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A schematic of supersonic spraying of a 
silver nanowire (AgNW) film is shown. 
AgNWs are shown in an optical micro
scope image. Superdeposited nano
wires with a junction are highlighted as 
a scanning electron microscopy (SEM) 
image.
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that increase conductivity also interact 
with light and reduce transmittance, Rs 
and T are highly correlated. Conducting 
materials, such as carbon nanotubes 
(CNTs),[3,9,10] graphene,[4,11–13] metal 
nanofibers,[14–17] and conducting poly-
mers,[18] that provide low Rs also reduce T.

Currently, indium tin oxide (ITO) is 
the most widely used material in TCFs. It 
combines reasonably high performance 
(i.e., relatively low sheet resistance and 
high transmittance) with good chemical 
and mechanical stability. However, the 
inherent brittleness of ITO makes it inap-
propriate for use in flexible and stretch-
able electronics. Moreover, the cost and 

supply of raw materials for ITO are unstable. This volatility 
inflicts a financial risk and burden on manufacturers that are 
reliant on ITO.[19]

To circumvent the shortcomings of ITO, nanomaterials 
such as CNTs, graphene, and metal nanowires have been 
suggested as alternative TCF materials in flexible electronics.  
1D nanomaterials (CNTs and metal nanowires) can form a mesh-
like structure with high transparency. The nanoscale diameter 
of these materials alters their interaction with light, improving 
transparency, and allowing mesh-like films to have quasiuni-
form conductivity at the microscale and above. High theoretical 
values notwithstanding, the electrical conductivities of CNTs 
and graphene films are generally much lower than those of 
metal (copper or silver) nanowires (NWs). The performance of  
metal NW films is generally limited by high contact resistance 
between overlapping NWs (junction resistance). Fusion pro-
cesses, such as pressing and annealing, have been applied to 
reduce junction resistance.[20] However, pressing often inflicts 
mechanical damage on the films. Annealing is limited by the 
thermal stability of the flexible substrate, seriously limiting its 
applicability in flexible electronics. Thus, an alternative route to 
fuse junctions of such NWs without sacrificing TCF quality or 
constraining the choice of substrates remains urgently needed.

In general, achieving visible light transmittance >90% along 
with sheet resistance below 10 Ω sq−1 using silver nanowires 
has been exceedingly difficult because the percolating network 
that provides low resistance reduces transmittance.[21] The con-
tact resistance at the NW junctions contributes significantly to 
the overall sheet resistance, increasing the density of the net-
work of NWs required to achieve a desired low value of Rs. 
Hsu et al.[22] combined copper microfibers with silver NWs to 
achieve transmittance >90% and sheet resistance <1 Ω sq−1. 
In that case, high performance resulted from facile electron 
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1. Introduction

Transparent conducting films (TCFs) have become ubiqui-
tous in optoelectronic devices, including light-emitting diodes 
(LEDs),[1] organic LEDs,[2] displays,[3] touch screens,[4] solar 
cells,[5] smart windows,[6] and interactive electronics.[7,8] An 
inherent challenge in developing high-performance TCFs 
arises from the incompatibility of high transmittance (T) and 
low sheet resistance (Rs). Because the same free charge carriers 
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transport through the microscopic copper fibers, which yielded 
low overall sheet resistance with relatively sparse coverage of 
silver nanowires and copper microfibers. One drawback of this 
approach might be the multiple steps required for coupling 
silver nanowires and copper microfibers, not to mention the 
vacuum deposition processes used as the intermediate steps. 
An et al.[23] also used copper microfibers and achieved trans-
mittance >97% and sheet resistance <0.42 Ω sq−1, but have not 
demonstrated large-scale production of the transparent con-
ducting film. For large-scale practical industrial applications, 
a simple nonvacuum one-step deposition method would be 
preferable. Moreover, an optimal process would not require any 
postannealing or pressing process that can damage the film or 
substrate.[24]

