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Printing nanoparticle-based isotropic/anisotropic
networks for directional electrical circuits†
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With the demand for integrated nanodevices, anisotropic conductive films are one type of interconnec-

tion structure for electronic components, which have been widely used for improving the integration of

the system in printed circuit boards. This work presents a template-assisted printing strategy for the fabri-

cation of nanoparticle-based networks with multi electrical properties. By manipulating the microfluid be-

havior under the guidance of the grid-shaped template, the continuity of liquid bridges can be precisely

controlled in two directions. The isotropous circuits with crossbar paths, discrete paths as well as uni-

directional paths are obtained, which achieve the switching of on/off states in the circuits. This work

demonstrates a new type of directional circuits by the template-assisted printing method, which provides

an effective fabrication strategy for electrical components and integrated systems.

Introduction

Circuits serve as the medium for information communication
and power transmission in the microelectronic system.1–5 The
printed circuit boards (PCBs) assemble thousands of electronic
components to realize the integration of different functions,
such as computing,6,7 displays,8,9 and sensing.10–12 Functional
materials and structures with large sizes and fixed properties
hardly meet the needs of integrated micro-devices.13–17 The
fine-pitch interconnect technology has become one of the
important research areas for the microelectronics industry to
meet the increasing demands of downsizing, functionali-
zation, and integration.18–21 Anisotropic materials can achieve
different functions in different directions.22–24 As one type of
interconnection materials for electronic components, aniso-
tropic conductive films (ACFs) possess a specific directional
conductivity.25,26 ACFs consist of conductive particles dis-
persed in insulation materials, which is insufficient in conduc-
tivity and integration.27,28 The ultimate direction of interfacing
in electronics is the direct integration of miniaturized electro-

des on the high-resolution circuit. Novel interconnection struc-
tures for ACFs, such as the electrode networks with directional
conductivity, provide a large number of conductive paths,
which could meet the demands of performance and inte-
gration in electronic systems.29,30

Printing strategies facilitate the fabrication in microelec-
tronic systems due to the precise design of the structure from
microscale to nanoscale.31–37 Current printing techniques,
such as inkjet printing38–40 and screen printing,41–43 enable
the fabrication of architectures with the desired pattern, but
still hardly ensure the production of devices with the
demanded precision and accuracy.44,45 On the other hand,
these methods require specific printing plates or complicated
printing paths to achieve the preparation of different isotropic/
anisotropic patterns, which leads to increasing manufacturing
costs.46–48 Moreover, due to the capillary attraction from the
heteromorphic ink droplet, printed isotropic/anisotropic pat-
terns usually result in non-uniform structures,49 which causes
the poor performance of directional conductivity. It is critical
to develop an efficient printing method to fabricate the elec-
trode network with controllable and directional conductivity.

This work demonstrates a template-assisted printing strat-
egy to fabricate isotropic/anisotropic electrode networks in a
simplified process. The grid-shaped template with a height
difference between longitudinal walls and transverse walls is
scribed on purpose. The Ag nanoparticle (Ag NP)-based ink is
divided into transverse and longitudinal liquid bridges under
the guidance of the grid-shaped template. Through manipulat-
ing the evolution of the shrinkage of the ink, the continuity
and geometry of liquid bridges in two directions can be well
designed, forming three types of paths (crossbar paths, uni-
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directional paths, and close-loop paths) for the assembly of Ag
NPs. As a result, the isotropic/anisotropic circuit networks,
including crossbar circuits, unidirectional circuits, and dis-
crete circuits, are obtained. The printed isotropic/anisotropic
networks exhibit diverse electrical characteristics in different
directions. The remarkable anisotropy resistance ratio over
1011 demonstrates excellent performance and achieves
effective control of LED displays. This work provides a new pro-
totype for isotropic/anisotropic circuits through the template-
assisted printing strategy, which can be applied to integrated
microelectronic systems.

