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We report the rapid prototyping of passive electrical components (resistors and capacitors) on plain

paper by an additive and parallel technology consisting of supersonic cluster beam deposition

(SCBD) coupled with shadow mask printing. Cluster-assembled films have a growth mechanism sub-

stantially different from that of atom-assembled ones providing the possibility of a fine tuning of their

electrical conduction properties around the percolative conduction threshold. Exploiting the precise

control on cluster beam intensity and shape typical of SCBD, we produced, in a one-step process,

batches of resistors with resistance values spanning a range of two orders of magnitude. Parallel plate

capacitors with paper as the dielectric medium were also produced with capacitance in the range of

tens of picofarads. Compared to standard deposition technologies, SCBD allows for a very efficient

use of raw materials and the rapid production of components with different shape and dimensions

while controlling independently the electrical characteristics. Discrete electrical components pro-

duced by SCBD are very robust against deformation and bending, and they can be easily assembled

to build circuits with desired characteristics. The availability of large batches of these components

enables the rapid and cheap prototyping and integration of electrical components on paper as building

blocks of more complex systems. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4947281]

The fabrication of electronic circuits and microfluidic

devices on paper is considered a very promising solution for

the realization of low-cost disposable analytical devices and

biodegradable green electronics.1–3 Recently, the interest for

the use of paper as a substrate for foldable electronic compo-

nents such as antennas and actuators has substantially

increased in view of the realization of the so-called origami

electronics,4,5 self-foldable kirigami soft robots,6 and power

portable emergency locator transmitters based on origami

microbial fuel cells.3

These applications rely on the so-called “chip-on-flex

technologies” where electronic components have typical

dimension of tens or hundreds of microns so miniaturization

is not a critical issue.1 In this case, substrates must be flexible

and foldable, and manufacturing methods should be cheap,

easily scalable, compatible with rapid prototyping in order to

produce batches of components to be integrated in functional

systems.1,2

The use of paper as a substrate is thus very effective for

the fabrication of flexible and foldable electronic circuits. Its

low cost and availability is ideal for rapid prototyping, it can

be easily shaped and trimmed with scissors or cutters, and it

can be used for complex self-standing 3D structures, fluidics,

and electrochemical applications.3–7

Printing on paper relies on a technological tradition dat-

ing back from almost two thousand years and originating

from China; it became a mass-producing technology in

Europe from the fifteenth century.7 The direct printing of

electronic components with various degrees of complexity

on paper has taken inspiration from this tradition, and it is

based on techniques such as flexography, offset, and screen

printing.7 The fabrication of elements such as transistors,8

solar cells,9 and diodes; and devices such as displays, Radio-

Frequency IDentification (RFID) tags, and sensors is highly

demanding in terms of the characteristics of the substrate.

For a large number of applications plastic-covered paper is

used and traditional solid-state circuital elements are glued

on paper substrates.7 The printing of passive circuital ele-

ments on plain paper, such as resistors and capacitors, is less

demanding; however, chip-on-flex and soft robotics technol-

ogies require the production of large batches of components

to be subsequently assembled in 2D or 3D configurations,

with different electrical and geometrical characteristics.1,6,10

Among different approaches, ink-jet printing is consid-

ered a technique of choice for the printing of simple elec-

tronic circuits on paper with the use of conductive inks and

for the fabrication of passive and active elements.11 The use

of ink-jet printing is limited by the availability of conducting

inks with suitable properties (surface tension, viscosity) able

to match the roughness, porosity, and wettability of the paper

substrates; moreover, the post-printing ink drying process is

difficult to control, and it can lead to unwanted variations of

the electrical properties of the components.7

An alternative to the use of liquid inks has been devel-

oped in the last decade consisting in the direct writing with

gas-phase coating techniques where an atomic vapor or

nanoparticles dispersed in a carrier gas are deposited directly

or through a shadow mask.12 Direct writing from the gas

phase is a low-cost and high-throughput technology suitable

also for 3D substrates;13 its widespread application is, how-

ever, hampered by the lack of acceptable adhesiveness on

the substrate and electrical conductivity of the deposited

species.14
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In general, traditional printing techniques have only a

partial control on the amount of deposited conductive mate-

rial; hence, as in the case of resistors, the value for the resist-

ance is determined only by the length and the lateral

dimension of the printed trace.

In the case of capacitors, the literature reports about inter-

digitated capacitors printed on plastic foils or photographic

paper in a narrow range of low-capacitance values.7 The use

of paper as dielectric layer between two printed metallic

layers is an alternative solution as the rolling of metallized pa-

per foils into cylinders is widespread for the fabrication of

standard capacitors; however, no reports about this fabrication

strategy are available.

