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Abstract

In this study, metallic nanowires (M-NWs) such as silver nanowires (AgNWs) and copper
nanowires (CuNWs) were welded only at junctions resistively by a novel method using an
indirect Eddy current through an inductive power transfer. By applying an inductive power of
45 kHz alternating current power indirectly for 6 s to the M-NW network deposited on polymer
substrates, a decrease of sheet resistance up to ∼67.9% for AgNWs and ∼49.9% for CuNWs
could be obtained without changing the optical transmittance. For AgNWs, after the welding a
decrease of surface roughness could also be observed from 44.5 nm to 26.3 nm, which is similar
to the height of a single layer AgNW (22.2 nm) for a bilayer junction. For AgNWs coated on a
transparent ﬂexible substrate, after the cyclic bending of 10 000 times, no change of resistance
(ΔR/R0) of the AgNWs after the welding was observed and the welded AgNWs were not easily
peeled off from the substrate. It is believed that this novel welding method can be applied not
only to all kinds of M-NWs on various ﬂexible low-temperature polymer substrates, but also to
large areas at a short time and at low cost.
Supplementary material for this article is available online
Keywords: nanowire, nanowelding, Eddy current, inductive coil system
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transparency to ITO but also are highly ﬂexible, low cost, and
solution-processible [13, 22–28]. However, despite all the
advantages of M-NW electrodes, there are some issues to be
resolved; one of these is the surface roughness. For the
M-NW connection, junctions are required, where several
nanowires (NWs) are stacked on top of one another. The
inherently rough surfaces of the NW networks caused by the
NW thickness itself at the junctions can cause increased
haziness in addition to high surface roughness. Other
important issues include the lack of long-term stability and
the low adhesion to the substrate due to weak adhesive forces
between the substrate and NWs. These problems such as high
haziness, high surface roughness, lack of long-term stability,
and low adhesion can be partially removed by welding processes such as thermal [19, 29–31], mechanical [32–34],

1. Introduction
The most commonly used transparent conductor is indium tin
oxide (ITO). However, ITO is not suitable for next-generation
ﬂexible electronic devices due to its brittleness and the scarcity of indium, and also the requirement of high-temperature
annealing after vacuum deposition [1, 2]. Therefore, various
alternative conducting materials to ITO such as carbon
nanotubes [3, 4], graphene [2, 5, 6], conducting polymers
[7, 8], and metallic nanowires (M-NWs) [9–12] have been
extensively investigated. Among these, M-NWs such as silver
nanowires (AgNWs) and copper nanowires (CuNWs) have
been identiﬁed as leading alternatives because they have the
lowest sheet resistance at a given transparency [10, 13–21].
M-NWs can not only provide a similar sheet resistance and
0957-4484/19/065708+10$33.00
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electrical [35–37], plasmonic [14, 38–40], and electrochemical treatment [41–44], or through integration with other
materials [45–48]. Recently, the wet welding method utilizing
moisture was also introduced [49]. While these welding
methods have their own advantages, they tend to be difﬁcult
to apply to low-temperature polymer substrates; in addition,
the substrate and the active layers on the substrate can be
physically damaged. Furthermore, they can require several
steps including the application of chemicals, washing, drying,
etc. It is reported that electrical and plasmonic methods can
provide heating of the NW junction only; these methods are
therefore useful for NW welding without physically/chemically affecting the substrates and without decreasing the
optical transmittance [14, 35–40, 50].
To ﬂow electrical current into the M-NWs without
touching the NWs, a welding process using an indirect Eddy
current method is herein introduced. The indirect Eddy current method is a simple method of fusing M-NW junctions
only resistively using an Eddy current ﬂow induced by
inductive power. Generally, heating by induction is clean,
efﬁcient, cost-effective, and a repeatable method of materials
heating available in industry [51]. Similar to previously
investigated plasmonic and electrical methods, this nanowelding method accomplished the welding without decreasing the optical transmittance, without increasing the substrate
temperature, without deforming the wire structure, and most
particularly, did this in a very short welding time (within
seconds). It is believed that this approach has the potential to
be applied to all M-NWs including AgNWs and CuNWs on a
large scale substrate efﬁciently.

Figure 1. (a) Spray coating with a heated X-Y stage used in the

experiment for uniform coating of M-NWs. (b) Schematic illustration of coil heating and generation of Eddy current on the substrate.

