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• Drop cast films of Gallium-doped Zinc
Oxide(GZO)/Indium Tin Oxide(ITO)
nanoparticles

• Rapid CO2 laser sintering of GZO/ITO
nanoparticle films and circuit patterns

• Additions of ITO stabilise aqueous GZO
dispersions and improve film quality.

• GZO/ITO ratio controls resistivity, near-
infrared transmittance and optical
bandgap.

• Low levels of ITO in the film significantly
reduce resistivity compared to
pure GZO.
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Gallium-doped zinc oxide (GZO) and tin-doped indiumoxide (ITO) nanoparticles (NPs)were combined to create
bi-component suspensions for the drop-casting and CO2-laser sintering of transparent conducting oxide (TCO)
thin films with significantly reduced ITO content. An aqueous dispersion of ITO NPs enabled the suspension of
GZONPswithout surfactants. Transmission electronmicroscopy indicated the formation of high aspect-ratio seg-
ments of ITO NPs from the suspension through oriented attachment, that persisted in the deposited and sintered
thin films to establish an efficient electrical percolating networkwithin the less conductive GZONPmatrix. Rapid
CO2-laser sintering under argon gas of approximately 800 nm thick NP films yielded resistivities of
7.34 × 10−3 Ω·cm and 116 Ω·cm for pure ITO and pure GZO respectively. However, a bi-component film with
only 19.6 at.% indium (relative to zinc) achieved a resistivity of 3.21 × 10−1 Ω·cm. By changing the ITO content,
the near-infrared transmittance could be adjusted between 13% and 82% and the optical bandgap energy be-
tween 3.93 and 3.33 eV, enabling fine-tuning of the properties. Finally, a fast and material/energy efficient pro-
cessing route was demonstrated for the fabrication of a GZO-ITO circuit pattern using CO2-laser patterning of a
mask and CO2-laser sintering of the NP films.

© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
.Hutt@lboro.ac.uk (D.A. Hutt).
H-2000 Neuchâtel, Switzerland.
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1. Introduction

Transparent conducting oxides (TCOs) are degenerately doped
metal oxides displaying a unique combination of electrical conductivity
and optical transparency and are of great importance to a wide range of
the CC BY license (http://creativecommons.org/licenses/by/4.0/).

http://crossmark.crossref.org/dialog/?doi=10.1016/j.matdes.2020.108865&domain=pdf
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.matdes.2020.108865
mailto:J.Wang6@lboro.ac.uk
mailto:D.A.Hutt@lboro.ac.uk
https://doi.org/10.1016/j.matdes.2020.108865
http://creativecommons.org/licenses/by/4.0/
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/matdes


2 J. Wang et al. / Materials and Design 194 (2020) 108865
applications including touch screens, flat panel displays, light emitting
devices, thin film photovoltaics, plasmonic devices, electrochromic de-
vices and sensors [1–5]. For most applications, indium-oxide based
TCOs such as tin-doped indium oxide (ITO) have thus far remained
largely unrivalled owing to their inherently high carrier concentrations
[6], excellent optical properties [7] and relatively good chemical stability
[8]. The unsustainable supply and volatile cost of indium (In) have
nonetheless necessitated the search for strategies towards reducing in-
dium consumption. More sustainable alternatives such as gallium-
doped zinc oxide (GZO) [9] and aluminium-doped zinc oxide (AZO)
[10] have shown great promise. They are typically reported to exhibit
higher transparency in the infrared (IR) wavelength region [11], albeit
with lower electrical conductivity and inferior stability in air and mois-
ture [12] when benchmarked against ITO [13].

The industrial pursuit of high efficiency and multifunctional devices
entails a broader design scope over thematerial and structure of TCOs to
enable tailored functionalities while ensuring durability. For example,
long-term stability of high electrical conductivity is crucial for applica-
tions such as sensors where transparent electrodes may be exposed to
air or other environments in service. In addition, optical properties re-
quire tailoring for specific applications: for instance increased near-
infrared absorption is desirable for plasmonic devices, such as switches
at telecommunication wavelengths and waveguide modulators [14,15]
whereas high transmittance across the visible and near-infrared spec-
trum is required for enhanced efficiency in thin film solar cells [16,17].
For applications where ITO cannot thus far be effectively replaced, en-
suring high processing efficiency and lowmaterial loss is key to the sus-
tainable manufacture of ITO-based products. This can become
particularly effective in concertwith evermaturing end-of-life recycling
technologieswhere, for example, in 2016 approximately 1200 t/yr of in-
dium was reclaimed from used products compared with an annual ITO
global consumption rate of approximately 1500 t/yr [18].