Experimental
Materials preparation

Silicon wafers (2-inch diameter, N doped, 〈100〉 oriented,
525 µm thick) were patterned using the dicing saw machine
(Heyan Technology, China). The width of the blade was 18 μm.
The groove shape showed a longitudinal depth of 19.24 μm and
a transverse depth of 15.89 μm. Then, the groove-shaped silicon
wafer was treated with hydrophobic molecules (1H,1H,2H,2H-
perfluorodecyltriethoxysilane, CAS 101947-16-4) in a decompres-
sion environment at 25 °C for 1 h and then heated at 80 °C for
3 h, yielding the reproducible homogeneous hydrophobic sur-
faces. Next, 40 mL of poly(dimethylsiloxane) (PDMS) precursor
mixed with the initiator (Sylgard 184, Dow Corning Company,
USA) was carefully dropped onto the groove-shaped silicon
wafer and heated at 70 °C for 1 h to prepare the grid-shaped
PDMS template with a longitudinal height of 17.76 μm and a
transverse height of 14.52 μm. Silicon oxide substrates were
washed in the ultrasonic device for 5 min with acetone, ethanol,
and deionized water and dried with high purity nitrogen. PDMS
template with a contact angle of 78.5 ± 0.4° was obtained after
the plasma treatment. The silicon oxide substrate without treat-
ment exhibited a contact angle of 50.1 ± 0.5° (Fig. S1†). Silver
nanoparticles (Ag NPs) with an average particle size of 40 nm
were synthesized according to the literature.50 To monitor the
flow behavior during the printing process, sodium fluorescein
(a green fluorescent dye) was added to the Ag NP dispersion.
The fluorescence images were obtained at the excitation wave-
length of 488 nm.

Generation of isotropic/anisotropic structures

A grid-shaped template was placed horizontally. Ag NP ink
(5–60 mg mL−1 Ag NPs and 1 mg mL−1 sodium dodecyl sulfate
(SDS), J&K Scientific Ltd Beijing, China) was carefully dropped
onto the template and covered by a prepared silicon oxide sub-
strate. Weights with fixed mass are attached to the template to
apply external pressure. The template, droplet, and substrate
consisted of a sandwich structure. The grid-shaped template
induced the retraction of transverse and longitudinal liquid
bridges. Continuous or dispersed liquid bridges were deter-
mined by the applied pressure. By manipulating the direc-
tional shrinkage of the suspension, the liquid flow organized
Ag NPs into designed structures. The whole system was kept at

60 °C for 3 h. When the temperature was low (<40 °C), the sol-
vents evaporated slowly, which caused Ag NPs to move slowly
and then led to the unsuccessful shrinkage of the liquid
bridges. The liquid bridges shrank fast at a high temperature
(>80 °C). The fragile liquid bridges increased the deformities
in the isotropic/anisotropic structures. It was suitable at the
temperature of 40–80 °C. In this study, the whole system was
kept at 60 °C. After the liquid completely dried, the template
was removed by physical peeling. Then, the fabricated circuits
based on Ag NPs were sintered at 200 °C for 1 h.

Characterization and measurement

The optical images and fluorescent microscopy images were
acquired by an optical microscope (Nikon LV100ND) that was
coupled to a charge-coupled device camera (Vision
Engineering Co.). The contour graphs of the silicon wafer and
PDMS template were acquired by a profilometer
(ContourGT-K). Contact angles were measured using a contact
angle measurement device (OCA20, Data Physics, Germany)
with latex droplets (water, 2 µL) deposited on the substrates.
The structures of crossbar circuits (CC), unidirectional circuits
(UC), and discrete circuits (DC) were investigated by a scanning
electron microscope (SEM, S4800, Japan) at the accelerating
voltage of 5.0 kV. The electrical measurement was performed
by a Keithley 4200-SCS semiconductor system and a Suss PM5
analytical probe station in a clean and shielded box under
ambient conditions. Two tungsten probes were placed in
contact with the printed Ag lines. The impressed voltage was
applied to detect the corresponding current. The current
signal was read by the Keithley 4200-SCS semiconductor
system with a Suss PM5 analytical probe station. The resis-
tance (R) of the printed Ag lines is calculated by R = US/IL,
where U is the applied voltage, S is the section area of the Ag
line, I is the current signal, and L is the length of the Ag line.
Specifically, four separate 100 nm-thick Au electrodes (A–D)
were deposited around the fabricated circuits through a
shadow mask using a high vacuum thermal evaporation
system (PATOR, ATT010).

