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ABSTRACT: We report on the cross-sectional profile control
of printed electrodes fabricated from silver nanoparticle inks
with water-based solvents by inkjet printing. Systematically
varying the ambient conditions and time for the drying process
corresponded to changes in electrode shape. In general, lower
humidity levels resulted in concave electrode profiles due to
the coffee-ring effect, while higher humidity levels resulted in
convex profiles. Printed capacitors with trapezoidal-shaped
lower electrodes showed much better electrical breakdown
strength than those with concave-shaped lower electrodes.
Solution-processed organic thin-film transistors with trapezoi-
dal gate electrodes operated reproducibly and exhibited good electrical characteristics with very low gate-leakage currents. The
methods can be utilized in the fabrication of printed electronic devices with stacked layers, such as thin-film capacitors and
transistors.
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■ INTRODUCTION

Printed electronics technology has attracted significant
attention in recent years because fabrication processes based
on printing have a number of advantages over conventional
photolithography. Printable processes can dramatically reduce
material waste and manufacturing process steps, while lowering
manufacturing costs. Moreover, they can be readily scaled to
large-area production with high throughput. These features
enable low-cost, large-area flexible device applications, which
lead to new ways to develop electronics in areas such as organic
light-emitting-diodes,1 organic solar cells,2 thin-film transis-
tors,3−5 logic circuits,6 radio frequency identification (RFID)
tags,7,8 sensors,9,10 and detectors.11

When printed ink dries on the surface of a substrate, the
solute is generally transported from the center to the edge, and
the resulting solute film forms a nonuniform ringlike profile.
Deegan et al. studied this phenomenon, known as the “coffee-
ring effect”, for colloidal suspension systems.12 The nonuniform
profile in the cross-section for printed electrodes originating
from this effect is the major issue to be solved for the devices
with stacked layers such as capacitors and thin-film transistors
(TFTs). The thicker edges of lower electrodes interfere with
the flatness and uniformity of overlying dielectric layers. As a
result, fully solution processed TFT devices have difficulty
operating at high voltages due to the potential for electrical
shorts between the lower and upper electrodes.13,14 Several
approaches have been proposed to suppress the nonuniform-
ities in printed films, such as controlling of the initial contact
angle of the droplet,15 use of a mixed solvent,16,17 the addition
of small amount of surfactants,18,19 changing the surface

temperature,20−22 optimizing the drying temperature,23 using
solvent vapor atmosphere,24,25 employing hydrosoluble poly-
mer additives during droplet evaporation,26 and using
ellipsoidal particles for the solute.27 In this study, we have
focused on the inkjet printed metal nanoparticles as currently
used for electrode materials in printed electronic devices.28−32

We report on inkjet-printed silver electrodes whose cross-
sectional shape is controlled by changing the drying conditions,
namely the ambient humidity and drying time. Here, we used
silver nanoparticles dispersed in a water-based solvent. Ideal
electrodes with flat and trapezoidal shapes were obtained at
85% relative humidity (RH) for 30 min. The capacitor and
organic thin-film transistor devices formed with the flat,
trapezoidal lower electrodes showed excellent durability during
operation.

■ EXPERIMENTAL SECTION
Materials. Cross-linked poly-4-vinylphenol (PVP) was used as a

base layer for controlling the surface energy of the glass substrate. PVP
(Mw ∼ 25 000, Sigma Aldrich Co.) and poly(melamine-co-form-
aldehyde) (Mn ∼ 432, 84 wt %, Sigma Aldrich Co.) as a cross-linking
agent were mixed in propylene glycol monomethyl ether acetate
(PGMEA). The PVP solution was spin-coated onto glass substrates
and was thermally cross-linked at temperatures of 150 °C for 60 min
to form a base layer.

