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Optical and structural properties of semi-transparent flexible AgNWs/PET
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In this work, silver nanowires (AgNWs) synthesized by the
”
Polyol“ method were deposited on polyethylene

terephthalate (PET) substrates in two layers using mechanical pressing, resulting in AgNWs/PET structures, and

their physical properties were studied. It is shown that in this way it is possible to obtain AgNWs nanowires with

a diameter of 50± 10 nm, a length of 15−20 µm and a density of 105−115mg/m2 and a thin AgNWs/PET film

with a resistance of 2.4�/sq. The studied optical, electrical and structural characteristics of AgNWs/PET thin films

confirm that they are a promising material as an electrode for flexible organic solar cells.
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Introduction

At present, ensuring the population with affordable, safe,

and environmentally friendly energy is one of the main

tasks of the global community. Thin-film Organic Solar

Elements (OSEs), as a promising type of next-generation

photovoltaic technologies, can serve as an effective solution

to this problem. Thanks to a number of key advantages, such

as a low carbon footprint, the possibility of processing at low

temperatures, simplicity of the production process, and most

importantly, the possibility of manufacturing in the form

of flexible structures, this type of OSE has recently been

intensively studied to further enhance these competitive

advantages for wide practical application [1–3].

In solar cells, the electrode material plays a key role

in achieving high efficiency in converting light energy,

since the degree of light entering the active layer and the

efficiency of collecting photogenerated charges depend on

the optical and photoelectric properties of the electrode

material. The use of semi-transparent electrodes with fairly

high light transmission over a wide spectral range and

simultaneously low electrical resistance is a key solution

to this problem [4–6].

To ensure high functionality of flexible OSEs, the semi-

transparent electrodes used in them, along with high light

transmittance and low surface electrical resistance, must also

possess optimal surface functionality, mechanical flexibility,

and thermal stability [7,8]. One of the widely used

materials in photovoltaics and optoelectronics that meets

most of these requirements is indium tin oxide, ITO.

Among metal oxides, ITO demonstrates the most suitable

physical properties for such requirements: its thin (100 nm)
film deposited on a glass substrate has surface electrical

resistance of around 20�/sq, and light transmittance up

to 90% [9]. However, the widespread use of this metal

oxide brings several severe challenges owing to the high

material cost, complexity of the manufacturing-technological

process, the need to work under high vacuum and at high

temperatures, as well as low transmittance in the infrared

range [9]. A critical problem for the development of

flexible OSEs is that thin ITO films on flexible substrates

quickly crack under mechanical stresses. It should also

be noted that in many cases in OSEs with thin ITO films

on flexible substrates, the levels of light transmittance and

electrical resistance often do not allow achieving optimal

device parameters [4]. Based on this, modern flexible

OSEs increasingly use carbon and metallic nanostructures

as transparent electrodes. In particular, silver nanowires, Ag-

NWs, possessing high electrical conductivity and sufficient

transparency, are actively investigated as promising materials
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for use in flexible OSEs [10,11]. For application in OSE

development, AgNWs have several undeniable advantages:

(i) high conductivity due to the low electrical resistance

of silver; (ii) high light transmittance of AgNWs nanowire

layers deposited on polymer films; (iii) the possibility of

manufacturing flexible electrodes for flexible OSEs [12,13].
Furthermore, it should be noted that the AgNWs synthesis

method is quite simple, and their corresponding structures

can be processed using solutions, including with the use

of the most environmentally friendly solvent — water [14].
Therefore, AgNWs are considered the most accessible and

alternative solution to ITO for creating next-generation

flexible OSEs. To achieve the necessary quality, structural

properties, and long-term stability of such nanowires, active

research is currently underway, in particular to identify the

nature of agglomeration in the AgNWs structure, which

causes the nanowires to adhere to each other, significantly

reducing their electrical conductivity [15].
An important property of AgNWs, which opens new

opportunities for application in OSE development, is the

ability of networks of such nanowires to scatter light. Intense

light scattering and a high level of haze — a physical

parameter characterizing this phenomenon, as shown in

studies [16], — lead to a significant increase in solar cell

efficiency; for this, the content of AgNWs on the polyethy-

lene terephthalate (PET) substrate must exceed 10mg/m2.