Here, we show that supersonically sprayed silver nanowires 
can be deposited on flexible substrates at large-scale (here, 36.3 cm  
long diagonally on a flat substrate or a few meters long on a 
roll-to-roll film) to form a high performance TCF. Silver nanow-
ires are sprayed at a supersonic speed, and their kinetic energy 
is converted on impact into thermal energy that allows fusion of 
the NWs to reduce or eliminate junction resistance. This reduc-
tion of junction resistance allows the relationship between light 
transmittance and sheet resistance to remain linear at high 
transparency. In most TCFs, the sheet resistance is high at 
high transparency (T), especially for T > 90%, at which point 
the linear relationship between the sheet resistance and trans-
parency is distorted and becomes highly nonlinear. However, in 
our self-fused silver NW films, the linear relation between the 
sheet resistance and transparency is maintained up to T = 97%. 
Moreover, this excellent performance persists over numerous 
bending and stretching cycles.

2. Results and Discussions

Figure 1 illustrates the overall process for producing the silver 
nanowire (AgNW) films. An AgNW dispersion was supplied 
to the supersonic nozzle, and solvent was evaporated during 

flight. Binder-free sparse AgNW films were thus coated on var-
ious substrates; see Figure S1 in the Supporting Information. 
The diameter of the AgNW used here was 20 nm, which is sig-
nificantly smaller than wavelengths of visible light. Use of deep 
subwavelength structures minimizes light scattering that could 
lead to haziness as well as reduced transmittance.[25,26]

Figure 2a shows a full-scale flexible substrate coated with 
AgNWs in 30 s using a single nozzle. The sample size reveals 
the great potential of the proposed method in terms of manu-
facturability. Figure 2b provides an optical microscope image 
(Nikon, Metaphot, Japan) of the coating, showing that it is 
uniform over the entire field of view. The surface elevations 
measured using atomic force microscopy (AFM, XE-100, Park 
systems, Korea) are depicted in Figure 2c. The surface eleva-
tions are in the range 0–40 nm, with maximum values at points 
where multiple silver nanowires overlap. Figure 2d presents 
an scanning electron microscopy (SEM) image of the coated 
surface, showing that the AgNWs formed a sparse mesh-like 
monolayer, and the nanowires were fully fused at their junc-
tions. Figure 2e shows the selected area electron diffraction 
(SAED) patterns of two nanowires intersecting each other. 
SAED, which allows resolution of areas of ≈5–10 nm diameter, 
was performed at the six locations marked in Figure 2e. One 
SAED pattern is shown in the inset of Figure 2e, but at all six 
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Figure 1. Schematic of the fabrication process of AgNW films. a) Sche
matic of supersonic spraying of AgNW film. AgNWs are shown in an 
optical microscope image. b) Shock wave patterns in the supersonic jet 
used to spray nanowires. c) Superdeposited nanowires with a junction 
highlighted as an SEM image.

Figure 2. Transparent flexible film of selffused silver nanowires. 
a) Photograph of a largescale AgNWcoated flexible substrate. b) Optical 
microscope image, c) AFM image, d) SEM image of an AgNWcoated 
substrate. The SEM image shows that the coating is a monolayer. 
e) Transmission electron microscopy (TEM) image of two silver nano
wires intersecting each other. Selected area electron diffraction (SAED) was 
performed at six locations marked by numerals 1 to 6. The inset shows 
the SAED pattern from one of these locations. f) The Xray diffraction 
pattern of AgNW collected on glass substrate. The peaks correspond to 
the crystalline planes labeled in the panel.
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locations, the d-spacing of 2.38 Å was con-
sistent with the expected values for Ag (111) 
planes. A global view of the crystal structure 
in the coating is provided by X-ray diffrac-
tion (XRD) of the AgNWs coated on a glass 
substrate (Figure 2f). Peaks at 2θ = 37.66°, 
43.32°, 64.44°,and 77.64° correspond to the 
(111), (200), (220), and (311) planes of the 
face-centered cubic lattice of silver (JCPDS 
No. 03-0931). The average crystal size from 
the XRD data based on the (111), (200), (220), 
(311) planes was 25.4 nm, indicating that 
crystal domain sizes are limited by the wire 
diameter (i.e., a single crystal domain spans 
the width of each wire, as observed in high-
resolution transmission electron microscopy 
(HRTEM)).

