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Using an Office Inkjet Printer to Define the
Formation of Copper Films on Paper

Sushant Kumar, Vijayashree Bhat, Kalarickaparambil J. Vinoy, and Venugopal Santhanam

Abstract—A low-cost fabrication process for forming conduc-
tive copper lines on paper is presented. An office inkjet printer was
used to deposit desired patterns of silver nitrate and tannic acid
solutions sequentially on paper. Silver nitrate was instantaneously
reduced in situ on paper by tannic acid at room temperature to
form silver nanoparticles, which acted as catalysts for the sub-
sequent electroless deposition of copper. The copper films were
1.8 pm thick, and the sheet resistance of the copper film on paper
was 9 Q/C]. A dual monopole ultrawide band antenna was fabri-
cated on paper and its performance was equivalent to that of a
similar antenna fabricated on a copper-film covered Kapton sub-
strate using conventional lithographic processes. The paper-based
conductive copper films fabricated using the facile process pre-
sented herein will aid the development of low-cost flexible circuits
and sensors.

Index Terms—Copper, flexible structures, nanoparticles, print-
ing, radio frequency identification (RFID) tags.

I. INTRODUCTION

HE development of flexible and portable electronic cir-
T cuits in a cost-effective manner relies on the fabrication
of conductive films in desired patterns [1]. In particular, there
is a need to develop fabrication processes that are compatible
with roll-to-roll processing, to facilitate large-scale manufactur-
ing of RFID-based tags/sensors for diagnostic devices [2] and
for “ubiquitous” sensor networks [3]. The use of paper as a low-
cost and “green” alternative to flexible polymer substrates for
fabricating electronic circuits has been actively pursued for the
last two decades [4]. Conductive patterns on paper-based sub-
strates have been fabricated using techniques such as physical
vapor deposition [5], chemical modification [6], rod coating [7],
screen printing [8], spray painting [9] etc. However, all these
techniques require an additional subtractive process to remove
unwanted material and form desired patterns.

The use of inkjet printing, an additive technique, for fabricat-
ing conductive patterns is actively pursued, especially to meet
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the requirements of low-cost, high-volume applications such as
RFID tags, as it offers the added advantage of being compatible
with roll-to-roll processing [10]. Using nanoparticle-based ink
solutions necessitates tedious and expensive processing during
nanoparticle ink formulation to ensure ink-stability during stor-
age [11], and also requires subsequent thermal [12] or chemical
annealing [13] steps to eliminate organic components and be-
come conductive. The need for such complicated processing
renders inkjet printing of nanoparticle inks unsuitable for cost-
effective production of conductive patterns on paper. Alterna-
tively, the use of a reactive inkjet printing technique, wherein
precursor solutions are sequentially printed and react in sifu on
a substrate to form nanoparticles, can help overcome issues with
ink formulation, thereby, paving the way toward low-cost appli-
cations [14]. However, conductive features can only be formed
after several hundred repetitive cycles of printing precursor so-
lutions and intermittent drying, hindering its adaptation as a
large-scale manufacturing process [15].

To overcome the requirement for sintering of nanoparticle
inks, conductive features have been fabricated on plastic sub-
strates using a combination of inkjet deposition of nanoparticle
inks and electroless deposition [16], [17]; wherein, the nanopar-
ticles act as catalytic sites for electroless deposition. However,
material and capital costs, associated with nanoparticle ink for-
mulation and use of specialty printers, are still prohibitive for
development of ubiquitous sensors or low-cost diagnostics. A
simpler approach of forming catalyst patterns for electroless
deposition by using a desktop printer to deposit palladium salt
solution and then dipping the substrate in a bath of reducing
agent to form palladium nanoparticles was reported earlier [18].
However, challenges related to material costs, precursor sta-
bility, hazardous nature of the reducing agent used, and losses
due to detachment of colloidal particles during reduction have
to be overcome for using such an approach to fabricate low-
cost, paper-based circuits. To surmount this barrier, we formed
silver nanoparticles by reactive inkjet printing of stable and
nonhazardous reagents, used them as catalysts for electroless
deposition of conductive and thick copper films on paper, and
further demonstrated their utility as RF antennas.