In addition to sputtering [19], chemical vapour deposition [20], sol-
gel [21], spray pyrolysis [22] and chemical bath deposition [23] of TCO
thin films, the deposition of colloidal nanoparticles (NPs) has attracted
interest owing to fast film thickness build-up and low material loss.
When working with nanoparticulate TCOs, in order to achieve the de-
sired material properties, it is necessary to sinter together the particles
to ensure low electrical resistance contacts between them [24,25]. This
is often achieved through a thermal process undertaken in an inert or
reducing atmosphere, such as conventional thermal treatments or mi-
crowave irradiation [6,26,27]. However, it has been shown that similar
levels of conductivity can be achieved in a fraction of the time using a
laser to anneal thin films of nanoparticles. Königer et al. [28] used a
CO2 laser to sinter spin-coated ITO NP thin films in air, while Park and
Kim [29] employed an excimer laser to anneal spin-coated ITO NP coat-
ings in a nitrogen ambient. They achieved electrical resistivities similar
to those of furnace annealedmaterials, but in only tens of seconds. In ad-
dition, they demonstrated the processing of ITO films on temperature-
sensitive substrates such as polyethylene terephthalate [28,29] by
utilising the highly controlled delivery of the laser energy into the nano-
particle film, with only limited heat transfer to the substrate.

Single component TCOmaterials do not always meet the challenges
of certain applications and therefore multi-component colloidal nano-
particle systems, such as ITO-ZnO [30], have received increasing atten-
tion, offering tailored functionalities and additional synergistic
properties from combining disparate components [30,31].
Nanoporosity and the use of multicomponent TCOs is often desirable
for sensing applications owing to the availability of large surface areas
and a separation of functions between the different components
(e.g., one component may exhibit high reactivity towards a target sub-
stance, while the other more stable part serves as a transducer)
[32,33]. In such systems, modifications are often confined to the interfa-
cial region while the original characteristics of each individual compo-
nent can be largely retained [34]. Controlled fabrication of nanometric
multicomponent particle structures by tailoredmixing at specific scales,
i.e. at the primary particle level, at the cluster level or at the aggregate
level is significant, especially for designing task-specific functionalities
and understanding the fundamental physics [30,31,35]. The desired in-
teractions of the NPs also need to be preserved throughout any pattern-
ing and othermanufacturing steps. However, thesemixedmaterials and
their processing are still relatively under-explored for the TCO systems,
despite their technological importance and diversity in optical and elec-
trical properties.

In this paper, for the first time, we report a fast, scalable and energy/
material-efficient route to the fabrication of bi-component GZO-ITO NP
thin film TCOs on glass, using a straightforward drop-casting step from
the corresponding surfactant-free, aqueous NP dispersions and CO2

laser sintering. The electrical resistivity, optical bandgap energy and
near-infrared absorbance of the sintered thin films can be fine-tuned
through compositional adjustment of the two components, thereby
providing opportunities to balance performance and sustainability
across a range of potential applications. Adopting the same CO2 laser
source, we also demonstrate a fast, additive patterning route for the fab-
rication of TCO thin film tracks and circuit patterns, enabled through se-
lective laser ablation of a polyester masking tape followed by drop
casting of the NP dispersions into the openings. The convenient laser
processing of a tape, with suitable adhesion and chemical stability to
create a mask, is representative of a range of patterning methodologies
that could also be used such as photoresist patterning or inkjet printing.
The material combinations, together with the flexible deposition, pat-
terning and laser processing methods, demonstrate excellent design
freedom, low-cost, large scale integration possibilities and may also be
applicable to other TCO thin films systems.

2. Experimental

2.1. Nanoparticle dispersion preparation

ITO nanopowders (NanoTek, Alfa Aesar, US) and GZO nanopowders
(Pazet GK-40, Hakusui Tech, Japan) were used as-received without fur-
ther purification. Deionised (DI) water was employed as the dispersant
for the preparation of all of the ITO, GZO and bi-component GZO-ITO NP
suspensions unless specified otherwise. In some cases for the dispersion
of pure GZO NPs, to improve the resulting coating quality for electrical
resistivity and optical transmittance measurement, the initial pH of
the DI water used to prepare the dispersion was pre-adjusted to 6 by
the addition of a small amount of hydrochloric acid (HCl) solution
(37%, Sigma Aldrich, UK). The preparation of the GZO-ITO nanoparticle
suspensions (typical batch size: 25 mL) proceeded first with the disper-
sion of ITO nanopowders in DI water utilising a two-step agitation pro-
cess that involved using a magnetic stirrer at 300 r.p.m. for 2 h and
subsequent ultrasonic probe agitation in an ice-water bath for 15 min
using a Bandelin Sonopuls Ultrasonic Homogenizer equipped with a
VS70/T transducer operating at 50 W and 15 kHz. This was followed
by GZO nanopowder addition and a repetition of the two-step agitation
process. An effective initial dispersion of ITOwas key to the stabilisation
of the following GZO-ITO suspensions. A low solid content (0.1 wt%)
was normally used.

The suspension pHwas assessed using an Accumet AE150 pHMeter
(Fisher Scientific, UK). The hydrodynamic particle size distribution
(PSD) and zeta (ζ) potential of the suspensions were measured using
Dynamic Light Scattering (DLS) in a Zetasizer Nano ZS system (Malvern
Instruments, Malvern, UK). The single-mode intensity-weighted PSD
from cumulant analysis was converted to a number-weighted distribu-
tion using the built-in Zetasizer software.

TCO thin films were deposited using the prepared dispersions by
drop casting (0.2 mL dispersion per square centimetre of substrate un-
less otherwise noted) on horizontally positioned soda lime glass (SLG)
substrates (Thermo Scientific, US) of 24mm× 24mm× 1mm. The dis-
persion film was then dried using a hotplate at 95 °C in air for at least
10 min. Before use, the glass substrates were cleaned utilising a DI



3J. Wang et al. / Materials and Design 194 (2020) 108865
water/isopropyl alcohol mixture (volume ratio: 9:1) in an ultrasonic
bath at 40 °C for 60 min and subsequently rinsed with DI water.