In this case, haze determines the degree of light passing

into the light-absorbing active layer. In addition, it has been

established that increasing the level of haze of the AgNWs

nanowires not only lengthens the light propagation path

but also contributes to improving the short-circuit current

density in OSEs [17]. Increasing the haze level in thin

AgNWs films causes significant light scattering, lengthening

the optical path, thereby providing longer retention of light

inside the active layer. Such elongation of the light path plays

a key role in increasing light absorption, which contributes

to improving conversion efficiency.

Thus, conducted studies indicate that the efficiency of

OSEs depends both on the sizes of AgNWs nanowires

and their optical parameters such as light transmittance and

absorption, as well as the level of haze. Taking this into

account, in the present work, the optical and structural

characteristics of AgNWs/PET have been studied to identify

the possibilities of using such structures as transparent

electrodes for flexible OSEs.

Materials and Methods

Synthesis of AgNWs/PET films. Silver nanowires (Ag-
NWs) were synthesized by the

”
polyol“ method and

deposited on polyethylene terephthalate (PET) substrates

using two-stage mechanical pressing. The following reagents

were used to synthesize AgNW nanowires: silver nitrate

(AgNO3, ≥ 99%, Sigma-Aldrich, USA), polyvinylpyrroli-

done (PVP, Sigma-Aldrich, USA), sodium chloride (NaCl),
and ethanol (Sigma-Aldrich, USA). A membrane made of

polyvinylidene fluoride (PVDF) was used in the process

of obtaining AgNW nanowires. Preparation of the silver

nanowire solution was carried out as follows. 100ml

of PVP was dissolved in ethanol at a concentration of

0.1mol/l and heated in a flask to 150 ◦C for 1 hour under

continuous magnetic stirring. Then, 100µl of NaCl solution

in ethanol with a concentration of 0.1mol/l was added to

the flask. After 5 minutes, 150ml of AgNO3 solution in

ethanol at 0.1mol/l concentration was introduced into the

flask at a rate of 10ml/min. A suspension of AgNWs

dissolved in ethanol at a concentration of 5mg/ml was

prepared. The resulting solution was cooled to room

temperature, filtered through a membrane filter with pore

size 0.8µm and diluted with deionized water. Then, the

AgNWs collected on the membrane filter were redispersed

in deionized water using ultrasound. As a result, a

silver nanowire solution with a concentration of 4µg/ml in

deionized water was obtained. The resulting solution was

filtered for 30 minutes through a polyvinylidene fluoride

(PVDF) membrane, after which this process was repeated

to create two identical AgNWs/PVDF samples. In the next

step, the PVDF membrane with the AgNWs coating was

transferred onto a PET substrate using mechanical pressing

at a pressure of 2 MPa for 10 seconds, after which the

filtering membrane was carefully removed. After this, the

samples with AgNWs/PET were air-dried for 10 minutes,

and then a second layer of AgNWs/PVDF was applied

from above in the same manner. The main goal of double

deposition of AgNWs on the PET substrate was to ensure

high electrical conductivity and low resistance despite some

reduction in light transmittance. To increase the density of

nanowires in the AgNWs/PET film and the corresponding

improvement of electrical conductivity, repeated mechanical

pressing was carried out at a pressure of 15MPa for 25

seconds.

