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Abstract

A solution processed aluminum-doped zinc oxide (AZO)/multi-walled carbon nanotube (MWCNT) nanocomposite thin film has been
developed offering simultaneously high optical transparency and low electrical resistivity, with a conductivity figure of merit (sDC/sopt) of �75–
better than PEDOT:PSS and many graphene derivatives. The reduction in sheet resistance of thin films of pristine MWCNTs is attributed to an
increase in the conduction pathways within the sol–gel derived AZO matrix and reduced inter-MWCNT contact resistance. Films have been
extensively characterized by scanning electron microscopy (SEM), energy dispersive spectroscopy (EDS), transmission electron microscopy
(TEM), X-ray diffractometry (XRD), photoluminescence (PL), and ultraviolet–visible (UV–vis) spectroscopy.
& 2013 Elsevier Ltd and Techna Group S.r.l All rights reserved.
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1. Introduction

Carbon nanotubes [1] have attracted considerable interest in the
past two decades due to their unique and wide-ranging chemical
[2], electrical [3,4] and mechanical properties [5,6]. Though many
electronic and photonic devices based on CNTs have been
proposed, CNTs have perhaps found their most-widely adopted
application in the field of flexible transparent conductive thin
films [7,8]. Quasi-metallic multi-walled carbon nanotubes
(MWCNTs) [9,10] are formed from incommensurate, concen-
trically nested, and turbostratically aligned graphene cylinders.
They are chemically and mechanically robust and are particularly
well suited to functionalization through metal oxide coatings,
such as tin oxide, titanium oxide [11], and zinc oxide (ZnO) [12].
Metal-oxide-coated nanotubes possess enhanced opto-electronic
properties compared to their as-synthesized, pristine counterparts
[13,14] and may become key components in next generation
energy storage, display and nanoelectronic devices. Amongst
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these metal oxides, ZnO [15,16] is possibly the most promising.
ZnO is a wide, direct band gap (3.37 eV [17]), large exciton
binding energy (60 meV [18]) material that offers solution-based
processing at temperatures as low as 90 1C [19,20]. ZnO has also
demonstrated significant functionality augmentation in super-
capacitors [21], electrochemical sensors [22], and enhanced
stability field emitter electron sources [23].
Numerous deposition methods have been adapted to engineer

thin films based on ZnO nanoparticles including chemical bath
deposition, sol–gel techniques [24,25], chemical vapor deposition
[26], sputtering [27], and hydrothermal processing [28–30].
Amongst the most competitive of these techniques is sol–gel
processing due to its high material utilization and efficiency,
precise composition control, conformal coatings, and low-cost
equipment/infrastructure. ZnO nanoparticle coated MWCNTs have
been reported elsewhere [31,32] however, to the best of our
knowledge, there have been no such reports on aluminum doped
zinc oxide (AZO)/MWCNTs hybrid nanocomposites. AZO is
commonly used as a transparent conductive oxide layer for Si and
group III–IV based solar cells [33]. As such AZO is attractive
for transparent thin film as, depending on the Al concentration
hts reserved.
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(0.5–3 at%) and the post-growth annealing conditions, it can
possess resistivity several orders of magnitude lower than undoped
ZnO [34].

Herein, we report on a spinnable highly conductive trans-
parent AZO/MWCNT nanocomposite fabricated through a
facile sol–gel based process. Our hybrids optically and
electrically outperform traditional sol-gel synthesized and
sputtered AZO thin films as well as chemical vapor deposited
pristine MWCNT thin films. The proposed method is fully
solution compatible and is widely applicable to a variety of
large area applications via inexpensive micro-inkjet and nano
dip pen techniques [35]. The hybrid AZO/MWCNTs thin films
exhibit excellent opto-electronic properties and demonstrate
significant potential as transparent conductive electrodes in
glass-based solar cells and displays technologies.
2. Experimental