Results and discussion

In this work, we propose a template-assisted printing platform
for patterning isotropic/anisotropic structures (Fig. 1a).
Grooves are scribed on a smooth silicon wafer by the dicing
saw machine. The gird-shaped PDMS template is obtained by
replicating the groove pattern with transverse and longitudinal
depth differences (Fig. S2†). For fabricating isotropic/aniso-
tropic structures, a template-liquid-substrate sandwich print-
ing system is constructed. In the printing system, the nano-
material-loaded liquid is divided into transverse and longitudi-
nal liquid bridges, which guide the nanomaterials to assemble
into specific structures in different directions. The designed
isotropic/anisotropic architectures can be fabricated by regu-
lating the liquid flow in the transverse and longitudinal direc-
tions. To manipulate the liquid flow in two directions separ-

Nanoscale Paper

This journal is © The Royal Society of Chemistry 2022 Nanoscale, 2022, 14, 14956–14961 | 14957

Pu
bl

is
he

d 
on

 1
9 

 2
02

2.
 D

ow
nl

oa
de

d 
on

 2
02

4/
7/

16
  0

9:
01

:5
6.

 
View Article Online

https://doi.org/10.1039/d2nr03892g


ately, the groove-shaped silicon wafer is designed with a height
difference on the micro-scale. As a result, the replicated tem-
plate shows a longitudinal wall height of 17.76 μm and a trans-
verse wall height of 14.52 μm, respectively. (Fig. 1b and
Fig. S3†). The gap between the substrate and the template can
manipulate the formation of isotropic/anisotropic liquid
bridges. The continuity of liquid bridges in two directions
determines the paths in the final arrays. By manipulating the
formation of paths in the printing process, the isotropic/aniso-
tropic arrays can be obtained. Fig. 1c shows the three typical
isotropic/anisotropic arrays, including the crossbar path
arrays, unidirectional path arrays, and closed-loop arrays.
These patterns provide designable configurations for isotropic/
anisotropic arrays, which can be used primarily for high-
density connections in electrical or optical devices.

The grid-shaped template serves as guidance to build liquid
bridges, which directs the ink to locate in the desired position.
The difference between liquid bridges in the transverse and
longitudinal directions induces multiple configurations of
arrays. In the printing process, the shape of liquid bridges is
affected by the gap between the substrate and the template.
Fig. 2a shows the controllable template-assisted printing
process. Crossbar liquid bridges, unidirectional liquid bridges,
and discrete liquid bridges are achieved by regulating the
applied pressure. Specifically, the attached pressure adjusts
the gap between the template and the substrate and further
affects the flow behavior in the printing system, which influ-
ences the formation of liquid bridges and the assembly of
functional nanomaterials. In this case, uniform Ag NPs with
an average particle size of 40 nm are used as the functional
ink (Fig. S4†). There is sufficient space between the template
and the substrate to support liquid bridges under the con-
dition of no applied pressure. The template can induce liquid

bridge contraction in two directions. With the evaporation of
the solvent, the liquid film is split and pinned onto the top of
the template, forming crossbar paths (Fig. 2b i). As a conse-
quence, nanomaterials assemble both transversely and longi-
tudinally, forming crossbar circuits (CC) (Fig. 2c i). When
proper pressure is applied, the walls with large heights (the
longitudinal walls) are attached to the substrate, resulting in
liquid bridges remaining on both sides of the walls in the
longitudinal direction. As a consequence, nanomaterial-loaded
droplets shrink along the longitudinal walls. On the other
hand, liquid bridges form on the top of transverse walls, and
nanoparticles aggregate at the position of liquid bridges.
Accordingly, the transverse path is split by longitudinal walls
(Fig. 2b ii), forming unidirectional circuits (UC), as shown in
Fig. 2c ii. As the pressure increases, the template in two direc-
tions adheres to the substrate. The liquid film is split, and
liquid bridges in two directions are blocked at the same time,
which leads to separated liquid bridges (Fig. 2b iii) and dis-
crete circuits (DC) (Fig. 2c iii). The fabrication of directional
circuits can be realized by the accurate control of the continu-
ity of liquid bridges in multiple directions. Furthermore, iso-
tropic/anisotropic circuits can be obtained on the same tem-
plate through precise control of liquid bridges in the printing
process, benefitting from the flexibility of the template-
assisted printing method.