Similar methods of synthesis and structure formation

of AgNWs/PET were applied in other studies [18,19].
However, unlike them, we used a two-layer coating to obtain

an AgNWs/PET structure with reduced electrical resistance

(Fig. 1).
Characterization of AgNWs/PET films. Absorption and

transmission spectra of thin AgNWs/PET films in the range

of 190−1100 nm were measured using a Cary 60 spec-

trophotometer (Agilent, USA). Photoluminescence (PL)
spectra of thin-film AgNWs/PET samples in the range of

400−800 nm were measured with an RF 6000 spectrofluo-

rimeter (Shimadzu, Japan) under excitation by monochro-

matic light with a wavelength of 380 nm. Scanning electron

microscopy (SEM) images of AgNWs on PET substrates

were obtained using a Zeiss EVO MA 15 microscope (Carl
Zeiss, Germany) at an accelerating voltage of 5.00 kV, and

transmission electron microscopy (TEM) images were taken

with an H-7650 microscope (Hitachi, Japan) at a scale of

500 nm. Raman scattering spectra were measured with an

InVia Raman 2000 spectrometer (Renishaw, UK) under

10mW excitation power at 532 nm wavelength using a 50x

microobjective. X-ray diffraction (XRD) was studied with
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Figure 1. General view of AgNWs samples deposited on PET substrates.
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Figure 2. Absorption spectrum of the AgNWs/PET structure.

an XRD-6100 diffractometer (Shimadzu, Japan) at Bragg

angles 2θ from 5 to 80◦ . The surface resistance of the thin

AgNW film was measured by the four-point probe method

using a Four-Point Probe Plus device (Osilla, UK).

Results and Discussion

As is known, the absorption spectra of the AgNWs/PET

structure depend on the nanowires’ sizes, their structural

features, as well as the method and conditions of synthesis.

The spectrum shows clearly defined maxima related to

localized plasmon resonance (LPR). The transverse LPR

mode in AgNWs depends on their diameter and surface

morphology and typically appears in the absorption spec-

trum as an intense band in the 380−400 nm region [20].
This band can shift toward the

”
red“ or

”
blue“ regions of

the spectrum depending on the nanowire diameter. For

example, for nanowires with a diameter of 40−60 nm

the absorption peak is observed at 380 nm, while for a

diameter of 70−100 nm the absorption band shifts closer

to 400 nm [21,22]. The longitudinal LPR mode in AgNWs

depends on their length and ordering, with the correspond-

ing absorption band expected to lie in the near-infrared

region [21]. In the absorption spectrum of the studied

AgNWs/PET samples, a relatively broad absorption band

was observed in the 350−415 nm region with a maximum

at 375 nm (Fig. 2). This indicates that the diameter of

the examined AgNWs lies within 40−70 nm, with most

nanowires having a diameter around 50 nm. In most

cases, the absorption band of AgNWs synthesized by the

”
polyol“ method and related to LPR was observed in the

370−410 nm region [23]. Note that the AgNWs samples

studied in this work may differ significantly in structure

and characteristic sizes from samples obtained by other

researchers, as the physical synthesis conditions could vary

considerably.

The density and diameter of the nanowires, as well as

the synthesis methods of AgNWs, significantly influence

their transmission spectra. It is known that increasing

the nanowire density improves electrical conductivity but

decreases optical transparency. Therefore, finding an

optimal balance between optical transmittance and electrical

conductivity plays a decisive role in the application of such

flexible electrodes. Xiang-Qian and his team synthesized

AgNWs with optimal parameters by the
”
Transfer-printing

and secondary pressing“ method: at a minimum electrical

resistance 11.5�/sq the light transmittance at 550 nm

(T���) was 93.4% [18]. Wei Xu and his group found

that for AgNWs synthesized by the
”
polyol“ method and

deposited on PET substrates with a density of 16mg/m2,

the light transmittanceT550 was 82.3%, while increasing the

density to 80mg/m2 T550 reduced to 65.6% [24].
Figure 3 shows the transmission spectra of the PET

polymer film and the AgNWs/PET structure of the samples

we studied. As seen from the spectra, at a wavelength

of 715 nm the transmittance reaches a maximum value of

50%, while at 550 nm it is 45%. From these data, it can be
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Figure 3. Transmission spectrum of the PET polymer film and

the AgNWs/PET structure.

estimated that the AgNWs density in the studied samples

was quite high — about 105−115mg/m2. Compared

with the results presented in work [24], the AgNWs/PET

density in our samples is 7 times higher, which decreases

optical transparency but significantly increases electrical

conductivity.