2.2. CO2 laser processing of thin films

A 10.6 μm wavelength, CO2 Synrad continuous-wave laser marker
system (100 W maximum output power) was employed to laser-
sinter the as-dried NP thin film specimens. This was carried out either
in air or under an argon (Ar) gas atmosphere, with the latter facilitated
by overlaying the specimen with a Perspex box into which Ar was
flowed and allowed to escape through an opening positioned directly
above the sample, through which the laser beam was also able to pass
and impinge on the NP film. Laser patterns were designed using the
built-in Synrad WinMark software. The laser beam was controlled
using a 2-axis galvanometer mirror scanning system and focused with
a 370 mm F-Theta lens, producing a Gaussian beam distribution with
a 1/e2 beam diameter of 540 μm at focus. Process parameters were var-
ied, such as laser power (15%–25% power), translation speeds (500 to
3000mm/s), resolution (100 to 400 dpi) and the number of laser passes
over the whole pattern. Laser power was measured using a Coherent
LM200 Probe and LabMax meter.

2.3. Circuit patterning methods and electrical component attachment

To create circuit patterns a high infrared absorbance and low ther-
mal conductivity polyester adhesive tape (Tesa®50600, 80 μm thick-
ness) was used as a mask on the glass and patterned through ablation
using the CO2 laser to reveal the underlying substrate. The laser process
parameters were optimised for different aspects of the patterns: com-
ponent contact areas used raster scanning at 9.6 W (20% power),
650 mm/s and 500 dpi, and the tracks used wobble scanning at 7.2 W
(15% power) and 1000 mm/s with a wobble thickness of 0.5 mm and
wobble step size of 0.03 mm. Ultrasonic cleaning in DI water was used
to remove any debris from the pattern formed by laser ablation. A
2 μm thick 64.1 at.% In NP thin film was deposited from a single drop
casting (0.5 mL per square centimetre of substrate) of the correspond-
ing GZO-ITO dispersions (0.1 wt% solid content) into the openings in
the polymer film, followed by drying at 95 °C on a hotplate in air. The
thin film patterns were laser sintered using the same CO2 laser source
after peeling off the tape. For this step the laser was raster scanned
across the entire area at 7.2 W (15% power), 1000 mm/s, 300 dpi and
2 laser passes under an Ar atmosphere, without causing noticeable
damage to the exposed glass.

To attach the surface mount technology components, a commercial
Ag-flake-filled conductive adhesive (EPO-TEK H20E) was stencil
printed selectively onto the contact points of the TCO circuit pattern.
The components were then placed manually and the entire assembly
heated to 150 °C for 15 min on a hotplate in air to cure the adhesive
and provide electrical and mechanical contact. The circuit was tested
by applying a DC voltage of between 9 and 30 V at the relevant contact
points.

2.4. Materials characterisation

Scanning electron microscopy (SEM) was employed in conjunction
with Energy Dispersive X-ray (EDX) analysis to acquire microstructural
and compositional information of the NP thin films using a JEOL 7800F
FEGSEM fitted with an Oxford Instruments EDX detector. An in-situ
lift-out method was used to prepare cross-sectional specimens for
Transmission ElectronMicroscopy (TEM) analysis employing an FEI He-
lios PFIB Dual Beam Focused Ion Beam (FIB) system. This uses a xenon
plasma as an ion milling source, rather than the Ga ion source used in
a conventional FIB, thereby avoiding any interference of the composi-
tion during elemental analysis and Ga mapping. A platinum-carbon
overlayer was deposited to define the surface and homogenise the
final thinning of the specimens. TEM and High Resolution TEM
(HRTEM) images were acquired on a JEM-2100F (JEOL) and a FEI Tecnai
F20, both ofwhichwere operated at 200 kV. The X-ray diffraction (XRD)
analysis of the thin filmswas conducted using a Bruker D2 Phaser X-ray
diffractometer, operating with a monochromatic Cu X-ray source
(Kα = 1.54184 Å, Kβ suppressed by a 0.5 mm thick nickel filter) along
with 1 mm Divergence and 3 mm Anti-scatter slit widths.

For the surfacemorphology of the circuit and the cross-sectional mi-
crostructure/composition of the patterned thin films, the site-specific
cross section was milled using a conventional dual-beam FEI Nova 600
Nanolab SEMfittedwith an EDXdetector. This cross sectionwas gallium
ion milled using an ion beam current reduced stepwise from 20 nA
down to 300 pA, operating at 30 kV accelerating voltage. In this case,
the intention was to observe the interconnection integrity of the con-
ductive adhesive/TCO thin film/glass layers for which any Ga+ implan-
tation from the FIB Ga ion source was not expected to alter the
microstructure.