The CuNW ﬁlms were also fabricated on various substrates
with its initial sheet resistance of 150 Ω/sq.
2.3. Welding

The M-NW coated substrates were welded by inductive
heating as shown in ﬁgure 1(b) and the welding was carried
out in a nitrogen atmosphere to prevent the oxidation of
M-NWs. The components of the welding system used in this
study consisted of a high-frequency power supply, a seventurn inductive coil, and a welding chamber with the coil
connected. The frequency of the inductive welding system
used in the experiment was 45 kHz, and the inductive coil
diameter/thickness were 45 mm/5 mm. The distance between
the inductive coil and the substrates was kept at 2.5 cm. For
the welding, the inductive power (current condition;
5∼25 A) and the welding time (from 1 to 10 s) were varied
to observe the resistance change of the M-NW ﬁlm.

2. Experimental
2.1. NW

Commercially available AgNWs (NANOPYXIS, with a
length of 22±5 um and diameter of 25±3 nm) and
CuNWs (Novarials, with a length of 50–200 um and diameter
of 50–100 nm) were used in this experiment. These AgNWs
and CuNWs were then diluted with 10 ml of isopropyl alcohol (IPA) to 0.05 wt% to form M-NW solutions.

2.4. Characterization

Welding characteristics of the M-NWs were observed using
ﬁeld emission scanning electron microscopy (FE-SEM;
Hitachi S-4700). The changes of the NW morphology were
observed using atomic force microscopy (AFM; INOVA).
Optical transmittance was observed using optical micrographs
and was measured using ultraviolet-visible spectroscopy (UV3600; Shimadzu). The sheet resistance was measured using a
four-point probe method (Keithley 2000; Keithley). The
mechanical integrity of the M-NW ﬁlm on the substrate was
measured using a lab-made bending test system bended to a
radius of curvature of 5 mm. The degree of adhesion strength
of the M-NW ﬁlm on substrates was roughly estimated using
the peel-off method using a 3 M tape. The composition of
CuNWs after the long welding was analyzed using energy
dispersive spectroscopy (EDS; HORIBA EMAX-250) to
investigate the possible oxidation of the CuNWs’ surface
during the welding.

2.2. Fabrication

A variety of substrates including a glass substrate, PEN
(polyethylene naphthalate) substrate, etc. were used to spray
M-NWs; before spraying the M-NW solution, the substrates
were cleaned in acetone, alcohol, and deionized water (DIW)
by sonication. M-NWs were spray coated using a spray
equipment (air spray gun; SPAR GP-35) capable of uniform
coating M-NWs by using a heated X-Y stage as shown in
ﬁgure 1(a). The M-NW solution was sprayed with 15 psi of
N2 gas while heating the stage to about 50 °C in order to
easily remove the solvent. Through the coating, a uniform
NW ﬁlm was obtained and, for AgNW ﬁlms, an initial sheet
resistance of 100 Ω/sq was obtained on various substrates.
2
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Figure 2. (a) Change of AgNW sheet resistance measured as a function of the inductive coil current while keeping the welding time at 5 s.

(b) Change of sheet resistance measured as a function of the welding time while keeping the inductive heating current at 10 A. (c) Change of
sheet resistance for different substrates such as PEN, PI, and PDMS while keeping the inductive heating current at 10 A. (d) An image of
welded AgNWs on the PEN substrate and the AgNW solution used in the experiment.

3. Results and discussion

current loops on the surface). In the case of M-NWs, as
shown in ﬁgure 1(b), the Eddy current ﬂows to the NW
network and a hot spot is generated at the NW junctions due
to the high resistance at the NW junction and the NW junctions are melted locally without heating the rest of the NW
areas (a more detailed ﬁgure on the Joule heating at the NW
junction by the induced Eddy current is shown in ﬁgure S1 of
the supporting information, which is available online at
stacks.iop.org/NANO/30/065708/mmedia).

