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Optical, electrical and EMI shielding properties of AgNW thin films
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This paper describes the process of obtaining silver nanowires (AgNW) and the technique for producing thin

films on their basis using vacuum filtration. The film thickness was specified by the volume of the base dispersion.

In order to improve the physical, mechanical and adhesive properties of the films, AgNW were integrated into a

polyurethane substrate. Comprehensive studies of the morphology and structure of both individual AgNWs and

their films were conducted. The study of the optoelectric characteristics showed that the AgNW films have a

uniform transmittance in the visible range above 500 nm. The radio shielding properties of the film structures in

the K and Ka- ranges were also studied. It was shown that the AgNW films have a high shielding coefficient of

more than 25 dB in the entire studied frequency range, while the optical transmittance at a wavelength of 550 nm

was 69.25%.
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Introduction

The modern world cannot be imagined without the

widespread use of electronic devices. The amount of

electronics used in the military, medical, commercial and

civilian industries is growing as the industry develops [1].
However, all electronics generate unwanted electromagnetic

interference (EMI). This parasitic radiation has a negative

impact on the stable operation of electronics, causing

both temporary malfunctions and critical problems in the

operation of devices [2,3]. In addition, back in the last

century, the possibility of intercepting side radiation from a

monitor screen with its subsequent decoding was shown [4].
Subsequently, this information leak channel was abbreviated

TEMPEST [5,6]. Given that the visual channel is the

primary used electronic communication channel [7], the

demand for research in the field of optically transparent

coatings that protect from EMF is growing every year [8].
Two types of transparent shielding coatings are most often

used in the literature. The first type comprises metal

meshes with a period of 500−1000 µm and a track width

of 25−50 µm. They have a high shielding efficiency

(over 50 dB) at frequencies below 1 GHz. However, the

shielding efficiency of metal meshes significantly decreases

at frequencies above 1GHz. For example, it is reported in

Ref. [9] that a shielding efficiency of a metal mesh with a

cell size of 1.2mm will not exceed 10 dB at a frequency

of 26GHz. The second type comprises transparent con-

ductive oxides, which are abbreviated as TCO (Transparent
Conductive Oxides) in the foreign literature. Indium tin

oxide (ITO) is a typical representative of this type of

coating, its shielding efficiency is practically independent of

frequency and is at the level of 20 dB in the frequency band

from 1 to 40GHz [10]. Silver nanowires are an excellent

candidate for an optically transparent shielding material [11].
For example, it is reported in Ref. [12] about AgNW

films with an optical transparency of about 85% with a

shielding capacity of 20−25 dB depending on the operating

frequency, which exceeds the results shown in the studies

of ITO films. We see similar results in the papers [13–15].
These studies, as well as the issue of the shielding properties

of AgNW at frequencies outside the X-band, which has not

been disclosed in modern literature, prompted us to study

the spectral characteristics of silver nanowire thin films in a

wide frequency range corresponding to 5G, which includes

the K- and Ka-bands.

1. Materials and methods

1.1. Synthesis of silver nanowires

Ultra-long silver AgNW nanowires were synthesized

using solvothermal method: first, 0.3 g of polyvinylpyrroli-

done(PVP) (M.W. — 1.3MDa) and AgNO3 (0.20 g,
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1.18mM) were dissolved in 50ml of ethylene glycol. Then

a solution of FeCl3 (200 µl, 12.5 µM) was added and

stirred at room temperature. The resulting mixture was

then transferred to a Teflon-lined autoclave with a capacity

of 50ml . This mixture of reagents was kept at 130◦C

for 8 h until completion of the reaction. Solvent replacement

operations were performed after synthesis of AgNW. The

obtained solution in ethylene glycol was centrifuged for this

purpose at a rate of 10 000 rpm for 15 min using laboratory

centrifuge OPN 16 (Labtex, Russia). The supernatant

was drained after centrifugation and the same amount of

isopropyl alcohol was added. This operation was repeated

5 times until the complete removal of ethylene glycol, ions

of NO−
3 , Cl

− and Fe3+ and PVP residues.

