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ABSTRACT

Flexible electronic devices entail highly transparent and conducting electrodes
with excellent adherent and mechanically robust properties along with excellent
bendability. Here, we report the development of transparent and conducting
electrodes comprising silver nanowires (AgNWs) and amorphous-titanium
oxide (a-TiO,) nanocomposite thin films. The AgNWs and a-TiO, nanocom-
posite thin films were deposited by a wire bar coating process, a scalable and
high throughput procedure. PXRD analysis confirmed the crystalline and
amorphous nature for AgNWs and TiOy thin film, respectively. FE-SEM and
HRTEM analyses revealed the core-shell nature of the composite where AgNWs
and a-TiO acted as core and shell, respectively. Even after three-layer coating of
AgNWs-4-TiO, nanocomposite thin films, high transparency (~ 77%) in the
visible region (400-800 nm) and a sheet resistance of 23 Q/sq were observed.
Furthermore, tape peel off tests were conducted for AgNWs and AgNWs-a-TiO,
nanocomposite, which displayed high adherence for the three-layer coated
AgNWs-a-TiO4 nanocomposite as compared with AgNWs alone. The formation
of AgNWs-a-TiO, core-shell structure enhances the intra-particle binding and
network formation of AgNWs. The preliminary studies highlight that the
developed AgNWs-a-TiO, nanocomposite thin films have great potential as
transparent electrodes for realizing scalable cost-effective flexible electronic
devices.
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1 Introduction

Flexible transparent electrodes (FTEs) have become a
topic of considerable research interest as they are fast
progressing to become an essential component for
cost-effective organic-light-emitting diodes (OLEDs),
touch screen, electrochromic windows, solar cells,
etc. [1-3]. Apart from their high transparency and
conductivity, FTEs are attractive due to its light
weight, large-area coating possibilities, flexibility and
high throughput manufacturing prospect to name a
few [4-8]. Currently, sputtered indium-tin-oxide
(ITO) coated thin films are extensively employed as
transparent conducting oxide material in flexible
devices [9]. However, the limited supply of indium
(In) and it’s increasing demand from optoelectronic
industry are restricting for the development of low-
cost devices [10, 11]. In addition, in most of the cases,
their mechanical stability worsens on repeated
bending on flexible substrates which results into the
loss of conductivity due to crack formation and brit-
tleness [12]. In order to resolve the issue, other metal
oxide-based composites such as aluminum-doped
zinc oxide/ITO stacked layers have been used as
transparent conducting oxide (TCO) thin films as
alternatives to pristine ITO but the studies regarding
their flexibility constraints did not offer the expected
outcome [13]. Unlike oxide thin films, metallic
nanowires have encouraging electrical and optical
properties with an excellent flexibility [14]. Among
the metallic nanowires the silver nanowires (AgNWs)
are fascinating owing to high optical transparency
(~ 90%), low resistance (~ 11 Q/Sq) and excellent
flexibility [15]. Notwithstanding, adhesion between a
substrate and AgNWs remains a challenge for its
practical applications as an integral component in
FTEs [16-18]. Another major problem that limits the
wider applicability of AgNWs in similar devices is
tits instability under oxidative environment as it
increases the resistivity dramatically [19]. Several
attempts have been made to improve the AgNWs
adhesion to substrate and prevent oxidation [20-24].
Among them, sandwich structures composed of
AgNWs film and a metal oxide and core-shell
AgNWs-metal oxide layers have been suggested as
promising methods to improve chemical stability as
well as the adhesion (to the substrate) of AgNWs
[25-29]. In that context, core-shell nanomaterials or
nanocomposites offer unique advantage of combin-
ing the conducive properties of both core and shell to
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achieve improved performance and stability as
demonstrated by several examples in various fields
including catalysis, drug delivery, biosensors and bio
imaging, information storage and flexible electronics
applications [30-39].

