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low sheet resistance (Rs) and high optical 
transmittance to reach optimum per-
formance for various electronic applica-
tions.[16] Due to its low sheet resistance 
(10–20  Ω sq−1) and high transmittance 
(up to 90%), indium tin oxide (ITO) is the 
most widely used transparent electrode 
material in optoelectronic devices.[14,17] 
However, ITO suffers from its high cost, 
scarcity of indium, and mechanical brittle-
ness.[12,18,19] This issue has motivated the 
search for low-cost TCEs, such as Al-doped 
ZnO,[20] graphene,[21,22] carbon nano-
tubes (CNTs),[9,23] and metal nanowires 
(NWs),[24,25] to replace ITO. In particular, 
silver nanowires (AgNWs) networks pro-
viding excellent optical transparency, high 
electrical conductivity, and outstanding 
mechanical properties are most promising 
to be alternatives for future applications 
in flexible optoelectronic devices.[16,24,26] 
However, the high contact resistance of 

silver nanowires and the effect of the insulating poly(vinyl pyr-
rolidone) (PVP) coating, commonly used as a surfactant during 
the AgNW synthesis, strongly affect the performance of AgNW-
based transparent electrodes. Therefore, further processing 
steps necessary to remove this insulation and improve contacts 
between the nanowires are required.[19]

Many processing techniques have been reported to optimize 
the electrical resistance, like mechanical pressing,[27] plasmon 

Presently, metallic nanowires (NWs) are the most promising materials to 
fabricate flexible transparent electrodes as an alternative to indium tin oxide. 
Here, the high performance of transparent conductive electrodes (TCEs) 
based on silver nanowires (AgNWs) percolation networks is reported. With 
optimized experimental conditions for the deposition, the AgNWs result in 
low sheet resistance of 10 Ω sq−1 combined with a high optical transmittance 
of 92.6% at λ = 550 nm. This leads to a valuable figure of merit as compared 
to other TCEs. In this study, the nanoscale electrical properties of the AgNWs 
are measured via conductive atomic force microscopy to characterize the per-
colation network. The electrical resistivity value calculated for a single AgNW 
is found to be about 12.35 µΩ cm, while a nanoscale conductivity map over 
an AgNW network bridging two electrodes has revealed high levels of cur-
rent within the network over a distance of more than 1000 µm. The favorable 
determined conductivity results along with the high optical properties of the 
AgNWs network strongly suggest that thin-film electrodes based on AgNWs 
will be a potential approach for future flexible electronic devices.
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1. Introduction

In recent years, transparent conductive electrodes (TCEs) have 
attracted considerable attention for their use as components of 
optoelectronic devices such as flexible touch screens,[1,2] flex-
ible heaters,[3–6] touch sensors,[7] supercapacitors,[8] organic 
light-emitting diodes (OLEDs),[9–11] or thin-film solar cells.[12–15] 
Consequently, there is a major need to fabricate TCEs with 
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welding,[28] laser sintering,[29] chemical treatment,[29–31] metal oxide 
coating, or reinforcing the junction by glue.[32,33] Some of these 
methods require power input and energy consumption, while 
others may raise problems that could damage chemically sensitive 
substrates. Recent studies demonstrated that thermal annealing 
could improve electrical resistance by welding nanowires.[34–36] 
However, the effects of the annealing process on the nanowire net-
work have not been clearly described at the nanoscale.

In this work, we report on high-performance transparent elec-
trodes based on silver nanowire networks fabricated via the spin-
coating method. These layers show both high transparency and 
conductivity, associated with excellent reproducibility. Further-
more, for the first time, the current spreading through the overall 
AgNW network was investigated by means of a nanoscale probing 
tool, namely conductive atomic force microscopy (c-AFM).

