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ABSTRACT: Screen printing is a potential technique for mass-production of printed
electronics; however, improvement in printing resolution is needed for high
integration and performance. In this study, screen printing of highly loaded silver
ink (77 wt %) on polyimide films is studied using fine-scale silicon stencils with
openings ranging from 5 to 50 μm wide. This approach enables printing of high-
resolution silver lines with widths as small as 22 μm. The printed silver lines on
polyimide exhibit good electrical properties with a resistivity of 5.5 × 10−6 Ω cm and
excellent bending tolerance for bending radii greater than 5 mm (tensile strains less
than 0.75%).
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Conventional graphic arts techniques, including screen,
gravure, and flexographic printing, have attracted

increasing attention for manufacturing of printed electronics
on flexible substrates because of their potential for low cost and
high-throughput.1−5 However, their printing resolutions must
be improved for high device density and performance.
Furthermore, this improvement should be achieved without
sacrificing conductivity and printing speed. To meet these
goals, innovations are needed not only in the printing process,
but also in ink designs.
Screen printing has been widely employed to produce silver

electrodes for applications such as transistors, sensors, solar
cells, and touch screens.6−12 This printing method uses a screen
mask, typically consisting of a woven mesh, and a patterned
stencil attached to the mesh. Ink pressed on the screen mask by
a squeegee passes through the portions of the mesh that are not
covered by the stencil material. Ink passing through the stencil
openings is transferred onto a substrate, leading to a printed
pattern. Although this simple technique is potentially cost-
effective and fast, the printing resolution is limited to larger
than 70 μm using conventional screen printing meshes with
line openings typically no smaller than 40 μm.13−16 Although
stencils can be produced with fine line openings narrower than
40 μm, the wire of the mesh tends to block the extremely fine
openings and does not allow the ink to pass through the stencil,
causing defects.
To improve the resolution of screen-printed silver patterns,

researchers have modified screen printing techniques. Erath et

al.16 reported 50 μm wide screen-printed silver lines by
increasing the substrate temperature to reduce the deposited
ink quantity and spreading. Schwanke et al.17 achieved screen
printing of 30−40 μm wide silver lines by modification of the
mesh surface to control the adhesion of the ink on the mesh.
Even though these approaches have shown promising results,
stencils supported by screen masks based on woven mesh have
inherent limitations. Recently, a screen printing technique using
a single-layer stencil as a screen mask has been developed for
graphene patterning.18 Specifically, a highly defined stencil was
fabricated by photolithography from a thin (∼90 μm) silicon
wafer with fine line openings as narrow as 5 μm. This single-
layer stencil method without a woven mesh is desirable to
produce high-resolution screen-printed silver patterns.
Concentrated silver inks have gained interest for printing

conductive traces with high printing resolution and aspect ratio
required for high device density and low resistance. Kosmala et
al.19 reported inkjet printing of silver ink with a solid loading up
to 45 wt % to achieve thick conductive lines for low resistance.
Ahn et al.20 used highly concentrated (>70 wt %) silver ink for
a direct ink writing method for omnidirectional (3D) printing
of fine and high aspect ratio silver lines. Concentrated inks have
also been used for screen printing. Faddoul et al.21 studied
screen printing with 67−75 wt % silver inks; however, the high
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viscosity of these inks did not allow high-resolution printing
with conventional screen masks using a screen mesh.
Here, we demonstrate screen printing of a highly loaded

silver ink using the single layer stencil approach for high
printing resolution. A highly concentrated silver ink (77 wt %)
with sintering temperature below 250 °C is designed for screen
printing. Using the high-resolution silicon stencil with line
openings ranging from 5 to 50 μm, we investigate screen
printing of the silver ink on flexible substrates and optimize the
printing process for creating high-quality silver features. In
addition, the printed silver lines are characterized in terms of
electrical properties and bendability on flexible substrates.
The highly loaded silver ink used in this study is synthesized

with small particle size to facilitate passing of narrow screen
openings as well as annealing at low temperature. Silver
particles are first synthesized from silver nitrate solution using