1.2. Production of AgNW films

AgNW thin films were produced using the vacuum

filtration method [16]. The thickness of the AgNW films

was determined by the dispersion volume. The basic AgNW

dispersion with a nanowire concentration of 4mg/ml was

used in this study. The volumes of the basic dispersion

used in the study for the production of films were 25,

50, 100, 200, 400, 800 and 1600 µl . The said volumes

of the base dispersion were diluted with isopropyl alcohol

to a volume of 50ml . Acetate cellulose filters (MFAS-B-3,

Vladipor, Russia) with a pore diameter of 600 nm and a

working diameter of 20 mm were used for the filtration, the

filtered wet AgNW film on the filter was pressed against

the glass surface with a force of 10 kg/cm2 and was dried

at room temperature for 30min. Subsequently, the system

was immersed in acetone for dissolving the cellulose filter

acetate and obtaining thin AgNW films on the glass. AgNW

films were integrated into the surface layer of a flexible

polyurethane substrate for obtaining wear-resistant films

using the following method: first, a prepolymer of polyester

diisocyanate-2,4 was mixed in butyl acetate together with

methylene-bis-ortho-chloroaniline (MOCA) and degassed.

Then the resulting solution was applied over AgNW films

and polymerized in a drying cabinet with multi-stage heating

in the following conditions: initially, the cabinet was heated

to 50◦C, then the temperature was adjusted to 100◦C with a

step of 10◦C and holding for 1 h at each step. After reaching

100◦C, the samples were kept at this temperature for 10 h.

1.3. Testing of adhesive properties

The adhesive properties of the AgNW film samples were

determined by the cross-cut method (ASTM D4541) [17].

1.4. Optical and electron microscopy

Optical microscopy images were acquired using Altami

104 microscope (Altami, Russia). The morphology and

geometric characteristics of single AgNW were studied by

transmission electron microscopy (TEM) using HT 7700

(Hitachi, Japan) with an accelerating voltage of 40−300 kV.

The morphology of AgNW films was studied by scanning

electron microscopy (SEM) using SU3500 (Hitachi, Japan)
microscope with an accelerating voltage of 20 kV.

1.5. X-ray diffraction analysis

X-ray images of the samples were taken using X’Pert Pro

MPD diffractometer (PANalytical, Netherlands) with a high-

speed PIXcel detector in the angular range of 30−90◦ 22,

with a step of 0.013◦ . The parameters of the Ag crystal

lattice were determined using Rietveld full-profile approach

by derivative difference minimization (DDM).

1.6. Measurement of optoelectric characteristics

The spectral dependences of the optical transmittance of

AgNW films were measured in the range of 380−780 nm

using UV-3600i Plus spectrophotometer with an integrating

sphere (Shimadzu, Japan). The scattering ability of AgNW

films was estimated using the Haze parameter. The

Haze parameter is determined using the following formula

according to the D1003 — 13
”
Standard Test Method for

Haze and Luminous Transmittance of Transparent Plastics“:

Haze[%] = Td/Tt · 100, (1)

where Td is diffuse light transmittance, Tt is total light

transmittance.

The measurements consist of two stages: the transmit-

tance of the sample is directly measured at the first stage—
this is Tr . The transmittance in the sphere is measured at

the second stage— this is Tt ; then Td = Tt − Tr is calculated;

the Haze parameter is calculated based on the obtained data.

The AgNW surface resistance was measured by four-

probe method using Keithley 2000 multimeter (Keithley
Instruments, USA) and a Mill-Max 854-22-004-10-001101

four-probe head (Mill-Max Mfg., USA).

