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Abstract:Currently, the most commonly used TCFs in the electronics industry is indium tin oxide
(ITO). However, ITO has some inherent shortcomings, such as high cost and brittle nature, which
limited its widespread application. Recent studies have investigated aternatives to ITO. Ag
nanowires (AgNWSs) is still one of the best material for electronics. This paper reports a method for
ultra-long AgNWs with just one step route and apply them as an electrode to SI/PEDOT: PSS solar
cells. Through the only one step route, we could dramatically increase the length of the AgNWsform
10um to even over 100 um with the development of a novel intermittent growth method. By
intermittently adding Ag"™ solution, the length of nanowires could be controlled in the range of 20-100
um while diameter of ~ 100 nm with narrow size dispersion was maintained. In addition, Si nanoarray
(SINA)/PEDOT: PSS hybrid solar cells are fabricated with AQNWSs electrodes. And the efficiency of
solar cells with ultralong AgQNW:s electrodes can reach 6% which is 40% higher than that of ITO
electrodes. The ultra-long AgNWs can be applied for various opto-electronics and ultimately for
future wearabl e electronics.

Introduction

Currently, the most commonly used TCFs in the electronics industry is indium tin oxide (ITO)
[1-3]. Itsexcellent optical transparency and |ow sheet resistance have extended their use as el ectrodes
in highly demanding applications [4-5]. And Indium tin oxide (ITO) is the most wildly used TE that
account for 93 % of the market. However, there are many problems which limit its further
devel opment.[ 6]

Recent studies have investigated alternatives to ITO such as carbon nanotubes (CNT) [7-10],
graphene [11-13] and metallic nanostructures [14-16]. It seems that the closer approach to ITO, the
more likely to be recognized as a substitute. Fortunately, metallic nanostructures have attracted much
attention for adecade dueto their unique optoel ectronic properties and potential applicationsin TCFs.
A variety of metallic nanostructures such as copper [17-19], gold [20-22], silver [23-25] nanowires
have been investigated as promising candidates for replacing ITO.

Recently, silver nanowires (AgNWs) have been widely studied in fabricating transparent
conductive materials and devices because of their high conductivity, good flexibility and mature
preparation technology. They play very important roles in practical devices such as displays, touch
panels, capacitors, batteries, transparent and flexible electrodes and water filters. Organic light
emitting diodes (OLEDSs), touch panels, and solar cells.

Many ways to synthesize AgNWs have been reported. In 2002, Xia et a. demonstrated a
solution-phase method that generates silver nanowires by reducing silver nitrate with ethylene glycol
in the presence of PVP at 160°C. This polyol-process method can overcome the shortcomings that the
old template-based methods had. Since then, many efforts have been made to enhance the properties
of AgNWSs. Leeet a. presented a successive multistep growth (SMG) method that very long AgQNWs
can be synthesized at 151.5 °C. Very long NWswere synthesized by 7 steps of SMG process, however,
the long-time process may produce extratime and money cost.
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In this paper, we developed a novel one-step growth method to synthesize very long AgNWs at a
very low temperature of 130°C. Through the only one step route, we could dramatically increase the
length of the AQNWs form 10um to even over 100 um with the development of a novel intermittent
growth method. By intermittently adding Ag" solution, the length of nanowires could be controlled in
the range of 10-100 um while diameter of ~ 100 nm with narrow size dispersion was maintained. In
addition, Si nanoarray (SINA)/PEDQOT: PSS hybrid solar cells are fabricated with AQNWs el ectrodes.
And the efficiency of solar cellswith AQNWs electrodes can reach 6% which is 40% higher than that
of ITO electrodes. The ultra-long AgNWs can be applied for various opto-electronics and ultimately
for future wearable electronics.