2. Results and Discussion

2.1. Morphology of Silver Nanowire

In the present work, three different sets of TCE samples, here-
after called AgNW50, AgNW60, and AgNW115 according to the 
NW-diameter (Table 1), were fabricated and then finely charac-
terized. These samples were prepared via different spin-coating 
cycles (from one to five cycles). For the NW-based transparent 
electrodes, the most critical parameter to adjust is the intercon-
nection between nanowires. As shown in Figure 1a, the sheet 
resistance decreases gradually as the number of spin-coating 
cycles increases. Indeed, the density of nanowires networks 
increases as a function of the number of cycles, thereby signifi-
cantly improving the conductivity of the TCEs. For the AgNW50, 
we see that three cycles are already sufficient to reach low 
values of Rs. In contrast, in the case of AgNW60 and AgNW115 
samples, the sheet resistance values are too high when two cycles 

of spin-coating are applied, meaning that the nanowire surface 
coverage is not good enough to create an efficient percolation 
pathway. One reason is most probably the fact that AgNW60 and 
AgNW115 are much shorter. When the spin-coating step was 
repeated from three to five times, the Rs reduced from 232 and 
87 Ω sq−1 (three layers) to 37 and 26 Ω sq−1 (five layers) for these 
two materials, respectively. The sheet resistance of AgNW50 is 
lower than for AgNW60 and AgNW115, decreasing from 73 Ω sq−1  
(one layer) to 20.5 Ω sq−1 (three layers). From these results, 
applying three spin-coating cycles was selected as the optimal 
process to prepare AgNWs TCE for our further investigations. 
In addition, the heat treatment of the AgNWs film also has a 
significant effect on the electrical properties of the TCEs.[36] 
The annealing treatment was strategically used to improve the 
interconnection between the AgNWs in the networks, allowing 
for a significant reduction of the TCEs resistance at an optimal 
temperature. As shown in Figure 1b, the optimal annealing tem-
perature of the AgNW50 and AgNW60 samples is 165 °C. After 
1 h of annealing at 165  °C, the sheet resistance of these sam-
ples decreased from 20.5 (AgNW50) and 37.0 (AgNW60) down 
to 10.6 and 20.5 Ω sq−1, respectively. Due to the influence of the 
nanowire diameter, the AgNW115 required a higher tempera-
ture for this annealing step. Its sheet resistance reduced from 
83.0 to 28.0 Ω sq−1 after 1 h of treatment at 200 °C. Besides, all 
types of nanowires easily tend to form a spherical ball-like struc-
ture at higher temperatures, which is due to the Rayleigh insta-
bility phenomenon, which breaks at the junction, thereby the 
Rs values of all three samples were significantly increased when 
raising the annealing temperature from 200 to 300  °C. This 
effect of the Rayleigh instability was observed in Figure S1c,f,i 
(Supporting Information) at 300  °C, as highlighted by the red 
arrows. This phenomenon occurs when atomic diffusion is 
enhanced as the temperature increases, the nanowires then 
tend to reduce their surface energy, and eventually, the silver 
nanowire networks cannot maintain the percolation threshold 
leading to a loss of conductivity.[36] For a given wire, the heat flux 
received by the silver will depend on its mass, i.e., its volume 
which will be a function of its diameter squared multiplied by 
its length. AgNW50 and AgNW115 have an average volume of 
the same order of magnitude, while AgNW60 have a volume 
ten times smaller. This is why this last one presents the worst 
instability phenomenon. Figure  1c represents the evolution of 
the sheet resistance as a function of the annealing time from  

Table 1.  Characteristics of the three types of AgNWs used in this study.