2.5. Electrical and optical measurements

The DC resistivity (Ω·cm) of the thin films on the insulating glass
substrate was calculated as the product of sheet resistance (Ω/□) and
thin film thickness (cm). The thin film thicknesswas estimated through
SEM observation of the fractured cross-sections, while the sheet resis-
tance was measured using a 4-point probe fitted to a Keithley 2400
source-meter. The transmission and bandgap energy measurements
were carried out using a Varian Cary UV–Vis 5000 spectrophotometer.
The bandgap energy was estimated through a graphical extrapolation
using the Tauc method [36].

3. Results and discussion

3.1. GZO-ITO bi-component dispersion characterisation

Due to the different stoichiometry and doping of ITO (Sn-doped
In2O3) and GZO (Ga-doped ZnO), two notations are used in this paper
to emphasise the relative proportions and total amount of materials in
use. The atomic percentage (at.%) of the major metal cation In (from
ITO) relative to Zn (from GZO) in the dispersion and thin film composi-
tions is the primarymethod used throughout this paper to highlight the
amount of In in the mixtures. In the following sections, the thin film
compositions are based on the EDX analysis data, while the In content
of the dispersions are based on the initial formulations. For ease of com-
parison, the weight percentage (wt%) of ITO to GZO is also presented
alongside the atomic percentage where noted.

For aqueous dispersions of GZO-ITO nanoparticles at 0.1 wt% con-
centration, the effect of the suspension constituent compositions on
the hydrodynamic particle size distribution (PSD), zeta (ζ) potential
and drop cast thin film compositions are depicted in Fig. 1. A low solid
content (0.1 wt%) was used for enhanced electrostatic repulsion
resulting from the less compressed electric double layer compared
with that obtained with relatively high solid content dispersions [37].
The as-dispersed pure GZO saw a ζ potential of +6.2 mV at a pH of 8.8
with a mean particle size of 442.6 nm. When metal (M) oxides such as
ZnO are dispersed in water, their surface tends to form a hydroxide
layer (≡M − OH) with a solubility mediated by the solution pH [38].
In the case of pure GZO dispersions, the slightly positive surface charge
density is presumably due to surface protonation of the particle surface
[39] as exemplified in Eq. (1).

≡M−OHþHþ↔ ≡M−OHþ
2 ð1Þ

The small magnitude of the ζ potential resulted in a largemean par-
ticle size of 442.6 nm, which suggests that the ZnO-based NPs are sus-
ceptible to forming hard agglomerates in water [40]. Attempts were
made to adjust the ζ potential by changing the pH across the isoelectric
point (pH: ~9.3–9.7) through additions of diluted aqueous HCl or NaOH



Fig. 1. Characterisation of the GZO-ITO aqueous dispersions. (a) zeta potential, (b) hydrodynamic particle size distribution (PSD), (c) plotted mean hydrodynamic particle size and
suspension zeta potential, and (d) plotted atomic percentage of In (relative to Zn) and weight percentage of ITO (relative to GZO) in the resulting thin films, as a function of
suspension constituent composition.
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solutions. Suspension pH values b7.2 and N12 were found to give ζ
potentials with magnitudes in excess of 30 mV, indicative of improved
dispersion stability, however only circumneutral conditions
(6.6 b pH b 7.2) were used in further trials to reduce the dissolution of
GZO at low pH andminimise hydroxide formation [37] at high pH (N9).

In contrast to GZO, the pure ITO dispersions had a resultant pH of
5.82 and a ζ potential of+33.2mV that led to an average hydrodynamic
particle size of 58.2 nm. Uponwater dispersion, the ITONPs are thought
to promote the release of protons that lower the pH. When GZO NPs
were added to the ITOdispersion, the behaviour of the resultant suspen-
sion did not follow a simple linear rule of mixtures. An addition of as lit-
tle as 20 at.% In relative to Zn (i.e. 32.4 wt% ITO relative to GZO NPs)
adjusted the ζ potential to +20.7 mV and significantly reduced and
narrowed the particle size and its distribution. As shown in Fig. 1c,
with increasing levels of ITO, the ζ potential became more positive
and the particle size decreased further, along with a reduction in the
suspension pH, towards the levels of pure ITOdispersions. From theper-
spective of dispersion stabilisation, the addition of ITO NPs into GZO NP
dispersions leads to two effects: first, the pH is reduced following a
release of protons, this helps to move the GZO NP system further from
the isoelectric point and increase its ζ potential. Second, the inherently
more positively charged ITO NPs may enhance the electrostatic repul-
sion between the less positively charged GZONPs through charge regu-
lation resulting from a shift of the ion adsorption equilibrium upon
particle approach, as described by the Poisson-Boltzmann (PB) model
[41]. It was noted that the composition of the resultant thin films de-
rived from the EDX area analyses (Fig. 1d)was comparablewith the dis-
persion compositions, implying that there was no segregation or
precipitation of individual components and a high degree of dispersion
of the bi-component NP suspensions.

