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Improving the Electrical Conductivity of Multi-walled Carbon Nanotube

Thin Films Using Ag-nanowires
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Abstract: Background: Transparent and conductive films (TCF) are the principal core for fabricating
electronic devices. The traditional TCFs, indium tin oxide (ITO) thin films have been used for such
devices which have their own drawbacks. In the present study, multi-walled carbon nanotubes
(MWCNTs) thin films were fabricated and their electrical conductivity was improved by adding Ag

nanowires to the CNTs for the first time in literature.

Methods: The initial multi-walled carbon nanotubes with the diameters less than 10 nm and 5-15 pm
length were oxidized in a mixture of sulfuric and nitric acids. Silver nanowires were synthesized by

Amir Zilaee

solvothermal method through reducing silver nitrate with ethylene glycol (EG) in the presence of
polyvinylpyrrolidone (PVP). Different solutions including 1.8, 3.5, 5.1, and 10.5 wt.% of Ag/MWCNTSs were prepared
and coated on a cleaned and functionalized glass substrate by spin coating technique.

Results: For low thicknesses, dc conductivity of the films was thickness-dependent but appeared to become bulk-like for
film thicknesses of about 300 nm. A sheet resistance of 1006 ohm/sq with 82% transmittance at 550 nm in wavelength
was attained for 5.1wt.% Ag nanowires in MWCNTs. Using the deduced data, the DC conductivity to optical conductivity
ratio for a percolated network 92.4 was calculated for 5.1wt.% of Ag nanowires in MWCNTs which was much higher

than 37 for the films without using Ag nanowires.

Conclusions: 1t was observed that the conductivity and figure of merit of different films of MWCNTSs-Ag nanowires
composite were improved by increasing Ag nanowires concentration. The electrical conductivity and optical transmittance
were affected by different Ag wt.% and different film thicknesses. The low sheet resistance of thin conductive films was
due to the increased contact areas between MWNTSs and Ag nanowires on the MWNTs surfaces.
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1. INTRODUCTION

Generally, transparent and conductive films (TCF) are
the principal core for fabricating electronic devices such as
flexible displays, digital papers, liquid crystal displays, solar
cell and touch screen panels [1-4]. The traditional genera-
tions of TCFs were indium tin oxide (ITO) thin films. Be-
cause of their higher transparency and low sheet resistance,
ITO thin films were used in the mentioned devices.

The increase in sheet resistance due to crack formation,
the need to be produced at high temperatures in vacuum, its
expensiveness due to high demands for fabricating thin films
and also its brittleness under small strains, have all contrib-
uted to the replacement of ITO with materials that are cost-
effective and do not have the drawbacks in ITO films [5-7].
To this aim, carbon nanotubes, graphene and silver
nanowires can be used for fabrication of TCFs. These nanos-
tructures can overcome many of restrictions of ITO films
and can be highly conductive with a suitable transparency
and thus applicable in flexible films [8-10]. Among these
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nanostructures, silver nanowires thin films have been pre-
pared by different techniques and their ratio of bulk-DC
conductivity to optical conductivity is more than 500 [8].
One of the major restrictions of this material as TCFs is the
weak adhesion of silver nanowires to Poly Ethylene Tetra
phetalat (PET) [8]. While graphene has a very good conduc-
tivity and good transparency for fabricating TCFs, there are
some problems with its reproduction for commercial applica-
tions and also the methods for producing TCFs of this mate-
rial are not as simple as those of CNTs [9]. However, be-
cause of the exclusive properties of CNTs including inherent
mechanical and electrical properties, CNTs can be consid-
ered as a good candidates for fabricating TCFs and over-
come many of the mentioned drawbacks. One of the advan-
tages of using CNTs for fabricating TCFs on flexible sub-
strates is the good adhesion of CNTs to the PET substrates
[11-15]. Since large tube-tube contact resistance provides a
high sheet resistance for CNTs networks, improving sheet
resistance becomes a requirement. Metallic nanoparticles
improve the electrical conductivity of CNTs films by provid-
ing the bridge between separated CNTs [9].

In the present study, we used silver nanowires as a nanos-
tructure that improves the electrical conductivity of CNTs
films. For this purpose, we used different silver nanowires
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percentages. Using silver nanowires expands the contact area
between MWCNTs films and decreases the sheet resistance
of thin films. Briefly, the steps for using Ag-nanowires and
fabricating Ag-MWCNTs films are as follows: oxidation of
MWCNTs under sulfuric and nitric acids with a ratio of 3:1,
attaching Ag-nanowires to functionalized MWCNTs, spin
coating on glass as substrate and finally post-heat treatment
at 285 °C for 30 minutes, at ambient pressure. The annealing
step causes the Ag-nanowires to melt between MWCNTSs
and enhances the electrical conductivity.