Diameter [nm] Length [µm] Concentration [mg mL−1]

AgNW50 50 100–200 1

AgNW60 60 10–20 4

AgNW115 115 30–50 1

Figure 1.  Electrical properties of the AgNW-based electrodes. a) Sheet resistance of three types of AgNW50, AgNW60, and AgNW115 samples with 
different spin-coating cycles onto the glass substrate. Evolution of sheet resistance as a function of annealing b) temperature and c) time.
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0 to 100 min, showing that the resistance decreases rapidly in 
the first stage. The resistance decreases slowly till 60  min of 
annealing then increases after more extended heat treatment 
above 60 min. This trend is observed because the AgNWs start to 
coalesce, breaking the electrical connections.[37] The effect of the 
thermal treatment on the morphology of the nanowires network 
was observed by SEM imaging and is shown in Figure S1 (Sup-
porting Information). For comparison, the uniform and random 
orientation of the network is made of AgNW50, AgNW60, and 
AgNW115. Before the annealing process is shown in Figure 
S1a,d,g (Supporting Information), respectively. The global resist-
ance of TCEs based on metallic nanowires is mainly due to the 
resistances at the NW junctions (RNW ≪ Rj, where RNW and 
Rj are the electrical resistances of a single nanowire and at a 
nanojunction, respectively).[38] An apparent beneficial effect of 
thermal treatment on the interconnection of the AgNWs net-
work is illustrated in Figure S1b,e,h (Supporting Information). 
First, the temperature annealing process improves the wire–wire 
junctions, reducing the sheet resistance significantly. Tapping 
mode (TM)-AFM images of intersecting AgNWs before and after 
thermal treatment are shown in Figure S2 (Supporting Infor-
mation), evidencing heating-induced fused nanowires allowing 
for improved network connectivity. Furthermore, the PVP insu-
lating layers are removed at high temperatures, also strongly 
reducing the resistance of TCEs.[39] Such annealing conditions 
were applied for the samples described below.

2.2. Optical Properties

The optical transmittance of the AgNW50, AgNW60, and 
AgNW115 films was studied for different thicknesses obtained 
by varying the number of spin-coating cycles, as depicted in 
Figure 2a–c. After the annealing process, all the films showed 
excellent transparency in the visible region, as revealed by 
the high transmittance values. As the spin-coating cycles 
increased, the nanowire density and the number of AgNWs 
cross-junctions increased, which induces a decrease in the 
optical transmittance. At the wavelength of 550  nm, the best-
measured transmittance for AgNW50, AgNW60, and AgNW115 
is 92.6%, 90.6%, and 87.2%, respectively. These values are 
higher than commercial ITO TCEs (86%).[40] In addition, we 
note a negligible change in transmittance before and after 
thermal treatment (see Figure S3, Supporting Information). 
These outstanding high transmission values evidence the 

suitability of such AgNWs-based thin film transparent elec-
trodes for electronic devices. Ideally, in applications such as 
transparent conductive films, optical transmittance, and elec-
trical conduction should be as large as possible. However, there 
is an antagonism between those two properties, which excludes 
the simultaneous achievement of an optimal transmittance and 
optimal electrical conduction in most cases.

To assess the performances of our TCE thin films and com-
pare them with published results, we have considered the 
typical figure of merit (FoM), defined as the ratio of electronic 
(σDC) to optical (σOp) conductivity. In the bulk-like regime, 
where the conductivity is invariant with the film thickness, the 
following usual formula is used[31]

2 1

0

s 550

1
2

Z

R T

DC

Op

σ
σ

=
× −











− 	 (1)

T550 is the transmittance at the wavelength of 550  nm, Rs is 
the sheet resistance of the TCEs (unit Ω sq−1), and Z0 is the 
free space impedance (377 Ω). This FoM expression is generally 
used for TCEs exhibiting high optoelectronic properties. The 
calculated values for our NWs are shown in Figure 3.

Figure 2.  Optical properties of the AgNW-based electrodes. Transmittance of the a) AgNW50, b) AgNW60, and c) AgNW115 films for different 
deposited layers.