The transmission spectrum of the AgNWs/PET samples

is also strongly influenced by the light transmittance of

the PET substrate itself. The T550 = 84.6% value in PET

indicates that its transmission spectrum is not ideal. The

transmittance coefficient of the AgNWs layer without the

substrate can be calculated by the formula:

Tf =
Tf +s

Ts
, (1)

where Tf is the light transmittance coefficient of the

AgNWs layer, Ts is the light transmittance coefficient of

the PET substrate, Tf +s is the transmittance coefficient

of the AgNWs/PET structure [25]. The resulting value

of T550 = 53% indicates a high density of Ag nanowires

capable of providing minimal resistance.

A key advantage of our AgNWs/PET samples is main-

taining light transmittance above 43% in the infrared region,

up to 1100 nm, while also achieving a minimum electrical

resistance of 2.4�/sq. These parameters demonstrate that

organic solar elements based on such electrodes can simul-

taneously realize efficient charge transport with minimal

losses and utilize light over a wide spectral range. The

transmission spectrum shows a sharp drop around 375 nm,

which corresponds to an absorption band related to LPR

caused by AgNWs. The PL spectra of AgNWs nanowires

depend on LPR properties, morphology, and the nature of

their interaction with the substrate [26]. In most cases,

depending on the size characteristics of AgNWs, PL bands

appear in the 350−600 nm range, consisting of various

plasmon resonance modes [26–28]. Other researchers also

observed PL bands in the corresponding spectral range for

nanowires with a diameter of 50−70 nm and explained

this by electron localization on the surface [29]. When

the density of AgNWs is high, corresponding plasmonic

responses in their PL spectra manifest with high intensity.

We also studied the PL spectra of AgNWs samples

under excitation with a wavelength of 380 nm, in the region

corresponding to nanowire absorption (Fig. 4). The PL

spectrum showed a broad band in the 400−650 nm region

with a maximum at 460 nm, associated with transverse

plasmon resonances. The width of this band and its

asymmetric shape with an extended right shoulder indicate

the presence of a significant number of nanowires with large

diameters in the structure [30]. However, it should be noted

that the PL spectra of AgNWs may vary slightly depending

also on synthesis conditions, surface state, oxidation, and

type of polymer substrate [27,29].
To clarify the dominant photoluminescence mechanism,

we decomposed the measured PL spectra of our AgNWs

samples, which present an asymmetrical broad band, into

Gaussian components. This helps to identify the electronic

transitions responsible for PL, the influence of defects, and

plasmonic effects, ultimately establishing the corresponding

optical, electronic, and morphological characteristics of

AgNWs. Four Gaussian components were distinguished in

the experimentally measured PL spectrum of the studied

AgNWs samples (Fig. 4) with maxima at 435, 460, 500,

and 540 nm, which can be interpreted as follows:

1. Component (band) 1 with a maximum at 435 nm

(2.85 eV) may be associated with transverse (perpendicular
to the nanowire axis) surface plasmon resonances of

AgNWs. The corresponding electronic transition may be

linked to structural defects of the nanowires [31].
2. Component (band) 2 with a maximum at 460 nm

(2.7 eV) may be related to surface defects and charge

carrier recombination in AgNWs with an average diameter

of ∼ 50 nm [32,33].
3. Component (band) 3 with a maximum at 500 nm

(2.48 eV) may be associated with the longitudinal (along
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Figure 4. PL spectrum of AgNWs/PET film and four Gaussian

components into which it is decomposed.
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Figure 5. SEM image of the AgNWs/PET structure.
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Figure 6. TEM image of the AgNWs/PET structure.
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the nanowire axis) surface plasmon resonance, indicating

the presence of longer nanowires. This resonance depends

on the aspect ratio of nanowire length to diameter [30,34].

4. Component (band) 4 with a maximum at 55 nm

(2.3 eV) may be linked to longitudinal surface plasmon

resonance in AgNWs with a large diameter (∼ 100 nm) and
length ∼ 50µm [30,35].