Though the combination of a metal oxide and
AgNWs in a hybrid film facilitates effective charge
carrier collection and acts as an electron/hole block-
ing layer for solar cells and OLED devices, it is
important to develop a composite with high surface
area using a combination of cost-effective metal oxide
and AgNWs thin films for using in FTEs [40]. Unlike
conventional vacuum processing techniques, solution
processing technique is simple, low-cost, vacuum-
free and can be done with high throughput [41].
Among the solution process techniques, wire bar and
slot-die coating techniques have been demonstrated
for the large-area coating applications with uniform
and rapid processing [40, 42]. Typically, these tech-
niques consume very less precursor ink solution
compare to other techniques [41]. While these tech-
niques have been employed to make large-area metal
oxide and several research efforts have been made to
coat uniform large-area AgNWs thin films on flexible
substrates [42], an appropriate combination of these
two concepts to prepare a composite for FTEs is yet to
be established. This prompted us to develop a new
approach for the fabrication of AgNWs-a-TiO,
transparent electrodes using sol-gel ink and roll-to-
roll-processable wire bar coating. In our procedure,
the metal oxide provides a protective encapsulation
for AgNWs and improves adhesion to the substrate
as well as the mechanical, and electrical stability.

2 Experimental section

Silver nanowires (AgNWs, 20 mg/mL in iso-
propanol) were purchased from Dycotech (DM-
SNW-8001, United Kingdom) and used without fur-
ther modifications for the fabrication of AgNWs
transparent electrode. The average diameter of the
AgNWs used was 35 nm and their average length
was 60-120 um. Titanium oxide (TiO,) solution was
prepared by following the previously reported pro-
cess [43]. For the preparation of TiOx,, first the tita-
nium precursor solution was prepared using 3 mL of
titanium isopropoxide, 20 mL of 2-methoxyethanol
and 1.2 mL of monoethanolamine. A 3-neck round
bottom flask was heated at 120 °C with a flow of dry
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Fig. 2 XRD diffraction pattern of AgNWs, TiO, and AgNWs-a-
TiO4 nanocomposite thin films

N, for 1h to remove atmospheric air and was
allowed to cool at room temperature. Thereafter, the
solutions were injected into the flask followed by
stirring for 1 h at room temperature. The mixed
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solution was heated for 1 h at 80 °C and for 1 h at
120 °C respectively and allowed to cool at room
temperature. A 5 mL of methanol was injected to the
solution and stirred for 10 min and extracted. The
total volume was made-up to 20 mL by the addition
of methanol to obtain a precursor solution with a
concentration of 0.5 M. The prepared precursor
solution was further diluted to 0.1 M using methanol.
150 pL of the synthesized TiOy sol-gel (0.1 M) and
150 pL. commercially purchased AgNWs ink solution
were mixed well and was used for AgNWs and TiO,
composite thin film coating. The TiO, sol-gel and
AgNWs dispersion was stable and did not form any
visible precipitation for more than 24 h.

Glass micro slides were cleaned by ultrasonication
using distilled water, acetone and distilled water for
15 min each. The cleaned substrates were dried and
subjected to UV (185 nm + 254 nm) treatment using
PSDP UVST for 10 min to remove organic residues. A
25 pL of solution containing AgNWSs ink and TiOy
sol-gel was used for thin film deposition using a wire
bar coater (RK print coater, United Kingdom). An
80 pm wire wound rod and a speed of 15 cm/s was
utilized to deposit the nanocomposite thin films. The
schematic representation of deposition of AgNWs-a-
TiO, nanocomposite thin film by bar coating process
is depicted in Fig. 1. The wire bar coated AgNWs-a-
TiO, nanocomposite thin film was dried at 100 °C for
10 min to remove residual solvent.