Figure 3.  Figure of merit of the fabricated TCEs. Transmittance (λ = 550 
nm) plotted as a function of sheet resistance for the AgNW networks 
studied, and compared to relevant systems reported in the literature.
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The highest FoM value, obtained for AgNW50 (with three 
layers), i.e., with long nanowires, is ≈400, which is found 
to be higher than that of other electrodes, including ITO,[41] 
carbon nanotubes (ITO/SWCNT),[42] AgNW/EG (exfoliated gra-
phene),[43] or AgNW/MXene,[15] but is slightly lower than that 
of AZO (Al-doped ZnO)/AgNWs.[44] The long nanowires could 
be interconnected with a lower coverage density, allowing for 
higher transmission with the same sheet resistance. These 
results point to the fact that the use of appropriate silver NWs, 
along with optimal recipes for deposition and post-treatment, 
allows for the fabrication of very high-quality TCEs that could 
be exploited in advanced optoelectronic applications.

2.3. Nanoscale Electrical Properties

For better understanding the excellent global electrical con-
ductivity measured for the AgNWs networks depicted above, 
the charge transport was locally investigated by using c-AFM. 
Indeed, the nanoscale current percolation pathways govern the 
macroscopic conductivity of the network, making crucial both 
the visualization and the control of these AgNWs. All the cur-
rent measurements presented in the following were obtained 
from AgNW50-based samples, previously described as the net-
works exhibiting the highest FoM values. Figure 4a illustrates 

the c-AFM measurement setup that was used to probe the elec-
trical properties of the AgNWs network. The current pattern 
and the surface morphology of the nanowires network were 
simultaneously recorded to assess the conductivity behavior 
then demonstrate the detail of electrical performances at the 
nanoscale. The large-scale SEM image is shown in Figure  4b 
reveals that these nanowires randomly contact the ITO elec-
trode, demonstrating compatibility and suitability for character-
izing the electrical properties at such a local scale. To probe the 
conduction behavior of the AgNW networks, an external bias 
voltage ranging from 0 up to 900 mV was applied to the ITO 
electrode (Figure  4d–h). The measuring position of the AFM 
tip was 500 µm away from the ITO electrode to eliminate the 
effect of the nanowire lattice surface. We define lattice surfaces 
as nanowires whose ends are facing upward, not on the same 
plane as other nanowires. Due to a spin-coating, a random 
nanowire network is formed between the two ITO electrodes. 
The tendency is that the nanowire tips can point upward due to 
the weight of the nanowire network between the two ITO elec-
trodes. Therefore, we cannot eliminate this factor, so to limit 
the influence in the measurement process, we choose a survey 
location about 500 µm away from the ITO electrode for survey 
purposes. The c-AFM technique is a two-terminal measure-
ment. Therefore, the resistance at the contact points between 
the nanowire and the grounded probe is almost impossible to 

Figure 4.  Nanoscale measurement of the electrical properties of the AgNW50-based electrodes. a) Schematic illustration of c-AFM setup and b) SEM 
image of the studied AgNWs/ITO sample. c) AFM topographic image, and d–h) corresponding c-AFM patterns for applied bias voltage of 0, 10, 300, 
600, and 900 mV, respectively. White crosses seen in (g) and (h) refer to the rupture of AgNWs due to the electrical breakdown occurring at high voltage. 
10 µA is the detection limit of our current module.
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eliminate. However, as reported by Nirmal-raj et  al., it is still 
comparable when applying the same force between the AFM 
probe and the electrode during all current measurements,[45] 
which is the case in this work. The nanowire diameter was 
found to be ≈80–100  nm from the c-AFM experiments per-
formed in contact mode (Figure  4c), which is larger than the 
“true” nanowire diameter (≈50 nm) recorded by TM-AFM (see 
Figure S2, Supporting Information). The small deviation is 
due to the larger radius of the tip, owing to the presence of the 
conductive coating, known as the AFM tip convolution. Hence, 
the width of the nanowire in the conductive region is wider 
than the actual diameter of the nanowire due to the conduc-
tion expanding with outward deviation when the AFM probe 
contacts the nanowire.[46] The detected current is depicted 
in Figure  4d–h as a function of the applied bias voltage (see 
Figure S4, Supporting Information, for corresponding AFM 
topographic images).