In order to describe the printing process of anisotropic cir-
cuits, in situ fluorescent microscope observation is carried out
(Fig. 2d). At first, the liquid film is filled in the template-
assisted printing system. As the solvent evaporates, liquid

Fig. 1 Printing isotropic/anisotropic structures with the designed tem-
plate. (a) Schematic illustration of patterning micro/nanostructures by
the template-assisted printing strategy. Crossbar liquid bridges can be
formed under the guidance of the grid-shaped template. (b) 3D contour
graphs of groove-shaped silicon wafer and replicated grid-shaped tem-
plate. The heights of transverse and longitudinal walls are 17.76 μm and
14.52 μm, respectively. (c) Fluorescent microscopy images of printing
isotropic/anisotropic paths. (i) Crossbar path arrays; (ii) unidirectional
path arrays; (iii) closed-loop arrays. Scale bar: 40 μm.

Fig. 2 Controllable template-assisted printing process and printed iso-
tropic/anisotropic structures. (a) The printing system, including the gap
between the template and the substrate, and the filling state of the
liquid, is affected by the attached pressure. (b) Three types of liquid
bridges induced by the pressure of the printing system. (i) Crossbar
liquid bridges; (ii) unidirectional liquid bridges; (iii) discrete liquid
bridges. Continuous and separate liquid bridges lead the nanomaterials
assembling on the top and sides of the template, respectively. (c)
Optical images of the three types of circuits. (i) Crossbar circuits (CC); (ii)
unidirectional circuits (UC); (iii) discrete circuits (DC). Scale bar: 40 μm.
(d) In situ fluorescent microscopy observation of flow behavior in the
UC printing process. Scale bar: 100 μm.
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shrinks on the sides of longitudinal walls and anchors on the
top of transverse walls. Longitudinal liquid bridges remain
continuous, while transverse liquid bridges are divided by
longitudinal walls. Then, unidirectional paths are formed. By
manipulating liquid bridges under the designed template and
controllable gap, isotropic/anisotropic circuits are fabricated
in a simplified step. This manufacturing methodology pro-
vides an effective way to pattern diverse architectures without
complicated fabrication.

In the printing system, there are two main factors that influ-
ence the final structures. The concentration of the Ag NP ink
affects the quality of the wires in the circuits. On the other
hand, the pressure applied to the printing system regulates
liquid bridges, which determines the circuit configuration. To
obtain the desired circuits, precise control is investigated by
adjusting the concentration of Ag NPs and the applied
pressure (Fig. 3a). The width and continuity of printed lines
can be tuned by the concentration of Ag NPs. As the concen-
tration of Ag NPs increases from 5 mg mL−1 to 60 mg mL−1,
the width of printed lines can be manipulated from 650 nm to
2 μm (Fig. S5†). A high concentration solution prevents the
liquid from being extruded and maintains the gap. Therefore,
continuous liquid bridges tend to fabricate continuous lines.
When the concentration of the Ag NP ink decreases, the gap is
more easily eliminated, and the printed lines are more likely to
be discrete. In addition, the micro-scale gap between the tem-
plate and the substrate is affected by the applied pressure
directly. Continuous liquid bridges in two directions are
formed under a low pressure. As a consequence, Ag NPs tend

to congregate in CC. When the applied pressure increases,
longitudinal walls adhere to the substrate and squeeze out the
liquid, resulting in the formation of discrete transverse liquid
bridges and continuous longitudinal liquid bridges. This leads
to the fabrication of UC. Perfect UC can be obtained at
20–40 mg mL−1 of Ag NPs with an applied pressure of 1–3 kPa.
When the applied pressure is high (>3 kPa), the template is
attached to the substrate, leaving split liquid bridges in both
transverse and longitudinal directions. The pattern of DC can
be obtained in this situation. Fig. 3b shows magnified SEM
images of CC, UC, and DC. Applied pressure not only deter-
mines the continuity of liquid bridges, but also affects the
location of liquid bridges and the configuration of printed
lines. The Ag NP ink can be filled into the gap between the
template and the substrate and assembled on the top of the
template under the applied pressure of less than 1 kPa.
Therefore, the side view of the printed line is an isosceles tri-
angle (Fig. 3c). With an increased applied pressure, the Ag NP
ink is squeezed and tends to gather on the sides of the tem-
plate, forming an inclined triangle instead (Fig. 3d). Ag NPs
are packed tightly regardless of the position of the assembled
nanoparticles. The silver lines in both CC and UC exhibit satis-
fying electrical conductivity of 1.6 × 10−7 Ω m and 1.3 × 10−7 Ω
m after being sintered at 200 °C for 1 h (Fig. 3e).

