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Silicon-doped zinc oxide, Zn,_,SiO,, transparent conducting oxide nanoparticles were prepared using a

laboratory scale (production rate of 60 g h™%) continuous hydrothermal flow synthesis (CHFS) process in

the dopant range 0.25 to 3.0 at% Si. The resistivity of the materials was assessed as pressed heat-treated

pellets, revealing that the sample with the lowest resistivity (3.5 x 1072 Q cm) was the 0.25 at% Si doped
ZnO sample. The synthesis of this optimum composition was then scaled up to 350 g h™* using a larger
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pilot plant CHFS process. Spin coating of a slurry of the resulting nanopowder made on the pilot plant,
followed by an appropriate heat-treatment, produced a thin film with an optical transmission >80% and
a low resistivity of 2.4 x 1073 Q cm, with a carrier concentration of 1.02 x 102° cm™> and a mobility

of 11 cm? V™! s71 This is a factor of almost twenty times improvement in the resistivity versus the

rsc.li/materials-c

Introduction

Transparent conducting oxides (TCOs) are of interest in industry
for a number of applications including smart windows," solar
cells,”* flat panel displays,* organic light emitting diodes,” and
touchscreens.® The pre-eminent industry standard TCO material
is indium tin oxide (ITO), and its widespread use in the above-
mentioned applications has led to an average annual indium
consumption in the U.S. alone in the range $63-82 M (>100
tonnes per annum) in the period 2004 to 2015;” the increasing
cost and lack of availability of indium has led to interest in more
sustainable alternative transparent conducting oxide materials.®
Sustainable replacement materials would need to be more
earth abundant, stable and cheaper, while maintaining the low
resistivity (~10~* Q cm) and high optical transparency (ideally
> 80% across the visible range) of ITO.® Some of the most cost-
effective alternatives to ITO that demonstrate comparable
electronic performance, are based on doped zinc oxides.*® TCOs
can be made by doping of trivalent ions such as AI’*, Ga®*, or
In*" into ZnO (known as AZO, GZO, and IZO, respectively), as
each dopant ion on a Zn site in the lattice will contribute an
electron to be a charge carrier. Tetravalent dopant ions in ZnO-
based TCOs, such as Si*" (known as SZO or SiZO), are relatively
underexplored by comparison, though they have been tested
experimentally."®™ In this case, each Siz, defect will contribute
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analogous pressed, heat-treated pellet.

two electrons instead of one, increasing the relative charge carrier
density in the material. However, it is important to optimise the
dopant level as the conductivity is quickly hampered by scattering
effects in the lattice as the amount of Si** increases. Each Si**
site acts as a point defect and causes localised planar defects
in the Zn** plane, attracting oxygen ions due to its much higher
charge density than the neighbouring Zn** ions, hence, opti-
mised TCOs are obtained at lower dopant concentrations
compared to trivalent dopants.**

Silicon as a dopant element in zinc oxide is attractive due to
the relatively low proportion required relative to zinc, it’s high earth
abundance and accessibility, and very low cost while achieving
sufficient conductivity and optical transmission for application
as a TCO material; resistivities of the order 10™* Q cm,'®'" and
transparencies > 80%,'%'>"* have been achieved for SiZO, while
avoiding the chemical instability and the higher cost issues
associated with AZO and GZO, respectively.'®"”

While TCO films made from more sustainable and inexpensive
elements are highly desirable, the overall cost and environmental
impact of the chosen synthesis, processing and film deposition
methods also need to be taken into account. Some of the
preparation methods for TCO films first involve the manufacture
of nanoparticles or powders, which are then deposited or printed
as tracks (e.g. via inkjet methods). A number of methods exist to
manufacture such powders, including batch and continuous
solvothermal/hydrothermal methods,'®'® sol-gel synthesis,*
and spray pyrolysis methods.>" Batch solvothermal/hydrothermal
methods are limited due to the difficulty in reproducibly scaling-
up production (batch to batch variations) and long reaction times,

This journal is © The Royal Society of Chemistry 2017
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as well as the lack of ability to readily control process conditions to
make readily dispersible particles at reasonable production scales.