2.1. MWCNT synthesis

MWCNTs were synthesized as described elsewhere [36].
Briefly, catalyst samples were prepared on corning glass by
magnetron sputtering 15 nm SiO2 and 7 nm Fe (100 W) at
3� 10�4 mbar in Ar. MWCNTs were synthesized by plasma
enhanced chemical vapor deposition using a dilution of
acetylene in ammonia (C2H2: 40 sccm, NH3: 200 sccm) at
650 1C (100 1C/min). The Ohmically-heated graphite stage was
biased to 600 V at a chamber pressure of 3.5 mbar. To remove
impurities, as-deposited MWCNTs were treated with H2SO4/
HNO3 (3:1), vacuum filtered through a mixed cellulose ester
membrane, and washed with deionized water.
2.2. Sol–gel AZO

All analytic grade chemicals were purchased from Sigma
Aldrich and were used as received without further purification.
Sol–gel precursors were prepared by dissolving 1 M zinc acetate
(Zn(CH3COO)2H2O) in isopropanol (IPA) with 3 wt% aluminum
chloride hexahydrate. Solutions were refluxed for one hour at
70 1C and left to age for at least 24 h. 3 at% (30 ppm) purified
MWCNTs were mixed in IPA and the AZO sol–gel, yielding a
transparent, light yellow, precipitate-free solution. AZO/MWCNTs
solutions were spin coated onto glass substrates, pre-heated to
150 1C and post annealed (at various temperatures) for 10 min.
Each cast layer of the hybrid nanocomposite thin film was around
5075 nm thick. Throughout the precursors were spin coated five
times to yield a thickness of �250 nm. For comparison, AZO
thin films were sputtered on glass, as per the conditions described
in our previous work [37].

Sample morphology was determined using a FEI Quanta 400F
environmental scanning electron microscope (SEM) fitted with an
energy dispersive spectrometer (EDS). Crystalline orientations
were investigated with a Siemens D5000 X-Ray diffractometer
(XRD) using a Cu Kα source (λ¼1.540 Å). Photoluminescence
(PL) studies were performed using a Jasco Model FP-6000
equipped with a 325 nm He–Cd excitation. Electronic transport
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properties were examined using a Hall system operated in a
standard four-probe van der Pauw configuration, at STP.
3. Results and discussion

Fig. 1(a) shows an SEM micrograph of the MWCNTs
dispersed in acetone and cast on a Si substrate. The MWCNTS
were uniformly dispersed and exhibited no visible bundles or
aggregations, even in the absence of a surfactant. The MWCNTs
were 2–3 μm in length and 50–100 nm in diameter. Fig. 1(b)
shows SEM micrographs of a typical AZO/MWCNT nanocom-
posite hybrid deposited at 400 1C. The AZO has a wrinkled/
perturbed morphology with small patches scattered on its surface
(Fig. 1(c)). The films consist of small regions of fiber-like stripes
(MWCNTs) embedded within a wrinkled matrix (AZO). The
wrinkles were approximately 1 μm in diameter and more than
10 μm in length. Two mechanisms have been proposed to explain
wrinkle formation. Kwon [38] argued an increase in volumetric
strain, whereas Sherer [39] proposed that a substantial loss of the
hydroxyl/ alkoxy groups during sintering induced stress formation.
Fig. 1(d) shows an AZO/MWCNT film annealed at 550 1C in air.
Annealing induced pronounced wrinkling, particularly in films
deposited at higher temperatures (550 1C). Bulk shrinkage is most
likely caused by rapid solvent evaporation. The derived films
evolve from desorption of the hydroxyl groups with subsequent
AZO crystallization. Wrinkle formation is beneficial. This wrink-
ling, pre-stressing phase effectively reduces the intrinsic stress
within the film during functional stressing (during operation)
making the hybrid nanocomposite well-suited for flexible trans-
parent conductor applications, such as touch screen displays.
Fig. 2(a) shows the compositional EDS analysis of the