We have demonstrated that the use of intense and

highly collimated neutral nanoparticle beams produced in a

supersonic expansion is an enabling tool for the large-scale

integration of nanoparticles and nanostructured films on

microfabricated platforms and smart nanocomposites.15–17

In particular, we have shown that this approach called su-

personic cluster beam deposition (SCBD) can be efficiently

used for the fabrication of electrically conductive patterned

structures and devices on a wide variety of substrates,

including polymers.18,19

Here we present the rapid and reproducible parallel

fabrication of sets of resistors and capacitors on paper by

using SCBD and a shadow mask. Our approach relies on the

fact that the electrical properties of cluster-assembled films

grown from the gas phase evolve in a significantly different

way compared to atom-assembled films.20 In particular, in

the percolative regime, electrical conduction can be precisely

controlled by SCBD,21 thus allowing the tuning of the resist-

ance while keeping constant the dimensions of the resistors

and optimizing the use of raw material.

Figure 1(a) shows a schematic representation of the SCBD

deposition apparatus equipped with a Pulsed Microplasma

Cluster Source (PMCS).22 A PMCS consists in a ceramic body

with a cavity where a metallic target (Au in the present case)

is sputtered by a localized electrical discharge ignited during

the pulsed injection of Ar gas at high pressure (40 bar). The

sputtered metal atoms from the target thermalize with the car-

rier gas and aggregate in the cavity forming metal clusters. The

carrier gas-cluster mixture expands out of the PMCS through a

nozzle into a low pressure (10�6 mbar) expansion chamber

(Fig. 1(a)). The supersonic expansion originating from the high

pressure difference between the PMCS and the expansion

chamber results in highly collimated supersonic beam: a diver-

gence lower than 1� is obtained by using aerodynamic focusing

nozzles.22

The central part of the cluster beam enters a second vac-

uum chamber (deposition chamber, at a pressure of about

10�5 mbar), and it impinges on the shadow mask-substrate

paper system supported by a motorized substrate holder.

During deposition, the holder displaces the mask and the

substrate in the vertical direction orthogonal to the cluster

beam axis (Fig. 1(b)). Since the cluster density distribution

in the beam is bell-shaped (as characterized in detail in

Ref. 23), this results in a homogeneous metallization in the

direction parallel to the raster with a gradient in the dose of

nanoparticle in the direction perpendicular to the raster. This

allows the one-step fabrication of components with different

resistances in a controlled range of values. As a substrate, we

used commercial plain white paper for ink-jet and laser

printer (Xerox Digital, 75 g/m2, roughness: 170 ml/min) and

the shadow mask was cut from another sheet of paper. The

deposition area was of 50 cm2.

Figure 1(c) shows a photograph of a set of resistors

printed on paper: the lateral dimensions of the resistors and

their resistance are independent since the amount of clusters

deposited to form each individual component can be con-

trolled independently in an interval determined by the beam

shape and the number of rastering cycles.

Figure 2(a) reports a scanning electron microscope

(SEM) micrograph of the border region between metallized

and pristine paper: the fibrous structure of the paper is evi-

dent. Figure 2(b) shows the border of a resistor deposited by

SCBD with a step lateral resolution below 1 lm.

The typical deposition process for the production of

twenty-seven resistors as shown in Fig. 1(c) takes roughly

FIG. 1. (a) Schematic representation (not to scale) of a supersonic cluster beam deposition apparatus. (b) Shadow mask for resistor printing, the dark spherical

area is the cluster beam deposition spot. The substrate and the mask are displaced along the vertical direction during deposition. (c) Photograph of a set of resis-

tors printed in a one-step process with gold nanoparticles on plain paper.
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30 min, as a proof of principle we printed two sets of resis-

tors ranging from 100 X to 28 kX and 270 X to 160 kX,

respectively. The resistance measurement was performed

using a digital ohmmeter pressing two flat probes on the re-

sistor short edges.

For the sake of comparison, we produced, using the

same shadow mask, a set of resistors using gold evaporated

by joule heating in a standard metallization apparatus. Gold

was evaporated for about 10 min from a molybdenum cruci-

ble placed at a distance of roughly 30 cm from the substrate

within a chamber at a pressure of about 5� 10�5 mbar.

The effusion rate from the crucible is angle dependent,24

and this, in principle, can be used to produce resistors with a

different amount of material and hence different resistances.

With this method, we obtained a set of resistors similar to

that produced by SCBD, while in a considerably narrower

resistance interval from 23 to 470 X. The use of a standard

evaporator results also in lower lateral resolution: Fig. 2(c)

shows the border of a resistor placed near the shadow mask

margin (where the mask-substrate separation is lower), the

measured lateral resolution is about 120 lm, and for a resistor

in the middle of the shadow mask the resolution is over

300 lm. Another disadvantage is that in the evaporative deposi-

tion method, a large quantity of gold is wasted in the chamber.

The growth mechanisms and the subsequent evolution

of the electrical properties of cluster-assembled films are dif-

ferent from those of atom-assembled films.20,21 This indi-

cates that the capability of SCBD of producing in one step

resistors with different dimensions in a wide range of resist-

ance values, is due to the capability of working in a well

determined region of the electrical percolation curve of the

cluster-assembled films.21,23

In order to quantify the amount of clusters deposited on

the substrate, we use a quantity called equivalent thickness

(teq) defined as the thickness of a film produced by an equiva-

lent amount of nanoparticles deposited onto a rigid flat sub-

strate.23 The equivalent thickness is obtained in real time,

during the deposition process, by the use of a quartz crystal

microbalance placed near the sample, allowing us to stop the

deposition at the achievement of the required thickness and

hence resistance. We checked teq by measuring with an atomic

force microscope the thickness of the cluster-assembled film

grown on a silicon substrate mounted aside the paper substrate

during deposition.