Preheating the air entering the supersonic 
de Laval nozzle increases the air jet velocity, 
and thus the nanowire impact velocity, and 
also increases the temperature of the AgNWs. 
Figure 3a–c shows SEM images of the as-
deposited silver nanowires on a flexible sub-
strate at different inlet air temperatures. The 
penetration depth of one silver nanowire 
into another increases with temperature, 
with substantial sintering already achieved 
in the 100–220 °C range (Figure 3a,b). At 
400 °C the silver nanowires can cut through 

one another and separate (Figure 3c), which also increases the 
electrical resistance. Therefore, further experiments were con-
ducted in the 100–300 °C range. Figure 3d–f shows results of 
simulations of the impacting silver nanowires and their fusion 
process upon impact at varying velocities (conducted using 
Ansys Autodyn, Canonsburg, PA, USA). We varied the oper-
ating air pressure and temperature in the range of 1.5–4 bar 
and 25–400 °C, yielding air velocities of 266–677 m s−1 (based 
on isentropic flow calculations). The silver nanowires entrained 
into the moving air stream achieve a velocity 10%–20% lower 
than the air velocity, according to their Stokes number.[27] Thus, 
we have roughly set the low, medium, and high velocity of the 
silver nanowires at 200, 400, and 600 m s−1. Fusion is clearly 
promoted by increasing impact velocity. At the highest impact 
velocity of 600 m s−1, the nanowire underneath the incoming 
nanowire was nearly broken into two parts, consistent with the 
phenomenon observed in Figure 3c.

Figure 4a shows the sheet resistance of supersonically 
sprayed AgNW achieved using different air temperatures at the 
entrance to the de Laval nozzle. The results show that an inlet 
temperature of 220 °C provides the optimum performance, i.e., 
a lower sheet resistance at higher transmittance. The optimal 
performance stems from full NW sintering at junctions, which 
fully eliminates contact resistance (with the sheet resistance 
being in the 3–10 Ω sq−1 range), even though the NW net-
work is very sparse, which allows high light transmittance of 
80%–90%. To the best of our knowledge, these are the lowest 
values of sheet resistance of AgNWs reported at such a high 
transmittance. Figure 4b shows the extent to which the present 
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Figure 3. SEM images and simulations of the AgNWcoated flexible sub
strate for different temperatures of the air entering the supersonic nozzle: 
a) at 100 °C, b) at 220 °C, and c) at 400 °C. Simulation were performed in 
Ansys Autodyn. d–f) Simulation results for silver nanowire impact at the 
indicated impact velocities.

Figure 4. Optical and electrical performance. a) Performance of the supersonically sprayed 
AgNW film on soda lime glass. Transmittance versus sheet resistance achieved at different 
temperatures at the entrance to the de Laval nozzle, with the optimal one being 220 °C. b) Com
parison of the present transmittance with the results from literature.[4,21,33] c) AFM image of two 
intersecting AgNWs. d) Figure of merit achieved at different temperatures at the entrance to the 
de Laval nozzle. All transmittance values are relative to the corresponding uncoated substrate, 
e.g., for an uncoated substrate absolute transmittance of 90%, and coated substrate absolute 
transmittance of 85%, the reported transmittance is 0.85/0.90 = 94.4%.
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result outperforms previously reported TCFs. In previous 
studies using AgNWs with an average length of 2–3 µm, depos-
ited by spin coating and Langmuir–Blodgett techniques, sheet 
resistance of Rs ≈ 103 Ω sq−1 and transmittance T > 80% were 
obtained.[15,28] Films of longer AgNWs of 6–10 µm produced 
using vacuum filtration revealed slightly improved values of 
Rs ≈ 102 Ω sq−1 and T > 92%.[26] TCFs composed of extremely 
long AgNWs (≈95 µm) using successive multistep growth 
yielded Rs ≈ 69 Ω sq−1 and T = 95%.[29] These results suggest 
that increasing AgNW length improves performance of TCFs. 
However, multiple processing steps were required for long 
wire fabrication and deposition, and so far, only spin-coating, 
vacuum filtration (or suction), drop-casting, and doctor blade 
deposition were employed. An additional mechanical pressing 
step following drop-coating was introduced to reduce contact 
resistance at the junctions of the overlapped AgNWs,[30] which 
reduced sheet resistance to Rs ≈ 8.6 Ω sq−1, albeit at a modest 
transmittance of T = 80%. The usage of such restrictive fabrica-
tion methods has limited progress of these AgNW TCFs toward 
commercialization.

