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Abstract: In this study, adhesion improved silver nanowires (AgNWs) conducting film was produced
via the meniscus dragging deposition method. In order to improve adhesion of AgNWs films, the
AgNWs were surface-modified with (3-aminopropyl)triethoxysilane (APTES) and coated over the
pristine AgNWs networked film. Based on this strategy, the positively charged amine groups of the
APTES-AgNWs and the negatively charged hydroxyl groups of the substrates formed electrostatic
bonds, improving the adhesion between the AgNWs and substrates without sacrificing conductiv-
ity. AgNWs films on the rigid and flexible substrates were characterized using various analytical
techniques. AgNWs networked film exhibited a sheet resistance of 6–22 Ω/sq at the transmittance
at 550 nm, corresponding to 74–86% transmittance, confirming promising transparent electrodes.
Adhesion of AgNWs film is confirmed based on a peel-off test and AgNWs film maintained a good
conductivity even after several peel-off tests.

Keywords: transparent electrode; silver nanowires; adhesion; thin films; solution process

1. Introduction

Transparent conducting electrodes (TCEs) are important components of optoelectronic
devices, such as organic light emitting diodes, organic solar cells, and touch screens [1].
Owing to its excellent optical and electrical properties, indium tin oxide (ITO) is the
most widely used material for TCEs [2]. However, the rigidity and rarity of ITO limit its
application in flexible devices [3]. Overcoming these limitations is crucial for the advent
of optoelectronic devices with innovative form factors. Hence, various materials such as
metallic nanowires [4], carbon nanotubes [5], metallic grids [6], graphene sheets [7], and
conductive polymers [8] have been investigated to replace ITO in flexible optoelectronic
devices. Among them, Ag nanowires (AgNWs) have emerged as a promising alternative to
ITO as they possess optoelectrical properties comparable to those of ITO as well as excellent
mechanical flexibility. Moreover, they are cost-effective and can be solution-processed.
Various solution-coating techniques such as spray coating [9–12], spin coating [13–16], drop
coating [17], vacuum filtration/transfer [18], bar coating [19], Meyer rod coating [20–22],
and the self-assembly method [23] have been used to prepare AgNWs. These facile and
cost-effective solution processes have large-scale production efficiency comparable to that
of ITO production methods.

Although AgNWs offer numerous advantages, they have several limitations such
as poor adhesion to the coating substrate, high contact resistance at the wire/wire junc-
tion, surface roughness, and oxidation issues. Various approaches, including mechanical
pressing [24,25], encapsulating AgNWs with other materials [26], and using adhesion
promoters [22,27,28], have been adopted to improve the adhesion of AgNWs or other
nanomaterials to the coating substrate.
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The surface modification of substrates with silane groups is the most widely used
approach to improve the adhesion of nanostructures onto them via electrostatic interactions.
Recently, (3-aminopropyl)triethoxysilane (APTES) and (3-mercaptopropyl)trimethoxysilane
(MPTES) have been used to functionalize the surfaces of various substrates with amine
(–NH2) and thiol (–SH) groups, respectively. The silanol (Si–OH) groups of APTES/MPTES
interact with the hydroxyl (–OH) groups of glass substrates pre-treated with piranha solu-
tion, while the amine/thiol groups interact with AgNWs via self-assembly of the wires [29].
However, the self-assembly method requires approximately 2–24 h for the fabrication of
transparent films. To improve the performance of AgNW-based transparent conductive
films, self-assembly is carried out via surface modification of the AgNWs and the substrate
to produce a competitive figure of merit.

In this study, we fabricated thin films by depositing AgNWs on glass and polyester
(PE) substrates. The AgNWs were surface-modified with APTES (APTES-AgNWs) to
improve their adhesion to the substrates. The glass substrate was treated with piranha
solution, while the PE substrate was treated with plasma to generate hydroxyl groups on
their surface. The amine (–NH2) group of the APTES-AgNWs interacted with the negatively
charged hydroxyl (–OH) group of the substrates, improving the adhesion between the
substrate and AgNW films, minimizing sacrifice of transmittance and conductivity. The
coating technique used in this study was meniscus dragging deposition (MDD), where
a stacked film is formed by repeating the coating process, eventually reducing the time
required for film formation. The substrates were first coated with bare AgNWs and
then with APTES-AgNWs to improve the adhesion between them and the NWs, without
significantly affecting the electrical conductivity and optical transparency of the resulting
films. The rigid and flexible films were characterized using optical microscopy (OM),
field emission scanning electron microscopy (FE-SEM), ultraviolet-visible-near-infrared
(UV-Vis-NIR) spectroscopy, and the four-point probe method.

