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spin-coating to spray-coating, electrospin-
ning, and dip coating.[3,6,7] Furthermore, 
large-area lithography and metal coating 
techniques are increasingly emerging as 
promising alternatives.[8–10] However, it 
is not uncommon for these deposition 
techniques to result in a conductance that 
varies spatially due to local modulations 
in the network thickness or connectivity. 
These spatial modulations of the elec-
trical conductance are impossible to detect 
with standard characterization techniques 
such as the four-point probe method, in 
which the electrical impedance is meas-
ured using a pair of separated electrodes 
carrying a current and sensing the voltage 
differences. Furthermore, although micro-

probes have been developed to map the conductance with high 
spatial resolution,[11] the four-point probe technique requires 
electrical contact with the surface, leading to the risk of mod-
ifying the sample. These limitations highlight the need for a 
contact-free and high resolution technique to map electrical 
conductance over large areas. Broadband and phase sensitive 
spectroscopic techniques, such as terahertz time-domain spec-
troscopy (THz-TDS), have emerged as powerful alternatives for 
probing the complex conductivity of samples.[12–15] THz-TDS 
uses very short (single cycle) electromagnetic pulses as low 
frequency electromagnetic probes to measure the electronic 
properties. This probing is done by measuring the attenua-
tion and the phase of the THz pulse as it propagates through 
the medium and interacts (mainly) with free charge carriers. 
A major advantage of THz-TDS over four-point probe tech-
niques is that it is a contact free technique, which also enables 
an easy implementation of conductivity scans. The diffraction 
limit of electromagnetic waves (on the order of the wavelength) 
defines the maximum spatial resolution that can be attained for 
the determination of the conductivity using far-field THz tech-
niques. The broadband character of THz-TDS and the standard 
focusing optics, with relatively low numerical aperture, leads to 
spatial resolutions on the order of 1 mm or larger.

In this manuscript, we synthesize highly monodisperse 
AgNWs with a diameter of ≈50 nm and a length of ≈10 μm 
by adapting a polyol method.[16] Subsequently, transparent elec-
trodes are prepared by spray coating the AgNWs solution on 
top of 25 × 25 mm2 quartz substrates. The nanowire mono-
dispersity allows us to draw quantitative conclusions from  
the measurements performed on the conductive networks. 
We spatially vary the thickness of the AgNWs network across 
the quartz substrate, and therefore its optical transmission and 
THz conductance, by adjusting the spray coating conditions. 

Transparent conductive layers are key components of optoelectronic 
devices. Here, a polyol method is used to synthesize large quantities of 
monodisperse silver nanowires (AgNWs) and these are used to fabricate 
transparent conducting networks over large areas. The optical extinction 
and terahertz (THz) conductance of these networks are simultaneously 
investigated, using optical and THz spectroscopy, and THz near-field 
microscopy. The combination of optical and THz measurements allows 
the identification of transparent regions with high conductance. The THz 
near-field measurements reveal local variations in the THz transmission 
and conductance that are averaged in far-field measurements. These results 
demonstrate that THz near-field microscopy is a powerful tool for the 
quantitative investigation of new conductive transparent electrodes.
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Transparent Nanowire Networks

1. Introduction

Transparent conducting electrodes are critical components in 
many optoelectronic devices, including solar cells, light emitting 
diodes, displays, and touchscreen panels.[1–4] These electrodes 
are usually made of thin layers of doped metal oxides, such 
as indium tin oxide (ITO), fluorine doped tin oxide (FTO), or 
doped zinc oxide.[2,5] Despite their high electrical conductivity 
and optical transmission, these doped oxides are typically expen-
sive, brittle, and difficult to integrate on flexible substrates, lim-
iting their range of applications in optoelectronic devices.