A TEM examination of the 20 at.% ITONP suspension (further diluted
to 0.005 wt% with water) drop-cast and dried on a carbon support film
at 20 °C in air is shown in Fig. 2. The bi-component NPmixtures demon-
strated an average primary particle size of 28.8 nm, which is lower than
that acquired from the dynamic light scattering study (i.e. 78.9 nm).
This is largely attributable to the latter method showing a hydrody-
namic projection of clusters and agglomerates consisting of several
NPs [42]. Some of the NPs displayed grouping into a randomly arranged



Fig. 2. Representative TEM images of a drop-cast, bi-component 20 at.% In-80 at.% Zn (32.4wt% ITO- 67.6wt% GZO)NPdispersion. (a–b) Brightfield images illustrating the grouping ofNPs
into chains and corresponding X-ray elemental maps of O, In, Sn, Zn and Ga obtained from the region shown in image (b). (c–f) HRTEM images of neighbouring NPs (labels A–H and L–O
indicate ITO NPs, while I–K indicate GZO NPs).
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chain format (Fig. 2a–b), pointing to the possibility of oriented attach-
ment [43]. The attachment might have occurred during and/or before
water evaporation, which increased the collision probability of the
NPs as their concentration increased, together with an increasing com-
pression of the electric double layer giving rise to decreasing electro-
static repulsion [37]. In Fig. 2b, the X-ray maps of O, In, Sn, Zn and Ga
for the bi-component NPmixtures are presented. The NPs showing ele-
vation of In and Sn content from ITO are clearly distinguished from
those enriched with Zn and Ga that correspond to GZO, indicating that
the two components largely retained their respective compositions.
The GZO particles as the primary constituent appear throughout the
X-ray maps, however the ITO NPs were not uniformly dispersed and
were often found grouped into separate, high aspect-ratio clusters,
which were assembled to form chain-like aggregates. HRTEM images
(Fig. 2c–f) show that, albeit as a minor constituent (20 at.%), the
cubic-phased ITO NPs (indexed with reference to JCPDS No. 06–0416
In2O3) were observed to predominantly demonstrate lattice fringes, in-
dicative of high crystallinity [44]. Fig. 2c presents a case where the adja-
cent ITO NPs shared identical or similar (i.e. (222) and (400))
orientations but did not necessarily exhibit lattice fringe matching (i.e.
the alignment andmerging of the lattice fringes). Fig. 2d, however, pre-
sents a scenariowhere ITO particle A had aligned its (400) plane parallel
to the (400) plane of ITO particle B, implying particle realignment. Also,
ITO particle C in contact with A and B appeared to be undergoing re-
alignment of its [400] direction with respect to particle B, presumably
mediated by the observed intra-particle dislocation glides [45]. Fig. 2e
depicts a probable ongoing merging process of adjacent ITO particles,
where particle D, surrounded by particles at two inter-planar distances
of 2.90 Å (E & F) and 2.53 Å (G & H), exhibited an intermediate d-
spacing at 2.86 Å. This implies particle D might have been undergoing
realignment through a structural relaxation process where the
interplanar spacing slightly changed to adapt to its neighbouring parti-
cles [45,46]. On the other hand, adjacent GZO NPs were usually ob-
served not to share similar crystal orientations. For instance, in Fig. 2f,
the (0002) zone-axis for GZO particle I (indexed with reference to
JCPDS No.79–0207 ZnO) did not coincide with those of the surrounding
GZO particles J and K, as the latter two did not display any lattice fringes.
This is in contrast with the ITO particles L-O in the same proximity
which showed (222) orientations. Therefore, it appears that the seg-
ment formation of the bi-component NPs was evident before any delib-
erate sintering event, with the ITO NPs observed to demonstrate
predominantly oriented attachment.

3.2. Laser sintering of GZO-ITO bi-component thin films

Thin films of the dispersions deposited by drop casting were CO2

laser-treated using a range of process parameters. The range of param-
eters investigated to optimise the laser treatment of approximately
800 nm thick pure ITO NP coatings for minimal electrical resistivity
with respect to raster scanning speed and resolution can be found in
the Supplementary Information Fig. S1. An argon (Ar) gas atmosphere
was used to reduce the oxygen level around the sample during laser
sintering and subsequent cooling. An inert atmosphere during sintering
has been reported to facilitate the removal of carrier-trapping intersti-
tial oxygen, thereby increasing the free carrier concentration of TCOma-
terials [27]. The laser process windows were governed by sufficient
energy input to facilitate NP sintering, while minimising overheating
that would otherwise instigate coating cracking and delamination [47]
aswell as damage theunderlying glass substrate.With a scanning veloc-
ity in between 500 and 3000mm/s and a resolution in between 100 and
400 dpi, the lowest resistivity for pure ITO was 7.34 × 10−3 Ω·cm, lo-
cated at 1000 mm/s and 300 dpi, for an optimised power input of
7.2W and two passes of the laser over the surface. The lowest resistivity
reported in this study is comparable, if not lower than those of studies
concerning the heat treatment of pure ITO NP thin films, typically in
the range of 10−1 to 10−3 Ω·cm [6,26,29,48]. Similar trends in the
dependence of resistivity on the scanning velocity and resolution were
observed for the GZO-ITO mixtures, indicative of the predominant role
of themore conductive ITO phase in contributing to the overall conduc-
tion. The optimal laser treatment conditions identified for pure ITO
were therefore applied to the other compositions.