This communication describes the rapid, in situ formation and
characterization of silver nanoparticles on paper at room temper-
ature using stable, nonhazardous reagents, and their subsequent
development into conductive copper films using an electroless
plating process. The results of characterization of RF anten-
nas fabricated on paper and their performance comparison with
similar antenna designs on a copper-clad Kapton substrate, fab-
ricated using conventional lithographic processes, are presented
next. To our knowledge, this is the first successful demonstration
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of the use of an office inkjet printer to fabricate paper-based RF
antennas.

II. MATERIALS AND METHODS

All the chemicals used were of analytical grade or higher, and
used as received. Deionised (DI) water, from a MilliPore MilliQ
system, was used to prepare the required solutions. Printer and
black cartridges were procured from an HP retail outlet in Ban-
galore, India.

A. Fabrication of Conductive Copper Patterns

An inkjet printer (HP deskjet 1000 J 110 series, Rs. 1100/-),
using thermal inkjet technology, and black cartridges (HP 802)
were used in these experiments. After prying open the lids of
the cartridges, the ink and sponge used for ink storage were
removed, and the cartridges were thoroughly rinsed with tap
water. The cartridges were then used to print “black™ pages
using DI water and isopropanol a few times to flush ink solution
out of the channels and aid in drying of the channels within the
cartridges, respectively. Printing was carried out in grayscale
mode using a resolution of 600 dpi x 600 dpi. The amount
of water deposited varied from 4 to 5 pL/cm? per print. As a
precaution, all precursor solutions were printed three times to
overcome nonuniformities in spatial deposition. Overall, a line
resolution of 0.3 mm and positioning accuracy < 0.5 mm, for
manual duplex printing, could be routinely achieved using this
printer.

Silver nanoparticles were formed on paper (A4 size com-
mercial printer paper, 80 g/m?) by sequential printing of sil-
ver nitrate (470-mM solution, metal precursor) and tannic acid
(25-mM solution, reducing agent) from two separate cartridges,
to avoid inadvertent contact within a cartridge. The pH of the
tannic acid solution was adjusted to 10, just prior to printing.
The process conditions are based on a rapid, room temperature
synthesis protocol that was developed earlier in our group using
tannic acid, an environmentally benign reagent derived from
plants, [19]. The desired patterns were created and saved as .pdf
files with appropriate resolution and printed from a standard
computer. The amount of silver deposited was ~ 0.7 mg/cm? of
printed area. The silver nitrate printed paper was allowed to dry
under ambient conditions and then manually placed in the feed
tray before printing the tannic acid solution. The formation of
silver nanoparticles was evident as the paper reached the output
tray of the printer. The same process could be repeated to form
silver nanoparticles on both sides of the paper.

Copper films were formed on paper using the silver nanoparti-
cles as catalyst for the electroless deposition. A standard recipe
[20] was modified to increase the rate of deposition. Briefly,
the printed paper was placed in a plastic tray and immersed
in 60 mL of copper plating solution containing CuSO4.5H; O
(3 g), Ethylenediaminetetraacetic acid (EDTA, 6.5 g), NaOH
(4.2 g), formaldehyde (2 mL), and Potassium ferrocyanide
(K4Fe(CN)g.3Hs O, 2.5 mg). The pH of the electroless plating
solution was maintained between 12.5 and 13. Potassium ferro-
cyanide acts as a stabilizer preventing the formation of copper
oxide as the reaction begins, but it also lowers the deposition

rate. The reported recipe was modified to avoid blistering and
increase the rate of deposition, by adding 0.5 mL of formalde-
hyde to the plating solution at a regular interval of 2 min. For
the samples reported here, the plating solution was maintained
at 60 °C for 8 min and then the paper was rinsed in DI water
and dried. These conditions were determined to be optimal for
forming copper films, which remained conductive even after
prolonged exposure to ambient conditions. Further increase in
plating rates by adding more formaldehyde led to fragile pow-
dery deposits, which were easily dusted off and rendered the
patterns nonconductive. Copper-clad Kapton films were coated
with a photoresist film that was patterned using photolithogra-
phy. The exposed copper film was then etched away and the
photoresist stripped off to form the flexible antennas needed for
performance comparison.