One of the most promising alternatives to metal oxides 
are transparent electrodes made of interconnected net-
works of silver nanowires (AgNWs).[3] AgNW networks, com-
bine high DC conductance with optical transparency in the 
visible, low production costs, and ease of integration in flex-
ible substrates.[2,3] The fabrication of nanowire networks over 
large areas can be achieved with a variety of techniques, from 
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Spatially resolved THz-TDS enables us to find the optimum 
AgNWs network thickness of ≈150 nm, combining a low 
optical extinction (≃0.2) and a high THz sheet conductance 
(≃5 × 10−2 Ω−1), which is comparable to that of conventionally 
used ITO. To further improve the spatial resolution of our con-
ductance measurements beyond the diffraction limit, we also 
perform THz time-domain near-field microscopy measure-
ments. This technique uses a microstructured THz detector 
that is scanned at a short distance (≈0.5 μm) from the surface 
of the AgNW network, to measure the THz transmission and 
determine the broadband THz conductance with an in-plane 
spatial resolution of ≈50 μm. These measurements reveal inho-
mogeneities in the THz transmission and conductance that 
are averaged, and therefore invisible, in the far-field measure-
ments. These inhomogeneities could severely affect the perfor-
mance of optoelectronic devices and illustrate the relevance of 
performing spatially resolved conductance characterization of 
these novel transparent electrodes.

2. Synthesis of Silver Nanowires and Fabrication  
of Nanowire Networks

Silver nanowires can be synthesized in large quantities by 
means of the so-called polyol synthesis.[17,18] The nanowires can 
then be purified and spray coated to form conductive networks, 
a process that is easily scalable and therefore compatible with 
roll-to-roll technology.[19] In the polyol synthesis, silver nitrate 

(AgNO3) is dissolved in ethylene glycol (EG) in the presence 
of a halide salt and a surfactant (typically polyvinylpyrrolidone, 
PVP). Upon heating the mixture to ≈170 °C, the EG reduces 
the silver nitrate, leading to the formation of AgNWs.[17,20] 
The length and diameter of the AgNWs can be easily tuned 
by controlling experimental parameters such as the reac-
tion temperature and the ratio between the silver salt and the 
surfactant.[18,21–24] Besides being simple and high-yield, the 
polyol synthesis is also fast, with reaction times usually com-
prised between 30 min and 2 h.[18] Here, we synthesize AgNWs 
of ≈50 nm in diameter and ≈10 μm in length by adapting a pre-
viously reported method.[16] This synthesis is described in more 
detail in the Experimental Section at the end of the manuscript.

The AgNW network defining the transparent electrode is pre-
pared with a home-made spray coating setup. Typically, 1 mL of 
the purified AgNWs solution is sprayed with a nitrogen gun at 
a pressure of 0.1 MPa on a quartz substrate kept at 80 °C and 
placed at a distance of 12 cm from the nozzle. The spray coating 
with nanowire solution produces large area films (≃cm2), with 
a macroscopic gradient in the thickness of the network, and 
regions ranging from a minimum thickness of ≈50 nm in 
the sparsely covered region, where some wires lay completely 
isolated to a maximum thickness of ≈300 nm in the densely 
covered region, where several nanowire layers are stacked on 
top of each other. After deposition, the AgNWs network is 
stored under nitrogen atmosphere to prevent degradation.

Figure 1a shows the optical transmittance of a AgNW network 
measured at three different positions. These measurements 
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Figure 1. a) Optical transmittance spectra of transparent AgNW networks prepared by spray coating. The three different curves correspond to three 
regions of the sample with different nanowire layer thickness. Inset: picture of the sample with the text “THz” printed behind it to highlight the optical 
transparency and mark the region where measurements were taken. b–d) SEM pictures of the three different regions of the AgNW network.
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have been performed with a Perkin Elmer spectrophotometer 
Lambda 1050, equipped with both deuterium and tungsten-
halogen lamps. The collimated optical beam has a rectangular 
shape of ≈5 × 2 mm2, with the longest dimension in the ver-
tical position. The transmission is measured in the forward 
direction (zero-order transmission) and it is normalized by the 
transmission through the substrate, i.e., a region of the sample 
without nanowires, to obtain the transmittance. The high 
quality and monodispersity of the nanowires can be appreciated 
by the drop in transmittance at λ ≈ 387 nm, which corresponds 
to the transverse surface plasmon resonance of the wires.[17] 
The nanowires are deposited on the right side of the substrate, 
with the thickest layer at the bottom, as can be appreciated by 
the increased opacity of the sample in this corner, as the text 
behind becomes hardly visible. The left side of the sample was 
covered with adhesive tape during the spray coating. This tape 
was removed after the nanowire deposition to leave an area on 
the substrate uncoated with nanowires for a correct referencing 
of the optical and THz transmission measurements.