The powder X-ray diffraction (PXRD) patterns
were acquired using PANalytical Empereon with Cu-
K, radiation (A =1.5418 A). High-resolution field
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Fig. 3 FESEM image of a AgNWs, b 1 layer of AgNWs-a-TiOy, ¢ 2 layers of AgNWs-a-TiOy and d 3 layers of AgNWs-a-TiOj thin films

emission scanning electron microscope (FE-SEM)
images were obtained using Carl Zeiss FE-SEM.
Atomic Force Microscopy (AFM) scans were carried
out using a NT-MDT system. Elemental compositions
and the binding energies of the films were recorded
using X-ray photoelectron spectroscopy (XPS)
(Thermo scientific) with Al-K, source. The images
corresponding to High-resolution transmission elec-
tron microscopy (HRTEM) and selected area electron
diffraction (SAED) were obtained using a JEOL JEM
2100 HRTEM. For transmission electron microscopy
(TEM), the coated TiO, thin film was removed from
the glass substrate by gentle scratching, immersing it
in ethanol solution and finally dropping a few drops
of it on carbon coated copper grid, followed by dry-
ing in air. The transmittance spectra were measured
using a double beam UV-Vis spectrophotometer
(UV-1800 SHIMADZU). The identical glass substrates

were placed in the path of double beam for the
baseline correction. The sample substrates were
placed in the path of a sample beam side and mea-
surements were carried out. The adhesion perfor-
mance was measured by the Scotch tape peel-off
testing using a motorized test stand system (ESM-
303, Taber).

3 Results and discussion

The PXRD diffractogram of TiOy thin film, AgNWs-a-
TiO, composite layers and AgNWs depicted in Fig. 2.
Notably, TiO, polycrystalline anatase [44], rutile and
brookite diffraction peaks were not observed in the
XRD diffractogram of TiOj thin film indicating the
amorphous nature of the titania [45]. The peaks at
37.0° and 44.0° of AgNWs and AgNWs-a-TiOy
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Fig. 4 HRTEM images of AgNWs (a, b) and 3 layers of AgNWs-a-TiOy thin film (d, e). The SAED images of AgNWs (c) and 3 layers of

AgNWs-a-TiO, thin films (f) are also shown

composite layers correspond to the (111) and (200)
crystal planes of silver nanoparticles [46]. The
absence of any other characteristic diffraction peaks
indicates that the composite layers contains Ag
nanowire in the crystalline form and TiO4 in the
amorphous state. The increase in the intensity of the
characteristic diffraction peaks of Ag can presumably
be attributed to the increase in density of AgNWs in
the thin film as the number of layers was increased.
The obtained diffraction peaks match well with pre-
viously reported solution processed AgNWs and
AgNWs-a-TiO, composite layers [25]. Figure 3a—d
display the FESEM images of AgNWs and AgNWs-a-
TiO, composite layers formed on glass substrate by
wire bar coating. The AgNWs have an average
diameter of 35 nm, and is showing dense and cross-
connected AgNWs network (Fig. 3a). Figure 3b—d
show the FESEM images of AgNWs-a-TiO, compos-
ite layers with respect to number of coating layers.
These images clearly demonstrate the increase in the
average diameter of AgNWs from 35 nm (pristine) to
43 nm (after 3 layers of deposition) indicating the
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successful encapsulation of AgNWs by TiO, layer.
The images further display the presence of uneven
TiO4 nanoparticles distributed on the glass surface
and the surface of AgNWs. The presence of TiO,
nanoparticles in addition to the encapsulation of
AgNWs by TiO, layer was attributed to the
agglomeration of excessive TiO, solution during
drying process. Figure 4a—f show HRTEM images of
the AgNWs-a-TiO, core-shell network which are
similar to the previously reported results [25]. By
comparing the SAED images of AgNWs and 3 layers
of AgNWs-a-TiO, thin film (Fig. 4c, f), a clear
AgNWs crystalline structure can be seen for AgNWs-
a-TiO thin films with the lattice spacing value of
0.24 nm corresponding to (111) planes of Ag [47],
whereas the TiO, shell on the nanowire exhibits
amorphous structure. These results further confirm
that the TiO4 thin layer covers the AgNWs and also
further validates the results obtained from FE-SEM
analysis. This is noteworthy, that no interface layer
between AgNWs core and TiOy shell was observed.
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Fig. 5 a XPS spectra of AgNWs-a-TiOy thin film, b O 1 s spectra ¢ Ag 3d spectra, and d) Ti 2p spectra