2. Materials and Methods
2.1. Materials

AgNW solution was purchased from DUKSAN Hi-Metal Co. Ltd., Ulsan, Korea. The
AgNWs were dispersed in isopropyl alcohol (IPA) at a concentration of 0.5 wt.%; the
NWs had an average length of 40 µm and a diameter of 40 nm. APTES and IPA were
purchased from Sigma-Aldrich and used to treat the surface of the AgNWs. To prepare the
APTES-AgNWs, APTES was added to the AgNW solution at various volume ratios (AgNW
solution:APTES = 5:1, 10:1, 50:1, 100:1, and 500:1). The resulting solution was vortex-mixed
and left at room temperature for 12 h [30,31]. The excess APTES in the IPA solution was
removed via centrifuging. The APTES-AgNWs separated from the centrifuged mixture
were dispersed again in IPA, and the solutions were diluted to various concentrations (0.03,
0.06, 0.12, 0.2, 0.25, and 0.32 wt.%) by adding IPA.

2.2. Film Fabrication

Prior to the fabrication of the AgNW films, the surface of the glass slides (25 mm × 75 mm
with plain ends, Fisher Scientific, Waltham, MA, USA) was hydrophilized and cleaned with
piranha solution for 2 h and washed thoroughly with deionized (DI) water. Subsequently,
the glass slides were dried with nitrogen gas to remove the piranha solution left on the
surface. Polyester (PE) film was used as the flexible coating substrate. PE films (SKC,
Seoul, Korea) were cleaned with IPA and dried with nitrogen gas. Following this, the dried
PE films were subjected to an air plasma (PDC-32G, Harrick Plasma, Ithaca, NY, USA)
treatment at 18 W for 5 min to render their surfaces hydrophilic via oxygenation. All the
APTES-AgNWs films were fabricated using the MDD technique [32]. The deposition plate
was placed on the surface of the coating substrate making a wedge. The AgNW solution
was injected into the wedge between the coating substrate and the deposition plate and
trapped using a 20-µL capillary. The deposition plate, which was connected to a motorized
stage (AL1-1515-3S, Micro Motion Technology, Incheon, Korea), moved back and forth
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at a speed of 16.7 mm/s. The coating process was repeated up to three times (number
of coatings, NC = 1–3). In the case of the upper layer in the multilayer films, 8 µL of the
APTES-AgNWs solution was injected into the wedge in the same way as mentioned above.
The MDD coating process was repeated on the substrate coated with bare AgNWs at the
same speed and NC = 1.

2.3. Characterization

The OM images of the films were obtained using an Olympus BX-51 optical microscope
equipped with a high-resolution ProRes CF Scan digital CCD camera (Jenoptik, Jena,
Germany). The FE-SEM images of the films were obtained using a Carl Zeiss SIGMA field
emission scanning electron microscope at 5 kV and a working distance of 5.1 mm. The
transmittance of the films was analyzed using UV-Vis-NIR spectroscopy (V-670, Jasco,
Tokyo, Japan). The sheet resistance of the films was measured by employing the four-point
probe method (Keithley 2400, Cleveland, OH, USA). Additionally, the adhesion stability of
the films was evaluated using the scotch tape method. The tape (3M scotch filament tape)
was pressed onto the films for 90 s and slowly peeled at an angle of 180◦. This process was
followed by ASTM standard adhesion measurements.

3. Results and Discussion

The schematic illustration of the fabrication process for the adhesion-enhanced Ag-
NWs networked film is shown in Figure 1. The suspension of bare AgNWs dispersed in
IPA was coated on the substrates using the MDD technique, producing uniform AgNWs
networked films. Subsequently, the APTES-AgNWs were coated on the pre-deposited
AgNW networked film in a similar manner. Owing to this strategy, the adhesion strength
of the AgNW networked film was greatly improved, while maintaining excellent electrical
conductivity and optical transmittance. Figure 2 shows the FE-SEM images of the bare
AgNWs and APTES-AgNWs. It is evident from the figure that the APTES-AgNWs ex-
hibit a thicker and rougher capping layer of APTES compared to bare AgNWs, which are
capped by a polyvinylpyrrolidone (PVP) layer. This implies that the APTES molecules
were sufficiently bound on the AgNW surface via covalent and hydrogen bonds [33].