To compare the optical transmission with the morphology of 
the sample, we have taken scanning electron microscopy (SEM) 
images at the same positions where the transmission was 
measured. The SEM images are shown in Figure 1b–d, where 
the scale bar legends are color coded using the same colors as 
for the optical measurements of Figure 1a. It is important to 
note that the density of nanowires (volume occupied by AgNWs 
in the film) remains constant in different regions and the 
apparently more dense images (c) and (d) are due to a thicker 
nanowire stacked layer. The increase in thickness has been con-
firmed with atomic force microscopy as shown in Figure S1 
(Supporting Information).

The inhomogeneous nanowire network requires spatially 
resolved probing techniques to map changes in conductance 
that can be correlated with the changes in the optical trans-
mission. In the next section, we use far-field THz-TDS spec-
troscopy and near-field microscopy to spatially resolve the THz 
transmission and conductance of the AgNW network.

3. Terahertz Time-Domain Spectroscopy

3.1. Terahertz Far-Field Spectroscopy

Far-field THz transmittance and conductance measurements 
of AgNW networks have been previously reported in the 
literature.[25–30] In this work the far-field transmittance spectra 
of our AgNW network was measured using a conventional 
THz time-domain spectrometer (THz-TDS), schematically 
represented in Figure 2a. The setup consists of two photo-
conductive antennas for the generation and detection of THz 
pulses, separated by collimating and focusing lenses, and with 
the sample placed in the intermediate focus. The terahertz 
radiation was incident onto the sample through the substrate 
and the polarization of the electric field (E-field) was ori-
ented along the vertical direction. Measurements for different 
polarizations do not reveal significant changes in the THz 
transmission (see Figures S2 and S3 in the Supporting Infor-
mation), confirming the random orientation of the nanowires. 
The focus of the THz beam had a full width at half maximum 
(FWHM) of ≈2.0 mm at peak amplitude of 0.5 THz due to the 
diffraction limit and the relative low numerical aperture of the 
focusing optics.

Adv. Optical Mater. 2020, 8, 1900790

Figure 2. a) Schematic representation of the far-field THz-TDS transmission measurement through the AgNw network, where Tx and Rx refer to the THz 
emitter and receiver, respectively. b) Transmitted THz transients for different thicknesses of the AgNW network, from dark-red (h = 300 nm) to dark-blue 
(h = 50 nm). c) Transmission amplitude spectra for different thicknesses of the AgNW network, obtained by Fourier transforming the transients of (b).
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To investigate the trade-off between optical transmittance 
and conductance, a series of measurements was conducted 
along the gradient in thickness of the nanowire network by 
scanning the sample vertically through both an optical and a 
THz beam. The measured transmitted THz transients are 
shown in Figure 2b. In these measurements the positions are 
recorded and color coded from dark-red (y = −10 mm, corre-
sponding to the AgNW layer thickness of h ≃ 300 nm) to dark-
blue (y = +10 mm, corresponding to h ≃ 50 nm). The THz 
transients were Fourier transformed to generate the transmis-
sion amplitude spectra that are shown in Figure 2c. These 
spectra are normalized to a reference transient that had passed 
through an uncoated area of the quartz sample (an area without 
nanowires). The spectrum generated by the photoconductive 
antenna of the THz setup peaks at 0.5 THz and generates fields 
up to 2.5 THz. The THz field amplitude is significantly reduced 
as the thickness of the AgNW network increases, as is expected 
by the increase in free carrier absorption for thicker and more 
connected layers.

Figure 3a,b shows the optical extinction (defined as 1 −T, 
where T is transmittance) and the THz zero-order transmit-
tance, respectively. Both transmittance spectra are obtained by 
dividing the transmitted intensity or power spectra by a refer-
ence measured through an uncoated area of nanowires on the 
quartz substrate. The optical transmittance was measured with 
a fiber coupled spectrometer and the collimated beam of a sta-
bilized tungsten-halogen lamp with a beam diameter of ≈1 mm. 
As expected, the optical extinction increases and the THz trans-
mittance drops when the nanowire network gets thicker. When 
integrating both optical extinction and THz transmittance over 

the displayed wavelength ranges in Figure 3a,b and plotting the 
mean values against position (as represented in Figure 3c), we 
can identify an area of interest approximately in the middle of 
the measured range (at y ≃ 0 mm). At this position the optical 
extinction is relatively low (≃0.2), while the THz transmittance 
has dropped substantially indicating that a percolating AgNW 
network with high conductance is formed for this layer thick-
ness. This position corresponds to a AgNW layer thickness of 
≈150 nm, which represents only two to three nanowires on top 
of each other. In the next subsection, we use high-resolution 
THz near-field microscopy to reveal a detailed map of the THz 
transmittance and to spatially resolve the THz conductance 
across the nanowire network.