3.1. Welding of M-NWs by the Eddy current method

M-NWs were spin-coated on various substrates and the
induction coil was located 2.5 cm above the M-NW coated
substrate, as shown in ﬁgure 1(a). The induction frequency
used in the experiment was 45 kHz (generally in the range of
7∼500 kHz and the induction heating was generally used
for heat treatment, brazing, and melting of metals [52]) and
the current to the induction coil was varied from 0 to 50 A.
As shown in ﬁgure 1(a), when a radio frequency (RF)
power is delivered to the induction coil, an alternating
magnetic ﬁeld is generated and, as the alternating magnetic
ﬁeld propagates through conductive materials, an Eddy current is generated within the thin skin depth of the materials,
which induces Joule heating [51–57] (generally, ‘Eddy current’ refers to the multiple current loops induced on the solid/
bulk conductor surface perpendicular to the alternating
magnetic ﬁeld, while for a current induced on a coil-like loop,
it is just referred to as ‘induced current’. In the case of a
AgNW network, even though the NWs form a coil-like loop,
they also form a sheet of conductor as a network on the
substrate surface; therefore, the current induced on the AgNW
is closer to an ‘Eddy current’ which forms multiple induced

3.2. Welding of AgNWs

With the AgNWs sprayed on the glass substrate to have an
initial sheet resistance of ∼100 Ω/sq, the AgNWs were
welded by the Eddy current method using induction heating
while varying the induction coil current (0∼25 A) and
welding time (1∼10 s). The resistances of the M-NWs before
and after the welding were measured by a four-point probe.
Figure 2(a) shows the change of AgNW sheet resistance
measured as a function of the inductive coil current while
keeping the welding time at 5 s. As shown, with the increase
of the coil current from 0 to 10 A, the sheet resistance was
decreased signiﬁcantly, and the change of sheet resistance
(ΔR/R0) was ∼31.2% at 5 A and ∼67.96% (which changes
from 106.64 to ∼34.16 Ω/sq) at 10 A. The further increase of
3
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Figure 3. FE-SEM images of AgNWs (a) before welding and after welding with (b) 5 A, (c) 10 A, and (d) 25 A for 6 s.

welding time among the AgNW welding methods which
obtained an optical transmittance higher than 90% and sheet
resistance lower than 40 Ohm/sq, as shown in table S1 of the
supporting information.
To understand the change of sheet resistance observed in
ﬁgure 2, the AgNW networks before and after welding were
observed using FE-SEM for the condition shown in
ﬁgure 2(b). A SEM image of the AgNW contacts before the
welding treatment is shown in ﬁgure 3(a), and a sharp interface between the two top and bottom NWs in contact (NW
junction) is clearly visible. Figures 3(b)–(d) show SEM
images of the AgNWs after the welding treatment for 6 s with
different inductive coil currents of 5, 10, and 25 A respectively. As shown in ﬁgures 3(b) and (c), as the inductive coil
current is increased to 5 and 10 A, the NW junction part was
fused further. In order to conﬁrm that the NW junction of the
AgNW is clearly fused, a transmission electron microscope
measurement was performed. As can be seen from the supporting information in ﬁgure S2, the junction was reliably
welded.
However, as shown in ﬁgure 3(d), when the inductive
heating current was increased further to 25 A, the AgNW
junction morphologies remained similar to those seen at 10 A,
indicating the stabilization of the AgNW junction. The Eddy
current method generates heat mostly at the junction part of a
NW network by forming a hot spot at the junction; this is due
to the highest resistance being found at the junction. Therefore, after the complete welding of the junction, no further

inductive coil current to 25 A did not much change the sheet
resistance. While keeping the inductive coil current at 10 A,
the welding time was increased from 1 to 10 s and the change
of sheet resistance (ΔR/R0) was measured as a function of
the welding time; the results are shown in ﬁgure 2(b). The
sheet resistance was decreased with the increase of the
welding time up to ∼6 s but the further increase of welding
time to 10 s did not change the resistance. At 6 s of welding
time, the change of sheet resistance was the lowest at
∼67.75% (the sheet resistance changed from 109.12 to
35.2 Ω/sq). In ﬁgure 2(c), the AgNWs were sprayed on
various substrates such as PEN, PI (polyimide), and PDMS
(polydimethylsiloxane) in addition to the glass substrate, and
the change of sheet resistance was measured as a function of
welding time for the welding condition outlined in ﬁgure 2(b).
As shown in ﬁgure 2(c), the change of sheet resistance for
different substrates such as PEN, PI, and PDMS was similar
to that for the glass substrate and the sheet resistance at ∼5 s
showed a 60%∼64% decrease from the un-welded AgNWs
regardless of the substrates. Therefore, by using the Eddy
current method, the welding of AgNWs could be achieved
regardless of substrates (in case the substrate is an insulator
which does not induce an Eddy current). Figure 2(d) shows
the image of welded AgNWs on the PEN substrate using the
AgNW solution in the inset. Therefore, the AgNW network
with an optical transmittance higher than 90% and sheet
resistance lower than 40 Ω/sq could be obtained by welding
for 6 s using the Eddy current method; this is the shortest
4
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Figure 4. (a) Optical transmittance of the glass substrate coated with AgNWs before and after the welding at the optimized condition (10 A,

