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Transparent conducting oxide (TCO) nanoparticles based on zinc oxide doped with aluminium and
gallium (Al- and Ga-co-doped ZnO, AGZO) were synthesized using a continuous hydrothermal
flow synthesis (CHFS) reactor by rapid hydrolysis and dehydration of aqueous metal salt precur-
sors, in the presence of formic acid as an in-process reducing agent. The as-synthesised powders
were characterized by powder X-ray diffraction (pXRD), transmission electron microscopy (TEM),
scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy (EDS) and X-ray pho-
toelectron spectroscopy (XPS). The as-synthesised powders were pressed into ceramic compacts
and heat treated to ensure phase-pure wurtzite structure. The electrical properties of the materi-
als were evaluated by Hall Probe measurements on the compacts, showing resistivities as low as
4.55 x 1072 Q cm, which represents a very high conductivity for such a pressed disc based on ZnO.
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Transparent conducting oxide (TCO) thin films have found
many uses in modern electronic devices, particularly as a
key component in touch screens, flat panel displays, solar
cells, smart windows, and organic light emitting diodes
(OLEDs).! Indium tin oxide (ITO) is the current industry-
standard TCO material used in such devices due to its high
optical transparency (>80%) and low resistivities (order of
10~* © cm) when deposited as thin films by methods such
as magnetron sputtering,” pulsed laser deposition,* spin-
coating,* spray pyrolysis,’ and chemical vapor deposition.®

Due to the high cost and increasing scarcity of indium
other more sustainable, non-toxic, and inexpensive TCO
materials are being explored as potential ITO replace-
ments. Such target TCO materials are being sought that
possess a direct band gap >3 eV, and transparency
and resistivity figures which are comparable to those of
ITO.” Thin films of zinc oxide show high transparencies,
but require metal-ion doping to approach the conduc-
tivity properties of ITO.® The two most widely stud-
ied dopants for the ZnO system are aluminium (AI**)
and gallium (Ga3*), which have achieved results rivalling
ITO’s optoelectronic properties.” ' In comparison to ITO,
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aluminium-doped ZnO (AZO) is cheaper by virtue of Al
being used, however it suffers in terms of chemical sta-
bility, particularly with regards to water stability. Gallium-
doped ZnO (GZO) is more costly due to the presence of
Ga, but is more stable to hydrolysis than AZO.!! There-
fore, it has been suggested that Al and Ga co-doped into
ZnO (AGZO) could offer a reasonable balance of sta-
bility, performance and cost for a sustainable ZnO-based
TCO.' For highly transparent thin films deposited with
various sputtering techniques, resistivities as low as 6 to
8 x 107* Q cm have been reported for AGZO.'3!* In
comparison to the number of reports in the TCO liter-
ature on AZO or GZO, the AGZO system is relatively
under-explored.

TCO powders can be processed into thick or thin
films via spin coating and inkjet methods, however sub-
sequent annealing steps on the deposited films often
require temperatures in excess of 700 °C to have ade-
quate adhesion.'>!® This limits the appropriate choice
of substrates to those that can withstand such tempera-
tures. A wider field of substrates (e.g., flexible plastics'?)
can be considered when TCOs are deposited from suit-
able ceramic inks using ink-jet printing followed by rapid
microwave annealing, for example. Therefore, there is
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interest to develop reproducible and sustainable manufac-
turing routes to stable and high loading TCO inks, which
could be suitable for use in inkjet, screen printing or
related printing methods.