The high contrasts attributed to local electrical conductivity 
evidence that the nanowires and electrodes are physically well 
contacted and are consistent with the excellent macroscopic 
performances of the AgNWs-based electrodes. As a remark, we 
observe that the nanowires tend to rupture owing to the elec-
trical breakdown occurring at high voltage estimated at 900 mV, 
as revealed by the white arrows in Figure 4g,h. The disappear-
ance of the current signal for such electrical bias is due to the 
disruption of the electrical contact where the new segment of 
AgNW is isolated and then no longer contributes to the cur-
rent flow in the network. This phenomenon is highlighted in 
Figure S5 (Supporting Information). Consequently, all c-AFM 
measurements presented below were performed by applying a 
bias voltage of 600 mV.

2.4. Local Electrical Behavior of Single AgNWs

To estimate the resistivity of an individual AgNW, an AgNW50-
based solution was diluted to a lower concentration and coated 
at high speed to obtain a lower surface coverage and favoring 
the presence of single nanowires connected to the lateral ITO 
electrode, as shown in Figure 5a. As mentioned above, we 
cannot suppress the resistance that affects the current meas-
urements, such as contact resistances at the ITO electrode and 

AFM tip, thus from the detected signal, the total measured 
resistance (Rtot) can be described as a linear series of resistors 
and calculated according to the following equation

jR R R Rtot NW other= + + 	 (2)

where Rother is the combined resistance of the network and the 
contact, RNW is the electrical resistance of a single nanowire, 
while Rj is the resistance of a nanojunction. The resistivity of 
the AgNW (ρ) is calculated by using the equation

R S

l
NWρ = × 	 (3)

Here, l is the distance from the ITO electrode to the meas-
urement position obtained from the AFM topographic signal 
(Figure 5a). To accurately assess to the resistivity, we chose four 
locations (labeled to A, B, C, and D on the conductivity image 
(Figure 5b) precisely separated by 500 nm along the nanowire 
axis. In addition, we also have to precisely determine the geo-
metrical parameters of the nanowire. It is well-known that the  
growth of AgNWs leads to a regular pentagonal structure from 
(111) planes in the case of the polyol synthesis with PVP. In 
our case, we have experimentally determined the nanowire dia
meter from the AFM height profiles along the individual AgNW 
presented in Figure 5a for each of the four positions (A–D). The 
average experimental value is found to be 51.7 nm, as expected 
for such AgNW50 sample, allowing us to calculate the cross-
sectional area of the pentagonal structure (S). Then, by consid-
ering the well-known Pouillet’s law mentioned above, the resis-
tivity of the AgNW50 was estimated for various distances along 
the nanowire. The resistivity value at the position measurement 
is determined by taking the average value of the cross section 
through the measuring point. The detailed calculation and the 
determined values related to the different locations along the 
Ag nanowire are summarized in Figure S6 (Supporting Infor-
mation). These measurements have led to an average value for 
the resistivity of 12.35 µΩ cm. This value is larger than the bulk 
silver (0.16 µΩ cm),[47] which has been previously explained by 
the combined effect of different structural and phonon scat-
terings.[48] In the case of AgNWs, both phonon and structural 
scatterings contribute to the higher resistivity measured here. 

Figure 5.  Local conductivity of individual AgNW contacted to ITO electrode. a) AFM morphology and b) c-AFM current signal simultaneously recorded 
over a single AgNW50.
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It is noteworthy that our estimated resistivity value is in per-
fect agreement with the theoretical calculations from Bloch–
Grüneisen's theory previously reported for similar AgNWs of 
50 nm in diameter[49] or with the experimental values published 
for AgNWs of 227 nm in diameter.[48] Consequently, the c-AFM 
technique is shown here to be suitable for probing electronic 
transport properties in our transparent conductive films, ena-
bling the measurements presented hereafter. Besides, this is 
the first report on the nanoscale determination of electrical 
resistivity for a single AgNW.

