºC for 1 min and 95 ºC for 7 
min. The wafer was immersed in 1-methoxy-2-propanyl 
acetate for 5 min to develop the photoresist and then rinsed 
with isopropyl alcohol. Lastly, the wafer was baked at 180 ºC 
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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2.3 Roll to Roll Imprinting of the Flexible Substrates 

2.4 Ink Preparation 

2.5 Device Fabrication 

2.5 Characterization  
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3. Results and discussion 
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4. Conclusion 
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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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