Continuous hydrothermal flow synthesis (CHFS) reac-
tors offer a scalable and sustainable process technology
for the fabrication of nanoparticles as ceramic dispersions
in water. The CHFS process uses superheated water and
inexpensive metal salts, with pH modifiers, as reagents and
can allow nanoparticles to be functionalized in-process,
potentially aiding dispersion into a number of different sol-
vent systems.'® In a CHFS reactor, nanoparticles rapidly
form when a flow of supercritical (or superheated) water is
mixed with an ambient temperature aqueous flow of metal
salts (and other reagents, such as base, if needed) in an
engineered mixer such as a confined jet mixer. By virtue of
being a continuous process, CHFS lends itself to process
intensification, which opens up the possibility of it being
used for direct, scalable and continuous TCO-ceramic ink
production.'”?! In CHFS, the mechanism of precursor
conversion to nanoparticle metal oxide in the supercriti-
cal/superheated water environment proceeds via simultane-
ous and rapid hydrolysis and dehydration. A schematic for
the CHFS process is shown in Figure 1. After the mixer,
the newly formed aqueous nanoparticle slurry is rapidly
cooled in flow before passing through a back-pressure reg-
ulator valve, where it is collected for removal of the water
and residual ions.!*??

To the knowledge of the authors, doped zinc oxide syn-
thesis via CHFS for TCO applications has not previously
been investigated, however, zinc oxides made via CHFS
have been of interest for other applications on the lab-
and pilot-scale;?*2? this includes a combinatorial approach
(lab-scale) to d- and f-block doped zinc oxides (0.5-1.5%)
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Figure 1. General schematic for the CHFS process; ambient precursor
metal solution and base solution meet a stream of supercritical water,
forming metal oxide nanoparticles which are collected as a slurry after
cooling.
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for UV attenuation/photocatalysis and also ZnO made via
a scaled-up pilot plant CHFS.?%-2!-23

Given the conduction mechanism for doped zinc oxides,
which is based on intrinsic H-impurities of the materials,>*
reducing conditions in-process is assumed to be useful
in the manufacture of ZnO for TCOs. In CHFS, formic
acid has been used previously in-process to encourage
the formation of oxygen vacancies in ITO nanoparticles
for TCOs,'® as under such temperatures and pressures it
breaks down to a mixture of reducing hydrogen and carbon
dioxide according to Eq. (1). The vast excess of H,O in
the reactor during the process firmly shifts the equilibrium
to the right, ensuring the presence of H, in the process.?*?’

H,0+CO = HCOOH = CO, +H, (1)

Herein, we report the synthesis, characterisation, and elec-
trical properties of aluminium and gallium co-doped zinc
oxide by CHFS. After initial optimisation, the atomic ratio
of Zn:Al:Ga used in the precursor solution was selected as
95:3:2.

Powder X-ray diffraction data of the as-prepared prod-
ucts, made with concentrations of formic acid from O to
0.75 M, (see Figs. 2(a—d)) confirmed the formation of
wurtzite ZnO, with peaks consistent with the included
ZnO standard reference pattern (PDF No. 01-076-0704,
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Figure 2. The pXRD patterns for as-prepared AGZO samples (a)
AGZO(0), (b) AGZ0O(0.25), (c) AGZO(0.5) and (d) AGZO(0.75), where
the number in brackets indicates the concentration of formic acid used
in the precursor solution, (¢) AAGZO(0.25), formed by heat treatment
of AGZ0O(0.25), and (f) the powder XRD pattern for the ZnO standard
(PDF No. 01-076-0704).%
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Table I.  XRD pattern peak positions for heat-treated AAGZ0(0.25) and
their assigned Miller indices.

26/° Miller indices, (h k [)
31.8 (100)
344 (002)
36.3 (101)
42.8 (102)
475 (110)
56.6 (103)
62.9 (200)
66.4 (112)
67.9 (201)
69.1 (004)

see Fig. 2(e)).?® Peak positions and assignments are shown
in Table I. However, at least one minor impurity phase
was also observed, with peaks at 26 values of 12.9°, 28.0°,
31.0°, and 32.8° that could not be identified from the Bragg
peaks present. CHN analysis on the as-prepared samples
revealed increasing amounts of C, N, and H (2.12-2.99%,
0-1.18% and 0.96-1.24%, respectively) with increasing
concentration of formic acid in the reaction mixture. As
shown in Figure 2(e), upon heat treatment all impuri-
ties were removed in the XRD data, affording phase-
pure, crystalline wurtzite ZnO as shown by comparison to

'
000!
Figure 3. EDS elemental mapping of a scan for sample AAGZ0O(0.25).

