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Transparent heaters have attracted increasing attention for their usefulness in vehicle windows,
outdoor displays, and periscopes. We present high performance transparent heaters based on Ag
nanowires with electron beam irradiation. We obtained an Ag-nanowire thin film with 48 ohm/sq
of sheet resistance and 88.8% (substrate included) transmittance at 550 nm after electron beam
irradiation for 120 sec. We demonstrate that the electron beam creates nano-soldering at the
junctions of the Ag nanowires, which produces lower sheet resistance and improved adhesion of the
: Ag nanowires. We fabricated a transparent heater with Ag nanowires after electron beam irradiation,
and obtained a temperature of 51°C within 1 min at an applied voltage of 7V. The presented
technique will be useful in a wide range of applications for transparent heaters.

Transparent heaters are commonly used in such applications as vehicle windows, military ground based
vehicles, periscopes, and public information displays. Especially, the future direction of transparent heat-
ers focuses anti-fogging windshields, mirrors, and displays that ensure the fast response of electronic
devices under various environmental conditions. Indium tin oxide (ITO) film has been widely used as
a transparent film heater in the industry'. However, ITO exhibits a slow thermal response and requires
complicated fabrication processes. Moreover, its brittle ceramic properties and expensive vacuum depo-
sition process are limitations to its further progress®. Thus, various indium-free transparent conductive
materials have been extensively investigated as alternatives to ITO: conducting polymers** graphene®,
carbon nanotubesv’®, and several conducting oxides, such as Al:ZnO®, Ga:ZnO', and F:SnO"'. Among
these, silver nanowires (AgNWs) have recently attracted substantial interest as a transparent conduct-
ing material due to their transparency, low resistivity, and non-vacuum processes'>"'¢. However, some
fundamental issues must be resolved, including surface roughness, week mechanical adhesion force,
and highly haze properties'”. In particular, researchers found that it was necessary to achieve a higher
conductivity in AgNW:s to create the highly generated transparent heater. Many studies have reported on
AgNW electrodes achieving high levels of performance for the devices'®'. Recently, E. C. Garnett et al.
reported a novel method for high quality AgNWs. They suggested that a plasmonic welding technique
provide extreme heating at the junctions of AgNWs by illumination from a tungsten-halogen lamp, the
resulting welded AgNWs had higher conductivity without broken wires®®. However, that paper indicated
that the illumination must exceed a temperature of 150°C, and that temperature is not acceptable for
flexible substrates.

To overcome these problems, we investigated the electrical, optical and structural properties of
AgNWs by electron beam irradiation with low temperature. The results demonstrated that electron beam
irradiation significantly reduces the sheet resistance of AgNWs, which in turn enhances the heat gener-
ation behavior for transparent heater applications.
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Figure 1. Schematic fabrication process of AgNW electrodes (a), and a fabricated AgNW thin film on glass
with high transparency (b).

Experiments

As shown in Fig. 1(a), AgNWs were coated on corning glass by a drop casting method. Then, the coated
substrate was dried for 30sec in wind at a temperature of 60-70°C with velocity of 17 m/s. The typical
diameter and length of the AgNWs in the dispersion were approximately 27-30 nm and 5-10 pm, respec-
tively. The AgNWs were dispersed in isopropanol (IPA) with concentration of 0.15wt%. After we made
the AgNWs on glass, an electron beam (Infovion inc.) irradiated them for 0-180sec with a RF power of
150 W and a DC power of 1.5kV in a vacuum chamber. The electron beam source consisted of an inner
RF (13.56 MHz) coil antenna and two grid electrodes for discharging Ar plasma and for collimating/
accelerating the electron beam towards the substrate, respectively®?. The sheet resistance of the AgNWs
was measured using a four-point probe. The optical transmittance was measured in a wavelength range of
350-800 nm by UV-spectrophotometer. Surface morphology images of the samples were obtained using a
field-emission scanning electron microscopy (FE-SEM). To explain the structural properties, the AgNW
thin films were analyzed by high resolution transmission electron microscopy (TEM) and selected area
electron diffraction (SAED) of the TEM image. Mechanical adhesive force was tested using 3M Scotch
tape. The voltage source was directly connected to both ends of the Al foil electrode. The electrical
current through the AgNW thin films was measured using a digital multimeter (Agilent, B1500a). The
surface temperature and the thermal image were obtained by a thermal imaging camera (Flir, i3).