In the present case, the high velocity impact of AgNWs on 
one another, driven by the supersonic air jet, produces mutual 
sintering as explained further below. Figure 4c shows direct 
evidence of AgNW sintering. Although the NW diameter 
(height measured by AFM) is ≈20 nm, the junction height 
is only 29 nm, implying partial fusion of the nanowires. In 
prior studies of NW-based TCFs, the NWs were not sintered, 
which resulted in high contact resistance. For example, at 

comparably high transmittance, the sheet 
resistance measured by De et al.[21] and 
Garnett et al.[31] was one to two orders of 
magnitude higher than that reported here. 
Along with reducing junction resistance, 
the present work employs relatively long 
NWs, 10–15 µm in length. The robustness 
of supersonic spraying ensured that such 
relatively long NWs could be sprayed without 
clogging or process interruptions.

The mechanical robustness of the flex-
ible AgNW-coated TCFs formed by super-
sonic spraying is illustrated in Figure 5. 
Figure 5a,b shows severe deformations of 
a sample. Still, the AgNW-coated sample 
retained its conductivity. In Figure 5a,b, a 
series of LED lights are connected across 
the AgNW-coated flexible substrates, which 
were severely folded and wrinkled. Despite 
severe deformation, there was no variation in 
the illumination provided by the LED lights. 
The AgNW-coated samples were compared 
to ITO-coated flexible substrates and spin-
coated AgNW films on a flexible substrate. 
For that, ITO was sputtered on a flexible 
polyethylene terephthalate (PET) substrate 
of 100 µm thickness. The initial sheet resist-
ance of the ITO film was 20 Ω sq−1. Silver 
nanowires were also spin-coated on a flex-
ible PET substrate to achieve an initial sheet 
resistance of 12 Ω sq−1. These ITO-coated 

and AgNW-spin-coated flexible samples were subjected to a 
bending test (with a bending radius of Rb = 5 mm, bending  
speed of 5 mm s−1, and 8 × 104 cycles) and their perfor-
mance was compared to that of the supersonically coated 
AgNW films. For supersonically coated AgNW films, no 
change in the sheet resistance was observed. On the con-
trary, the ITO-coated films failed (stopped being electri-
cally conducting) in a few bending cycles, while the spin-
coated films sustained conductivity for only 3 × 104 cycles  
(Figure 5c).

Figure 6 shows results of a stretchability test of AgNWs, 
which were deposited on an Ecoflex substrate. Both ends of 
the Ecoflex film were tightly attached to movable holders. An 
LED light was connected to the stretching film to ensure its 
electrical conductivity status. The light intensity was unchanged 
up to 700% strain, beyond which the light intensity began to 
decrease; see Movie S1 in the Supporting Information. At 720% 
strain, electrical failure was complete, and the light was no 
longer illuminated. This record was achieved using relatively 
short AgNWs (i.e., 20 µm long), while the previous authors has 
succeeded in stretching up to 460% using very long AgNWs 
(i.e., 500 µm).[25] Therefore, this achievement of greater stretch-
ability only using shorter AgNWs indicates the superior perfor-
mance of supersonically sprayed self-fused AgNW transparent 
flexible films.