B. Characterization Techniques

Field emission scanning electron microscope (FESEM) (Ul-
tra 55, Zeiss GmbH) operated at 2 kV was used for structural
and morphological characterization of the samples on paper. An
optical profilometer (Zeta 20, True color 3-D) was also used
to measure the thickness of the copper film deposited on paper
fiber. X-ray diffraction (XRD) spectra were recorded using a
Siemens Diffractometer (AXS D5005, Cu source). X-ray pho-
toelectron spectroscopy (XPS) spectra were recorded using a
Thermo Scientific Multilab-2000 instrument with Al-Ka (en-
ergy of 1486.6 eV) as the X-ray radiation source. The antenna
performance was characterized using a vector network analyzer
from Agilent (2-port PNA-N5320 A).

C. Ultrawide Band (UWB) Antenna Design

The design of the dual monopole RF antenna was adapted
from Wang and Huang [21]. Since substrates used were thin
and had relatively similar values of dielectric constants (Kap-
ton substrate: €, = 3.85, (loss tangent) “tan §” < 0.004 [22],
thickness = 1.1 mm; b) Paper substrate: ¢, = 3.2, tan § =
0.07717 [23], thickness = 1.2 mm), antenna design parameters
were first optimized for paper based on simulations carried out
using CST microwave studio, and used in both cases. The di-
mensions and the layout of the UWB antenna used for printing
are shown in Fig. 1.

III. RESULTS AND DISCUSSIONS

Fig. 2 shows digital photographs of the UWB antennas fabri-
cated on paper using the proposed process and on Kapton using
conventional lithographic processing. To ensure good mechan-
ical and electrical contact between the RF connector and the
printed antenna structure, the patterns corresponding to the two
sides were printed on different areas of a sheet of paper; af-
ter copper deposition the two patterns were cut and glued onto
opposite sides of a cardboard support (1-mm thick). Similarly,
two sheets of Kapton were pasted onto another cardboard. The
photograph clearly shows that copper film is deposited only on
the areas defined during inkjet printing of the silver nanopar-
ticle precursor solutions. Also, the electrodeposited film has a
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Fig. 1. Design layout of the fabricated antenna structures along with antenna
dimensions.

Fig. 2. Digital photographs of the two sides of UWB antennas fabricated on
paper (top) by using reactive inkjet printing and electroless deposition, and on
Kapton (bottom) by using lithographic processes. The electrodeposited copper
has a much rougher microstructure and appears black in color, while the copper
cladding on Kapton has a lustrous metallic sheen.

rough microstructure (vide infra) and appears black, while the
commercially available copper cladding has a lustrous sheen.
The copper patterns deposited on the paper substrate are robust
and adhere well even after being flexed or rubbed using fingers.

A. Structural Characterization

Microscopic (FESEM) and spectroscopic characterization
(XPS, XRD) of a paper-based sample after reactive inkjet print-
ing, and after electroless plating confirmed the reduction of
silver salt in situ on paper to form silver nanoparticles, and
the formation of uniform copper plating over the paper-fibers,
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Fig. 3. Structural characterization of paper samples (a) after silver nanopar-
ticle formation—FESEM image shows that silver nanoparticles are uniformly
distributed over the fibers along with some organic matrix (presumed to be ex-
cess tannic acid). Scale bar corresponds to 1 gm. XPS analysis [bottom-right
in (a)] shows the presence of silver in reduced form only and XRD [top-right
in (a)] further confirms the presence of metallic silver. Peaks corresponding
to FCC (111) and (200) planes of silver are marked with a blue “x.” (b) after
copper plating—FESEM image shows that all fibers are uniformly coated with
copper and that copper film is interconnected at the microscopic scale. Scale bar
corresponds to 10 pm. XPS analysis [bottom-right in (b)] shows the presence
of copper in oxidized form along with reduced copper. XRD [top-right in (b)]
confirms the presence of both copper ((111) and (200) planes-blue “x) and
copper oxide (red “x”’) phases.

