
www.rsc.org/advances

RSC Advances

This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. This Accepted Manuscript will be replaced by the edited, 
formatted and paginated article as soon as this is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 



RSC Advances RSCPublishing 

ARTICLE 

This journal is © The Royal Society of Chemistry 2014 RCS Advances, 2015, 00, 1-3 | 1  

Cite this: DOI: 10.1039/x0xx00000x 

Received 00th January 2014, 

Accepted 00th January 2015 

DOI: 10.1039/x0xx00000x 

www.rsc.org/ 

Humidity assisted annealing technique for 

transparent conductive silver nanowires networks 

Nelli Weiß,*
a
 Lars Müller-Meßkamp,

b
 Franz Selzer,

b
 Ludwig Bormann,

 b
 

Alexander Eychmüller,
a
 Karl Leo

b
 and Nikolai Gaponik*

a
 

The surfactant polyvinylpyrrolidone (PVP) commonly used to synthesize silver nanowires 

(AgNW) in solution is known to negatively affect the performance of nanowire-based thin film 

electrodes. An insulating shell of polymer hinders tight contact between the nanowires 

themselves and between nanowires and substrate, resulting in high sheet resistance of freshly 

prepared nanowire films. Here, we develop a simple low-temperature method allowing to 

reduce the sheet resistance of AgNW networks and simultaneously improving the optical 

transmittance. The method is based on the capacity of PVP to absorb moisture which results in 

a strong decrease of the glass transition temperature of the polymer. The latter leads to 

softening effects, causing a reduced wire contact resistance already at 60 °C for 90 nm thick 

AgNWs and even at 45 °C for 35 nm thick AgNWs. As a result, the sheet resistances of the 

thin film electrodes treated by our method are near to the values conventionally obtained after 

thermal annealing at temperatures between 140-250 °C. Our humidity assisted low temperature 

approach is especially advantageous for organic electronics and fabricating devices on 

thermally sensitive transparent flexible foils. 

 

Introduction 

Due to the increasing interest in flexible devices, new 

transparent conductive electrode materials which could be able 

to replace the brittle and cost-intensive indium tin oxide are 

under development. Among carbon nanotubes, nanotroughs, 

graphene and metal grids, metal nanowires, especially those 

made of silver (AgNW) are among the materials demonstrating 

the most promising performances.1–3 Low-cost synthesis, good 

chemical stability, low-temperature solution processing of 

electrodes which is compatible with roll-to-roll 

manufacturing,4,5 render AgNW electrodes particularly 

attractive for usage in optoelectronic devices. Organic solar 

cells,6–8  OLEDs,9,10 transparent thin-film heaters11,12 and touch 

screens13 with AgNWs electrodes have already been 

demonstrated. 