2. EXPERIMENTAL METHOD

2.1. Preparation of Functionalized MWCNTSs Suspen-
sions

The initial multi-walled carbon nanotubes with the di-
ameters less than 10 nm and 5-15 pm length were purchased
(Shenzhen Co., China). MWCNTs were oxidized in a mix-
ture of sulfuric and nitric acids, which is a well-known
chemical treatment for carbon nanotubes functionalization.
Oxidizing carbon atoms at the caps generates defects in the
sidewalls of the CNTs. Researchers -have used this oxidation
method to functionalize the MWCNTs and produce short
CNTs [16-19]. The functionalized MWCNTs were dispersed
in ethanol and then sonicated for 30 minutes without any
surfactants.

2.2. Silver Nanowires Synthesis

For synthesis of silver nanowires by solvothermal
method, 11.1 ml EG solution of 0.15 M PVP/0.1 mM NaCl
was injected drop by drop into 11.1 mL of a magnetically
stitred EG solution of 0.1 M AgNOs; using a syringe pump at
a rate of 45 mL/h. The resulting solution was homogene-
ously mixed by stirring for 5 minutes and then put into a
50 ml Teflon-lined autoclave. The autoclave was sealed and
heated at 160 °C for 2.5 hours and afterward cooled to room
temperature. The synthesized nanowires were separated from
EG solution by centrifugation (3500 rpm, 15 min) and
washed with acetone once. Finally, the silver nanowires were
dispersed in ethanol for further characterization and use.

The XRD pattern of synthesized Ag nanowires exhibited
five diffraction peaks that corresponded to pure silver metal
with fcc crystal structure (JCPDS 04 -0783). The mean Ag
nanowires diameter was 155 nm and the lengths of Ag
nanowires were ranged from 3 to 40 um with average size of
10 pm.

2.3. Preparation of MWCNTs-Ag Solutions

Different solutions including 1.8, 3.5, 5.1, and 10.5 wt.%
of Ag/MWCNTs were prepared. The prepared solutions were
ultra-sonicated for 30 minutes in an ultrasonic bath (42 KHz,
100 W), and after that the suspension was centrifuged to
remove the possible particles and large bundles in the sus-
pension. The suspension was coated on a cleaned and func-
tionalized glass substrate with 3-aminopropyltriethoxysilane
(APTES) binder by spin coating technique. The films were
annealed at 285 °C for 30 minutes and the sheet resistance
and optical transmittance (at 550 nm) of the films were
measured before and after the annealing process. It was ob-
served that by annealing, the Ag nanowires partially melted
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on the MWCNTs surfaces caused an increase in the contact
area between MWCNTs. It is noteworthy that at such a tem-
perature, the CNTs maintain their structure and will not burn
[20].

2.4. Characterizations

A scanning electron microscope (SEM: MIRA, TES-
CAN- Czech Republic) was used to observe the surface
morphology of MWCNTs films and to measure the films’
thickness. To this aim, the glass substrates were tilted in or-
der to have a better view for imaging. Sheet resistance of the
films was measured by a 4-point probe standard technique at
room temperature and their optical transmittance was meas-
ured by means of a UV-Vis spectrophotometer (Cintra 101,
GBC - Australia).

3. RESULTS AND DISCUSSION

There are two approaches for the establishment of sheet
resistance in CNTs films, namely creating large sheet resis-
tance between tube-tube MWCNTSs and reducing the resis-
tivity of MWCNTs networks [21]. The resistivity of CNTs
networks was reduced by using metallic nanoparticles [22].
Decorating CNTs by metallic nanoparticles and nanowires is
considered a good method for enhancing the electrical con-
ductivity of CNTs films. Ag nanoparticles and Ag nanowires
act like a nano-bridge between CNTs increasing the contact
area between individual CNTs. Therefore, by using these
metallic nanostructures, the conductive path between CNTs
is enhanced and electrical conductivity is improved.

Fig. (1) shows a typical SEM images of Ag nanowires
which are embedded in CNTs.

Fig. (1). SEM image of Ag nanowires-MWCNTs films. The Ag
nanowires are embedded in CNTs.

Fig. (2) shows the transmittance (A=550 nm) of the films
with various thicknesses as a function of Ag nanowires
wt.%. It is clear from Fig. (2), that not only by increasing the
thickness the transmittance is reduced but also for all thick-
nesses by increasing the Ag nanowires wt.%, the transmit-
tance of the films is reduced almost with the same slope.
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Fig. (2). Transmittance at 550 nm of various film thicknesses ver-
sus Ag nanowires wt.(%).

Also, it can be observed that for films prepared using low
wt.% of Ag nanowires, the transmittance was nearly the
same but reduced by increasing the wt.% of Ag nanowires.
By increasing the Ag nanowires wt.% to higher than 10.5%,
the transmittance was remarkably reduced, possibly due to
the filling of the empty spaces between the nanotubes by Ag
nanowires. Indeed, by increasing the Ag nanowires’ percent-
age, their concentration increases in the empty spaces be-
tween the CNTs resulting in the reduction of the films’
transmittance. However, if so many Ag nanowires are at-
tached to the MWCNTSs’ surfaces, they will fill the empty
spaces between MWCNTSs and act like an obstacle for light
passing through, hence reducing the films’ transmittance.