Figure 1. Schematic of the film deposition process using the MDD technique.
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Figure 2. FE-SEM images of the (a) bare AgNWs and (b) APTES-AgNWs.

The principle of adhesion enhancement is explained in Figure 3. The APTES molecules
comprise amine (–NH2) functional groups and silanol groups (Si–OH), which have a
high affinity to Ag and form covalent bonds with Ag atoms. The APTES molecules are
randomly entangled with each other on the AgNWs via condensation and the formation
of hydrogen bonds, forming a thick capping layer, as shown in Figure 2b. Owing to the
random orientation of the APTES molecules in the capping layer, amine and silanol groups
are abundant on the surface of the capping layer. Moreover, these functional groups can be
strongly bound to the hydroxyl-rich glass slide and plasma-treated PE substrate, owing to
the formation of hydrogen and siloxane bonds [34]. After annealing, the loosely bounded
APTES molecuels are eliminated. Nevertheless, in this work, APTES-AgNWs networked
film shows strong adhesion to the substrate after annealing because chemically bound
APTES on the AgNWs surface are stable at 180 ◦C and it still contributes adhesion of
APTES-AgNWs films [35]. To confirm the presence of the APTES capping layer, the N1s
X-ray photoelectron spectroscopy (XPS) spectrum of the APTES-AgNWs was studied, as
presented in Figure 3b. N1s spectrum of APTES-AgNWs was deconvoluted into two peaks
at 402.2 eV and 399.2 eV, corresponding to the amine groups from the APTES molecules
and C-N bond from the PVP layer, respectively [30,31].
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Figure 3. (a) Bonding between the APTES-AgNWs and glass substrate. (b) N1s XPS profiles of the
APTES-AgNWs deposited on the glass substrate.

Further investigations involved the elucidation of the effect of the APTES concentra-
tion on the adhesion strength. The APTES treatment of AgNWs was carried out by adding
APTES to the AgNW dispersion in various volume ratios (AgNWs solution:APTES = 500:1,
100:1, 50:1, 10:1, 5:1) at a fixed AgNW concentration of 0.5 wt.%. Adhesion strength was
evaluated by comparing transmittance at 550 nm before and after a peel-off test for APTES-
AgNWs networked films, as shown in Figure 4a and the result is summarized in Figure 4b.
When the volume ratio of AgNWs solution:APTES is lower than 10:1, the transmittance
of APTES-AgNWs networked film was greatly increased after the peel-off test, resulting
from the significant delamination of APTES-AgNWs. In contrast, as the volume ratio of
AgNWs solution:ATPES exceeds 10:1, the transmittance of the APTES-AgNWs film remains
constant after the peel-off test, thus confirming the enhancement of adhesion by the APTES
treatment. The corresponding FE-SEM images in Figure 4c and e illustrate the effect of the
APTES treatment on the adhesion strength. At the AgNW solution:APTES volume ratio
of 10:1, the surface of the AgNWs was sufficiently covered with APTES. However, at the
AgNWs solution:APTES volume ratio of 100:1, the APTES exhibited an island-like growth
on the surface of the AgNWs. Hence, the AgNWs were not sufficiently covered with the
APTES. In addition, APTES was not observed on the surface of the AgNWs treated at the
AgNW solution:APTES volume ratio of 500:1.
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Figure 4. (a) Schematic illustration of the adhesion test for the APTES-AgNWs networked film. (b) Transmittance at
λ = 550 nm of the APTES-AgNWs networked films on the glass substrate. The APTES-AgNWs were prepared by mixing
0.5 wt.% of the AgNW solution with APTES at the volume ratios of 500:1, 100:1, 50:1, 10:1, and 5:1. The APTES-AgNWs
networked films were deposited directly on a glass substrate with DN = 3 and NC = 1. SEM images of the APTES-AgNWs
with the AgNWs solution:APTES volume ratios of (c) 10:1, (d) 100:1, (e) 500:1.