Continuous hydrothermal flow synthesis (CHFS) processes
offer a more controllable, green, scalable methods of synthesis
for a range of applications such as photocatalysis®*** and
Li-ion batteries,”***> wherein nanoscaling of the metal oxide
can prove beneficial. In the CHFS process, a flow of super-
heated water at 450 °C is brought into contact with an ambient
temperature metal salt solution in an engineered mixer (see
Experimental section) to bring about rapid conversion to the
respective metal oxide in most cases. Any products from the
synthesis are usually obtained at the end of the process as a
dispersed slurry in water, thus the process retains the nano-
particles in a wet form that allows further processing in a safe
manner. Other advantages include that the process reaction
parameters such as pressure, temperature, and flow rates can
be controlled independently, and that the dopant ratios of
nanoparticles can be easily adjusted by varying the ratio of
the metal salts in the precursor feed(s). CHFS also offers the
possibility of coating nanoparticles in flow, which could prove
invaluable in generating inks and other dispersions for such
thin film deposition techniques as inkjet printing®®*” or spin-
coating,?® both potentially more sustainable, and less wasteful
alternatives to the predominant sputtering and vapour deposition
methods currently employed.”*?° These, coupled with relatively
mild annealing and heat-treatment steps, could allow for viable
thin film deposition onto plastic or other substrates, with the
potential for application in flexible displays,® as well as in the
multitude of uses to which they are already applied.

CHFS has already been used for the manufacture of
selected well-defined TCO nanomaterials such as ITO,*
AZ0,** GZ0,** and AGZO™® (latter is aluminium- and gallium-
co-doped zinc oxide); these reports demonstrated that a pilot
plant scale-up CHFS process (production rate of ~0.5 kg h™)
of TCO nanopowders was capable of maintaining good electrical
properties of the materials when tested as heat-treated pellets
when compared to the equivalent smaller lab-scale process
(of ~60gh™™).

Herein, we report the CHFS synthesis and compositional
optimisation of silicon-doped zinc oxide TCOs up to pilot plant
scale (production rate 350 g h™") and the deposition of these
nanoparticles into a thin film via spin-coating and heat-
treatment, which resulted in the lowest reported resistivity
measurements from any TCO nanoparticles made via any CHFS
method to date, at 2.4 x 10> Q cm.

Experimental
Materials

Reagents were purchased from the following suppliers and
used as-purchased; zinc nitrate hexahydrate, 98% (Sigma
Aldrich, Dorset, UK), sodium metasilicate anhydrous (Alpha
Aesar, Lancashire, UK), potassium hydroxide (Fisher Scientific,
Leicestershire, UK), and ethylene glycol, anhydrous 99.8%
(Sigma Aldrich, Dorset, UK). All water used in the synthesis
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and further processing was 10 MQ deionised water, purified
using a Millipore Elix™ Essential water purification system.

Synthetic method (CHFS)

Three pumps (Primeroyal K, Milton Roy, Pont Saint-Pierre,
France) were used to provide the feeds as follows (see also
Fig. 1): pump P1 provided the flow of supercritical water,
heated to 450 °C by use of a 7 kW custom-built electrical water
heater. Pump P2 provided the feed containing the zinc precursor,
and P3 provided the feed containing the silicon precursor and
KOH such that the combined zinc and silicon concentration
when the feeds met was 0.15 M and the base concentration was
0.3 M. Pump P1 had a flow rate of 80 mL min~"', while both
pumps P2 and P3 had flow rates of 40 mL min~". The metal and
base solutions first mixed in flow before the combined mixture
was introduced to the flow of supercritical water (from P1) in a
patented confined jet mixer (CJM).** The reaction of the reagents
in the CJM resulted in the rapid crystallisation of nanoparticles
at a theoretical mixing temperature of 335 °C, based on the flow
rates and temperatures used in the process.*” The particle-laden
aqueous flow was cooled to room temperature by means of
a pipe-in-pipe heat exchanger before passing through a back-
pressure regulator (BPR), which served to maintain pressure of
24.1 MPa in the system throughout the synthetic process. The
particle slurries were cleaned by repeated centrifugation and
washing with deionised water until the decanted supernatant
measured a conductivity below 50 pS (model HI98311 conduc-
tivity probe, Hanna Instruments, Leighton Buzzard, UK). The
concentrated, clean slurry was then freeze-dried by slowly raising its
temperature from —60 to 25 °C over 24 h under vacuum (<13 Pa)
using a Virtis Genesis 35XL freeze-drier, resulting in free-flowing,
white powders in ~80% yield.