Results and Discussion
Figure 2 shows the variation of the sheet resistance of the AgNWs as a function of electron beam irradia-
tion time. As the figure shows, with an increase in the electron beam irradiation time, the sheet resistance
of the AgNWs decreased from 95ohm/sq to 48 ohm/sq after electron beam irradiation for 120sec.
Figure 3 shows the change of transmittance of the AGNW/Corning glass before and after the electron
beam irradiation. As the figure shows, the transmittance (at 550nm) of the AgNW/Corning glass sys-
tem generally decreased from 91.1% to 88.8% after electron beam irradiation for 180sec. Although the
sheet resistance of the AgNWSs dramatically decreased after electron beam irradiation, transmittances
did not decrease much after electron beam irradiation. Moreover, the AgNWs maintained a high degree
of transparency in the whole visible range, as Fig. 3 confirms. A picture of the AgNW/glass with a high
degree of transparency after electron beam irradiation (120sec) is given in Fig. 1(b). Figure 4 exhibits
a scanning electron microscopy (SEM) image of AgNWs before electron beam irradiation (Fig. 4(a,b)),
after electron beam irradiation for 30sec (Fig. 4(c,d)), and after electron beam for 120sec (Fig. 4(e,f)).
The AgNWs appear stacked in all directions without soldering or sintering. The nano-soldering after
electron beam irradiation at the nanowire junctions is clearly shown in Fig. 4(f). The dimensions of the
AgNWs before electron beam irradiation, after electron beam irradiation for 30sec, and after electron
beam irradiation for 120sec were 27.5nm, 32.7 nm, and 34.8 nm, respectively. Thus, we can expect that
although the increased dimensions of the AgNWs and junctions leds to slight decrease in the trans-
mittance, the nano-soldering reduced the contact resistance of the AgNW networks dramatically at the
nanowire junctions. These results enhanced the electrical properties of the AgNWs with a high degree
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Figure 2. The sheet resistance of AGNW thin film as a function of electron beam irradiation time.
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Figure 3. The transmittance of AgNWs with different electron beam irradiation times.

of transparency. In order to further understand the effect of electron beam irradiation, we calculated the
resistivities of the AgNWs by Kirchoft’s rules given by

R, = pL/wh (1)

where p is the resistivity of silver, L is the length of the wire, w is the wire width and h is the height
of the wire’®. The resistivity of the AgNWs before electron beam irradiation (Rs=95ohm/sq,
L=10pym, w=h=27.5nm) and after electron beam irradiation for 120sec (Rs=48ohm/sq, L =10ym,
w=h=34.8nm) was 7.2E-5 ohm.cm and 5.9E-5 ohm.cm, respectively. Clearly, reduced electron scat-
tering by nano-soldering of the AgNW junctions after electron beam irradiation created lower resistivity
in the AgNWs.

To investigate the interfacial reactions at the AgNW junctions by electron beam irradiation, the
AgNWs were examined by high resolution transmission electron microscope (TEM) and selected area
electron diffraction (SAED). The AgNWs before electron beam irradiation demonstrated a pentagonally
twinned nanowire crystal structure as shown in Fig. 5(b,d), as has been previously reported®'. Figure 5(c)
reveals two different crystal orientations with quite equal intensity and rotated by roughly ninety degrees
at the junction point. However, after electron beam irradiation, the junctions of the AgNWs have dif-
fraction spots, mainly along a single direction, matching the pattern from the top nanowire as shown in
Fig. 5(g). Furthermore, Fig. 5(fh) indicate that the AgNWs maintained their original crystal orientation
after electron beam irradiation except for junction parts.

Thus, we demonstrate that during the electron beam irradiation on the AgNWs, the atoms in the
bottom AgNWs at the junction exhibited a recrystallization, and the top nanowire acted as a nucleation
template for reorientation of the bottom nanowire by electron beam irradiation. These phenomena led
to developed electrical properties of the AgNWs, as has been previously reported?.