The effect of the APTES-AgNWs solution concentration on the adhesion strength of
APTES-AgNWs/AgNWs composite films was also investigated at a fixed APTES treatment
condition (AgNW solution:APTES volume ratio = 10:1). As shown in Figure 5a, the
bare AgNWs were coated on the substrate and the APTES-AgNWs were coated on the
pre-deposited AgNWs networked film. Following this, the adhesion strength of the APTES-
AgNWs/AgNWs composite film was evaluated by comparing the transmittance of the
composite film before and after the peel-off test. The concentration of APTES-AgNWs is
varied between 0 wt.% and 0.32 wt.% and the results are summarized in Figure 5b,c. It
is evident from the results that before the peel-off test, the transmittance of the APTES-
AgNWs/AgNWs composite film only decreases slightly with increasing ATPES-AgNWs
concentration. Meanwhile, the sheet resistance remains constant, thus indicating that
ATPES-AgNWs do not contribute to the electrical conductivity and transmittance. However,
after the peel-off test, the transmittance and sheet resistance are greatly increased at APTES-
AgNWs concentrations lower than 0.2%. This is ascribed to the significant delamination
of the APTES-AgNWs/AgNWs composite films. As Figure 5d shows, most AgNWs are
delaminated after the peel-off test. In contrast, when the concentration of APTES-AgNWs
is equal to or higher than 0.2%, as Figure 5e shows, the APTES-AgNWs/AgNWs composite
film is hardly delaminated after the peel-off test and the transmittance and sheet resistance
remain unchanged, indicating the enhancement of adhesion strength.
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Figure 5. (a) Schematic of the preparation of the AgNWs thin films with the additional coating of the APTES-AgNWs
and the tape test of the films. (b) Transmittance at λ = 550 nm and (c) sheet resistance of the AgNWs films with the
APTES-AgNWs on a glass substrate as a function of the APTES-AgNW solution concentration (0.03, 0.06, 0.12, 0.2, 0.25,
and 0.32 wt.%). Photographs (top) and OM images (bottom) of (d) the bare AgNWs film and (e) APTES-AgNWs/AgNWs
composite film before and after the tape test. The bare AgNWs films were deposited directly on the glass substrate using
20 µL of the 0.5 wt.% bare AgNWs suspension at DN = 3 and NC = 3. The APTES-AgNWs were deposited on the bare
AgNWs film using 8 µL of the APTES-AgNWs suspension at DN = 1 and NC = 1.

The effect of the bare AgNWs deposition condition on the adhesion of APTES-
AgNWs/AgNWs composite films was investigated. The deposition amount of bare Ag-
NWs was controlled by increasing the NC from 1 to 3, followed by the deposition of the
APTES-AgNWs with NC = 1. The result is summarized in Figure 6. The transmittance
at 550 nm and the sheet resistance of the films decreased with increasing NC of the bare
AgNWs, resulting from the more densely networked AgNWs layer. The adhesion test was
repeated five times for each sample and no change was observed in the transmittance at
550 nm, indicating that APTES-AgNWs/AgNWs composite films are appreciably adhered
to the substrate. It is evident from Figure 6b that the sheet resistance of the films decreased
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after the first peel-off test. It is attributed to the fact that the pressure applied during the
peel-off test improved the contact in the junctions between the AgNWs, thus reducing the
electrical resistance between the AgNWs [36]. Although there is little fluctuation of sheet
resistance in the film with NC = 1 for bare AgNWs, the AgNWs thin films exhibit great
adhesion to the glass slide even after the repetition of the peel-off test five times.

Figure 6. (a) Transmittance at λ = 550 nm and (b) sheet resistance of the APTES-AgNWs/AgNWs
composite films as a function of the number of tape test cycles. The AgNW thin films were deposited
on a glass substrate using 20 µL of the 0.5 wt.% bare AgNW suspension at NC = 1–3. The APTES-
AgNWs were coated on the bare AgNWs deposited using 8 µL of the 0.32 wt.% APTES-AgNW
suspension at NC = 1.