Figure 7 shows a large-scale silver nanowire film produced 
by the roll-to-roll spray coating system depicted in Figure 7a,b. 
This roll-to-roll film has transparency of 92% and an average 
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Figure 5. Robustness of the fabricated transparent film. a) It survives extreme mechanical 
wrinkling and b) bending tests. c) The resistance change ratio versus the number of bending 
cycles of the present transparent AgNW on a PET substrate compared with that of ITO on PET 
and spincoated AgNW on PET. d) Ratio of the sheet resistance change as a function of strain 
for the AgNW TCF on an Ecoflex substrate, where R0 is the initial sheet resistance. Results from 
Hu et al.[34] and Yu et al.[35] are provided for comparison. Note that the transparent film used 
herein has a sheet resistance of R0 = 20 Ω sq−1 and transparency of T = 97%.
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sheet resistance of Rs = 18 Ω sq−1. Figure 7a is the roller that 
feeds the flexible PET (polyethylene terephthalate) substrate 
which is coated across the supersonic “Air” nozzle depicted in 
Figure 7b. Here, the silver nanowires are fed and entrained into 
the supersonic air stream and are eventually coated onto the 
moving PET substrate.

3. Theoretical Estimates

The kinetic energy of impact is evaluated as ρV2l3, where 
ρ is the silver density, V is the air jet velocity, and l is the 
volume-equivalent diameter of a NW. The fusion energy is of 
the order ρLl3, where L is the specific latent heat of fusion of 
silver. The energy required to heat the NW to its melting tem-
perature is about ρc∆Tl3, where c is the specific heat of silver, 
and ∆T is the temperature difference between the melting 
temperature and room temperature. Data for silver show 
that ρc∆Tl3 + ρLl3 ≈ 3ρLl3, which is the total energy required 
to heat a nanowire up and melt it. With V ≈ 200, 400, and 

600 m s−1, the ratio of the kinetic energy to the total energy 
required for melting NW is of the order of V2/(3L) ≈ 0.25, 1, 
and 2.25, respectively. This means that fusion of two NWs 
due to the impact of one of them onto the other one already 
located on the substrate is not expected in the case of the 
impact velocity of 200 m s−1, while it is expected in the cases of  
400 and 600 m s−1. This conclusion is in full agreement with 
the experimental findings and numerical results shown in 
Figure 3. In particular, Figure 3d–f predicts that there is no 
fusion of two NWs after an impact at 200 m s−1, which agrees 
with the above estimate that the kinetic energy of impact at 
this velocity comprises only 25% of the energy required to heat 
the NWs up to their melting temperature and to cause melting, 
which facilitates fusion. On the contrary, at 400 m s−1, according 
to the above estimate, the kinetic energy of impact is sufficient 
for melting and thus fusion, and indeed, the numerically gen-
erated Figure 3e reveals that this is the case, consistent with 
the observation of experimental Figure 3b. The same is true 
in the case of the impact velocity of 600 m s−1. Moreover, in 
this case the kinetic energy of impact is 2.25 times higher than 
the one required to melting and fusion. As a result, Figure 3f  
reveals an almost complete cutting of the stationary NW by 
the impacting one, similar to the experimental observation in 
Figure 3c. Note that melting on impact requires an additional 
condition to be fulfilled. Namely, the characteristic time for 
cooling by thermal conduction τcond ≈ l2/α should be much 
longer than the characteristic impact time τimp ≈ a/V, where α 
is the thermal diffusivity of silver, and a is the cross-sectional 
radius of a NW. Taking for the estimate α = 1.66 cm2 s−1 and  
a ≈ 20 nm, we find τcond ≈ 10−8 s and τimp ≈ 0.5 × 10−10 s, which 
means that τimp << τcond, and the thermal energy will not be 
lost via thermal conduction during impact, and thus remains 
available for melting and fusion. The latter estimate is done 
for the impact velocity of 400 m s−1, but it definitely holds for  
200 and 600 m s−1. The fusion time of two molten silver NWs 
is of the order of τfusion ≈ 2µa/(3σ), where µ and σ are the 
viscosity and surface tension of molten silver. Taking for the 
estimate µ = 1 cP, and σ = 100 g s−2, we find τfusion = 10−9 s, 
i.e., the time scale for melting and fusion is shorter than that 
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Figure 6. a–e) Stretching test of AgNW films. An Ecoflex substrate spraycoated with AgNWs is stretched beyond 700% of the initial length without 
loss of conductance. At 720% stretching, electrical continuity was lost and the LEDs turned off.