The elemental composition of AgNWs-a-TiO, thin
film was obtained by XPS analysis and the acquired
spectra indicates the presence of O, Ag and Ti in the
sample. Figure 5 displays the XPS spectra of three-
layer-coated AgNWs-a-TiOj thin film. Ti 2p spectrum
was analysed and the bands at 457.6 eV and 463.4 eV
corresponds to the two spin—orbit doublets of 2p;,»
and 2p; ,» binding energies, respectively [48]. The Ag
3d spectrum was analysed and the bands at 367.0 eV
and 373.0 eV correspond to the two spin- orbit dou-
blets of 3ds,, and 3d3,, binding energies, respectively
[49]. These spectra reveals the presence of Ti in + 3
state and the reduction of Ti(IV)-precursors to Ti(+ 3)
presumably proceeds via electron transfer from
AgNWs as seen from the decrease in binding energy

of Ag [49]. Analysis of O 1s spectra reveals the
presence of peak at 530.0 eV, which corresponds to O
1 s orbit. The peak was deconvoluted into three sub-
peaks where peak at 528.4 eV, 530.0 eV, and 531.7 eV
correspond to lattice oxygen, metal oxide and metal
hydroxide, respectively, supporting the absence of
any undesired impurities in the sample [50, 51].

The atomic force microscopy images of AgNWs
and AgNWs-a-TiO, nanocomposite thin films were
also obtained to compare the surface roughness of
uncovered and TiO,-covered AgNWs (Fig. 6). An
average root mean square roughness of 24.08 nm was
observed for pure AgNWs thin film. The average root
mean square roughness of the AgNWs-a-TiO, thin
film increases from 10.93 to 16.09 nm with the

@ Springer



J] Mater Sci: Mater Electron (2021) 32:6454-6464

R, =}0.93 nm

Fig. 6 Surface topography of a 1 layer of AgNWs b 1 layer of AgNWs-a-TiO,, ¢ 2 layers of AgNWs-a-TiO, and d 3 layers of AgNWs-a-

TiO4 thin films

increase in the number of layers of deposition from
one to three layers, respectively. The formation of
conductive networks by overlay and interlinking of
Ag nanowires was also evident from the FE-SEM and
AFM images of AgNWs-a-TiOy thin film.
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The optical and electrical properties of the multi-
layered AgNWs-a-TiO, thin films were compared
with TiOy thin film deposited using diluted TiOy
methanolic solution (0.1 M). AgNWs thin films were
deposited using as-purchased AgNWs ink as well as
with the solution containing AgNWs diluted with
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Fig. 7 Transmittance spectra of samples coated with AgNWs-a-
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equal volume of methanol on glass substrates,
respectively. The obtained results were compared
with commercially purchased ITO (Sigma, 578,274)
and FTO (Sigma, 735,167) coated glass substrates.
Figure 7 shows the transmittance spectra of AgNWs,
TiO4 thin film and AgNWs-a-TiO, composite layers,
as well as for commercial ITO and FTO glass sub-
strates. The average visible transmittance of 72.8%
was observed for AgNWs coated glass substrate
deposited using as-purchased AgNWs ink which is
on par with commercial FTO coated glass substrates
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whereas the average visible transmittance of glass
substrate coated with diluted AgNWs ink is 81%
which is on par with commercial ITO coated glass
substrates. The average visible transmittances of
AgNWs-a-TiO, composite thin films are higher than
AgNWs deposited using as-purchased AgNWs ink
owing to decrease in AgNW content as seen between
as-purchased and diluted AgNW film, respectively.
The average visible transmittance of AgNWs and
AgNWSs-a-TiO, with respect to coating layer is shown
in Table 1. The average transmittance of one layer of
AgNWs-a-TiO, thin film on glass substrate was
85.7%, which decreased with upon on the deposition
of consequent AgNWs-a-TiO, layers. However, the
obtained transmittance of AgNWs-a-TiO, composite
thin film was still higher than AgNNWs deposited
using as-purchased AgNWs ink and commercial FTO
coated glass substrates. The three-layer coated
AgNWs-a-TiO, composite layers exhibited 77%
transparency in the visible region of 400-800 nm.
These results indicate that the concentration of
AgNWs on the thin film was a major factor affecting
the visible transmittance and three-layer coated
AgNWs-a-TiO, composite layer has lower density of
AgNWs than AgNW thin film deposited using as-
purchased AgNWs ink. The extracted transmittance
values are listed in Table 1.