2.5. Local Electrical Behavior of AgNWs Network

The electrical resistances of the nanojunctions are crucial for 
the global performances of AgNW-based TCEs, as they usu-
ally govern the transport properties of the overall network. To 
determine these resistance values, we have set up the meas-
uring system illustrated in Figure 6a, where a main individual 
nanowire is electrically connected to the electrode but is also 
connected to two other nanowires, providing two different nano-
junctions (X or Y configuration) here labeled A and B. In this 
specific configuration, the current flowing long three different 
pathways (numbered 1, 2, and 3) related to the two types of 
junctions, here A and B, as illustrated in Figure 6a. The current 
mapping recorded in this configuration is shown in Figure 6b, 
where two main current contrasts are revealed: a higher signal 
(blue color) is measured both for the main AgNW connected 
to ITO as well as for the segment connected at the B-junction, 
while a lower current signal (red color) originates from the 
A-junction. By determining the resistance at the positions (1-2) 
& (1-3) and (2-4) & (2-5) marked in Figure 6b, we eliminate the 
effect of the other resistance measurements, which allows for 
the calculation of the resistance at a single junction. The resist-
ance values are found to be about 8.5 × 104 and 6.6 × 104 Ω for 
A- and B-junctions, respectively. As expected, the resistances at 
nanojunctions are much higher than for single nanowires. The 
obtained differences for the junction resistances are explained 
by the poorer contact area of the A-type junction compared to 
the B-junction, as already reported in the previous studies.[45] 

In this case, owing to the lower quality of electrical contact 
between the two nanowires offered by junction A, pathway 2 
involves fewer electronic charges. At the B-junction, no sig-
nificant change in the recorded c-AFM contrast is shown in 
Figure  6b, resulting in a much smaller increase of the resist-
ance value (Figure 6c), in full agreement with the Y-type junc-
tion more suitable for the efficient conducting network. In this 
latter case, the contact area is higher, inducing low contact 
resistance. This result illustrates the different resistance behav-
iors for these two very specific nanojunctions. However, the 
determined values cannot be considered as the average value of 
all the junctions of the entire conductive network. In addition, 
it is worth noting that the determined junction resistance is 
also dependent on the single nanowire diameter and the bun-
dles comprising the junction.

To evidence the quality of nanowires connections on the 
macroscopic scale as well as to describe the global lateral con-
ductivity spreading through the fabricated network, the AgNWs 
were deposited between two ITO electrodes separated by 
1000 µm, as illustrated schematically in Figure 7a and shown by 
the SEM image on Figure 7b. The first ITO electrode is directly 
connected to the bias voltage produced by the AFM instru-
ment and referred to as “connected electrode,” whereas the 
opposite ITO electrode is labeled “non-connected electrode.” A 
set of 10 × 10 µm2 areas have then been probed with c-AFM at 
increasing distances (≈0, 200, 400, 600, 800, and 1000 µm) from 
the connected ITO electrode. The current patterns are pre-
sented in Figure  7c–h, where the two electrode edges are rep-
resented by the white dotted lines on the first and last c-AFM 
images (Figure 7c,h). Regardless of the distance from the con-
nected electrode, the AgNWs appear highly conductive in the 
current patterns, with values reaching several micro-amps  
(≈10 µA). These current patterns demonstrate the excellent 
charge transport behavior through the whole network up to 
the remote unconnected electrode, as seen on the right side of 
Figure  7h. We believe that this study is describing with more 
details the electrical mapping of AgNW network by c-AFM  
previously studied by De et al. in 2009.[50]

This result further underlines the high performance of the 
AgNW-based TCEs fabricated in this present work. Figure 8a 

Figure 6.  Resistance behavior of different nanojunctions in AgNWs film. a) Schematic of analyzed conductive pathways. b) The current pattern of a 
main AgNW contacted to electrode and displaying two kinds of nanojunctions. c) Electrical resistance evolution of the conductive pathways, strongly 
dependent on the X- or Y-junctions.