Based on the above results, the electrical conductivity and transmittance of the APTES-
AgNWs/AgNWs composite film were finely tuned. The transmittance at 550 nm with
respect to the sheet resistance was compared for the following three sample groups:
(1) AgNWs networked films, (2) APTES-AgNWs/AgNWs composite films before the ad-
hesion test, (3) APTES-AgNWs/AgNWs composite films after the adhesion test (Figure 7).
The performance of the electrodes was analyzed based on the value of the figures of merit
(FoM) calculated from the following equation:

FoM =
σDC
σOP

=
188.5

RS

(
1√
T
− 1
) (1)

where σOP is the optical conductivity and σDC is the DC conductivity of the metallic thin
films. As is evident from Figure 7a, the transmittance and sheet resistance values of the
APTES-AgNWs/AgNWs composite film are similar to those of the AgNWs networked
film without an APTES-AgNWs layer under a wide range of sheet resistance values. This
indicates that the adhesion strength is effectively improved, thus minimizing the loss of
conductivity and transmittance. The highest FoM values for each group were calculated
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to be 152.4 for AgNWs and 135.0 and 174.4 for APTES-AgNWs/AgNWs composite films
before and after the adhesion test, respectively. As previously discussed, the increase in
FoM after the adhesion test is a result of the welding effect arising from the applied pressure
during the adhesion test. The electrical conductivity of the AgNW-based electrodes can be
increased using thermal annealing. The annealing was carried out 180 ◦C for 5 min, the
results of which are summarized in Figure 7b. The highest FoM values of the annealed
bare AgNWs films, APTES-AgNWs/AgNWs composite film before adhesion test, and
APTES-AgNWs/AgNWs composite films after the adhesion test are calculated to be 201,
177, and 195, respectively. This increase of FoM after annealing is ascribed to the melting of
the PVP capping layer of the AgNWs surface, thus reducing the resistance of the junctions
between the wires [32].

Figure 7. Transmittance at λ = 550 nm of the AgNWs networked films (a) before and (b) after
annealing as a function of the sheet resistance. The solid lines are the fit to Equation (1). The bare
AgNWs films were deposited on the glass substrate using 20 µL of the 0.5 wt.% AgNWs suspension
at NC = 1–3. The APTES-AgNWs were coated on the bare AgNWs networked films using 8 µL of the
0.32 wt.% APTES-AgNW suspension at NC = 1. The AgNWs films were annealed at 180 ◦C for 5 min
on a hotplate.

The statistical percolation theory was employed to further investigate the optical
and electrical properties of the AgNWs networked films. Figure 8a,b show the surface
resistance of the AgNWs-based films with and without annealing with respect to the surface
concentration. As AgNWs networked films exhibit a linear relation with the amount of
the AgNWs deposited on the substrate, the surface concentration of the AgNWs can be
calculated from light absorbance. According to the percolation theory, the sheet resistance
and surface concentration of a transparent conductor exhibit the following relation:

Rs ∝ (x− xc)
−α (2)
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where Rs is the surface resistance, x is surface concentration, xc is the percolation threshold,
and α is the percolation exponent [37]. The fitted line of Equation (2) is also shown in
the graphs. The xc values of the bare AgNWs films, APTES-AgNWs/AgNWs composite
films, and APTES-AgNWs/AgNWs composite films after the peel-off test (Figure 8a) were
calculated to be 2.81, 3.48, and 2.32 µg/cm2, respectively. The xc values of the annealed bare
AgNW films, APTES-AgNWs/AgNWs composite films, and APTES-AgNWs/AgNWs
composite films after the peel-off test were 2.12, 2.85, and 2.14 µg/cm2, respectively
(Figure 8b). The smaller xc values indicate that the electrical connections between each of
the AgNWs are improved after annealing, resulting in an increase in conductivity. The α
value, which indicates the dimensionality of the films, is close to 1.33 (the values of the α
varied from 1.01 to 1.53 in this study), corresponding to the value of the two-dimensional
conduction model cited in the literature. Overall, the trend of sheet resistance with respect
to the surface concentration corresponds well with Equation (2) for all samples. This indi-
cates the fabrication of well-structured AgNWs networked with wide-ranged controllability.

Figure 8. Sheet resistance of the AgNWs networked thin films as a function of the AgNWs surface
concentration (a) before annealing and (b) after annealing. The solid lines are a fit to the percolation
equation (Equation (2)).