diethanolamine (DEA) as a reducing agent and poly(acrylic
acid) (PAA) as a capping agent (see the Supporting
Information for experimental details).20,22 The size of these
particles is determined to be ∼5 nm by transmission electron
microscopy. Achieving high solids loading at this size scale is
difficult because of the high excluded volume associated with
each PAA-coated particle.23 Therefore, a ripening procedure is
used to increase the average size to ∼200 nm and create a
broad size distribution (10−500 nm). Figure 1a shows a
scanning electron microscopy (SEM) image of the particles
obtained after this procedure; these particles are then
concentrated to produce a 77 wt % (24.2 vol %) silver ink in
an ethylene glycol/water solution. Ethylene glycol is employed
to decrease the drying rate, which improves ink penetration
through the stencil and ink transfer. Because PAA is used as
capping agent with excess amount (PAA/Ag ≈ 10 wt %) to

Figure 1. (a) Scanning electron microscopy (SEM) image of synthesized silver particles used for the ink preparation. (b) Log−log plot of apparent
ink viscosity as a function of shear rate. (c) Log−log plot of shear elastic and viscous moduli as a function of applied shear stress. (d) Semilog plot of
electrical resistivity as a function of annealing time for different annealing temperatures.

Figure 2. (a) Schematic diagrams illustrating the preparation of a silicon stencil using photolithography techniques. (b) Schematic diagrams
illustrating of the screen printing method using the silicon stencil and a silver ink.
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prevent particle agglomeration at high solid loading conditions,
the ink is stable over long periods of time when properly sealed.
Moreover, if desired, its viscosity could be further tuned by
adding additional solvent or changing the mixing ratio of the
ethylene glycol/water solution.
The rheological behavior of the silver ink is shown in Figure

1b. The ink is highly viscous, with a viscosity, η of ∼1 × 104 Pa
s at a shear rate of 0.01 s−1. It exhibits a strong shear thinning
response, which can be fitted to η = Kγ ̇n−1 with a power law
index (n) of 0.2. K and γ are the consistency index and the
shear rate. The plateau shear modulus (G′) is measured to be
roughly 1 × 103 Pa, exceeding the shear loss modulus (G″) by
nearly an order of magnitude (Figure 1c). From these data, we
find that the shear yield stress (τy) is approximately 70 Pa. The
ink can be transformed into high conductivity features upon
annealing at a modest temperature, as shown in Figure 1d.
Samples annealed at 200 °C require more than 30 min to
achieve ∼10−5 Ω cm. By contrast, upon annealing at 250 °C for
short times (≤5 min), the electrical resistivity is found to be 5.0
× 10−6 Ω cm, a value approaching that of bulk silver (1.6 ×
10−6 Ω cm). The electrical resistivity is lower than that of a
similarly prepared highly loaded silver ink in a previous
report.20 This difference can be attributed to the larger particle
size (∼200 nm vs ∼20 nm in the previous work), which leads
to reduced contact resistance between particles.
Figure 2a, b illustrates a schematic diagram of the preparation

of the silicon stencil by photolithography (see the Supporting
Information for experimental details), and screen printing of
the silver ink using the stencil. Figure S1 in the Supporting
Information depicts the screen printing steps in cross-sectional
view. The silicon stencil is separated from a polyimide film (75
μm thick Kapton from Dupont) by 2 mm thick spacers. Use of
different spacer thicknesses between 1.5 and 2.5 mm does not
change the printing quality significantly. The silver ink is put on
top of the stencil and pushed across the stencil openings by a
rubber squeegee. This operation is carried out manually at a
speed of ∼10 cm/s. During the screen printing, the ink passes
through the openings and is printed on the substrate. The
squeegee and the stencil are then removed from the substrate.
Figure 3a shows the optical microscopy (OM) image of line