The substrate temperature during the electron beam process and the plasma temperature of the elec-
tron beam were less than 60°C after 3 min and approximately 3 eV, respectively??. These results demon-
strate that the dominant factor of the sintering of AgNW junctions may not be the thermal effect during
electron beam irradiation but the high plasma temperature by energetic electrons. Thus, these energetic
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Figure 4. The SEM images of AgNW thin film before electron beam (a,b), after 30 sec electron beam
irradiation (c,d), and after 120 sec electron beam irradiation (e,f).

electrons can result in momentum transfer of electron to the junction of AgNWs, which leads to solder-
ing of AgNWs. E. C. Garnett et al. and D. P. Langley et al. reported that local sintering at the junctions
of AgNWs occurs by thermal treatment at over 150°C (20 min) and 200°C for 2h, respectively?®*. The
electrical and optical properties in those studies were not better than our results. However, those tem-
peratures cannot be applied a flexible substrate. Electron beam irradiation with a low substrate temper-
ature is more applicable for a flexible substrate than conventional thermal treatment. Furthermore, only
120sec is needed to form the nano-soldered AgNW junctions using by electron beam irradiation. Thus,
our study demonstrates that the electron beam irradiation process produces an outstanding effect on the
electrical and structural properties of AgNWs with low-temperature processes for flexible applications.

In order to find out the best condition of AgNWs for transparent conductive material, the figure of
merit (Prc) was calculated from the sheet resistance and the transmittance at a wavelength of 550 nm as
shown in Fig. 5. The @ was defined by Haacke as in Eq. (2)*,

Q¢ = TlO/Rs (2)

where T is the transmittance and Rs is the sheet resistance of the AgNWs. Figure 6 shows that the &
value of the AgNWs increased with an increase in electron beam irradiation time. The @ indicates
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Figure 5. Transmission electron microscope (TEM) images of AgNW thin films before electron beam
(a) and after electron beam (e), and selected area electron diffraction (SAED) of AgNW thin films before
electron beam (b-d) and after electron beam (f-h).
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Figure 6. Figure of merit of AGNW thin film as a function of electron beam irradiation time.

Before Before

Figure 7. Microscope image (X100) and 3D surface plot of AgNW thin film before electron beam
irradiation (a) and after electron beam irradiation for 120sec (b) before and after 3M tape test.

similar values after electron beam irradiation for 120 and 180sec. With these results, we can expect that
AgNWs were sufficiently sintered after electron beam irradiation for 120sec.

To compare the adhesion of AgNWs with and without electron beam irradiation, a tape test was car-
ried out as shown in Fig. 7. The AgNWs without electron beam irradiation were easily detached from the
substrate due to the weak binding energy of the AgNWs on the glass, and the sheet resistance of detached
parts increased dramatically above 500 ohm/sq. However, the AgNWs with electron beam irradiation
for 120sec exhibited an improvement of adhesion because of strong networking from soldering of the
AgNWs, and the sheet resistance did not change after the taping test.

Finally, we fabricated transparent heaters using by AgNWs with and without the electron beam irra-
diation. In the AgNWSs without electron beam irradiation, the temperature increased to 40°C for 1 min
when the input voltage was 7V with a joule heat generation of 0.175W as shown in Fig. 8(a). However,
with AgNWs after electron beam irradiated for 120 sec, the temperature rapidly increased to 51 °C within
1 min when the input voltage was 7V with a joule heat generation of 0.7 W as shown in Fig. 8(b). These
results strongly suggest that electron beam irradiated AgNWs are a good candidate for transparent heat-
ers such as window defrosters in cars or buildings.
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Figure 8. Sheet temperature as a function of heating time with different input voltages of AgNW thin film
fabricated without electron beam irradiation (a) and with electron beam irradiation for 120sec (b).

Conclusion

In this study, we demonstrated the effects of electron beam irradiation on the electrical, optical, and
structural properties of AgNWs prepared by drop casting and an air-dry process. The sheet resistance
of the electron beam irradiated AgNWs decreased from 950hm/sq (0sec) to 48 ohm/sq (120sec). The
significantly lower sheet resistance of the AgNWs after electron beam irradiation can be attributed to
nano-soldering at the junctions of the AgNWs. Furthermore, the strong networking of the AgNWs by
nano-soldering improved the AgNW adhesion to the substrate. We fabricated a transparent heater using
the electron beam irradiated AgNWs with low sheet resistance and high transmittance (above 88.8%).
The heater temperature increased to 51°C within 1min at a voltage of 7 V. These results strongly suggest
that AgN'Ws with electron beam irradiation have potential for use in transparent heater applications.