1.7. Method for measuring the radio shielding

properties of AgNW films

The waveguide method was used to evaluate the radio

shielding properties of films. The sample was placed in

the gap of the waveguide transmission line for this purpose,

and the transmission ratio S21 and reflection coefficient S11

of the electromagnetic wave were measured. The mea-

surements were conducted in two frequency bands: K-band

(18−26.5 GHz) and Ka-band (26.5−40 GHz). The waveg-

uide windows had a rectangular cross-section with dimen-

sions of 4.3× 10.65mm for the K-band and 3.55× 7.1mm

for the Ka-band. The measurements were conducted using

vector network analyzer R&S ZVA 50 (GmbH & Co. KG,

Germany).
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Figure 1. Morphological characteristics of synthesized silver nanowires: a — TEM images; b — normal distribution of nanowire

diameters; c — selected area electron diffraction (SAED).

2. Results and discussion

2.1. Morphology and structure of AgNW and their

films

The synthesized AgNW have a high aspect ratio. The

wires have lengths of tens of micrometers with an average

diameter of 43.2± 12.4 nm (Fig. 1, a, b). The adsorbed

layer of macromolecules on the surface of nanowires com-

prises polyvinylpyrrolidone (PVP), adsorbed during AgNW

synthesis (Fig. 1, a). PVP acts as a stabilizing agent in this

case, preventing the agglomeration of nanowires and setting

a preferential orientation in the growth process [18]. The

diffraction of electrons from the selected zone (Fig. 1, c)
indicates the twin structure of the obtained AgNW, which

is found in the literature [19].

The UV-vis spectrum (Fig. 2, a) shows an absorption

peak at a wavelength of 376 nm associated with plasmon

resonance. This peak belongs to the transverse plasmon

mode, and the position of the absorption peak is asso-

ciated with the nanowire diameter. Thus, the position

of the absorption peak for nanowires with a diameter of

43.2 ± 12.4 nm is in the range of 370−380 nm according

to [20], which confirms our experimental results. The

presence of a satellite peak at a wavelength of 356 nm

is consistent with the literature and is associated with the

excitation of a longitudinal plasmon mode, the wavelength

of which is close to the wavelength of the surface plasmon

for silver [21,22].

Two phases of silver were detected by the X-ray diffrac-

tion analysis of AgNW (Fig. 2, b). One phase has a

normal cubic lattice, characteristic of silver, with parameters

a = b = c = 4.0868(7) Å, belonging to the spatial group

Fm3m (narrow peaks). Another phase has a tetragonally

distorted lattice belonging to the space group F4/mmm and

the lattice parameters a = b = 4.058(3), c = 4.164(8) Å
(asymmetrically broadened peaks). The tetragonal distor-

tion of AgNW is caused by mechanical stresses that occur

during the growth process. This feature is described in detail

in Ref. [23].

Next, we studied the morphology of AgNW films

integrated into reactoplastic polyurethane(RPU). We obtain

a percolated nanowire structure at any concentrations

used (Fig. 3). The most noticeable change of AgNW

packing density per unit area is observed in case of an

increase of the concentration of the base dispersion from 25

to 200 µl (Fig. 3, a−d). At the same time, the number

of nanowires per unit area in a single layer remains visually

similar (Fig. 3, e, f). This means that we increase the number

of AgNW layers in the film with a further increase of

concentration.

3. Optoelectric properties of AgNW films

The spectral dependence of the transmittance coefficient

in the range of 380−780 nm for all obtained AgNW films

is shown in Fig. 4, a. The transmittance coefficient shows

a downward trend with the increase of the concentration
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Figure 2. Morphological characteristics of synthesized silver nanowires: a — UV-vis absorption spectroscopy (the insert illustrates charge
separation in AgNW during photon absorption); b — X-ray diffraction analysis data

of AgNW in the sample. Starting from the wavelength of

∼ 500 nm, we observe a slope of the spectral line associated

with plasmon absorption, which we also observed using

UV-vis AgNW spectroscopy in solution. In general, the

transmittance coefficient depends on the proportion of the

surface coated with AgNW, which increases not only with

the increase of the layer density, but also with the increase

of the number of layers in the film [24]. Coatings with a

concentration of basic dispersion of 25, 50, 100 µl having

optical transmittance at a wavelength of 550 nm, equal to

80.87, 73.81, 69.25%, respectively, are acceptable from the

point of view of optoelectronics.