6 s). (b) Optical transmittance of the glass substrate coated with AgNWs after the welding from 4 to 10 min which is 100 times longer than
the optimized welding time.

Figure 5. AFM 2D surface roughness of the AgNW junction (a) before and (b) after welding at the optimized condition (10 A and 6 s).

(c) Line scan data of the single AgNW and the AgNW junction before and after the welding.

almost no change in the optical transmittance (at 550 nm, the
optical transmittance was 91.09% before the welding while
that after the welding was 91.09%) was observed. When the
welding time was signiﬁcantly increased to 10 min which is
100 times longer than the optimized welding time at 10 A of
the inductive heating current, as shown in ﬁgure 4(b), no
change of optical transmittance was observed.
The surface roughness of the AgNW before and after
welding at the optimized condition (10 A and 6 s) was
investigated using AFM and the results are shown in
ﬁgures 5(a) and (b) for the area scan data of the AgNW before

deformation of the AgNW junction was observed for the
higher inductive heating current (up to 25 A at 6 s) or for a
longer welding time (up to 10 min at 10 A) than the optimized
welding condition (10 A and 6 s) due to the removal of the hot
spot at the junction. Therefore, it is found that if the inductive
coil current is not too high, complete fusion of a AgNW
junction can be achieved on a large current window and wide
welding time window.
Figure 4(a) shows the optical transmittance of the glass
substrate coated with AgNWs before and after the welding at
the optimized condition (10 A, 6 s). As shown in ﬁgure 4(a),
5
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Figure 6. (a) Change of sheet resistance of the AgNWs on PEN substrates before and after welding measured as a function of bending cycles.

The inset is a photograph of the bending test used in the experiment and, as shown, the bending radius of the ﬂexible substrate was decreased
to 5 mm and the bending test was carried out up to 10 000 cycles. (b) Change of the sheet resistance of the AgNWs on glass substrates after
peeling off with a 3 M tape on the AgNW ﬁlm up to ﬁve times. (c) Optical micrographs of the AgNWs coated on the glass substrates after
peeling off AgNW before and after welding with 3 M tape, respectively. After welding, the adhesion of AgNWs to the substrate was
signiﬁcantly improved.

and after the welding, respectively, and in ﬁgure 5(c) for line
scan data of the single AgNW and the AgNW junction before
and after the welding. As shown in ﬁgures 5(a) and (b), after
the welding, the surface roughness was decreased due to the
fusion of two AgNWs at the junction. As shown in
ﬁgure 5(c), before the welding, the height of the AgNW
junction was ∼44.5 nm while the height of the single AgNW
was ∼22.2 nm. Therefore, before the welding, a single
AgNW was physically resting on the top of another single
AgNW at the AgNW junction. However, after the welding,
the height of the AgNW junction decreased to ∼26.3 nm
indicating almost complete fusing of two AgNWs at the
junction, as shown in ﬁgure 3(d). Therefore, after the welding,
the surface roughness of the AgNW network was signiﬁcantly
decreased.
For the application of AgNWs as electrodes for various
devices including ﬂexible devices, the durability of the
AgNW electrodes coated on the substrates was investigated
by performing a bending test and peeling test. The resistances
of AgNWs before and after welding were 104 Ω/sq and
40.7 Ω/sq, respectively. For the bending test before and after
the welding, a AgNW spray coated on a 70 mm×15 mm
PEN substrate was used. Figure 6(a) shows the change of
sheet resistance of the PEN substrate with the AgNWs before
and after the welding measured as a function of bending