In order to compare the electrical properties of different

components of the batches, the electrical sheet resistance (Rs)

can be calculated for each resistor knowing its resistance and

dimensions (Rs¼R �width/length); this quantity is independ-

ent of the resistor geometry and only varies with the amount

of deposited clusters. Fig. 3(a) reports the electrical sheet

resistances obtained for the two sets of resistors produced by

SCBD, as a function of equivalent thickness of the cluster-

assembled films. According to the percolation theory,25 we

found that the trend is a power law Rs / ðteq � tcÞ�t
. Curve

fitting was performed by weighted least square linear regres-

sion of lnðteq � tcÞ on ln Rs, where tc was manually changed
FIG. 2. (a) SEM micrograph of the border between plain paper (dark region)

and the metallized one (white region). (b) Optical microscope micrograph

of a border of a SCBD printed resistor. The step lateral resolution is below

1 lm. (c) Optical microscope micrograph of a border of evaporated resistor.

The step lateral resolution is about 120 lm.

FIG. 3. (a) Electrical sheet resistance of cluster-assembled resistors on paper

as a function of equivalent thickness. Curve fitting was performed by

weighted least square linear regression of lnðteq � tcÞ on lnRs. (b) Electrical

capacitance of paper capacitors as a function of plate area.
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to maximize the coefficient of determination R2 (the uncer-

tainty on tc was estimate considering the interval in which the

R2 does not change appreciably). The critical thickness (tc) of

the cluster-assembled film above which we observe electrical

conductance is tc¼ 18 6 1 nm, and the critical exponent of the

percolation curve is t¼ 1.185 6 0.043 in good agreement with

the theory (1< t< 1.3).

Using this percolation curve, we are thus able to print a

set of resistors around the exact value of any required resist-

ance, keeping constant the dimensions of the single element.

It should be noted that we are working in a percolative re-

gime so the amount of raw material used to fabricate the

resistors does not scale with the resistance values. This is

very important since it shows that working in this regime

with SCBD allows to minimize the amount of raw material

while covering a wide range of resistance values for any re-

sistor shape it may be useful for further applications.

With SCBD and a rectangular stencil mask, we also pro-

duced different capacitors printing the gold layer on both sides

of the paper, thus obtaining a parallel plate capacitor with pa-

per as the dielectric medium. We printed several capacitors

varying the amount of deposited gold and the geometrical

dimensions of the plates. As expected, the capacitance was in-

dependent of the quantity of deposited gold, and it was linear

on the area of the conductive plate. From the trend line in the

capacitance versus area plot, we obtain that the printed capaci-

tance is of 50 pF cm�2 (Fig. 3(b)). Knowing the thickness of

the paper used (94 6 1 lm), we get a relative dielectric con-

stant of 5.53 6 0.16, close to the dielectric constant value of

paper found in literature.26

Resistors and capacitors printed on paper by SCBD are

very robust, and they are not affected by film delamination

of cracking even under substantial bending and deforma-

tions. As a proof of principle of the easiness of combination

of different paper components, we trimmed by scissors vari-

ous resistors and capacitors, and we used them to assemble

simple circuits such as RC frequency filters. We used clips

to connect the different components.

In order to characterize the frequency response of a typi-

cal RC filter, we used a waveform generator to send a pure

harmonic wave on the filter input and a digital oscilloscope

to measure the amplitude of the input and output waveform.

In Fig. 4, we report the Bode plots for a low pass and high

pass typical RC filters obtained by using a resistor of 16.5 kX
and a capacitor of 231 pF. Experimental data show that the

RC circuit is stable and reliable over a wide range of

frequencies.

In summary, we demonstrated the parallel fabrication of

batches of passive electrical components (resistors and capaci-

tors) on plain paper by supersonic cluster beam deposition.

SCBD is an additive technique allowing the deposition of

neutral metal nanoparticles with a high degree of collimation

and low kinetic energy. Compared with traditional direct

writing techniques, SCBD can be efficiently coupled with a

shadow mask for the deposition of components with con-

trolled structure, dimensions, and electrical properties on ther-

molabile substrates, while maintaining a high throughput

production and a low raw metal consumption. Thanks to the

fine control on the amount of deposited clusters, the resistance

of the components produced by SCBD can be tuned working

in a suitable region of the percolation curve so that the dimen-

sion and the geometry of the resistor can be varied at will.

This constitutes a substantial advantage compared to other

deposition techniques such as thermal evaporation, ink jet

printing and aerosol direct printing in terms of flexibility,

rapidity of fabrication, optimization of the use of raw materi-

als, and decoupling of components shape from electrical

performances.

Simple circuits on paper can be easily assembled using

the elements produced by SCBD; this opens the way to the

rapid and cheap prototyping and integration of electrical

components on paper as building blocks of more sophisti-

cated systems for paper-based mechatronics.
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