AZO/MWCNT hybrid. Strong Zn (46.6 at%), O (40.2 at%), Al
(5.1 at%), and C (8.1 at.%) peaks were detected. The Al
content is close to the initial sol-precursor concentration
(3 wt%). The spectrometers background C was calibrated to
less than 2 at%. All C originates from the MWCNTs. Fig. 2(b)
shows the XRD patterns of as-prepared composites with and
without MWCNTs, in addition to sputtered AZO. The (100),
(002), (101), (102), (110), (100), and (103) peaks, ascribed to
the ZnO, are indicative of a hexagonal wurtzite structure.
Additional peaks at 23.151 and 68.581 account for the
MWCNTs graphitic backbone. Sol–gel and sputtered AZO
are preferentially orientated in the (002) c-axis. It would appear
that the (002) peak from the sol–gel derived AZO is sharper
than that of the sputtered AZO, suggesting enhanced crystal-
linity. This is attributed to the fact that the sputtered AZO were
deposited at room temperature without post annealing.
The MWCNT additive induces additional intrinsic stresses

within the bulk which disrupts c-axis orientation, creating
alternative ZnO phases. This phenomenon corroborates our
SEM findings. The ZnO films become increasingly wrinkled
by the addition of an increasing MWCNT content. At the pre-
coating stage the MWCNTs and precursor are uniformly mixed.
Upon spin coating the MWCNTs remain well dispersed.
However, when heated to 150 1C, ZnO starts to crystallize and
the MWCNTs agglomerate. Cross-sectional SEM shows that the
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Fig. 1. SEM images of (a) uniformly dispersed as-deposited MWCNTs. (b, c) a spinned AZO/MWCNT nanocomposite (400 1C) and (d) an AZO/MWCNT
nanocomposite annealed at 550 1C.

Fig. 2. (a) EDS composition of the deposited AZO/MWCNT hybrid nano-
composite. (b) XRD patterns of sputtered AZO, sol–gel derived AZO, and the
AZO/MWCNT nanocomposite.
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MWCNTs are not restricted to the film surface but rather exist
throughout the bulk.

Fig. 3 shows a low resolution TEM micrographs of a MWCNT
bundle coated and intercalated with AZO nanoparticles at different
Please cite this article as: I.Y.Y. Bu, M.T. Cole, A highly conductive and transpar
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resolution. Networks formed from MWCNTs often have a lower
conductivity that their constituent MWCNTs [40]. In 1D and 2D
nanostructured percolation thin films there is a trade-off between
electrical conductivity and optical transparency [41]. High den-
sities of MWCNTs are incorporated to reach acceptably low and
technologically relevant electrical resistances. However, as more
MWCNTs are introduced the optical transparency degrades due to
the increased absorption cross-section. The reduction in resistivity
in the AZO/MWCNT nanocomposites originates from reduced
contact resistance between MWCNTs and the enhanced inter-
connectivity between the MWCNTs via the AZO interfacial
crystallites. The contact resistance between pristine MWCNTs is
typically between 23 kΩ and 2.05 MΩ [42,43]. At room tem-
perature, intermolecular tunnel junctions dominate the bulk
electron transport. The AZO induces interfacial charge traps,
localized states, and local lattice straining. The AZO increases the
effective electron transport between the composite MWCNTs due
to evanescent-like resonant transmission within the MWCNT/
AZO/MWCNT tertiary structure which manifests as an increase in
the transmission probability and a consequent reduction in film
resistance. Previous studies have shown that MWCNT networks
suffer from non-uniform, low conductivity due to voids and
discontinuities within the films [40]. The present study resolves
this issue by ‘filling’ these voids with highly conductive AZO.
This approach differs from traditional MWCNT networks where
optical transparencies are often degraded due the quantity of
MWCNTs required to ensure percolation [41,44].
Fig. 4(a) shows the optical transparency (UV–vis) of AZO/

MWCNT nanocomposites on corning glass substrates, as a
function of post-deposition annealing temperature. Processing
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Fig. 4. (a) Optical transmittance of the AZO/MWCNT composite annealed at
400–550 1C. (b) Photoluminescence spectra of sol–gel derived AZO/MWCNT
nanocomposite and pristine sol–gel AZO.