Fig. 3 shows the representative surfacemorphology, elementalmap-
ping and X-ray diffractograms of various NP coating compositions fol-
lowing drop casting on glass, ambient drying at 95 °C and CO2

selective laser sintering at the optimal condition (i.e. 7.2W, 1m/s trans-
lation speed, 300 dpi resolution, 2 laser passes). The addition of 19.6 at.%
In (i.e. 31.8 wt% ITO) substantially improved the coating surface mor-
phology from a discrete, spongy distribution of micron-sized agglomer-
ates of GZO NPs, into a continuous, nanoporous structure enriched in
GZO NPs. The improved coating morphology was retained as the co-
deposited ITO content increased up to 100 at.% In. The thin film mor-
phology through the drop casting was comparable to those obtained
through wet deposition methods such as spin coating of nanoparticle
suspensions [26], however the present method offers near-zero-loss
material usage. Low voltage EDX mapping (at 5 keV) was conducted
to gain a spatially resolved insight [49] into the bi-component GZO-
ITO phase distribution at the coating surface. The interaction volume
was estimated as 0.15 μm for ITO and 0.17 μm for GZO based on a
Monte Carlo simulation using the Casino software [50]. The In Lα line
was used as a marker for ITO and the Zn Kα line was used for GZO. All
the ITO-containing compositions down to 19.6 at.% In saw a relatively
homogeneous distribution of ITO, whereas the low GZO compositions,
e.g. 64.1 at.% In and 81.9 at.% In, displayed the discrete presence of ag-
glomerated clusters of GZO NPs up to submicron size. This suggests
the mean size of the ITO NP clusters was smaller than that of the GZO
NP clusters. XRD patterns shown in Fig. 3 indicate that the hybrid coat-
ings consisted of a mixture of hexagonal-phased gallium-doped zinc
oxide and cubic-phased tin-doped indium oxide, without any new reac-
tion product arising from the laser sintering process. This indicates the
preservation of the intrinsic characteristics of the two individual TCO
components throughout the sintering.

The DC electrical resistivity, optical transmittance and optical
bandgap energy of approximately 800 nm-thick, laser sintered TCO
thin films are presented in Fig. 4. For the preparation of the pure GZO
film for optical and electrical characterisation, DI water with pH initially
adjusted to 6 (through addition of HCl solution) was employed as the
dispersant. This pH was chosen as it was similar to that obtained for
the pure ITO dispersions and decreased the mean hydrodynamic parti-
cle size of the GZO NP suspension from 442.6 nm (i.e. dispersed with DI
water only) to 131.6 nm, while also improving the drop-cast coating
uniformity at low solid contents (i.e. 0.1 wt%) from that depicted in
Fig. 3 to that shown in Fig. 4b. Fig. 4a shows the variation in resistivity
as a function of ITO composition, for which it was found that using Ar
in place of air as the laser sintering atmosphere induced a systematic re-
duction in the resistivity that was particularly significant for the ITO-
containing samples. The pure GZO coating laser-treated under Ar
showed a resistivity around 116 Ω·cm, but with an increase in the
co-deposited ITO content from 0 to 19.6 at.% In, there was a substantial
reduction to 0.32Ω·cm, signifying the predominant role of the ITO con-
tent in contributing to electrical conduction. Further increasing the co-
deposited ITO content up to 100 at.% In gave a largely logarithmic reduc-
tion in resistivity, culminating at 7.34 × 10−3 Ω·cm for 100 at.% In.

For the optical transmittance derived from UV–vis spectroscopy, it
was found that despite a thin film thickness of 800 nm, most of the
GZO-ITO compositions exhibited a transmittance close to or exceeding
75% in the visible region. The coatings also demonstrated decreasing
near-infrared (i.e. 800–1500 nm wavelength) transmittance with in-
creasing ITO content due to the high carrier concentration of the ITO
component, giving rise to pronounced free carrier absorption [51]. The
SLG substrates exhibited good visible-range transmittance with the
major loss due to reflectance that was thought to have a minimal
masking effect on the visible-range transmittance of the TCO thin



Fig. 3. SEM images, corresponding 5 keVX-raymaps of In and Zn (obtained from inset image areas) and XRD patterns for approximately 800 nm thick, bi-component GZO-ITONP coatings
as a function of constituent film composition in at.% of In (relative to Zn). All samples were laser-treated under Ar at 7.2 W power, 1 m/s translation speed, 300 dpi resolution and with 2
laser passes.
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films. The direct optical bandgap energy derived from Tauc plots
(Fig. 4d) showed compositionally dependent variations between
3.33 eV for pure GZO (0 at.% In) and 3.93 eV for pure ITO (100 at.% In).
In the case of pure GZO (0 at.% In), a step increase in the slope of the
Tauc plot was also observed at ca. 3.9 eV, which can be ascribed to the
less uniform structure of these coatings, due to poor NP dispersion,
such that thickness variation across the specimen led to a contribution
from the underlying SLG substrate (optical band gap energy measured
as 4.2 eV). It is interesting that the Tauc plots for the bi-component
films do not appear to show steps thatmight be associatedwith the sep-
arate band gap energies of the two components. Instead for thesemixed
GZO-ITO NP films, the estimated optical bandgap energy appears to de-
rive collectively from the absorption of the two individual TCO phases
arising from their respective interband transitions. This therefore dem-
onstrates a tuning capability of the optical bandgap energy with film
composition to suit various applications [51].