cycles, and the inset image shows a photograph of the
bending test used in the experiment; as shown, the bending
radius of the ﬂexible substrate was decreased to 5 mm and the
bending test was carried out up to 10 000 cycles. As shown in
ﬁgure 6(a), the resistance of the PEN substrate with AgNW
before the welding increased with increasing bending cycles
and showed a ∼1418% increase after 10 000 cycles, possibly
due to the separation of the junction during the bending.
However, in the case of the substrate with AgNW after the
welding (a ∼0.94% increase after 10 000 cycles, as shown in
ﬁgure S3(a) of the supporting information), the resistance
remained similar even after 10 000 cycles of bending; this
was due to the nonseparation of the junction by the bending
test because it was completely fused.
The adhesion force of the AgNWs to the substrate was
roughly investigated by a peel test using 3 M scotch tape. The
AgNW spray coated on the glass substrate before and after
the welding was taped with the 3 M tape and the change of the
sheet resistance of the AgNW after peel off with the 3 M tape
on AgNW ﬁlm up to ﬁve times was measured and the results
are shown in ﬁgure 6(b). To measure the change of resistance
more accurately and to observe the AgNW on the substrate after
the peel-off test more clearly, the AgNWs with the lower sheet
resistance of ∼60 Ω/sq before the welding and ∼20 Ω/sq after
the welding were used. As shown in ﬁgure 6(b), the sheet
6
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Figure 7. Change of sheet resistance of CuNWs with increasing (a) the inductive heating current (at 5 s) and (b) the welding time (at 15 A).

(c) Optical transmittance of CuNW coated glass substrate before and after welding for an optimized condition of CuNW welding (15 A, 6 s).
(d) An image of welded CuNWs on a PEN substrate and the CuNW solution used in the experiment.

resistance of the AgNW coated on the glass substrate before the
welding was increased signiﬁcantly with increasing the number
of peel-off cycles by showing ∼104 times increase of sheet
resistance after four cycles of peel-off test and no resistance was
measured when proceeding with the peel-off test ﬁve times.
It is possibly due to the no adhesion force between separate
AgNWs on the substrate. However, in the case of the AgNW
after the welding, the sheet resistance was increased slowly
by showing a ∼2.8 times increase after ﬁve cycles of the
peel-off test (ﬁgure S3(b) shows the detailed resistance
change for welded AgNWs) possibly due to the connection
of separate AgNWs by fusion at the junction. Figure 6(c)
shows optical micrographs of the AgNWs coated on the
glass substrates after the ﬁrst cycle peeling off AgNW before
and after welding with the 3 M tape. As shown, for the
AgNW before the welding, the AgNWs were removed from
the substrate with the tape while for the AgNW after the
welding, no signiﬁcant removal of AgNW from the substrate
could be observed. The improvement of mechanical durability during the bending, peeling, and adhesion tests
observed in our experiment after the welding are related to
the enhanced binding of AgNW with the substrates in
addition to complete binding of AgNW junctions [9, 24, 33,
44, 50].

3.3. Welding of CuNWs

Welding using the Eddy current method can be applied not
only to AgNWs but also other M-NWs. To investigate the
possibility of welding other M-NWs by the Eddy current
method, CuNWs which are more easily oxidized and thicker
than AgNW were also welded by the Eddy current method.
The CuNWs were coated on the glass substrate and the initial
sheet resistance of the CuNWs coated on the glass substrate
before the welding was maintained at 150 Ω/sq. Figures 7(a)
and (b) show the change of sheet resistance of CuNWs with
increasing the inductive coil current (at 5 s) and the welding
time (at 15 A), respectively. As shown in ﬁgure 7(a), when
the inductive coil current was increased while keeping the
welding time at 5 s, the sheet resistance of CuNW deposited
on the glass substrate was decreased with increasing the
current up to 15 A from ∼150 Ω/sq to ∼83.2 Ω/sq (ΔR/
Ro∼45.25%) and the sheet resistance remained similar up to
20 A. However, when the inductive coil current was further
increased to 25 A, the sheet resistance was increased. The
welding time was varied while keeping the inductive coil
current at 15 A, and as shown in ﬁgure 7(b), the sheet
resistance was decreased until 6 s from ∼150 Ω/sq to
∼76.1 Ω/sq (ΔR/Ro∼49.9%) and the further increase of
welding time did not change the sheet resistance until 10 s. The
7
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Figure 8. SEM images of the CuNW contacts (a) before the welding treatment and (b) after the welding treatment for 10 A, (c) 15 A, and