Fig. 3. TEM micrograph of an AZO decorated MWCNT bundle (Scale bar:
200 nm).
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suitability for glass-based thin film solar cell applications defined
an upper practical upper limit of �600 1C on the annealing
temperature. Repeated spin coating and heating/cooling cycles at
4600 1C tended to crack the glass substrates. It has also been
shown in previous studies that during sol–gel production of Zn,
films must be annealed to at least 450 1C [45] to remove residual
organics and induced crystallization. Measurements were taken
without subtraction of the glass background to emulate typical
photovoltaic cell configurations. All AZO/MWCNT films exhibit
excellent transparency ranging from 78% to 88% at 500 nm
(Rs¼30 Ω/sq). Films synthesized at 400 1C were around 80%
transparent. Increasing the annealing temperature to 450 1C
resulted in a marginal decrease in transparency (78%). Anneal
temperatures of 500–550 1C improved the optical transparency to
�88% The lower optical transparency at 450 1C suggests grain
disorder, perhaps due to transformation of residual zinc acetate to
ZnO. The obtained transparency in our films is close to that of
optimized AZO films deposited by RF sputtering at 400 1C [46].

Fig. 4(b) shows a PL spectra of pristine AZO and an AZO/
MWCNTs nanocomposite. In the case of pristine AZO, the peak
at 380 cm�1 corresponds to free-exciton recombination band-
edge emission [47], whilst the AZO/MWCNT exhibits additional
peaks at 435 cm�1 and a broad visible emission at 500 cm�1.
Well-defined emission indicates high quality AZO and is often
associated with [OH�] ions on the ZnO surface [48]. The peaks
at 500 cm�1 account for radiative recombination of excitons
related to surface defects [49], a consequence of MWCNT
incorporation within the sol–gel matrix.

The AZO/MWCNT nanocomposite is n-type with a sheet
resistance of around 30 Ω/sq. The AZO/MWCNT has a sig-
nificantly lower sheet resistance than pristine sol–gel (112 Ω/sq)
and sputtered (78 Ω/sq) AZO. The resistivity of the composite is
towards the lower end of the resitivities reported for optimized
AZO (14 Ω/sq – 850 1C for 1 h vacuum sintered films [50]).
However, in contrast, our films were synthesized at only 550 1C
with a rapid atmospheric hotplate sintering of only 10 min. The
inclusion of the MWCNTs increased the carrier density of the
AZO matrix markedly, from 7.6� 1015 to 5.0� 1017 cm�3,
whilst also increasing the mobility from 16 to 254 cm2/Vs.
The hybrid nanocomposite showed a carrier density some four
orders of magnitude greater than sputtered AZO. Incorporation
Please cite this article as: I.Y.Y. Bu, M.T. Cole, A highly conductive and transpar
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of the MWCNTs in the nanocomposite dramatically lowered the
resistivity via simple, rapid, low temperature processes enabling
the utilization of inexpensive glass substrates whilst simulta-
neously increasing throughput.
The optical transparency and electronic conductivity of

transparent conducting media can be related by TðλÞ ¼
ð1þ 188:5sopðλÞ=RSsDCÞ, where T (λ) is the optical transmis-
sion at 550 nm, RS is the sheet resistivity, sDC is the DC
electrical conductivity, and sopt is the optical conductivity
[40,51,52]. The extracted figure of merit, sDC/sopt, for the
AZO/MWCNT spinnable nanocomposite is around 75, which
is higher than chemically exfoliated graphene (1.7 [52,53]) and
PEDOT:PSS (40) [54], but lower than Ag nanowire networks
(120) and commercially available indium tin oxide (400–800)
[51]. For practical applications the accepted figure of merit is
�35 (T490%, Rso100 Ω/sq) [54] suggesting that the AZO/
MWCNT nanocomposite may find application in touch screens
and display applications.

4. Conclusion

A spinnable AZO/MWCNT nanocomposite has been
synthesized and considered optically and electrically under
different annealing temperatures to study the enhancing effects
of a MWCNT additive. The AZO/MWCNT thin films synthe-
sized at temperatures in excess of 500 1C produced highly
transparent, low resistive thin films (sDC/sopt¼75). The AZO/
MWCNT nanocomposite is fully solution process-able, highly
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scalable and utilizes inexpensive equipment demonstrating that
earth abundant materials such as Zn, Al, and C can be used to
great effect as potential replacements for ubiquitous indium
and fluorine doped tin oxides.
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