References
1. Sun, K. et al. A heater-integrated transparent microchannel chip for continuous-flow PCR. Sensors and Actuators B. 84, 283-289
(2002).
2. Hecht, D. S., Hu, L. & Irvin, G. Emerging transparent electrodes based on thin films of carbon nanotubes, grapheme, and metallic
nanostructures. Adv. Mater. 23, 1682-1513 (2011).
3. Na, S. I, Kim, S. S., Jo, J. & Kim, D. Y. Efficient and flexible ITO-free organic solar cells using highly conductive polymer anodes.
Adv. Mater. 20, 4061-4067 (2008).
4. Hwang, J. O. et al. Workfunction-tunable, N-doped reduced grapheme transparent electrodes for high performance polymer light
emitting diodes. ACS Nano. 6, 159-167 (2012).
5. Wang, X., Zhi, L. & Mullen, K. Transparent, conductive, grapheme electrodes for dye-sensitized solar cells. Nano Lett. 8, 323-327
(2008).
6. Becerril, H. A., Mao, ]. & Liu, Z. Evaluation of solution-processed reduced grapheme oxide films as transparent conductors. ACS
Nano. 2, 463-470 (2008).
7. Wu, Z. et al. Transparent, conductive carbon nanotube films. Science. 305, 1273-1276 (2004).
. Sun, D. M. et al. Flexible high-performance carbon nanotube integrated circuits. Nat. Nanotechnol. 6, 156-161 (2011).
9. SiO, A. D. et al. ITO-free inverted polymer solar cells with ZnO:Al cathodes and stable top anodes. Sol. Energy Mater. Sol. Cells.
98, 52-56 (2012).
10. Kim, J. H. et al. Heat generation properties of Ga doped ZnO thin films prepared by rf-magnetron sputtering for transparent
heaters. Thin Solid Films. 516, 1330-1333 (2008).
11. Hudaya, C., Park, J. H.,, Choi, W. C. & Lee, J. K. Characteristics of fluorine-doped tin oxide as a transparent heater on PET
prepared by ECR-MOCVD. ECS Transactions. 53, 161-166 (2013).

el

SCIENTIFIC REPORTS | 5:17716 | DOI: 10.1038/srep17716 7



www.nature.com/scientificreports/

12. Zhu, S. et al. Transferable self-welding silver nanowire network as high performance transparent flexible electrode. Nanotechology.
24, 335202 (2013).

13. Sun, Y. Silver nanowires-unique templates for functional nanostructures. Nanoscale. 2, 1626-1642 (2010).

14. Huang, G. W,, Xiao, H. M. & Fu, S. Y. Electrical switch for smart pH self-adjusting system based on silver nanowire/polyaniline
nanocomposite film. ACS NANO. 9, 3234-3242 (2015).

15. Ji, Y. H. et al. Ternary Ag/Epoxy adhesive with excellent overall performance. ACS Applied Materials & Interfaces. 7, 8041-8052
(2015).

16. Huang, G. W,, Xiao, H. M. & Fu, S. Y. Paper-based silver-nanowire electronic circuits with outstanding electrical conductivity
and extreme bending stability. Nanoscale. 6, 8495-8502 (2014).

17. Hu, L. et al. Scalable coating and properties of transparent, flexible, silver nanowire electrodes. ACS Nano. 4, 2955-2963 (2010).

18. Seo, K. W. et al. Highly transparent and flexible InTiO/Ag nanowire/InTiO films for flexible organic solar cells. Appl. Phys. Lett.
105, 031911 (2014).

19. Groep, J. V. D,, Spinelli, P. & Polman, A. Transparent conducting silver nanowire networks. Nano Lett. 12, 3138-3144 (2012).

20. Garnett, E. C. et al. Self-limited plasmonic welding of silver nanowire junctions. Nature Materials. 11, 241-249 (2012).

21. Chen, H. et al. Transmission-electron-microscopy study on fivefold twinned silver nanorods. J. Phys. Chem. B. 108, 12038-12043
(2004).