Figure 7. a–d) AgNW films deposited using a rolltoroll process.

www.wileyonlinelibrary.com


fu
ll

 p
a
p
er

6 wileyonlinelibrary.com © 2016 WILEYVCH Verlag GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2016,   
DOI: 10.1002/adfm.201602548

www.afm-journal.de
www.MaterialsViews.com

for heat loss by conduction to the substrate (this conclusion is 
valid for the impact velocities of 200–600 m s−1). It should be 
emphasized that fusion happens at the contact of two wires, 
which is heated up due to their collision. The estimates in this 
section explain the experimental observations in section 2 that 
revealed fused AgNWs.

4. Conclusions

We have introduced a commercially viable, simple, scalable 
one-step supersonic spray-coating method to create highly 
transparent, flexible, rollable, stretchable, and conducting films. 
This method requires no post-treatment steps, and the fabri-
cated films display remarkably low sheet resistance, <10 Ω sq−1, 
combined with high transmittance, >90%.

5. Experimental Section
Materials: Two types of commercially available silver nanowires were 

used. The first (Aiden, Korea) had an average diameter and length of 
20 nm and 15 µm, respectively. The second (Cambrios, Clear Ohm) 
had an average diameter and length of 20 nm and 10 µm. The silver 
nanowires of the first type were dispersed in isopropyl alcohol at a 
concentration of 0.15 wt%, while silver nanowires of the second type 
were dispersed in ethanol at 1 wt%. For the experiments reported here, 
the dispersions were blended together with isopropyl alcohol (IPA, 
Duksan, Korea) at weight ratios of 2:1:6 for the nanowire dispersions of 
the first type, the second type, and IPA, respectively. This mixture was 
selected as a compromise between the two types of nanowires alone. 
The Aiden AgNWs were ≈50% longer than the Cambrios AgNWs, which 
allowed them to provide lower sheet resistance for a given quantity of 
AgNWs deposited. On the other hand, the Aiden AgNW dispersion 
contained a significant amount of free Ag nanoparticles, which reduced 
transparency and increased haziness without contributing much to 
conductivity. Most free AgNPs had been removed from the Cambrios 
AgNW dispersion. Perhaps as a result of this extensive purification, the 
Cambrios AgNW dispersion was approximately ten times the cost of the 
Aiden NW dispersion. In summary, the Aiden AgNW produced lower 
sheet resistance films, but their transparency was not as good because 
of the presence of excess AgNPs. On the other hand, the Cambrios 
AgNWs produced more transparent films with somewhat higher sheet 
resistance. Thus, to balance the advantages and disadvantages of these 
AgNW precursors, a 2:1 mass ratio of Aiden to Cambrios AgNWs was 
employed in all experiments reported here.

Experimental Procedure: A schematic of the apparatus and process 
used for producing NW TCFs is shown in Figure 1a. The silver nanowire 
dispersion (AgNW dispersion) was injected at an experimentally 
optimized location within the de Laval nozzle at a flow rate of 
1.2 mL min−1 using a syringe pump (Legato 210, KDS). The AgNW 
dispersion was atomized by the supersonic air jet issued from the de 
Laval nozzle operating pressure in the range of 1.5–4 bar at several 
different temperatures of the air entering the nozzle: room temperature, 
100, 220, 300, and 400 °C. Figure 1b shows an experimentally observed 
Schlierenphotography pattern of shock waves in the nearfield of the 
supersonic jet during a typical spraying process. During flight, the 
solvent fully evaporated from the dispersion droplets and only AgNWs 
were deposited onto the target flexible substrate.[32] The motorized stage 
on which the substrate was placed could move at a scanning speed of 
4 cm s−1 in two orthogonal x–y directions to allow formation of a large
area film with the nozzle fixed and stationary. In general, coating an area 
of 30.2 × 20.2 cm2 required ≈30 s using this labscale system with a 
single nozzle. An array of such nozzles could allow rapid production of 
such coatings on wide substrates in a rolltoroll process.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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