Long and thin AgNWs used for the preparation of transparent 

electrodes are processable from solutions, and 

polyvinylpyrrolydone (PVP) is typically used as stabilizer, 

necessary to provide the nanowire shape, its stability and 

dispersibility in water or alcohols.14,15 Hence, after deposition 

on a substrate, the contacts between individual NWs are 

deteriorated by the insulating PVP shell inducing a barrier for 

electron transport.16–18 As a result, an additional step is required 

to reduce the junction resistance between individual AgNWs 

and to obtain high conductivity of electrodes. In the case of 

silver, well-conducting NW arrays were produced by applying 

mechanical pressure,19–21 by thermal,17,22–26 nanoplasmonic11,27 

or Joule28 annealing. Additional improvement approaches 

include the fabrication of hybrid materials with polymers,13,29 

metal30 or oxide31,32 nanoparticles as well as carbon nanotubes33 

and graphene sheets.34–37 Most of these strategies are time- and 

energy-consuming, involve special complex equipment and 

exotic nanomaterials. Because of its simplicity, thermal 

annealing at 140-250 °C remains the most favored method for 

decreasing the sheet resistance of AgNW films.9,23,29,31,38 

However, the utilization of thermal annealing is restricted in the 

case of organic electronics and especially for flexible 

substrates. Most of the known plastic foils used for the 

fabrication of flexible devices tend to deform at processing 

temperatures above 120 °C.39–42  

In our work the moisture induced reduction of the glass 

transition temperature of PVP is proposed as a technique to 

allow annealing of AgNW electrodes at low temperatures. We 

show that the exposition of NW network electrodes to water 

vapor at 60 °C for 90 nm thick AgNWs and even at 45 °C for 

35 nm thick AgNWs causes a considerable decrease in their 

sheet resistance. At the same time, the total optical 

transmittance of the NW electrodes could be enhanced. 

Conducting films on glass, PEN and PET substrates were 

investigated. 

 

Experimental 

Experiments were performed on cleaned 2.5 x 2.5 cm² BK7 

glass substrates (Schott, Mainz, Germany), polyethylene 

terephthalate (PET) foil (Melinex ST504, DuPont Teijin Films) 

or polyethylene naphthalate (PEN) foil (Teonex Q65F, DuPont 

Teijin Films) treated by oxygen plasma and cleaned with the 
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contact cleaner “Nanocleen” (Teknek Ltd, Renfreshwire, UK). 

Silver nanowires SLV-NW-90 (mean diameter 90 nm, mean 

length 25 µm) and SLV-NW-35 (mean diameter 35 nm, mean 

length 10 µm) were purchased from BlueNano, USA. These 

samples are referred in the following as NW-90 and NW-35, 

respectively. The as received dispersions were diluted with 

ethanol to a concentration of 0.2 mg/ml, sonicated for 15 min 

and then spray-coated with a nozzle (Fisnar, Wayne (NJ), USA) 

onto a heated substrate at 80°C. The spraying distance, moving 

speed and spraying pressure of the nozzle were 12 cm, 1.5 cm/s 

and 200 mbar, respectively.  

Following the spray deposition, the electrodes were exposed in 

a climate cabinet (Thermo Tec) at temperatures between 45 °C 

and 85 °C to a relative humidity (RH) of between 15 % and 

85 % for 24 h or 3 days for long-term experiments. During 

these experiments the samples were taken out of the climate 

cabinet several times for electrical and optical characterization 

for about 15 minutes a time. To exclude effects of residual 

water on the conductivity, an additional annealing step (10 min 

at 105 °C on a hot plate) was applied after removing the 

samples from the climate cabinet and before measuring the 

sheet resistance of the electrodes. Because a significant 

difference of the sheet resistance values before and after the 

additional drying was not observed, all later experiments were 

performed without additional annealing. Reference electrodes 

were fabricated by annealing as sprayed electrodes 30 minutes 

at 210 °C on a hot plate under ambient laboratory conditions: 

23 °C and 48 % humidity. 

Transmittance and reflectance measurements were performed 

using a UV-VIS spectrometer with an integrating sphere 

(Shimadzu). The data reported in this work include 

transmittance and reflectance of the corresponding glass or 

plastic substrate. Direct transmittance was acquired by placing 

the samples perpendicular to the incident light in the 

spectrometer. Total transmittance was acquired using the 

integrating sphere setup. To measure the reflectance spectra an 

integrating sphere and an illumination angle of 5 degree were 

used. All optical transmission and reflection values are quoted 

at �=550 nm. A four point probe setup (Lucas Labs) was used 

for measuring the sheet resistance. Scanning electron 

microscopy (SEM) images were taken with a Carl Zeiss DSM 

982 Gemini electron microscope. 

 

Results and discussion 

In this work two different AgNW diameters were chosen as 

representative examples of widely used materials in the field. 