Adv. Mater. Interfaces 2022, 9, 2200019

 21967350, 2022, 18, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

i.202200019 by Portail B
ibC

N
R

S IN
C

, W
iley O

nline L
ibrary on [01/04/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



www.advancedsciencenews.com

© 2022 Wiley-VCH GmbH2200019  (7 of 9)

www.advmatinterfaces.de

shows the typical nanoscale I–V curves recorded on different 
nanojunctions identified as A, B, C, D, E, and F on Figure 7c–h, 
respectively. The results reveal that the higher the connected 
electrode-probing tip separation, higher the electrical resist-
ance, as depicted by the decreasing of the I–V characteristics 
slope when moving away from the connected electrode. The 
resistance values deduced from each recorded I–V curve are 
plotted in Figure  8c, where a non-linear trend is obtained. 
Indeed, a clear quadratic behavior is observed, which may be 

related to the increase in nanojunctions density measured 
throughout the entire conducting nanowire network from the 
c-AFM tip to the connected electrode, as well by the random 
nature of the probed junctions (X- or Y-configuration).

In this case, the number of junctions would increase quad-
ratically along with the network, i.e., with the distance from the 
connected ITO. This result would reveal more a topology issue 
than a materials property issue. On the other hand, the lower 
current detected for both lateral electrodes (1 and 2) in Figure 8a 

Figure 7.  Nanoscale electrical conductivity spreading in the global AgNW50-based network. a) Schematic illustration of the “electrical bridge” based 
on AgNWs and b) SEM image of the large conductive region probed between the two lateral ITO electrodes. c–h) c-AFM current mapping of various 
areas of the AgNWs network, each on related to A, B, C, D, E, and F regions specified in (a) between connected (left-side) and unconnected (right-
side) electrodes.

Figure 8.  Local I–V characteristics analysis of the AgNW50-based network. a) Local I–V curves were recorded at the points labeled from A to F in 
Figure 7c–h. b) Zoom of the I–V curves directly measured over both the “connected” (Figure 7c) and “unconnected” (Figure 7h) ITO electrodes.  
c) Evolution of the resistance values determined from I–V curves as a function of the connected electrode–probe distance.
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reveals the higher resistive nature of the semiconducting ITO 
material compared to the conducting metallic AgNWs, com-
bined to the lower contact area for lateral electrode–AFM tip 
interface compared to the nanowire–AFM tip contact. Besides, 
the comparison of the I–V curves measured over the two oppo-
site electrodes presented in Figure  8b exhibits no significant 
change in transport behavior. The later result reveals the high 
transport properties through the overall network and suggests 
these conducting thin films based on AgNWs could be potential 
candidates to efficiently replace the ITO-based TCE.

3. Conclusion

To conclude, in this study, TCEs based on AgNW networks 
were successfully fabricated by spin-coating. The effects of 
the temperature and the time during the annealing process 
on optoelectronic properties were investigated on the different 
types of AgNWs. The best result showed a sheet resistance 
of 10 Ω sq−1 with a transmittance of 92.6% at a wavelength of 
550 nm, equivalent to the highest FoM value of 400. This very 
interesting value allows for the use of these TCEs in numerous 
electronic organic applications, such as OLED or thin-film 
solar cells devices. The electrical resistivity value calculated for 
a single strand AgNW50 using c-AFM is about 12.35 µΩ cm, 
consistent with the simulation results reported in the literature. 
Different resistance behaviors were detected for two specific 
types of nanojunctions, namely, X and Y, usually observed in 
such metallic nanowire networks. A nanoscale conductivity 
map over an AgNW network bridging two ITO electrodes has 
revealed high current levels within the network over a distance 
of more than 1000 µm. A quadratic behavior for the nanojunc-
tions resistance values through the entire network was evi-
denced, explained by the junction number, which increases 
quadratically along with the network. This study emphasizes 
the simple fabrication and processing technologies to optimize 
the network connectivity of AgNW-based transparent electrodes 
and paves the way for novel electrode materials to replace 
metal oxides as transparent conductors for advanced electronic 
devices.