Diverse architectures with directional configurations can be
adapted to interconnect micro-electrical circuits to achieve iso-
tropic/anisotropic conductivity. The longitudinal and trans-
verse conductivity of the isotropic/anisotropic networks is
characterized. When the applied voltage is 0.05 V, CC exhibits
superb conductivity in both transverse and longitudinal direc-
tions (the corresponding current is 6.30 × 10−3 A). DC is non-
conductive in two directions (the corresponding current is 3.48
× 10−15 A). UC is conductive in the longitudinal direction (the
corresponding current is 7.84 × 10−3 A) and non-conductive in
the transverse direction (the corresponding current is 1.35 ×
10−14 A) (Fig. 4a). The on/off ratio reaches up to 1011, benefit-
ing from the anisotropic structure. The printed silver lines
exhibit uniform resistance and line width, which is significant
for stable performance in circuits (Fig. 4b). The fabricated CC,
UC, and DC meet the demand for direct integration of minia-
turized devices in micro-scale circuits. To demonstrate the
electrical performance of isotropic/anisotropic networks in
light-emitting diode (LED) circuits, four electrode interfaces
(A–D) are loaded.

The circuits exhibit different conducting states when
accessed to different electrodes of UC on the circuit networks
(Fig. 4c). When UC is connected by electrode A and electrode C
in the longitudinal direction, the printed circuit is conductive,
and the LED is on (Fig. 4d i). When UC is accessed to electro-
des B and electrode D (or electrode A and electrode B), the
device serves as the breaker, and the LED goes off (Fig. 4d ii
and iii). When CC is accessed to electrode A and electrode C,
electrode B and electrode D, or electrode A and electrode B,
the LED is on for its continuous printed networks in two direc-
tions (Fig. S6†). DC is non-conductive when accessed in cir-
cuits with any electrodes because the device with discrete lines

Fig. 3 Precise fabrication and characteristics of the isotropic/aniso-
tropic structures. (a) The final structure plot of the isotropic/anisotropic
structure is the function of the concentration of Ag NPs and applied
pressure. Perfect UC circuits can be obtained at 20–40 mg mL−1 with an
applied pressure of 1–3 kPa. Scale bar: 40 μm. (b) Magnified scanning
electron microscope (SEM) images of the CC, UC, and DC in (a). Scale
bar: 10 μm. (c) Schematic and SEM images of assembled Ag NPs on the
top of the template under no pressure. Scale bar: 1 μm. (d) Schematic
and SEM images of assembled Ag NPs on the sides of the template.
Scale bar: 1 μm. (e) The conductivity of conducting units of CC and UC.
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acts as the breaker and the LED is off (Fig. S7†). The distinctive
electrical properties of isotropic/anisotropic circuits suggest
great potential as electrical components.

Conclusions

In summary, we demonstrate a template-assisted printing
strategy to fabricate isotropic/anisotropic networks with multi
electrical properties. Guided by the grid-shaped template, iso-
tropic/anisotropic paths are achieved. Owing to the height
difference between longitudinal walls and transverse walls in
the template, liquid bridges exhibit adjustable continuity in
two directions. The Ag NPs loaded liquid flow can be precisely
regulated both in the transverse and longitudinal directions.
Under specific applied pressure in the printing process, three
types of circuit arrays, including CC, UC, and DC, are success-
fully prepared. The printed isotropic/anisotropic networks
exhibit diverse electrical characteristics in different directions.
A remarkable anisotropy resistance ratio of over 1011 is
achieved, realizing effective control of the LED display. This
template-assisted printing strategy enables a feasible and flex-
ible strategy for manufacturing isotropic/anisotropic circuits,
rendering promising applications for integrated electrical
systems in miniaturized devices.
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