Fig. (3) shows the optical transmittance of the films with
different Ag wt.% as a function of sheet resistance. The Ag
nanowires react with carboxyl-terminated MWCNTs and are
attached physically to the surface of MWCNTs. The sheet
resistance and the optical transmittance can be controlled by
Ag wt%. By increasing the number of the attached
nanowires on the MWCNTs surfaces and increasing the con-
tact area between MWCNTs, the conductivity of the films
improves. On the other hand, by adding more Ag nanowires,
the films’ transmittance reduces. The lowest value for the
sheet resistance was 1006 ohm/sq for 5.1% wt.% of Ag
nanowires. Such a film showed 85% transparency and its
conductivity was enhanced compared to that of the films
without Ag nanowires. It is clear from Fig. (3) that by adding
Ag nanowires up to 10.5%, the films’ transmittance as well
as sheet resistance is reduced. In fact, adding Ag nanowires
provides some good links between the nanotubes thereby
their electrical conductivity is enhanced, but by adding Ag
nanowires above a certain value, the films’ transmittance
reduces because of the increase in the light scattering cen-
ters. The conductivity and transmittance of the films depends
on the films’ thickness. By increasing the films’ thickness,
the conductivity enhances but their transmittance is reduced.
However, the increasing and decreasing rates were different
for various wt.% of Ag nanowires. In general, transmittance
and sheet resistance for thin metallic films are related by
[23]:
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Fig. (3). Films’ transmittance versus their sheet resistance for dif-
ferent percentages of Ag nanowires. The solid lines are power fit-
ting and drawn as guide for eyes.
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where Z, is the free space impedance (377Q2), 6, is the opti-
cal conductivity and opc pis the bulk DC conductivity. For a
thin film, DC conductivity is thickness-dependent and is
proportional to ¢, where ¢ is the film’s thickness and 7 is the
percolation exponent. De ef al. [24, 25] using a simple model
have shown that there is another relation between T and Ry
of transparent conductors in percolative regime at which the
conductivity is thickness-dependent as [25]:
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IT is a dimensionless parameter called percolative figure
of merit and its higher values mean higher 7 and lower R;. In
order to investigate the effect of different Ag nanowires con-
centration, these equations were applied to the films prepared
with different Ag wt.%. In a recent study we have found DC
conductivity to optical conductivity ratio 37 for CNTs with-
out using Ag nanowires [26]. It is evident that with increas-
ing the Ag nanowires concentration, the figure of merit in-
creases. The maximum of the DC conductivity to optical
conductivity ratio was 92.4 for 5.1 wt.% of Ag nanowires.
Such an increase was due to the increase in transmittance
and a decrease in sheet resistance at 5.1 wt% of Ag
nanowires. Also, it was found that the percolative figure of
merit increased from 5, to 5.8 when Ag wt.% was increased
from 1.8 to 5.1 wt.%. For 10.5 wt.% Ag nanowires percola-
tive figure of merit was 3.6. At higher Ag nanowires concen-
trations, despite the enhancement of electrical conductivity,
the optical transmittance of the films was reduced. The com-
ponent n for 1.8, 3.5 and 5.1 wt% Ag nanowires had values
from 1.3, 1.2 to 1.1 respectively while it increased to 1.7 for
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10.5 wt% Ag nanowires. The parameters Il and n were cal-
culated through a power fitting of log-log plot of T -1 ver-

O-DC,B

sus R on equation 2, while the ratio was found by
op

fitting on equation 1.

Fig. (4) shows the sheet resistance versus Ag nanowires
wt.% for different film thicknesses. For thinner films, the
reduction in sheet resistance by increasing Ag wt.% is clear,
but for thicker films the slope of sheet resistance vs Ag
nanowires concentration is smaller. Nanowires, due to hav-
ing a very high surface-area-to-volume ratio, provide a large
driving force for diffusion, especially at higher temperatures.
Annealing can increase the conductivity of the MWCNT-Ag
films. It was found that by increasing the annealing tempera-
ture from 200 to 285 °C for 30 minutes, the sheet resistance
was reduced significantly.

Fig. (5) shows the DC-conductivity to optical conductiv-
ity versus annealing temperature for different Ag nanowires
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Fig. (4). Sheet resistance versus Ag-nanowires wt.% for different
film thicknesses.
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Fig. (5). DC-conductivity to optical conductivity ratio versus an-
nealing temperature.
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percentages. It is clear from Fig. (5) that figure of merit for
all different Ag nanowires percentage is increased. The
maximum figure of merit found 92.4 for 5.1wt.% of Ag
nanowires.

CONCLUSION

In this study, thin films of MWCNTs-Ag nanowires
composite were fabricated for the first time. It was shown
that the conductivity and figure of merit of different films
were improved by increasing Ag nanowires concentration.
The maximum conductivity was observed for the films con-
taining 5.1wt.% of Ag nanowires. The DC conductivity to
optical conductivity ratio for 5.1wt.% Ag nanowires was
92.4. The electrical conductivity and optical transmittance
were affected by different Ag wt.% and different film thick-
nesses.
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