22. Wie, S. M. et al. Fully crystallized ultrathin ITO films deposited by sputtering with in-situ electron beam irradiation for touch
sensitive screens. Ceramics International. 40, 11163-11169 (2014).

23. Langley, D. P. et al. Silver nanowire networks: physical properties and potential integration in solar cells. Solar Energy Materials
& Solar Cells. 125, 318-324 (2014).

24. Haacke, G. New figure of merit for transparent conductors. . Appl. Phys. 47, 4086 (1976).

Acknowledgements

This work was supported by R&D projects of MOTIE/KEIT (A007700102, Development of multi-touch
IC & module for next generation using by hybrid electrode), and the Basic Science Research Program
through the NRF of Korea funded by the Ministry of Education (NRF-2014R1A6A1030419).

Author Contributions

C.H.H,,].S.K. and B.K.J. conceived and designed the research. S.K.O., TK.K., C.H.H. and W.S.C. conducted
the experiments. Y.J.C. carried out the TEM measurements. C.H.H., B.K.J. and W.S.C. participated in
device fabrication. CH.H., J.H.S. and J.S.K. wrote the main manuscript text. All authors discussed the
results and reviewed the manuscript.

Additional Information
Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Hong, C.-H. et al. Electron beam irradiated silver nanowires for a highly
transparent heater. Sci. Rep. 5, 17716; doi: 10.1038/srep17716 (2015).

This work is licensed under a Creative Commons Attribution 4.0 International License. The

oam images or other third party material in this article are included in the article’s Creative Com-
mons license, unless indicated otherwise in the credit line; if the material is not included under the
Creative Commons license, users will need to obtain permission from the license holder to reproduce
the material. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFIC REPORTS | 5:17716 | DOI: 10.1038/srep17716 8


http://creativecommons.org/licenses/by/4.0/

	Electron beam irradiated silver nanowires for a highly transparent heater

	Experiments

	Results and Discussion

	Conclusion

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Schematic fabrication process of AgNW electrodes (a), and a fabricated AgNW thin film on glass with high transparency (b).
	﻿Figure 2﻿﻿.﻿﻿ ﻿ The sheet resistance of AgNW thin film as a function of electron beam irradiation time.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ The transmittance of AgNWs with different electron beam irradiation times.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ The SEM images of AgNW thin film before electron beam (a,b), after 30 sec electron beam irradiation (c,d), and after 120 sec electron beam irradiation (e,f).
	﻿Figure 5﻿﻿.﻿﻿ ﻿ Transmission electron microscope (TEM) images of AgNW thin films before electron beam (a) and after electron beam (e), and selected area electron diffraction (SAED) of AgNW thin films before electron beam (b–d) and after electron beam (f–
	﻿Figure 6﻿﻿.﻿﻿ ﻿ Figure of merit of AgNW thin film as a function of electron beam irradiation time.
	﻿Figure 7﻿﻿.﻿﻿ ﻿ Microscope image (X100) and 3D surface plot of AgNW thin film before electron beam irradiation (a) and after electron beam irradiation for 120 sec (b) before and after 3M tape test.
	﻿Figure 8﻿﻿.﻿﻿ ﻿ Sheet temperature as a function of heating time with different input voltages of AgNW thin film fabricated without electron beam irradiation (a) and with electron beam irradiation for 120 sec (b).



 
    
       
          application/pdf
          
             
                Electron beam irradiated silver nanowires for a highly transparent heater
            
         
          
             
                srep ,  (2015). doi:10.1038/srep17716
            
         
          
             
                Chan-Hwa Hong
                Seung Kyu Oh
                Tae Kyoung Kim
                Yu-Jung Cha
                Joon Seop Kwak
                Jae-Heon Shin
                Byeong-Kwon Ju
                Woo-Seok Cheong
            
         
          doi:10.1038/srep17716
          
             
                Nature Publishing Group
            
         
          
             
                © 2015 Nature Publishing Group
            
         
      
       
          
      
       
          © 2015 Macmillan Publishers Limited
          10.1038/srep17716
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep17716
            
         
      
       
          
          
          
             
                doi:10.1038/srep17716
            
         
          
             
                srep ,  (2015). doi:10.1038/srep17716
            
         
          
          
      
       
       
          True
      
   