To confirm the feasibility of the fabricated APTES-AgNWs/AgNWs composite films
as flexible electrodes, we fabricated APTES-AgNWs/AgNWs composite films on a PE
substrate, as shown in Figure 9a. Firstly, the bending stability of the electrodes was
investigated, and the change of resistance over repeated bending cycles was measured.
As shown in Figure 9b, the resistance hardly changed, even after 2500 bending cycles.
Moreover, the bending characteristic curve for the APTES-AgNWs/AgNWs composite
films was also investigated under compressive and tensile loading. Figure 9c,d exhibit the
relative resistance (R/R0) of the films as a function of the bending radius (mm), where R is
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the resistance measured under stress and R0 is the resistance without stress. The bending
radius (Rnom) of the films was calculated using the following equation:

Rnom =
L

2π
√

dL/L− π2h2
s /12L2

(3)

where L, dL/L, and hs denote the initial length, applied strain, and thickness of the
substrate, respectively [38,39]. As shown in Figure 9c,d, the films exhibited excellent
flexibility and maintained their electrical conductivity under compressive and tensile
loading, even when the bending radius was decreased to approximately 2 mm.

Figure 9. (a) Photograph of the APTES-AgNWs/AgNWs composite film deposited on a PE substrate.
(b) Relative sheet resistance of the APTES-AgNWs/AgNWs composite film deposited on a PE
substrate as a function of the number of compressive bending cycles. Relative sheet resistance of
the APTES-AgNWs/AgNWs composite film with respect to the bending radius on a PE substrate
as under the (c) compressive and (d) tensile loading. (e) Transmittance at λ = 550 nm and (f) sheet
resistance of the APTES-AgNWs/AgNWs composite films as a function of the number of tape test
cycles. The bare AgNWs networked films were deposited on the PE substrate using 20 µL of the
0.5 wt.% AgNWs solution at NC = 1–3. The APTES-AgNWs were deposited on the bare AgNWs
using 8 µL of the 0.32 wt.% APTES-AgNW suspension at NC = 1.
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The adhesion test was employed to investigate the adhesion strength between the
APTES-AgNWs/AgNWs composite and the PE substrate (Figure 9e,f). First, the bare
AgNWs were coated on the plasma-treated PE substrate. Following this, the APTES-
AgNWs were coated on the bare AgNWs and the peel-off test was carried out. The NC of
the bare AgNWs was varied from 1 to 3. It is evident from Figure 9e that when the NC of the
bare AgNWs was 1 and 2, the transmittance of the films did not change over the course of
the test cycle. However, at NC = 3, the transparency of the films increased slightly with the
repetition of the peel-off tests. This indicates that the adhesion between the APTES-AgNW
layer and the substrate was poor because of the presence of a thick, bare AgNW layer.
However, the NC = 3 sample maintained its sheet resistance even after multiple rounds of
the peel-off test (Figure 9f). This was attributed to the delamination arising from the excess
amounts of APTES-AgNWs, which do not contribute to the conductivity. The amine (–NH2)
groups present in the APTES layer formed electrostatic bonds with the hydroxylated PE
substrate, resulting in the strong adhesion between the APTES-AgNWs/AgNWs composite
film and PE substrate [40]. Thus, flexible transparent conductive films with good adhesion
were successfully fabricated by coating the APTES-AgNWs on the bare AgNWs.

4. Conclusions

We fabricated AgNWs thin films strongly adhered on rigid (glass slide) and flexible
(PE) substrates using the MDD coating technique. The thin films can be employed as
transparent electrodes as alternatives to ITO. The MDD technique enabled the fine tuning
of the transmittance and sheet resistance values of the electrodes by controlling the coating
parameters, such as the AgNW solution concentration, and the NC of the bare AgNWs
injection volume [32]. The APTES-AgNWs layer improved the adhesion of the AgNWs
networked film to the substrates without loss of transmittance and sheet resistance. The
adhesive strength was enhanced by the electrostatic bonds between the hydroxyl (-OH)
group on the surface of the substrate the amine (–NH2) and silanol (Si-OH) groups on
the surface of the APTES-AgNWs. The surface modification of AgNWs with APTES is a
facile and cost-effective process and promotes adhesion to the substrate, thus minimizing
performance degradation. Therefore, we expect our work to contribute to the wide-spread
application of AgNW-based electrodes in the field of flexible electronics.
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