(d) 25 A for 5 s. The inset image in (d) shows the junction area for (d).

optical transmittance of the CuNW coated glass substrate before
and after welding for an optimized condition of CuNW welding
(15 A, 6 s) was investigated and the results are shown in
ﬁgure 7(c). As shown, after the welding, no noticeable change
of optical transmittance (from 90.5% before the welding to
90.4% after the welding at 550 nm) could be observed.
Therefore, even though the decreased percentage of the sheet
resistance after the welding was smaller, similar welding characteristics to that of the AgNW could be observed.
Figure 8 shows SEM images of the CuNW junction (a)
before the welding treatment and after the welding treatment
for (b) 10 A, (c) 15 A, and (d) 25 A at 5 s. As shown in
ﬁgure 8(a), before the welding of CuNWs, a sharp interface at
the CuNW junction is seen. After the welding, the fusion of
CuNWs at the junction is clearly seen, as similar to the
AgNW welding, however, no complete fusion of the junction
—as shown in ﬁgure 3(c)—could be observed. The smaller
decrease of sheet resistance after the welding for the CuNW
compared to AgNW (∼67.96% for AgNWs versus ∼49.9%
for CuNWs) appears to be related to the less complete fusion
of the CuNW junction due to the oxidized CuNW surface
before the welding and the oxidation of the CuNW surface
during the welding, possibly due to some oxygen partial
pressure in the N2 environment (our N2 environment of the
welding chamber is similar to the N2 glove box, so some
oxygen partial pressure exists in the system). For the inductive coil current of 25 A, the CuNW junction was ﬁnally

disconnected, possibly due to the oxidation of the junction as
shown in the inset (after the welding at 25 A for 5 s, some
junction areas showed the oxidized junction, as shown in the
inset; the oxidation of the CuNW junction for the welding
condition of 25 A for 5 s could be identiﬁed by analyzing the
composition of the CuNW junction before and after the
welding at 25 A for 5 s, as shown in ﬁgure S4(a) (CuNWs
typically oxidized as in the SEM image of ﬁgure S4(b).) Even
though a nitrogen environment was used, the CuNW junctions were oxidized by residual oxygen due to the rapid
oxidation characteristics of CuNWs [15, 16, 58, 59]). Even
though the operating windows for the welding condition are
smaller than AgNW welding, the welding of the CuNW
junction without decreasing the optical transmittance could be
observed by using the Eddy current method similar to AgNW
welding.

4. Conclusions
A novel welding method for M-NWs—which are widely
investigated as next-generation transparent and ﬂexible conductive electrodes—using an indirect Eddy current through an
inductive heating power has been investigated, and the effect
of welding by the Eddy current method on the sheet resistance, surface roughness, and optical transmittance was
investigated for M-NWs such as AgNWs and CuNWs. The
8
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copper nanowire transparent conductive electrodes and their
uses for touch screen applications ACS Appl. Mater.
Interfaces 8 13009–17
[23] Zhong Z, Lee H, Kang D, Kwon S, Choi Y-M, Kim I,
Kim K-Y, Lee Y, Woo K and Moon J 2016 Continuous
patterning of copper nanowire-based transparent conducting
electrodes for use in ﬂexible electronic applications ACS
Nano 10 7847–54

welding using the Eddy current generates hot spots only at
the M-NW junctions due to the higher contact resistance at
the junction compared to the M-NW itself, therefore, only the
M-NW junctions can be welded without heating the M-NW
itself and the dielectric substrates such as polymer substrates
and glass substrates. The results showed that through welding
by the Eddy current method, a sheet resistance decrease
of ∼67.96% for AgNWs and ∼49.9% for CuNWs could be
observed without changing the optical transmittance and
without heating the dielectric substrates. In the case of AgNWs,
due to the complete fusion at the junction, the surface roughness of the AgNW junction made of two AgNWs (44.5 nm)
was decreased similarly to that of a single AgNW (22.2 nm)
after the welding (26.3 nm), therefore the surface roughness
was signiﬁcantly reduced by the welding. Because it is easy to
increase the induction heating power and the size of the system
for the generation of an Eddy current on a large scale, it is
believed that this novel welding method can be applied not
only to all kinds of M-NWs on various ﬂexible low-temperature polymer substrates but also to a large area at a short time
and at low cost.
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