The turbidity value shows the ratio of diffuse light

transmittance to total light transmittance. Since our films

comprise a grid of randomly arranged AgNW, they easily

disperse the incident radiation [25]. The turbidity index

measured in our study (Fig. 4, b) does not exclude turbidity

of the polyurethane substrate from RPU, which, judging

by the literature data, is 3−5% [26]. Considering this, it

is possible to note that samples with concentrations of 25,

50, and 100,µl have an acceptable turbidity index for a

transparent conductive film — at the level of 5−10%.

The surface resistance is directly dependent on the con-

centration of AgNW, which is consistent with the literature

data [27]. A twofold increase of the concentration of the

base dispersion results in an approximately twofold drop in

surface resistance. The above-mentioned samples with base

dispersion concentrations of 25, 50, and 100,µl have surface

resistances of 18.247, 12.138, and 4.917,�/sq, respectively.

At the same time, we do not observe the effect of saturation

of conductivity in case of the transition to the maximum

studied concentration (1600 µl) (Fig. 4, c). Considering this,

it is possible to note that no transition from a quasi-two-

dimensional structure to a three-dimensional structure takes

place in our case [28].

It is advisable to study the relationship between the

values of surface resistance and transmittance in the visible

range for transparent conductive materials. We evaluated

the relationship between these two parameters, by plotting

the points corresponding to different concentrations of

AgNW in films on a graph on which the axes are the

transmittance coefficient and surface resistance (Fig. 4, d).
The relationship between these two parameters, which are

critically important for transparent conductors, is called the

Figure of Merit (FoM). The equation for calculating the

FoM is described in Ref. [29] and has the following form:

FoM =
Z0

2R
(

1√
T
− 1

) , (2)

where, Z0 — vacuum impedance, R — surface resistance

of the coating, T — transmittance coefficient.

We approximated the obtained points with a curve,

according to equation (2), we obtained the best agreement

for the FoM value equal to 210. For comparison, an ITO

thin film on a flexible polyethylene terephthalate substrate

is characterized by an FoM value of 115 [30].

3.1. Radio shielding properties of AgNW films

Radio shielding is an attenuation of an electromagnetic

wave using a screen with high electrical conductivity [31].
It occurs due to losses on absorption and reflection of

the incident wave [32]. The coefficients of reflection (R),
transmittance (T ) and absorption (A) can be expressed as

R[%] =
Pr

P i
= 100.1S11 · 100, (3)

T [%] =
P t

P i
= 100.1S21 · 100, (4)

A[%] = 100 − T − R, (5)

Technical Physics, 2025, Vol. 70, No. 1
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Figure 3. Scanning electron microscopy images of nanowires integrated into reactoplastic polyurethane: a — 25, b — 50, c — 100, d —
200, e — 400, f — 800 µl.
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Figure 5. Radio shielding properties of AgNW films: a, b — transmittance coefficient T ; c, d — histograms of the energy balance.

where P i , Pr , P t are the powers of the incident, reflected,

and transmitted waves, and S21 and S11 are the parameters

of the dispersion matrix.

The shielding capacity can be estimated using the value

of the shielding efficiency SE . The value of the shielding

efficiency is related to the transmittance coefficient T by the

following equation:

SE = −10 log10(S21). (6)

Fig. 5, a, b shows that the sample shielding efficiency

depends on the concentration of AgNW. We observe a

weak trend towards a decrease of shielding capacity with

the increase of the frequency in all the studied ranges.