Fig. 4. Electrical and optical property assessment as a function of at.% In content of 800 nm thick, laser-sintered, bi-component GZO-ITO thin films. (a) Electrical resistivity derived from
sheet resistance measurements, (b) SEM images showing the improved surface morphology of a pure GZO NP coating (prepared from DI water with an initial pH of 6) used for electrical
resistivity and optical transmittance measurement; (c) optical transmittance, and (d) estimated optical bandgap energy.
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3.3. Self-assembly of ITO NPs through oriented attachment and its implica-
tions for electrical conduction

In order to understand the phase distribution and sintering charac-
teristics of the bi-component NP coating, a combined High-Angle Annu-
lar Dark-Field (HAADF)/HRTEM examination was conducted on the
cross-section of a laser-sintered (using the optimised process condi-
tions), approximately 2 μm thick, bi-component 19.6 at.% In–80.4 at.%
Zn coating on a glass substrate. A standard TEM specimen lift-out was
adopted using a gallium-free, Xenon Plasma Focused Ion Beam (P-FIB)
system. Fig. 5a presents an overview of the cross-sectional microstruc-
ture, which appeared continuous and nanoporous with an intact coat-
ing/glass interface. HAADF imaging at higher magnifications (Fig. 5b–
c) points to the universal presence of oriented-attached ITO NP chains.
The ITO NPs have a higher average atomic number (ca. 24) compared
with that of the GZO NPs (ca. 17.8) and therefore appear lighter in con-
trast due to increased high-angle incoherent electron scattering [52]. In
Fig. 5b, the randomly arranged ITO NP chains formed a scaffold-like net-
work with extensive bridging. Fig. 5c shows the grouping of ITO NPs
into an irregular chain geometry. Fig. 5d–f provide representative
HRTEM images of the sintered microstructures of the bi-component
NP coatings. Fig. 5d depicts evident necking phenomena between
three ITO particles defined by two distinct grain boundaries. The lattice
fringes, complicated with pronounced moiré fringes caused by overlap-
ping nanocrystals in the electron beamdirection, suggest that the parti-
cles exhibited varying d-spacing, e.g. 4.17 Å and 4.27 Å for the (211)
orientation. This signifies the particle merging had involved gradual
structural relaxation [45]. Fig. 5e shows a sintered ITO grain with an
in-plane size exceeding 100 nm, displaying a unifying (222) orientation
across the grain structure, yet with discontinuity in the lattice fringes
implying a merging history of several ITO particles. A GZO (1011) parti-
cle was observed in contact with the ITO grain, yet not necessarily
exhibiting aligned orientations. Fig. 5f shows a collection of adjacent
GZO grains (particles) which shared similar orientations of (0002).
Again, the ITO particle in proximity did not seem to share lattice fringe
matching or demonstrate clear interfaces with the GZO particles.

Fig. 6 suggests a mechanism for the formation and structure of the
bi-component ITO-GZO thin films. As indicated by the TEM images of
drop-cast samples shown in Fig. 2, adjacent ITO NPs in the suspension
are thought to be already partially self-assembled through sharing spe-
cific crystallographic orientations and particle docking at interfaces, giv-
ing rise to a phenomenon often referred to as ‘oriented attachment’ or
‘contact epitaxy’ [53]. This is thought to be thermodynamically driven
by an elimination of the pairs of high energy surface facets upon particle



Fig. 5. (a) Representative TEMbrightfield image, (b–c)High-Angle Annular Dark-Field (HAADF) TEM images, and (d–f) HRTEM images of the cross-section of a laser-sintered 19.6 at.% In–
80.4 at.% Zn coating on a glass substrate.
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contact, which leads to a significant reduction in the surface free energy
[54,55]. For dispersion of the dissimilar NPs, we did not use any organic
dispersant or surfactant primarily for three reasons. First, it is environ-
mentally appealing to have a process system which in addition to the
two TCO NP materials contains only water. Second, the enhanced elec-
trostatic repulsion rendered by the ITONP addition into the GZO system
circumvented the necessity of a dispersant. Finally, the presence of an
organic capping agent could hinder the desirable oriented attachment
between NPs and would also require a prolonged burn-out process
prior to laser sintering.
In electrically conductive composites, conductive filler particles are
typically added into an insulating, e.g. polymer matrix, in sufficient
quantity (above the percolation threshold) to enable a long range net-
work of low resistance contacts and pathways [56,57]. In this study
the relatively low conductivity GZO particles can be considered a
nanoporous matrix, however with only a 19.6 at.% addition of ITO the
resistivity of the resulting film decreased by a factor of 361. The forma-
tion of ITO NP segments during the dispersion stage is thought to be
retained when the suspension is deposited and dried on the glass sub-
strate and subsequently laser processed. The present system is,



Fig. 6. Schematic diagrams depicting the self-assembly of the bi-component GZO-ITO NPs in suspension and the deposition of a bi-component NP thin film through a drop casting route.
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therefore, considered to constrain high aspect-ratio groups of ITO NPs
with self-avoiding walk (SAW) conformations as the percolating units
within a matrix of nanoporous GZO. When treated within a simple 2-
D square lattice, the variations of the percolation threshold, pc, with
the segment length Lc has been suggested [58] to demonstrate a
power-law decay following Eq. (2):

pc∝L
−0:1
c ð2Þ

This suggests that an increase in the length of the percolating unit, e.g.
through transformation of the geometry from small ellipsoidal clusters
of NPs that are tens of nanometers in size into high aspect-ratio chain
segments, effectively lowers the electrical percolation threshold
[56,59] and aids in the establishment of long-range connectivity [60].