The sheet resistance of the thin films coated on
glass substrates were investigated by Hall measure-
ments using Van der Pauw method (HMS 5000,

Table 1 Optical and electrical properties of AgNWs and AgNWs-a-TiO, nanocomposite layers

Material Average transparency in the visible region  Sheet resistance before peel- Sheet resistance after peel-
(400- 800 nm) T (%) off test (Q/sq) off test (Q/sq)
TiOy thin film 84.3 29,980 30,285
AgNWs thin film (as- 72.8 30.8 4032.1
purchased AgNWs ink)
AgNWs thin film (diluted 85.1 2898 -
AgNWs ink)
AgNWs-a-TiOy thin film (1 85.7 138.65 144.4
layer)
AgNWs-a-TiOy thin film (2 79.8 29.1 28.9
layer)
AgNWs-a-TiOy thin film (3 77.5 237 23.8
layer)
Commercial FTO 72.9 29.8 29.9
Commercial ITO 86.4 17.0 17.3
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ECOPIA). A conducting silver paste was applied on
the four corners of sample. Four spring loaded tips
were used to make contact instead of using bonding
wires on the sample corners. Sample perimeter of
four sides of resistance values were measured by
applying current through two terminals and mea-
suring the voltage across the two terminals. In total
four different resistance values were measured. The
applied current was fixed in the range between
—5mA and 5 mA for all the measurements. The
resistance is generally defined as R,pcd = Vea/Labs
where a, b, c and d are integers corresponding to
terminals 1 through 4. The average of the four values
is defined as R,. The sheet resistance of AgNWs film
deposited using AgNWs ink was found to be 30.8 Q/
sq on average. The sheet resistance of AgNWs-a-TiO
composite layers decreases with increasing number
of layers owing to increase in the number of AgNWs
(Table 1). The lowest sheet resistance was found to be
237 Q/sq for three-layer-coated AgNWs-a-TiOy
composite film. Further, it has to be noted that the
sheet resistance of AgNWs thin film deposited using
diluted AgNWs ink was tenfolds greater than single
layer coated AgNWs-a-TiO thin film. This shows
that presence of TiOy thin film increases the binding
between AgNWs and improves the conductive net-
work formation. Tape peel-off test was carried out
and the sheet resistance of three-layered AgNWs-a-
TiO, composite film was found to be same whereas
the sheet resistance of AgNWs thin film deposited
using as-purchased AgNWs ink increased by more
than 100-folds. This confirms the improved adhesiv-
ity of the AgNWs-a-TiO, composite film compared
with AgNWs thin film [25].

4 Conclusion

Highly transparent electrodes, prepared from
AgNWs-a-TiO, thin film of comparable performance
to conventionally deposited conducting thin films,
were deposited on glass substrates via a simple, low-
cost solution process using bar coater. The presence
of Ag, Ti and O was confirmed by XPS analysis and
the phase purity of AgNWs and amorphous nature of
TiO4 were confirmed by XRD analysis. FE-SEM and
HRTEM analysis revealed the formation of a core-
shell structure of the film, where AgNWs core is
covered with TiOy thin film. The density of AgNWs-
a-TiOy thin films increased by increasing the number
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of layers of deposition. The coated thin film exhibited
low resistance of 24 Q/sq with an optical trans-
parency of 77%. The tape peel-off test confirmed the
high adhesivity of the thin film for three layers of
AgNWs-a-TiO, coating. These findings clearly indi-
cate that the coatings (presented here as well as
synthesized using related methods and precursors)
have great potential to be employed as electrodes for
flexible device fabrication applications.
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