Inkjet Printing and Drying Condition. The silver ink used in
this work was based on silver nanoparticles in a water-based solvent
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(JAGLT Series, DIC, Corp. Japan). This ink contained 25−35 wt %
silver nanoparticles with an average diameter of 20−40 nm. The silver
nanoparticle ink was patterned with an inkjet printer (Fujifilm
Dimatix, DMP2800) onto the cross-linked PVP layers using a print
head with 10 pL nozzles. The silver nanoparticle ink was printed using
a customized waveform. The droplets were deposited with a dot-to-dot
spacing of 20 μm and resulted in printed lines of length 15 mm.
During the inkjet patterning process, the substrate temperature was
maintained at 30 °C.
After the printing, the substrates were maintained at 30 °C, 30% RH

for 5 min and then stored in an environmental test chamber following
the printing process (espec, SH-221) in order to evaporate the
solvents from printed ink. Temperature in the chamber was held at 30
°C, and relative humidity was changed from 30% to 90%, while the
storage time was also varied from 5 to 45 min. After the drying
process, the substrates were heated at 140 °C for 1 h to sinter the
silver nanoparticles.
Fabrication Process of Thin-Film Capacitors and Organic

Thin-Film Transistor Devices. To investigate how the flatness of the
electrodes affected the functionality and performance of electronic
devices with stacked layer constructions, thin-film capacitors and
organic TFT devices were fabricated. Two types of silver layers with
different drying conditions were prepared as gate electrodes: (i) 30 °C,
30% RH for 30 min and (ii) 30 °C, 85% RH for 30 min. After forming
these electrodes, a solution of cross-linked PVP was spin-coated and
baked to form 210-nm thick dielectric layers. Silver nanoparticle ink
was then applied using inkjet printing to form the upper source/drain
electrodes. To fabricate the organic TFT devices, a 50-nm pentacene
semiconducting layer was also deposited.
Characterization. The silver electrode profiles were measured

using laser micrograph (Olympus, OLS 4200), whereby we assessed
the dependencies the ambient humidity and drying time on the
profiles. In order to investigate how ambient humidity affects the
nanoscale morphology of the printed silver electrodes, the printed
lines were examined by scanning electron microscope (SEM; JEOL,
JSM-7600FA). The resistivity of printed lines and electrical character-
istics for the fabricated capacitors and TFT devices were measured by
using a semiconductor parameter analyzer (Keithley, 4200-SCS). All
measurements were made after a 140 °C sintering process. All
electrical measurements of organic TFT devices were were performed
in a nitrogen atmosphere to prevent degradation of organic
semiconductors induced by oxygen or moisture.33,34

■ RESULTS AND DISCUSSION

Figures 1a and b show line profiles (cross-sectional and 3D
views) of printed silver electrodes dried at various humidity
levels. The drying time in the environmental test chamber was
30 min for each of the electrodes. The electrode profiles varied
widely with the ambient humidity in the chamber. The cross-
sectional profile for a line with ambient humidity of 30% RH
was concave. These nonuniformities in silver electrode
thickness are a result of the coffee-ring effect. The ratio of
thickness between the edge and center of the profile (te/tc) is
3.0. This concave shape was suppressed by increasing the
ambient humidity from 30% to 80% RH (te/tc = 2.1), such that
a nearly trapezoidal shape was observed at an ambient humidity
level of 85% RH (te/tc = 1.3). Furthermore, for ambient
humidity levels of 90% RH the silver electrodes formed a
convex shape (te/tc < 1). These results clearly show that the
silver electrode profiles were very sensitive to the ambient
humidity levels during the drying process. Additionally, the
cross-sectional areas of the profiles were nearly the same and
within a range of 56−63 μm2, which indicated that increasing
ambient humidity did not affect the density of the silver in the
electrode layers. The silver electrode resistivity obtained as a
function of ambient humidity is shown in Figure 1c. The
resistivity decreased from 40 to 27 μΩ cm as the relative

humidity increased from 30% to 85% RH, which demonstrated
that electrodes with uniform profiles have better conductivity
than those with nonuniform profiles. Several groups have
reported that concave-shaped ridged profiles exhibit low
conductivity even after heat treament.17,21 These resistivity
results in this study agree with these previous reports.
The dependence of drying time on the electrode profiles was