The scanned image, and mappings of Zn, Al and Ga are shown in panes
(a—d) respectively.
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the ZnO reference pattern.”® CHN analysis post-treatment
showed negligible amounts of C, H, and N, which may
suggest that these were part of the unidentified impurity
phase observed in the as-prepared XRD patterns.

To confirm the presence of both Al and Ga in the sam-
ple, energy-dispersive X-ray spectroscopy (EDS) (Fig. 3)
and X-ray photoemission spectroscopy (XPS) (Fig. 4)
were carried out. EDS mapping of Zn(2p Ka), Al(2p
Ka) and Ga(2p Ka) emissions clearly showed these ele-
ments were homogenously distributed, on a length scale of
approximately 1-2 um, throughout the ZnO nanoparticles.
EDS indicated relative atomic proportions of Zn, Al and
Ga to be 94.6%, 3.9% and 1.5% respectively, which was
comparable to the starting solution ratio of 95:3:2.

XPS analysis confirmed the presence of zinc, alu-
minium, and gallium within the heat-treated sample, with
no other impurities observed within the survey spectrum.
High resolution scans were carried out in the Zn 2p, Al 3d,
Ga 2p, Ols and Cls regions of the spectrum. The binding
energy scale for all measurements was calibrated using the
adventitious Cls peak at 284.7 eV, and the peak positions
are summarised in Table II. A set of doublet peaks at bind-
ing energies of 1021.5 eV and 1044.6 eV corresponded
to the 2p,,, and 2p, , levels of Zn>*, respectively.” Sim-
ilarly, the presence of Al**and Ga** was confirmed by
the presence of peaks at binding energies of 74.1 eV (Al
2p;,)* and 1117.8 eV (Ga 2p;,).*" An additional set
of peaks was observed in the Al 2p region, at a bind-
ing energy of 76.4 eV for Al 2p;,. Al 2p peaks at this
higher binding energy are typical of hydroxyl-species such
as AIO(OH) and Al(OH),,*? likely to have resulted from
hydration of near-surface Al-species within the sample.
Analysis of the Ols region revealed a number of oxygen-
containing species, attributable to the presence of multiple
oxygen environments within the doped ZnO structure, as
well as oxygen-containing surface contaminants. The pres-
ence of multiple Ols peaks prevented accurate deconvolu-
tion of the spectrum.

To investigate the influence of formic acid on the mor-
phology of the particles, TEM was carried out on the as-
prepared samples, as shown for samples AGZO(0) and
AGZO0(0.25), which are shown in Figure 5. The TEM
images showed similar shapes of particles, a mixture
of small spheroids and larger rods being present in the
absence of formic acid, whereas more, sharper rods were
formed in the presence of formic acid.

To assess the electrical performance of the materi-
als, Hall Effect measurements were carried out. Three
measurements were made for each sample and the
mean value calculated. Of the materials reported in this
work, AAGZ0(0.25) (A denoting heat treatment) showed
the lowest resistivity of 4.62 x 1072 Q cm (£0.07 x
1072 Q cm), an excellent result for a pressed-nanopowder
disc. Previous synthesis of ITO by the same CHFS pro-
cess, processed and tested by similar methods,> showed

3



Sustainable Transparent Conducting Oxide Nanomaterials; Aluminium- and Gallium-Co-Doped Zinc Oxide (AGZO)

Howard et al.

a) Zn 2p., b)
- 5
3 <
Zn 2pyp, £ g
E 3
3 o
Al(2) 2p,
Al(2) 2pyp
1045 1035 1025 1015 85 &
Binding Energy (eV) Binding Energy (eV)
c) d)
Ga 2p., O1s
5 3
-4 <
Ga2p;, # £
3 3
(6] (5]
1150 1140 1130 1120 1110 540 5"'35 550 525

Binding Energy (eV)

Binding Energy (eV)