openings in a silicon stencil (see also Figure S2 in the
Supporting Information). The line openings are made with
different widths (ws) from 5 to 50 μm. To investigate the effect
of the printing direction on screen printing of the silver ink, we
carried out printing in two printing directions: perpendicular
(D⊥) and parallel (D∥) to the line openings. Figure 3b, c
compare silver lines printed through the line openings on
polyimide substrates for the two different printing directions.
With the printing direction D⊥ (Figure 3b), the silver ink is
transferred on the substrate through all the line openings from
5 to 50 μm, resulting in high-quality printed silver lines. By
contrast, with the printing direction D∥ (Figure 3c), line
openings wider than 10 μm facilitate good printing whereas
those narrower than 7.5 μm do not allow printing at all or yield
discontinuous silver lines. The printing procedure was repeated
10 times, with 8 of 10 printings showing the same minimum
line openings for good printing, as in Figure 3. The results
indicate that the perpendicular printing direction is better for
screen printing of fine line openings (ws ≤ 7.5 μm) compared
to the parallel direction. One explanation is that the squeegee
can deform more into the stencil line openings perpendicular to
the printing direction, compared to those parallel to the
printing direction.24 As a result, the silver ink underneath the

squeegee in perpendicular openings is pushed more than that in
parallel openings, which leads to better contact of the ink to the
substrate for the fine lines (ws ≤ 7.5 μm).
Figure 4a displays a SEM image of high-quality silver lines

printed through line openings with ws of 5, 7.5, and 10 μm. The
printed line widths (wp) were measured using an optical
microscope and found to be 22, 28, and 32 μm, respectively.
Figures 4b, c, which include data collected from five samples,
show the measured wp and thickness of screen-printed silver
lines as a function of ws, revealing that wp and thickness increase
proportionally as ws increases. The thickness reported is the
average thickness from one side to the other side of printed
lines using a surface profiler, as shown in Figure 4d. The silver
lines prepared from the different printing directions exhibit
similar widths and thicknesses for the same line opening,
implying that the structural geometry of the printed silver lines
is independent of the printing direction. The width of the
printed line is larger than that of the opening. Generally, this
disparity in screen printing process results from ink spreading
after deposition and ink penetration into the gap between the
screen and the substrate.16 In this study, it can be assumed that
spreading after deposition is negligible because of the high
viscosity and yield stress of the concentrated ink.20 Therefore,
the disparity is mainly due to a continued flow of ink during
pushing by the squeegee as the screen and the substrate
separate (Figure S3a in the Supporting Information). Even
though the stencil and the substrate are in contact during
printing, as shown inFigure S1 in the Supporting Information,
there is a tiny gap between them. According to the results, ink
penetrates into this gap during printing; the amount of
penetration is estimated to be 8−11 μm (Figure S3b in the
Supporting Information), for ws from 5 to 50 μm. Nonetheless,
the achievement of 22 μm wide silver lines indicates significant
resolution improvement for screen printing of conductive silver,
compared to previous reports.13−17 This is even comparable to
the printing resolutions of the digital printing techniques
including inkjet (typically ≥20 μm) and aerosol jet printing

Figure 3. (a) Optical microscopy (OM) image of a silicon stencil
showing line openings with different widths (ws) from 5 to 50 μm.
OM images of silver lines on polyimide films produced by printing
with the line openings (b) perpendicular to the printing direction
(D⊥) and (c) parallel to the printing direction (D∥). wp is the printed
line width.
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(≥25 μm).25,26 This improvement can be attributed to the high
ink viscosity preventing large ink spreading and the single layer
stencil approach enabling ink transfer of the highly loaded ink
through extremely fine openings.
Compared to graphene screen-printed using this single layer

stencil approach, the screen-printed silver shows higher printing

resolution. In a previous report,18 graphene ink (viscosity: ∼13
Pa s at a shear rate of 0.1 s−1) was printed through the line
openings as fine as 15 μm, resulting in 40 μm wide lines. By
contrast, the silver ink can be printed through the line openings
as narrow as 5 μm, leading to 22 μm wide lines. The
observation that the silver ink can pass through narrower

Figure 4. (a) SEM image of silver lines screen-printed from 5 (left), 7.5 (middle), and 10 μm (right) wide line openings. (b) Width (wp) and (c)
thickness of silver lines screen-printed with different printing directions of varying ws. (d) Surface profiles of silver lines screen-printed through a
same line opening (ws = 10 μm) with different printing directions.