also assessed. Figure 2a and b shows variations of the line
profiles (cross-sectional and 3D views) vs drying time. The
relative humidity in the chamber was held at 90% for all
electrodes. Even for short drying times of 5 min, the silver
electrode profiles became increasingly flatter (te/tc = 1.6). For
drying times of 10 min, the layer profiles were almost
completely flat (te/tc = 1.1). In further extending the drying
time to 15 min, the profiles became convex, and line profiles in
RH 90% ambient were nearly unchanged for exposure times
over 15 min. The resistivity of obtained silver electrodes as a
function of drying time in the chamber with elevated humidity
levels is shown in Figure 2c. The resistivities for these
electrodes were almost the same even though the drying time
was varied from 5 to 45 min, and they showed lower resistivities
than those dried in low-humidity conditions. While the
electrodes with drying times of 5 min have concave shape,
the resistivities of those lines were relatively low compared to
other concave lines. This was attributed to a reduction in the
thickness ratio between the edge and center of the profile.
In order to the characterize the line profile control

mechanism by changing the relative humidity, we consider
the evaporation rate of the solvent.35,36 In our experiments,
evaporation occurs in a quasi-steady manner because the
diffusion time for water vapor in air is much smaller than the
evaporation time. The concentration field around the printed
line is given by

Δ =c 0 (1)

Figure 1. Controlling the shape of inkjet printed silver electrodes by
changing the ambient humidity. The temperature of the chamber and
drying time were 30 °C and 30 min. All the measurements were made
after a 140 °C sintering process. (a) Laser microscopic images of the
electrodes for 30%, 80%, 85%, and 90% RH. (b) Profiles for the same
electrodes. (c) Resistivity values of the resulting silver electrodes as a
function of ambient humidity.
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where c is the local water vapor mass concentration. At the
interface between the liquid and vapor, the vapor concentration
c is assumed to equal the saturation value cv. Far above the
droplet, the vapor concentration approaches an ambient value
Hcv, where H is the relative humidity of the ambient air. The
difference in water vapor concentration cv(1 − H) drives the
evaporation into air. The diffusive flux is given by Fick’s law:

= − ∇J D cs s (2)

where Js is the solvent evaporation rate and Ds is the vapor
diffusivity. This equation indicates that higher humidity levels
cause a reduction in evaporation rate for aqueous solvents.
Okuzono et al. have proposed a simple model that predicts a
final shape of a dried thin film.37 According to the model, Js and
diffusion coefficient (D) affect the final shape of the film. The
smaller the value of Js or the larger the value D, the more readily
a convex shape is formed. This is because diffusion tends to
homogenize the concentration field contrary to the outward
flow. In this study, humidity level did not affect D but did affect
Js. At higher humidity levels, diffusion became dominant during
the drying process, which caused the silver electrode shapes to
change from concave to convex. Indeed, a dependence of
electrode shape on ambient humidity was not observed in the
electrodes obtained from silver nanoparticle inks dispersed in
hydrocarbon solvents because the humidity level did not affect
the evaporation rate of the solvents. Aqueous solvents facilitate
control of the electrode shape through changes in ambient
humidity, without changing other key parameters, such as
electrode resistivity and line width.
Furthermore, the results for the dependence on drying time

as shown in Figure 2 indicate that the final shape of thin films
can be best controlled by combining partial drying with high

ambient humidity levels and rapid evaporation at high
temperatures. Because of shortened drying times at high
ambient humidity levels, the solvents were not completely
evaporated from the films, whereby the solvent was further
evaporated during the sintering process at 140 °C.
In order to investigate how ambient humidity affects the

nanoscale morphology of the printed silver electrodes, we
observed the printed silver electrodes with a scanning electron
microscope (SEM; JEOL, JSM-7600FA). Figure 3 shows

surface images at the center of the silver electrode layers
prepared at different drying conditions. All images show dense
layers with closely packed silver grains with an average diameter
of 100 nm. These images indicate that, even though ambient
humidity affects the macroscopic profiles, it does not affect film
morphology.
Figure 4a and b shows histograms for the electrical

breakdown voltage results of the fabricated capacitors with
two different lower silver electrodes prepared at drying
conditions of 30 °C, 30% RH for 30 min (a) and 30 °C,
85% RH for 30 min (b). The capacitors with concave shaped
electrodes did not have sufficient insulating properties; 37% of
the capacitors exhibited a breakdown voltage of less than 5 V, as
shown in Figure 4a, which indicates that the upper and lower
electrodes had shorted. The peaks of the lower electrodes pose
nonuniformity of the dielectric layers and/or the increase of the
electric field at the edge of the lower electrodes, which causes
the shorted capacitors. On the other hand, no capacitor
electrodes shorted when the trapezoidal shaped electrodes were
used for the lower electrodes. Additionally, the average
breakdown voltage improved from 33 to 52 V by using
trapezoidal shaped electrodes. A breakdown voltage of 52 V
corresponds to 2.54 MV/cm in electric field strength, which
was comparable to that for cross-linked PVP used as dielectric
layers and evaporated metal used as lower gate electrodes.38