Figure 4. XPS spectra of AAGZ0(0.25), showing (a) Zn 2p region; (b) Al 2p region; (c) Ga 2p region; and (d) Ols region. The solid black trace

shows the recorded spectrum, whilst dotted traces show the fitted peaks.

resistivities as low as 6.0 x 10~ Q cm, less than an order
of magnitude lower than those reported herein. Previous
efforts based on pressed discs, also looking at ITO, yielded
comparable results to that reported herein, e.g., 1-3 x
1072 Q cm 3%

In summary, a CHFS process was used to synthesise
AGZO, a cheap and sustainable alternative to ITO, as a
transparent conducting oxide material. The measured resis-
tivities were as low as 4.55 x 1072 Q cm for a pressed
nanopowder disc. Further study will investigate both the
scale-up and optimization of the material composition and
deposition of the nanopowders into thin films by vari-
ous methods including inkjet printing and spin coating,
which the authors believe will result in greatly improved

Table II. High resolution XPS binding energy positions for the metals
(2p3),) in heat-treated AAGZO(0.25).

Binding energy/eV Assignment
74.1 Al 2p,,
76.4 Al 2p;
1021.5 Zn 2p,
1117.8 Ga 2p;),
4

resistivities for these underexplored materials. The results
of these endeavors will be reported in due course.

1. EXPERIMENTAL DETAILS

The reagents used were potassium hydroxide (Fisher Sci-
entific, Leicestershire, UK), zinc nitrate hexahydrate, 98%
(Sigma Aldrich, Dorset, UK), aluminium nitrate nonahy-
drate, 98+4% (Sigma Aldrich, Dorset, UK), gallium nitrate
hydrate, 99.999% (Alfa Aesar, Lancashire, UK) and formic
acid, >95% (Sigma Aldrich, Dorset, UK).

Deionised water was used throughout synthesis (resis-
tivity >10 MQ cm). The pressure in the reactor was
24.1 MPa and the mixing temperature 335 °C. Hydrated
zinc, aluminium, and gallium nitrate salts were dissolved
as a single aqueous solution and used as the metal pre-
cursors at a total metal concentration of 0.2 M. Formic
acid was added to the metal precursor solution at concen-
trations of 0.25-0.75 M. The reactor scheme is shown in
Figure 1; the metal precursor solution was run through
pump P2, 0.4 M KOH solution through P3, while P1
provided the supercritical water feed at flow rates of 40,
40, and 80 ml min~' respectively. AGZO nanoparticles
were formed in flow in the mixer and cooled in flow

J. Nanosci. Nanotechnol. 16, 1-6, 2016
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Figure 5. TEM images of untreated samples (a) AGZO(0), (b) AGZO(0), (c) AGZO(0.25), and (d) AGZO(0.25).

before being collected in an aqueous slurry after pass-
ing through a backpressure regulator (BPR, Tescom, Elk
River, USA). The nanoparticle-laden slurries were washed
with deionised water and the wet solids freeze-dried (Virtis
Genesis 35 XL), resulting in freeflowing powders. Powder
X-ray diffraction patterns were collected using a Bruker
D4 diffractometer, employing a copper source (Cu K,,
A =1.54 A). Energy Dispersive X-ray Spectroscopy (EDS)
was carried out using an Oxford Instruments X-Max" 80-
T Silicon Drift Detector (SDD) fitted to a Jeol 200 kV
transmission electron microscope and data processed using
AZtec® software.

The nanopowders were pressed into compact discs (den-
sity 2.5 g cm™?) of thickness 0.9-1.0 mm under a force
of 5 tons using a bench-top press. The discs were heat
treated under 5% H,/N, at 500 °C for 3 hours. Hall Effect
measurements were carried out using the van der Pauw
method to determine the bulk resistivity of the materials.
Four gold contacts were sputtered onto the heat-treated
discs, which were then put under an input current of 1 mA
and a calibrated magnetic field of 0.58 T. The transverse
voltage was then measured, and finally the measurement

J. Nanosci. Nanotechnol. 16, 1-6, 2016

was repeated by reversing the direction of the magnetic
field and the current.
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