respectively (see Fig. 3). XPS, being a surface-sensitive tech-
nique with a penetration depth of ~10 nm [24], indicated that
30% of copper was in oxidized state after exposure to air. XRD,
with a penetration depth of ~0.2 pum [25], also showed the
presence of copper oxide phases, but the extent was only 5%
suggesting that oxide phases were formed mainly at the exposed
surface. XRD measurements on the silver nanoparticle film also
indicate the presence of other metal-organic complexes, presum-
ably silver atoms dispersed in a matrix of tannic acid residues.
The presence of cracks in FESEM images of silver nanopar-
ticle coated paper is also suggestive of the formation of such
complexes.

The thickness of the deposited copper film was estimated
to be 1.8 pum based on cross-sectional FESEM images, and
this estimate was further corroborated by optical profilometer
measurements (see Fig. 4). The cross-sectional FESEM image
shows that the electroless film is composed of nanoparticles,
which are uniformly spread over the depth of the film.

Together, the results of structural characterization clearly
demonstrate that silver nanoparticles formed in sifu using an
office inkjet printer catalyzed the formation, by electroless plat-
ing, of copper films on paper.
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Fig. 4. Thickness of electrodeposited copper film. (a) Cross-section FESEM
image shows that copper nanoparticles have aggregated to form the film. The
thickness of the film was estimated to be 1.8 pm. (b) Height profile, using an
optical profilometer, along a paper-fiber and across the edge of the copper film
(corresponding to the red line in the inset). The average thickness estimated
from this profile corresponds well with FESEM measurements.
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Fig. 5. Measured transfer characteristics (Sy1) of fabricated antennas.

(a) Antenna 2 and (b) Antenna 1. The —10-dB bandwidth of both antennas
on paper span from 3 to 11 GHz, covering the entire UWB spectrum. The
performance of paper and Kapton-based antennas are comparable.

B. Electrical Characterization

The sheet resistance of the copper film deposited on paper
was measured to be 9 2/[J using four-point probe measurements.
This corresponds to a resistivity of 4.5 x 107 {2-m, considering
paper to have 70% porosity. This resistivity estimate is ~1% of
typical values reported, and reflects the absence of a thermal
annealing step to sinter the deposited copper nanoparticles. The
transfer characteristics (S11) of the two antennas in the design
were measured and compared with simulations for both paper-
based antennas as well as those fabricated on a Kapton substrate
(see Fig. 5). The measured and simulated characteristics are
similar for both substrates, deviations are attributable to contact
impedance variations. The performance of paper-based antennas
was comparable to that of antennas fabricated on a Kapton
substrate, thereby, demonstrating the capability of fabricating
low-cost RFID tags using an office inkjet printer.

IV. CONCLUSION

Silver nanoparticles were formed in situ on paper using a sim-
ple office inkjet printer. Electroless plating of copper on these
silver nanoparticles was used to fabricate conductive copper pat-
terns on paper. The performance of UWB antennas fabricated
using the proposed process was found to be equivalent to that of
similar antennas fabricated using conventional lithographic pro-
cesses. These results are promising for low-cost, high-volume
manufacturing of RFID tags, as both inkjet printing and elec-
troless plating are amenable for roll-to-roll processing [26]. The
simplicity of using an office inkjet printer for defining con-
ductive patterns should enable the advent of flexible, low-cost
devices for applications in diverse areas, such as biomedical
diagnostics, flexible electronics, ubiquitous sensing platforms
etc.
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