Experiment

Synthesis of ultra-long Ag nanowires by one step route. Ethylene glycol (EG) solutions of Ag* and
Cl” were separately prepared by dissolving powders of silver nitrate (along with polyvinylpyrrolidone
(PVP)) and ferric chloride into two EG solutions. For Ag" solution, 30 mL EG solution of 0.052
mol/L AgNOs and 0.067 mol/L PVP was thoroughly agitated. For CI” solution, room temperature EG
solution of 6x10™ mol/L FeCl; wasfirst prepared and then 2.5 mL solution was extracted and dropped
into 30 mL EG which was previously heated at 130°C for 1 h. After further heating and agitating of
Cl" solution for 5-10 min, Ag" solution was added with a dropping speed of 0.5 ml/min. Twenty
minutes (10 mL Ag" solution dropped) later, dropping was stopped and the mixed precursor solution
was agitated and heated for 10 min. This adding and precursor reaction process was repeated for 2
times. Finally, post-reaction solution was cooled naturally and then filtered by qualitative filter paper
(intermediate speed). AgNWSs were washed out of the filter paper with deionized water. After
separation by centrifugation at speed of 2000 rpm, deposit of Ag nanowires was washed by repeating
the ultra-sonication in ethanol and centrifugation process.
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Figure 1. Flow-process diagram of synthesis of ultra-long Ag nanowires by one step route.

Characterizations. The morphologies of ultra-long Ag nanowires and films were characterized by
optical microscopy (OM) (Olympus BX51, Microscopes Inc.), scanning electron microscopy (SEM)
(Sirion 200 FEG) and transmission electron microscopy (TEM) (JEM-2010 transmission electron
microscope equipped with an Oxford INCA energy dispersive spectrometer (EDS)).

Results and discussions

Successful flexible and transparent conductors need to achieve superior optical transparency,
electrical conductivity and mechanical flexibility simultaneously. The length and the diameter of the
Ag NWs play very important roles in conductive metal NW network electrodes for flexible
transparent conductor. However, the most of metal NWs synthesized by wet chemistry were limited to
1-20 um in length and showed limited transparency, electrical conductivity and mechanical
robustness. Through the development of a novel intermittent growth method, we could dramatically
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increase the length of the AQNWSs even over 100 um with only one step route (Fig. 2). Figure 2 shows
the growth process of extralong silver nanowires. First of al, silver particles are generated (Fig. 2a).
Twenty minutes (10 mL Ag* solution dropped) later, dropping was stopped and the mixed precursor
solution was agitated and heated for 10 min. At thistime, the length of AgNWSsisabout 2um(Fig. 2a).
After this adding and precursor reaction process was repeated for 2 times, AQNWSs can grow to even
over 100 um. This may be because AgQNWs to grow along the original nanowire when we add silver

again.
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Figure 3 is the AQNW length distribution graph and corresponding SEM images of original Ag
NWs (top graph and inset picture) and ultra-long Ag NWSs by one step route process (bottom graph
and inset picture). As shown in Figure 3, the length of nanowires could be controlled in the range of
20-100 um while diameter of ~ 100 nm with narrow size dispersion was maintained by intermittently
adding Ag" solution,. Figure 1ashows that the average length of initially grown AgNWswas 10.2 um
(4.6 um standard deviation) and one step route grown AgNWs was 95.1 um (46.7 um standard
deviation). Aspect ratio as high as 1000 of these ultra-long nanowires benefits transparence of those
Ag nanowire films whose resistance are sufficiently low.
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Figure 3. The AgNWs length distribution graph and corresponding SEM images of original Ag
NWs (top graph and inset picture) and ultra-long Ag NWSs by one step route process (bottom graph
and inset picture).

o

Ag nanowires having structure of face centered cubic (fcc) grow preferentially in <110> direction
(Fig. 4). A twinplaneof { 111} faceshasalso been observed in TEM image which was reported before.
Two setsof spotsin diffraction pattern support the fact and interplanar spacings agree with those from
HRTEM image. No obvious impurities such as surface oxides were detected for fresh Ag nanowires
according to TEM EDS spectrum. Interestingly, we found that some Ag nanowires are curving with a
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corner of different angles. It is probably due to bizarre growth mechanism which deserves in-depth
study.