Transparent conductive electrodes based on NW-90 or NW-35 

vary in uniformity, roughness, thermal stability, transparency at 

a given sheet resistance and haze value. The AgNWs were 

sprayed onto a glass substrate from ethanol solutions and then 

kept in the climate cabinet for 24 hours. The temperature was 

varied in the range from 45 to 85 °C, the relative humidity from 

15 to 85 %. As these AgNW films were developed for 

transparent conducting electrode applications, optical spectra 

and sheet resistances were measured at different time intervals. 

A typical alteration of optical transmittance spectra of the NW-

90 electrode during humidity assisted annealing is shown in 

Figure 1a. Unexpectedly, both direct (Tdirect) and total 

transmittances (Ttotal) increased during this treatment. The main 

changes happen within the first 30 min of the treatment. Further 

changes in the optical spectra appeared slowly, depending on 

the temperature applied and the RH value. The difference 

between the initial and the final values of the total 

transmittances is found to especially depend on the NWs 

density and not on the annealing conditions of the electrode 

(Fig. S1). For example, an electrode with an initial Ttotal of 

77 % showed a Ttotal of 81 % after annealing, giving 4 % 

difference from the initial value. An initial Ttotal of 85 % could 

be enhanced only for about 1 %. An electrode with an initial 

Ttotal of 88 % became only 0.2 % more transparent after 

annealing. 
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An increase of the total transmittance of the electrode can occur 

due to the changes in scattering behavior of the NW film after 

annealing. Total and direct reflectance spectra of a NW-90 

electrode on glass before and after annealing are shown in Fig. 

1b. After annealing, the direct reflectance increased and the 

total reflectance dropped, indicating a lower scattering of the 

electrode. The decrease in total reflectance approximately 

corresponds to the increase in total transmittance. The strong 

relative increase in direct reflection and less diffuse 

transmission indicate the film is becoming more planar and less 

particle-like. This can be well explained by changes in the 

electrode morphology before and after annealing. Comparing 

Fig. 2a and b, where NW-90 before and after annealing at 

85 °C/85 % RH are shown, one can see a softening of the wires, 

resulting in their slight shape deformation and a closer 

alignment to each other. Additionally, humidity treated wires 

have conformal contact to the substrate.  Both closer alignment 

and contact to the substrate are highlighted with white arrows in 

the higher resolution image shown in Fig. 2c. 

Alterations in the optical spectra of the NW-35 films at 

different annealing times are shown in Fig. S2. Both, changes 

in the maximum of the transmission spectrum as well as in the 

value of the transmittance were monitored. Similar to thicker 

NWs, humidity assisted annealing at RH below 85 % leads to 

relatively compacter films with better contacts between 

crossing wires, as shown in the corresponding SEM images in 

Fig. S3.  

Comparing optical data for both types of NWs with their SEM 

images one may conclude that the observed formation of a 

denser NW network leads to a lower light scattering and as a 

result to an increased total transmittance of the electrode. 

The changes in film morphologies described above have a 

direct influence on the electrical properties of NW-90 
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electrodes. Fig. 3a shows the temporal evolution of their sheet 

resistance (RS) during annealing at 85 °C and 85 % RH. As 

seen from the figure, the resistance of the electrodes decreased 

considerably already after the first 30 minutes of the treatment, 

regardless of the coverage. The highest change of the sheet 

resistance was observed for samples with the lowest NW 

density (Fig. 3a). For example, the sheet resistance of the 

sample with an initial Ttotal of 84 % dropped from 836 Ohm/sq 

to 28.6 Ohm/sq (ca. 30 times!) after 180 min. For the sample 

with 75 % Ttotal the sheet resistance decreased from 9.5 Ohm/sq 

to 4.3 Ohm/sq (ca. 2.2 times only). Taking into account that the 

junction resistance is the most dominant component in the sheet 

resistance of the networks with a smaller wire number density 

closer to the percolation threshold43,44 and becomes less 

pronounced at high coverages, one can assume that the humid 

annealing reduces the junction resistance between crossing 

NWs. For deeper investigation of this phenomenon, solely NW 

networks with relatively low wire densities, i.e. with initial total 

transmittances between 81 and 84 % for NW-35 networks and 

between 84 and 87 % for NW-90 networks and, thus, expected 

higher conductivity improvement factors were chosen for 

further studies.  