Even though the thicknesses of both concave and trapezoidal
shaped electrodes were more than 500 nm and 2.5 times
thicker than the dielectric layers, the fabricated capacitors with
shape-controlled lower electrodes exhibited excellent electrical
breakdown strength.
Figure 4c shows the transfer characteristics of fabricated

organic TFT devices with trapezoidal shaped gate electrodes.
The gate-source voltage (VGS) was swept from +10 to −20 V
with source-drain voltage (VDS) = −20 V. The source-drain
current (IDS) was found to be 15 μA at a relatively low
operating voltage of −20 V, and the maximum gate leakage
current (IGS) was 20 pA even at VGS = −20 V. The gate leakage
current is smaller than the drain current by more than 6 orders
of magnitude, confirming the high quality of the molecular gate
dielectric. The field-effect mobility (μ) and threshold voltage
(VTH) of the transistors were calculated in the saturation

Figure 2. Controlling the shape of inkjet printed silver electrodes by
changing the drying time with controlled temperature and humidity.
The temperature and humidity in the chamber were 30 °C and 90%
RH. All the measurements were made after a 140 °C sintering process.
(a) Laser microscopic images of the electrodes of for drying times of 5,
10, 15, 30, and 45 min. (b) Profiles for the same electrodes. (c)
Resistivity values of the resulting silver electrodes as a function of
storage time.

Figure 3. SEM images of formed silver electrodes on the substrates
with storage humidity of (a) 30%, (b) 85%, and (c) 90% RH. All of the
electrodes were sintered at 140 °C after storage in the controlled
ambient environment.
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regime, VDS = −20 V from the equation which describes the
source-drain current as a function of gate-source voltage:39

μ= −I
CW

L
V V

2
( )DS GS TH

2
(3)

Here, C is the capacitance per unit area of the gate dielectric
layer, L is the channel length, and W is the channel width. The
estimated field-effect mobility in the saturation region was 0.13
cm2/(V s), the threshold voltage was 1.0 V, and the on/off ratio
was greater than 106, which is comparable to that of a
pentacene TFT device formed using evaporated gold source/
drain electrodes on treated SiO2 substrates40 and that were
formed using printed silver source/drain electrodes with
evaporated metal gate electrodes.41

Figure 4d shows the output characteristics for the same TFT
device. Here, the drain current was measured as a function of
VDS at a VGS between 0 and −20 V in steps of 5 V. Despite the
fact that the gate dielectric layers were thinner than the gate
electrodes, the fabricated dielectric layers have excellent
insulating properties, which resulted in large on/off ratios.
Furthermore, the fabricated TFT devices were operated at low
operating voltages with reasonable field-effect mobility. In
summary, controlling the shape of lower gate electrodes
provides for the use of thinner dielectric layers and for organic
TFT devices with low-operating voltages. These TFT results
indicate that techniques for the controlling the shape of inkjet-
printed silver electrodes can be applied to the printed
electronics that have stacked layer constructions.

■ CONCLUSIONS
In this paper, we have reported on the effect of drying
conditions on the cross-sectional profile of inkjet printed

electrodes formed using silver nanoparticle inks with water-
based solvents. High ambient humidity suppresses the solvent
evaporation speed, whereby the film shape can be easily
controlled from being concave to trapezoidal to convex by
changing the ambient humidity level and drying time. The
methods for controlling the shape of printed electrodes
described in this paper do not require changes in ink
formulation or in any of the printing process conditions, but
only drying conditions after printing, and, as a result, can be
utilized for not only inkjet printed electrodes, but also with
other materials and alternate printing processes. Therefore,
these methods increase freedom in printing conditions and
could help in the practical realization of printed electronics.
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