Highly crystallized Ag nanowires were synthesized by the one step route. By intermittently adding
Ag" solution, the length of nanowires could be controlled in the range of 10-100 pm while diameter of
~ 100 nm with narrow size dispersion was maintained. Aspect ratio as high as 1000 of these ultra-long
nanowires benefits transparence of those Ag nanowire filmswhose resistance are sufficiently low. Ag
nanowires having structure of face centered cubic (fcc) grow preferentially in <110> direction. A twin
plane of {111} faces has aso been observed in TEM image which was reported before. Two sets of
spots in diffraction pattern support the fact and interplanar spacings agree with those from HRTEM
image. No obvious impurities such as surface oxides were detected for fresh Ag nanowires according
to TEM EDS spectrum. Interestingly, we found that some Ag nanowires are curving with a corner of
different angles. It is probably due to bizarre growth mechanism which deserves in-depth study.
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Figure 4. The TEM image of an individua silver nanowire. The inset gives the micro diffraction
pattern recorded by focusing the electron beam on this wire (top left graph and inset picture). The
High-resolution TEM image showing the structure of face centered cubic (fcc) (top right graph and
inset picture). The TEM EDS spectrum of Ag NWS showing no obvious impurities (bottom graph).

Si nanoarray (SINA)/PEDOT: PSS hybrid solar cells are separately fabricated with ultra-long
AgNWSs, ITO, and 10 um AgNWs electrodes. Fig. 5a shows the diagram of the solar cells with
AgNWselectrodesthat replacethetraditional 1TO electrode. Fig 5b showsthe J-V curves of solar cell
with different electrodes. The performance of the solar cells with ultra-long AgNWs electrodes is
obvioudly better than the others. And the efficiency of solar cells with ultra-long AQNWs electrodes
can reach 6%, while the efficiency with ITO electrodesis 3.5% and the efficiency with 10 um AgNWs
electrodes is 2%. We can see that the efficiency of solar cells with ultra-long AgNWs electrodes is
40% higher than that of ITO electrodes, and 67% higher than that of 10 um AgNWs electrodes. As
shown in Figure 5, solar cell with ultra-long AgNWs electrodes has the same short-circuit current
with that of ITO eectrodes. This means that both of the two electrodes can provide sufficient carrier
transport rates. However, solar cell with ultra-long AgNW s el ectrodes has higher open circuit voltage.
This may be because silver nanowire electrodes have stronger optical scattering for more
photogenerated carriers. Moreover, we see that solar cell with 10 um AgNWs electrodes has the
lowest efficiency. Thismainly dueto itslow carrier transport properties. Consequently, solar cell with
ultra-long AgNWSs el ectrodes has the highest efficiency may due to the ultra-long AQNWs electrodes
can provide better carrier transport properties as well as stronger light scattering.
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Figure 5. Diagram and JV curves of SINA/PEDOT: PSS hybrid solar cells. (a) Diagram of
SINA/PEDOT: PSS hybrid solar cellswith AQNW</SnO, - xH,O composite electrode. (b) J-V curves
of solar cell with AgNWs and AgNW<s/SnO; - xH,O composite electrodes.

Conclusion

Currently, the most commonly used TCFs in the electronics industry is indium tin oxide (ITO).
However, ITO has some inherent shortcomings, such as high cost and brittle nature, which limited its
widespread application. Obviously, the ultimate market opportunity for alternative TEs is in fully
flexible devices. Recent studies have investigated alternativesto ITO. Ag nanowires (AgNWs) is still
one of the best material for electronics. Successful flexible and transparent conductors need to
achieve superior optical transparency, electrical conductivity and mechanical flexibility
simultaneously. The length and the diameter of the Ag NWs play very important roles in conductive
metal NW network electrodes for flexible transparent conductor. However, the most of metal NWs
synthesized by wet chemistry were limited to 1-20 um in length and showed limited transparency,
electrical conductivity and mechanical robustness. This paper reports amethod for ultra-long AQNWs
with just one step route and apply them as an electrode to SI/PEDOT: PSS solar cells. Through the
only one step route, we could dramatically increase the length of the AgNWsform 10um to even over
100 pm with the development of a novel intermittent growth method. By intermittently adding Ag+
solution, the length of nanowires could be controlled in the range of 20-100 um while diameter of ~
100 nm with narrow size dispersion was maintained. This may be because AgNWsto grow aong the
original nanowire when we add silver again. In addition, Si nanoarray (SINA)/PEDOT: PSS hybrid
solar cells are fabricated with AgQNWs electrodes. And the efficiency of solar cells with ultra-long
AgNWs electrodes can reach 6% which is 40% higher than that of 1TO electrodes. The ultra-long
AgNWs can be applied for various opto-€lectronics and ultimately for future wearable electronics.
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