Taking this into account, it is possible to characterize AgNW

films in the studied bands using the average value of the

transmittance coefficient. For example, a film from 100 µl
base dispersion with an optical transmittance coefficient of

69.25% and shielding efficiency SE of 28.7 dB in the K-band

and 26.0 dB in the Ka-band, respectively, is an optimal

sample in terms of the ratio of optical transparency and

radio shielding capabilities.

The shielding mechanism is directly related to the surface

resistance of the film and, consequently, to the concentration

of AgNW in the sample. Fig. 5, c, d shows the histograms

of the balance of reflection, transmission, and attenuation

for all studied AgNW films in the K- and Ka-bands.

For example, the absorption is the dominant shielding

mechanism (the absorption coefficient is 41.63% in the

K-band and 36.9% in the Ka-band) in case of films with

AgNW concentration of 25µl and the AgNW film is

two-dimensional percolated metal mesh. The presence

of absorption characteristic of low-conducting structures is

similar to the results described in the literature [33] obtained
on metallic meshes. We observe a trend towards an increase

of the contribution of reflection to the overall shielding

efficiency with the increase of the concentration of the base

dispersion of AgNW, as the density of AgNW packaging in

films increases, and the number of layers increases, which

contributes to a strong decrease of surface resistance. For

instance, we see the following results in a sample with an

AgNW concentration of 1600 µl : the reflection is 99.7% in

the K-band and the reflection is 99.9% in the Ka-band.

We decided to use the continuous layer model [34] to

compare the radio shielding properties of the obtained

AgNW films and this model is described by the following

equation

SE[dB ] = 20 log10

(

1 +
Z0

2R

)

, (7)
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where Z0 is the vacuum impedance, R is the surface

resistance of the coating.

Fig. 6 shows a comparison of the data obtained

experimentally with the continuous layer model. It shows

a high level of agreement for AgNW films with a high

concentration of base dispersion (200−1600 µl). This is

attributable to the fact that such samples have a high packing

density and there is a lower probability of defects in the form

of large voids, which is an aperture through which wave

diffraction can be observed. We see a discrepancy with the

continuous layer model with a decrease of the concentration

of the base dispersion, since the probability of through

defects increases with a decrease of the concentration of

AgNW.

3.2. Adhesive strength

We mentioned earlier that we integrated AgNW films

into RPU. We resorted to the adhesion strength test

according to ASTM D4541 to show the degree of resistance

to mechanical wear. We made cross-cuts and conducted

a tape test for this purpose. The adhesive strength in this

test is evaluated using a scoring system: from 0 (almost

complete peeling, multiple defects) to 5B (intact state). We

see the results of the ASTM D4541 test on Fig. 7. We do

not observe peeling, breaks at the edges of the cut and other

defects, the films retained their original appearance, which

corresponds to the adhesive strength level of 5B (maximum

possible) [17].

Conclusion

We synthesized AgNW with a high aspect ratio in this

study and characterized their morphological and structural

characteristics. We obtained films from these nanowires

by vacuum filtration and then integrated these films into

240 µm 240 µm

a b

Figure 7. Images of adhesion testing sample: a — before the

adhesive tape is pulled off, b — after the adhesive tape is pulled

off.

a polyurethane substrate to improve adhesive strength.

The dependences of the optical characteristics, namely the

transmittance coefficient and the turbidity index, on the

volume of the basic AgNW dispersion were determined.

A transparent conductive coating with a surface resistance

of 4.917,�/sq was obtained with an optical transmittance

of 69.25%, which makes it potentially applicable for use

in optoelectronic applications. Radio shielding properties

were studied in a wide frequency range of 18−40GHz.

A sample with a base dispersion concentration of 100,µl,
with a shielding efficiency of more than 25,dB in the

K- and Ka-bands with an optical transmittance of 69.25%

is optimal from the point of view of optoelectric and

shielding parameters. The dominant contribution to the

shielding mechanism for all types of AgNW films has also

been evaluated. It is shown that the dominant shielding

mechanism changes from absorption to reflection as the

concentration increases.
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