Figure 5. (a) OM image of a screen-printed silver pattern for measuring the electrical properties. (b) SEM and (c) AFM images of the silver after
annealing at 250 °C for 5 min. (d) Resistance of silver lines measured as a function of length. (e) Resistance per unit length for the screen-printed
silver lines with different widths (for ws = 10, 20, and 40 μm). (f) Relative resistance of the silver lines after 1000 bending cycles for various bending
radii and strains.
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openings than the graphene ink originates from the strong
shear thinning behavior of the silver ink, as shown in Figure 1b,
because the shear thinning rheology increases the amount of
ink deposited on substrates.27 Moreover, the high viscosity (at
low shear rate) and yield stress of the silver ink (∼1 × 103 Pa s
at a shear rate of 0.1 s−1) prevent ink spreading after printing as
described above, so that the printed line width is widened only
by ink penetration into the gap between the screen and the
substrate during printing. On the other hand, the low viscosity
of the graphene ink (∼13 Pa s at a shear rate of 0.1 s−1) brings
about both of ink penetration during printing and ink spreading
after printing. Consequently, widening (wp − ws) of the silver
ink (∼20 μm) is less than that of graphene ink (≥25 μm).
Nonlinear and complicated silver patterns are also fabricated

using the screen printing method. Figure S4 in the Supporting
Information displays a stencil opening for a curved line and its
corresponding printed silver pattern. Figure 5a shows a printed
silver pattern consisting of several lines in different directions.
This pattern is used to characterize the electrical properties of
the printed silver lines. The pattern has six contact pads to
measure the electrical properties for different line lengths of 1.5,
2.5, 3.5, 4.5, and 5.5 mm. Before the measurement, the samples
are annealed at 250 °C for 5 min to increase their conductivity,
as described above. The SEM image (Figure 5b) shows that the
silver particles are sintered during the thermal annealing. The
thermal annealing leads to volume shrinkage of the silver,
resulting in a decrease of the thickness (Figure S5 in the
Supporting Information) by about 12 ± 3%. The root-mean-
square (RMS) roughness of the sintered silver over a 25 μm
area is measured to be 48 nm by atomic force microscopy
(AFM) measurement, as shown in Figure 5c.
Figure 5d shows the measured resistance of silver lines

prepared from line openings with different ws of 10, 20, and 40
μm, as a function of their length. The resistance is proportional
to the line length, indicating that the silver is uniform along the
line. The resistances per length (Figure 5e) are calculated to be
1.15, 0.623, and 0.215 Ω/mm, respectively, for the silver lines
printed from the 10, 20, and 40 μm wide line openings. Based
on the structural geometry of the silver lines, the resistivity is
calculated to be 5.51 ± 0.21 × 10−6 Ω cm, a similar value to
that shown in Figure 1d. Additionally, the flexibility of the
printed silver lines (5 mm long) is characterized by carrying out
bending tests (Figure S6 in the Supporting Information) for
different bending radii (r) of 2, 4, 5, and 10 mm, corresponding
to tensile strains (ε) of 1.88, 0.94, 0.75, and 0.38%, according to
ε = d/2r, where d is the substrate thickness (75 μm).28 Figure
5f displays the relative resistance of the conductive lines after
1000 bending cycles. Their resistances are increased for
bending radii smaller than 4 mm. The resistance increase of
the printed lines using wider openings is higher than that of the
lines printed from narrower openings, indicating that the
resistance of the thicker lines is increased more than that of the
thinner lines. This difference can be attributed to the formation
of wider cracks in the thicker silver lines than in the thinner
lines during bending tests, as shown in Figure S7 in the
Supporting Information. On the other hand, all the printed
lines show negligible changes less than 1% for bending radii
higher than 5 mm, revealing good bending stability of the
printed lines up to 0.75% tensile strain. In addition, printed
silver lines annealed at lower temperatures (120 and 150 °C)
also exhibit similar results for the bending test, as shown in
Figure S8 in the Supporting Information, implying good

mechanical bendability up to 0.75% tensile strain regardless of
the annealing temperature.
In summary, this study has demonstrated screen printing

using highly concentrated (77 wt %) silver inks with shear
thinning behavior. The screen printing process using silicon
stencils without woven mesh produces fine silver lines with a
resolution as high as 22 μm on polyimide films. The printed
silver lines have low electrical resistivity of 5.5 × 10−6 Ω cm and
good mechanical bendability at tensile strains up to 0.75%. Our
approach provides a versatile platform for printing high-
resolution, high-conductivity silver lines to generate conductors
for flexible electronics.
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