Transverse surface plasmon resonance bands at shorter

wavelengths in the PL spectrum indicate the presence of

nanowires with smaller diameters. The high intensity of

band 2 with a maximum at 460 nm in Fig. 4 indicates a large

percentage of nanowires with a diameter of about 50 nm

in the studied AgNWs samples. We also measured the

photoluminescence spectrum of a pure PET film without Ag

nanowires (Fig. 4). The photoluminescence intensity of the

thin PET film was very low compared to the AgNW/PET

sample. It is evident that the photoluminescence of pure

PET practically does not affect the overall photolumines-

cence spectrum of the AgNW/PET structure.

To study morphology, diameter and length distribution,

and the ordering of AgNWs nanowires, the most informative

method is scanning electron microscopy (SEM) [14,20].
The SEM image of the examined AgNWs/PET samples

showed that in such a structure silver nanowires are

arranged chaotically, interweaving into a dense structure

resembling hair fibers (Fig. 5). From the figure one can

estimate the average nanowire length, which turned out

to be quite large, 15−20µm. This confirms that the Ag-

NWs/PET structure, possessing a high degree of flexibility,

can be a suitable material as an electrode for flexible organic

solar elements (OSEs). White dots and clusters are also

observed in the SEM images, possibly formed as a result of

agglomeration, oxidation, or uncontrolled synthesis residues.

The nanowire arrangement is generally uniform, with some

regions where nanowires intertwine and form clusters.

SEM images also indicate that AgNWs have high uni-

formity and sufficient density, indicating their high quality

for use as flexible electrodes in various flexible electronics

applications.

TEM microscopy imaging allows more precise determi-

nation of layer morphology, diameter, length, and aspect

ratio (length/diameter) of AgNWs [36]. Depending on the

synthesis method, silver nanowire diameters typically vary

from 20 to 150 nm, and lengths range from 5 up to 50µm.

For example, in several works using the
”
polyol“ method,

AgNWs with diameters of 20 nm and lengths of 40µm were

obtained, corresponding to an aspect ratio of 2000 [37].

Analysis of TEM images of the studied AgNWs samples

showed that the average nanowire diameter is 50 nm,

although individual occurrences of diameters 40 nm and

70 nm were also observed (Fig. 6). The figure shows

that despite the straight nanowire shape on the nanoscale,

at the microscale, the nanowires exhibit strong curvature

and reach several microns in length. Additionally, the

nanowire diameters do not vary significantly from one

another, indicating their high uniformity. A large aspect
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Figure 7. Raman scattering spectra of the AgNWs/PET structure.

ratio of such nanowires also confirms their promise for use

as flexible electrodes in relevant applications.

Raman scattering spectroscopy is an important tool

for studying the structural characteristics of AgNWs

nanowires [38,39]. Considering this, we measured the

Raman scattering spectra of AgNWs/PET samples (Fig. 7).
In the Raman spectrum of the AgNWs/PET structure, key

vibrational frequencies of silver nanowires were identified;

they are listed in the table. Note that because it is not

possible to focus all the laser radiation exclusively on the

AgNWs layer which is less than 1µm thick, the PET

substrate several millimeters thick was also illuminated, so

the spectrum also contains intense bands corresponding to

PET vibrations. Usually, to achieve high light transmittance,

the nanowire density of AgNWs is kept low. To maintain

such conditions, i.e., control nanowire density, the Raman

scattering peak at 256−1 cm associated with AgNWs vibra-

tions in Fig. 7, can be used as an indicator [40]. The Raman

spectrum also exhibits a band at 1721 cm−1 associated

with ester and C=O vibrations, which allows evaluation

of potential interactions between AgNWs and PET [25].
Thus, these characteristic peaks in the Raman spectrum can

serve as informative indicators of nanowire density and their

interaction with the film onto which they are deposited.