The temporal evolution of the sheet resistance of NW-90 

electrodes as a function of humidity is displayed in Fig. 3b, c 

and S4a. At the highest RH value of 85 % a considerable 

decrease in the sheet resistance of the electrode was detected 

already at 60 °C (green line in Fig. 3b). If the temperature was 

kept constant, faster changes were observed at higher RH 

values (Figure 3c, S4a). At 85 °C and RH of 85 or 70 % the 

sheet resistance dropped to the final value within 30 min of 

annealing. At 50 % RH about 2 hours were necessary to 

achieve the minimum value of the film sheet resistance. At 30 

% and 15 % RH a continuous decrease of film resistivity was 

detected during 24 hours of measurement. Almost the same 

dependence of Rs from moisture content was observed for NW-

35 networks (Fig. 4 and S4b). Only at the highest investigated 

RH value of 85 % a considerably different behavior of NW-90 

and NW-35 was observed. At 85 °C/ 85 % RH the sheet 

resistance of the electrode with thinner NWs (blue line in Fig. 

4a and b) decreases within the first 120 min of annealing but 

started to increase gradually thereafter. The reason of this 

unexpected behavior is the damaged NW network as seen from 

the SEM image in Fig. S3d. Obviously, after longer humidity 

assisted annealing of NW-35 films, the small diameter wires 

collapse and melt into spherical particles disconnecting the NW 

network. Moreover, as shown in Fig. S3c, some spherical 

particles were already found after annealing of the NW-35 

films at 85 % RH and 60 °C. But in this case the percolation 

NW network was not destroyed completely and Rs of the 

electrode remained low (Fig. 4b, green line). 

The results presented in Fig. 5 compare the performance of 

NW-90 electrodes obtained after the humidity assisted 

annealing (85 °C/70 % RH) introduced in this work with the 

same electrodes treated by conventional high temperature 

annealing on a hot plate at 210 °C, under ambient, i.e. low 

humidity. For both conditions, nearly the same final values of 

film sheet resistances were reached demonstrating the potential 

of our low temperature approach. 

The results discussed above allow us to propose the following 

mechanism for the observed phenomena. Thermal annealing of 

the AgNW network is known to be accompanied with the 

softening and flowing of PVP.17,26 The point at which polymers 

become rubbery occurs at the glass transition temperature (Tg) 

and depends on the molecular weight of the polymers as well as 

on the moisture content. PVP is hygroscopic so that it tends to 

absorb large amounts of water vapor. The extent of water, 

which acts as a plasticizer agent, increases continuously with 

relative humidity, leading to a lowering of the Tg to even below 

room temperature.45–48 Hence, under humidity assisted 

annealing in our experiments the PVP shell on the NWs could 

easyly absorb water, melt and flow away from the NW at as 

low temperatures as 85 °C, 60 °C and even 45 °C. As a 

consequence the following effects might be expected: 

(i) As was already mentioned above, the originally rigid wires 

become softer at higher humidity. This effect is well known in 
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hair care cosmetics, where PVP and its copolymers are used as 

hair sealer.49–51 PVP easily forms films between styled hairs. 

Nevertheless, these films cannot hold styled hair long in place 

because of the hygroscopic character of PVP leading to its 

softening. Therefore, copolymers of PVP containing the less 

hydrophilic vinyl acetate or N-vinylcaprolactam chains are used 

in modern moisture resistance hair sprays.49 In our experiments, 

however, the ability of PVP to adsorb water shows a positive 

effect on the final electrode properties of both, NW-35 and 

NW-90 wires. Softening of the wet PVP shell allows elastic 

alignment of the NWs and thereby improves the electrical 

contact area between crossing wires. 