3.4. Patterning of bi-component NP deposits to form circuit tracks

The feasibility of applying the bi-component TCO NP materials as
patterned transparent tracks for a surfacemount technology Light Emit-
ting Diode (LED) circuit on a glass substrate is demonstrated in Fig. 7,
using a bi-component 64.1 at.% In thin film. A schematic diagram
depicting the process flow is also presented, together with representa-
tive SEM/EDX analysis data showing the surface and cross-sectional mi-
crostructure of the assembled component interconnects and TCO tracks.
Upon drop casting, the laser-machined openings in the polymer tape
were found to be effective in holding a reservoir of the NP dispersions,
giving rise to fast build-up of the film thickness when dried. The laser
sintering of the NP films could then be performed, after tape removal,
by raster scanning the beam across the entire sample using the
optimised parameters identified for TCO sintering. An example of the
patterned track sample is given in the photograph inset demonstrating
the optical transparency. From SEM imaging, the thin film tracks were
found to be continuous in structure, without any evident cracking or de-
lamination. The optimal transmittance and conductivity of these tracks
were also retained compared with their un-patterned thin film
counterparts. From the FIB cross-section microstructural analysis, the
bi-component TCO tracks showed a cross-sectional area of approx.
2 μm × 500 μm and intact interfaces with both the overlying Ag-flake
conductive adhesive and underlying glass substrate. When the power
terminals were connected to a 30 V DC power supply, the LED illumi-
nated, indicative of the establishment of the long-range connectivity
across the substrate surface. The circuit was not fully functional as the
LED did not flash, which is thought to be due to the higher resistance
of the tracks compared to the equivalent thicker and more conductive
copper tracks for which the circuit was originally designed to operate
at b10 V. However, this demonstrates the potential of this route to cre-
ate optically transparent circuit patterns that could be designed in the
future with increased overall track thickness/width to achieve the de-
sired performance.

4. Conclusions

In this study, we introduced a fast, scalable and material/energy-
efficient processing route to fabricate bi-component GZO-ITO thin
films and tracks from NP suspensions in order to reduce the amount
of ITO required to form these electrically conductive structures. Some
conclusions can be drawn as follows:

1) An aqueous dispersion of ITO NPs (down to 20 at.% In relative to Zn
from GZO) was found to stabilise GZO NPs through the release of
protons and electrostatic repulsion provided by the ITO NPs. This in-
creased the magnitude of the average zeta potential, reduced the
mean hydrodynamic particle size in the suspension and
circumvented the need for any organic surfactant or dispersant.
High-aspect ratio cluster (chain segment) formation of ITO NPs
through oriented attachment was observed in TEM investigations
and these are thought to create an electrical percolating network
within a less conductive GZO NP matrix when forming thin films.
Further work could focus on using Small Angle Scattering-based
techniques to probe the hierarchical structuring of the NP clusters
in the suspension.

2) The rapid CO2 laser sintering of approximately 800 nmthickNPfilms
under Ar gas yielded resistivities of 7.34 × 10−3 Ω·cm for pure ITO
and 116 Ω·cm for pure GZO, with their bi-component mixtures
showing a non-linear dependence of resistivity on the composition.



Fig. 7.Development of a fast laser patterning and sintering process route for the fabrication of 64.1 at.% InNP thinfilm tracks on glass, with thedemonstration of a surfacemount LED circuit
assembled with a commercial Ag filled conductive adhesive. (a) Process flow of the circuit patterning and assembly, (b) SEM image of the connection between a component and track,
(c) overview of a component interconnect indicating the area analysed by FIB, (the analysis locations of both (b) and (c) are indicated in the photograph of the assembled LED circuit
in (a)) (d) SEM image of a FIB cross-section into the interconnect with an indication of the area analysed by EDX, (e) high magnification SEM image of the FIB cross-section and
associated EDX element maps.
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An addition of 19.6 at.% ITO lowered the DC resistivity of the GZO-
based films by a factor of 361, which further decreased with increas-
ing co-deposited ITO content. This was accompanied by decreasing
optical transmittance in the near-infrared region and increasing op-
tical bandgap energy (from 3.33 eV for pure GZO to 3.93 eV for pure
ITO), along with N75% transmittance in the visible region for all the
composition variations studied. This allows for fine-tuning and de-
sign of films and structures with controlled electrical and optical
properties through compositional adjustment, without compromis-
ing the original characteristics of the two individual TCO
components.

3) Lastly, using three straightforward process steps: the CO2 laser pat-
terning of a mask, the drop casting of NP suspensions into the
mask openings and CO2 laser sintering of the NP thin films, the fea-
sibility of forming bi-component NP transparent tracks for an LED
circuit was demonstrated on a glass substrate. The proposed
patterning-deposition-sintering approach presents a rapid,
material-efficient and energy-efficient route to the sustainableman-
ufacture of TCO thin films with significant impact for applications
where ITO cannot be effectively replaced.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.matdes.2020.108865.
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