3.2. Terahertz Near-Field Microscopy

THz near-field microscopy measurements can achieve a reso-
lution that is not limited by diffraction. Depending on which 
technology is used, the resolution can range from tens of 
microns down to the atomic scale.[31–33] The THz near-field 
microscope used in our experiments is schematically depicted 
in Figure 4a, and has been also described previously.[34–36] 
Similar to the far-field measurements presented earlier, a THz 
microprobe (Protemics GmbH) is used to detect the polariza-
tion dependent electric near-field at a distance of 0.5 μm above 
the sample.[37] The detected polarization is the same as the inci-
dent polarization. The spatially and temporally resolved near-
fields are collected by raster scanning the sample through the 
optical axis defined by the incident THz beam and the near-field 

Adv. Optical Mater. 2020, 8, 1900790

Figure 3. a) Optical extinction spectra plotted for different thicknesses of the AgNW network, from dark-red (h ≃ 50 nm) to dark blue (h ≃ 300 nm).  
b) THz transmittance spectra at the same positions at which the extinction is measured. c) Spectrally averaged optical extinction and THz transmittance, 
plotted against position along the gradient in the thickness of the AgNW network.
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microprobe. Fourier analysis of the measured THz transients 
allows the generation of 2D transmission and spectral maps 
with a spatial resolution of 50 μm.[36] This resolution enables to 
resolve variations of the THz conductance that, otherwise, are 
averaged in the far-field measurements, while still being able to 
map relatively large areas. The trade-off between spatial resolu-
tion and scanning area makes THz near-field microscopy a very 
appealing technique for the investigation of novel nanostruc-
tured materials for large area conducting electrodes.

The transmission through the AgNW network was refer-
enced to the transmission through the substrate measured on 
an area without nanowires that was purposefully included in 
the spatially resolved map. Figure 4b shows such a map of the 
sheet conductance of the sample at 0.53 THz, where the meas-
ured THz transmittance T(ω) is translated into the frequency 
dependent sheet conductance σ□(ω) using the Tinkham 
formula[38] (maps obtained at different frequencies are dis-
played in Figure S5 in the Supporting Information)

( ) (1 )
1

( )
10 0c n

T
σ ω ε

ω
= + −









 
(1)

In this formula, ε0 and c0 are the vacuum permittivity and 
the speed of light in vacuum, and n = 2.11 is the refractive 
index of the quartz substrate. The Tinkham formula is a good 
approximation as the nanowire network is much thinner than 
the THz wavelength and interference effects within the layer 
can be neglected. To obtain the sheet conductance maps, we 

also assume that the imaginary component of the transmis-
sion to the conductance is negligible compared to the contri-
bution of the real part. This approximation is justified by the 
pronounced decrease in of THz transmitted amplitude as the 
AgNW network thickness increases (see Figure 2b), in contrast 
to the negligible phase shift. Therefore, the retrieved compo-
nent of the sheet conductance is the real component.

The gradient in conductance is clearly observed in Figure 4b, 
but also spatial inhomogeneities are visible in the near-field that 
were averaged in the far-field measurements. The two insets of 
Figure 4b represent the relative THz transmittance along the 
dashed red and blue lines. A comparison of the relative THz 
transmittance along the y-direction measured in the near- and 
far-field (red curve inset of Figures 4b and 3c) illustrates the dif-
ferences due to the spatially inhomogeneous AgNW network. 
The transmittance in the x-direction (blue curve in Figure 4b) 
shows a sharp decrease when passing over the edge of the 
AgNW network. However, an enhanced transmittance is meas-
ured just before the edge. This increase in transmittance is 
caused by the scattered THz field collected with the near-field 
probe. This THz field scattering at defects and inhomogenei-
ties can be used to enhance their visibility. However, they also 
introduce an uncertainty in the quantitative determination of 
the network conductance in the proximity of the defects. To 
further illustrate the resolution improvement in the determi-
nation of the sheet conductance, we have also measured the 
transmittance in the far-field. A comparison of the far-field 
and near-field conductance maps is shown in Figure S6 in the 
Supporting Information.