(ii) Softened by moisture absorption, the rubbery PVP chains of 

the contacting wires can effectively intercalate52 and interact 

hydrophobically with each other and the surface. Moreover, 

softened and melted PVP is flowing down from the top and the 

side surfaces of the NWs and accumulates below the NWs 

causing an effective adhesion force, resulting in a tighter 

contact between crossing NWs and between the NWs and the 

substrate (marked by white arrows in Fig 2c). Similar 

phenomena observed for AgNWs treated by various polymers 

and surfactants were investigated and described by us in detail 

in our recent publication.53 This reorganization of PVP on the 

AgNWs causing a tighter adhesion to the substrate yields a 

more planar film which is responsible for a reduced scattering 

cross section and for an increased optical transmission of the 

electrodes. Such kind of the PVP shell reorganization, e.g. 

softening, flowing and accumulation below the NWs may also 

happen under annealing above the glass transition temperature 

in ambient conditions. 

(iii) A partial removal of PVP from the NWs during the 

annealing might open free paths for surface diffusion of silver 

atoms and the formation of joints between two contacting wires 

at a relatively low temperature. Such kind of low temperature 

sintering was earlier demonstrated for plasma etched AgNWs 

by Zhu et al.54 Moreover Peng et al. describe a room 

temperature soldering of copper with AgNW paste after 

intensive reduction of the organic shell by washing.55 Although 

we expect soldering effects also in our experiments, this was 

observed solely for some of the wire joints in NW-35 electrodes 

(white arrows in Fig. S3b). If more intensive and prolonged 

humidity assisted annealing is applied to NW-35 it does not 

lead to further soldering but to breaking and deformation of the 

wires into spherical particles due to Raleigh instability27,56  (Fig. 

S3c, d). Most likely in these thin wires with relatively higher 

surface energy morphological changes happen faster than the 

expected soldering. At the same time, for annealed samples of 

NW-90 neither deforming nor soldering effects are visible even 

after 3 days in humidity. The observed decrease of sheet 

resistance may mainly be attributed to closer contacts formed 

according to the effects described in (i) above.  

The humidity assisted annealing technique presented in this 

work can be advantageous for fabrication of NW electrodes on 

thermally sensitive plastic substrates for which annealing over 

120 °C is not favourable. For a demonstration the approach was 

applied to AgNW electrodes spayed onto two types of plastic 

foil, PET and PEN. As exemplarily shown in Fig. S5a and b, 

the total optical transmittance of NW-90 electrodes formed on 

PEN increased after annealing accompained with a decrease in 

total reflectance. At the same time the initial sheet resistance of 

the electrodes was effectively reduced from 406 Ohm/sq to 17.8 

Ohm/sq. The same behaviour was observed for PET based 

electrodes (not shown here). Final sheet resistance values of 

17.8 Ohm/sq at 81.8 % transmittance on PEN and 16.1 Ohm/sq 

at 80.9 % transmittance on PET were achieved. It is important 

to note, that these performances are comparable with literature 

data for AgNWs on PET and PEN obtained by pressing or 

annealing under much more sophisticated conditions.11–13,19–

21,23,27,43,54,56–67 

It should be mentioned that humidity treatment should be 

applied to NW electrodes for as short time as possible. Recent 

results68 show that long term (months) of humidity treatment 

may cause degradation of the Ag NWs electrodes. 

 

Conclusions 

In summary, we demonstrated a new low temperature technique 

allowing a fast and efficient reduction of the contact resistance 

between AgNWs forming transparent conducting electrodes. 

The technique is based on reducing the glass transition 

temperature of the PVP stabilizer by increasing the humidity. 

As a result, softening of PVP, improved alignment and better 

contact between the AgNWs in the film can be achieved at 

temperatures as low as 45-85 °C. The performance of humidity 

assisted annealed electrodes are comparable with typical 

literature results obtained after conventional high temperature 

annealing. The great advantage of our simple and 

straightforward method is its direct applicability to flexible 

polymer substrates.  
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