Structural characteristics and crystallinity degree of Ag-

NWs can be determined using X-ray diffraction (XRD) [23].
Typically, the XRD spectra of AgNWs clearly display

characteristic silver diffraction peaks (111) and (200) [25].
These peaks reflect crystal arrangement, deformation, and

thermal stability. The XRD pattern of the AgNWs/PET

structure was obtained over Bragg angles 2θ from 10 to 80◦

(Fig. 8). Analysis of this pattern gives the following

interpretation for Bragg angles 2θ: (i) a broad band in

the 10−30◦ range indicates the amorphous structure of

the PET substrate; (ii) high-intensity peaks at 37.6, 43.8,

64.2 and 77.3◦ correspond to the crystalline nature of

AgNWs [42]; and (iii) other low-intensity peaks may indi-

cate phase interaction between AgNWs and PET substrate,

Optics and Spectroscopy, 2025, Vol. 133, No. 8
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Characteristic vibrational frequencies identified in the Raman scattering spectrum of the AgNWs/PET structure

� Frequency shift (cm−1) Type of molecular vibration Origin of vibration) (AgNWs or PET)

1 256 Ag-symmetric vibrations
Associated with low-frequency surface

plasmon vibrations of AgNWs [40]

2 653
Vibrations related to

One of the characteristic PET vibrational bands PET [25]

with C−C- and C−O-bonds

3 799 C−H-vibrations

4 882 C−C-vibrations

5 990 C−H-vibrations

6 1201 C−O−C-deformation vibrations

Associated with molecular skeleton PET [25,41]7 1267 C−H-vibrations

8 1327 C−C-symmetric vibrations

9 1461 C−H-vibrations

10 1555 Aromatic C=C vibrations
Related to PET-characteristic

11 1631 C=O carbonyl vibrations

benzene ring vibrations [25]

12 1721 Ester C=O vibrations Vibrations typical for PET [25]

13
2737, 2809, 2875, C−H-Symmetric Vibrations belong to methylene

2935, 3074 and asymmetric vibrations and methyl groups of PET [25,41]

as well as oxidation, contamination, or presence of small

amounts of other phases. AgNWs generally have a face-

centered cubic (FCC) structure, and strong diffraction peaks

correspond to Ag (111), Ag (200), Ag (220), Ag (311). In
this case, the Bragg angles 2θ correspond to the following

orientations: (111) — 37.6◦, (200) — 43.8◦, (220) —
64.2◦, (311) — 77.3◦ [25,42]. The sizes, density, and

synthesis conditions of silver nanowires can also cause shifts

in Bragg angles 2θ or changes in average peak widths [43].
Moreover, the peak observed at 56.2◦ in the diffraction

pattern relates to silver oxide (Ag−O), which can form due

to partial oxidation of AgNWs [25,37]. Although the PET

polymer substrate usually has an amorphous structure, in
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Figure 8. X-ray diffraction pattern of the AgNWs/PET structure.

some cases it can display some crystallinity due to ordered

polymer chains. In our samples, peaks observed at Bragg

angles 2θ at 16.4◦ and 22.6◦ suggest the possible presence

of crystalline PET phases formed by ordered polymer

chains [43].

Conclusion

This work studied AgNWs synthesized by the
”
polyol“

method and deposited on PET substrates by mechanical

pressing, forming a two-layer AgNWs/PET structure with

resistance 2.4�/sqand nanowire density 105−115mg/m2.

Despite low light transmission in the visible range

(T550 = 45%), the obtained AgNWs/PET samples demon-

strated rather high light transmittance in the IR range

(T550 = 43%) at wavelengths up to 1100 nm. Analysis of the

PL spectrum of the AgNWs/PET structure with Gaussian

decomposition showed that the intense band with a maxi-

mum at 460 nm, associated with transverse surface plasmon

resonance, indicates the predominance of nanowires with

small diameters in this structure. Using SEM, TEM imaging

and optical spectra analysis of synthesized AgNWs samples,

important data on nanowire sizes and morphology were

obtained. According to these data, most nanowires have

a diameter of about 50 nm and lengths reach 15−20µm.

The aspect ratio (length/diameter) of such nanowires at the

level of 300−400 characteristic morphology, and random

but dense packing of AgNWs provide broad prospects for

using such structures as flexible electrodes in new flexible

OSEs with active layers adaptable to a wide light spectrum.
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