4. Experimental Section
Materials: The AgNWs solutions were purchased from Sigma Aldrich 

and ACS Materials. Three types of AgNWs were used with the average 
diameter and length of 50, 60, and 115  nm, and 100–200, 10–20, and 
30–50  µm, respectively (see Table  1). The calculated ratios between 
length and diameter (L/D) are 2000–4000, 167–333, and 260–435, 
representing long, short, and medium nanowires, respectively. Other 
chemicals used from commercial products were refined to analytical 
purity.

Fabrication of AgNWs TCEs: The AgNW TCEs were fabricated by spin-
coating. Before deposition, the substrates were treated with O2 plasma 
cleaning in a vacuum for 10 min to form a hydrophilic surface. First, the 
glass substrate was thoroughly cleaned by ultrasonication, followed by 
three successive washings in acetone and isopropyl alcohol (IPA), and 
dried with pure N2 at high pressure. The AgNW solution was diluted 
in IPA to a concentration of 1  mg mL−1. Typically, a 150  µL AgNWs 
suspension was spun on a glass substrate (2 × 2 cm2) at 700  rpm for 
30 s with different spin-coating cycles (from one to five cycles), then the 

film was dried at 80  °C for 5  min to evaporate the solvent fully. Then 
each type of AgNW network was annealed in a vacuum at different 
optimal temperatures in the range from 165 to 200 °C for 1 h to improve 
the contact between the AgNWs and to remove residual PVP.

For the c-AFM investigation of the local electrical properties of the 
AgNW, glass/ITO substrates were used to connect the nanowires to 
a contact ITO electrode. The cleaning process for glass/ITO (Naranjo 
substrate, ref NS1463, ITO 95  nm-thick, ≈20 Ω sq−1) was performed 
sequentially in demineralized water, detergent (RBS), acetone, IPA, for 
10  min in a sonication bath and dried with pure N2 at high pressure. 
Then oxygen plasma treatment was applied on the surface of the ITO 
electrode for 5 min. Finally, the deposition process of the AgNWs was 
similar to that just described above.

Characterization: The sheet resistance of TCEs was measured by four-
point probe system measurements (Keithley Standard Series 2400). The 
reported values were taken as the average of at least 8–10 measurements 
from random positions on the sample surface. The optical transmittance 
measurements were performed with a Shimazu ultraviolet–visible (UV–
vis) spectrophotometer in wavelengths ranging from 300 up to 800 nm. 
The surface morphologies and structures of the AgNW network were 
analyzed using a field emission scanning electron microscope (FESEM, 
Hitachi S4800).

An AFM measurement system using a Dimension Icon instrument 
(Bruker Nano Inc., Santa Barbara, CA) in TM-AFM was selected 
for characterizing the microstructural properties of both the single 
nanowires and the fabricated networks. An MFP-3D instrument (Asylum 
Research/Oxford Instruments, USA) was used to locally investigate 
the electrical conductivity by means of the c-AFM mode. For such 
experiments, the measurements were conducted in contact mode at 
room temperature in air with a conductive probe that is continuously 
moving over the sample surface at a constant scan rate of 0.3  Hz, 
ensuring stability in the current detection. Diamond-coated silicon tip 
and cantilever with a nominal 9 N m−1 spring constant (CDT-CONTR-10, 
Nanosensors) were used, and the sample–tip interaction nominal force 
was kept constant to 10 nN. In this case, the tip was grounded, and the 
bias voltage was applied to the bottom electrode (ITO layer).
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