Adv. Optical Mater. 2020, 8, 1900790

Figure 4. a) Schematic representation of the near-field THz-TDS transmission measurement through the AgNw network, where Tx and NF-Rx refer 
to the THz emitter and near-field THz probe, respectively. b) 2D sheet conductance map measured at 0.53 THz, generated by raster scanning the 
sample in front of the near-field probe with a steps of 50 μm. The red and blue lines in the insets correspond to the THz transmittance recorded along 
the vertical (red-dashed) and horizontal (blue-dashed) coordinates. c) Frequency dependent sheet conductance as recorded along the red-dashed line 
where the positions are marked by color coded circles in (b), as well as the approximate layer height h.
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Near-field sheet conductance spectra are plotted in Figure 4c 
for different positions along the y-direction at x = 3 mm. The 
spectra are color coded to mark the positions in which they 
were taken. These positions are indicated with the colored dots 
on the dashed vertical line of Figure 4b. Also the network thick-
nesses are indicated in Figure 4c, where we see a high con-
ductance for the thicker nanowire layers and a fast drop of this 
conductance when the thickness is smaller than h = 150 nm. 
These measurements illustrate the formation of a percolating 
nanowire network or conductive film above a critical average 
thickness of only three nanowires, in agreement with ref. [2]. 
We have performed complementary measurements of the sheet 
resistance using the four-point probe method on the thickest 
parts of the sample. These measurements are displayed in 
Figure S4 (Supporting Information). The DC sheet conduct-
ance for a ≃200 nm thick AgNW network is 0.2 Ω−1 in reason-
able good agreement with the AC THz conductance obtained 
in the near field. This agreement further supports the approx-
imation of a real sheet conductance made for the analysis of 
the near-field transmission. Therefore, we can conclude that 
THz near-field conductance mapping is a powerful method to 
quantitatively assess the quality of spatially inhomogenous con-
ducting layers in a contact-free way.

4. Conclusions

In summary, we have fabricated large area transparent con-
ducting substrates composed of monodisperse silver nanowire 
networks. The nanowire networks have been characterized 
using optical extinction and THz far-field and near-field spec-
troscopy. By combining these techniques, we find the optimum 
network thickness in terms of optical transparency and THz 
conductance. High conductance in percolating AgNW networks 
can already be achieved in layers with a thickness of only three 
nanowires. The near-field measurements reveal an inhomoge-
neous response that is averaged in the far-field measurements, 
illustrating the need to employ high-resolution and large area 
scan techniques for assessing the quality of newly developed 
nanostructured electrodes.

5. Experimental Section
Nanowire Synthesis: The synthesis of AgNWs was performed by 

adapting the method reported in ref. [16]. PVP (molecular weight 
40000, Sigma Aldrich), EG (Sigma Aldrich, purity > 99.8%), silver 
nitrate (AgNO3, Sigma Aldrich, purity 99.999%), and silver chloride 
(AgCl, Alfa Aesar, purity > 99.8%) were used as received without any 
further purification. In a typical synthesis, 0.34 g of PVP was dissolved 
in 20 mL of EG in a 25 mL round bottom flask. The mixture was then 
heated to 170° in a silicon oil bath and 25 mg of AgCl was added under 
stirring at 800 rpm. After 3 min, 110 mg of AgNO3 was added to the 
solution and the reaction was left under stirring at 170° for 30 min. The 
solution was then cooled down to room temperature and the AgNWs 
were separated from any by-product by three steps of centrifugation 
at 3000 ×g for 30 min followed by removal of the supernatant and 
redispersion in 20 mL of methanol. The centrifugation had the role 
of both removing the Ag nanoparticles formed as by-products and to 
decrease the thickness of the layer of surfactant around the AgNWs. In 
fact, a too thick layer of surfactant would decrease the conductance of 

the substrate, as the AgNWs couldnot efficiently get in contact on top 
of each other. The final solution had an optical density (OD) of ≈30 at 
λ = 387 nm, corresponding to the transverse plasmon resonance of the 
wires.[17]

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