Materials characterisation

Powder X-ray diffraction (XRD) data were collected using
a STOE Stadi P diffractometer (Mo-Ko radiation source, A =
0.70932 A) in transmission geometry. Data collection took place
over the 2 theta range 5 to 35°. Scherrer analysis was carried out
on the (100), (002), and (102) peaks as detailed elsewhere,***”
in order to estimate the crystallite size of the nanomaterials.

Si precursor and
KOH

A T=20°C
Zn precursor
T=20°C

N Q=40mL min"

P1 DI Water

T=20°C
Q=80mL min”

Fig. 1 A schematic of the continuous hydrothermal flow synthesis system
herein employed. T represents the temperature, Q represents the flow
rates of the respective pumps, and P represents the pressure.
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X-ray photoelectron spectroscopy (XPS) was carried out using a
Thermo Scientific K-alpha photoelectron spectrometer using
monochromatic Al-Ko radiation. Survey scans were collected in
the binding energy range 0-1100 eV at a pass energy of 200 eV.
Higher resolution scans were recorded for the principal peaks,
Zn 2p, Si 2p, O 1s and C 1s at a pass energy of 50 eV. Peak
positions were calibrated to carbon using the CasaXPS® soft-
ware. Transmission electron microscopy (TEM) was carried out
using a Jeol 200 kV transmission electron microscope in
imaging mode. Powder samples were dispersed in methanol
before being drop-coated onto carbon-coated copper TEM grids
(Agar Scientific, Stansted, UK). Image and particle size analysis
was carried out using Gatan Microscopy Suite®™ software.

Initial assessment of the conductivity of the nanopowders was
determined by first pressing ~ 0.5 g of each powder into a 16 mm
diameter white compact of ~1 mm thickness under a force of
50 kN using a Specac (Orpington, UK) bench-top hydraulic press.
The discs were subsequently heat-treated at 500 °C for 3 h under a
5% H,/N, atmosphere in a tube furnace (Elite Thermal Systems,
Leicestershire, UK). The discs had four gold contacts sputtered
onto them and were subjected to an input current of 1 mA and a
calibrated magnetic field of 0.58 T using a Van der Pauw probe, as
part of an Ecopia HMS-3000 Hall Measurement System, by use
of which were obtained the bulk resistivities of the samples.
Resistivity measurements were taken in triplicate for each pellet,
and three pellets were prepared from each sample. From these,
the mean values and standard deviations were calculated.

The dispersion for spin-coating was prepared by first mechani-
cally mixing 20 wt% ethylene glycol with deionised water to be the
dispersing medium. The dispersion was comprised of 80 wt%
dispersing medium and 20 wt% SiZO powder, and good dispersion
was obtained by use of a sonicating tip (Branson Digital Sonifier 250)
operating at 20% of full amplitude with a 0.3 s on/off pulse length.
A series of ten sonicating treatments with total ‘on’ time of 1 min
were carried out in this manner, leaving the dispersion to rest in an
ice bath for 2 min between each treatment. Further agitation was
carried out in a VWR Ultrasonic Cleaner, USC100T sonicating bath
for 30 min before spin coating was carried out using a Laurell Tech.
Corp. WS650MZ-23NPPB spin coater onto glass substrates (NSG
Pilkingtons, UK) spun at 5000 rpm. The thin films were heat treated
at 550 °C for 5 h in a 5% H,/N, atmosphere. Film thickness
measurements were carried out using a Filmetrics F20 Thin Film
Analyser. UV/Vis/near-IR reflectance and transmittance spectra were
taken using a PerkinElmer Lambda 950 spectrometer using an air
background between 300 and 2500 nm, and Hall Probe measure-
ments were carried out as above, with silver paint used to create the
four electrical contacts instead of gold sputtering. Scanning electron
microscopy (SEM) images were obtained using a JEOL JSM-6700F
microscope with a 5 keV accelerating voltage.

Results and discussion
Compositional optimisation

Although TCO compositions with the lowest resistivities in the
literature are typically in the range 3 to 7 at% Si,"**""® it has
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previously been shown that ZnO-based CHFS-made TCOs tend
to require lower dopant levels to produce materials with low
resistivity compared to their non-CHFS analogues.*>** Thus
seven samples of SiZO were first synthesised on the laboratory
scale CHFS process at 0.25, 0.5, 1.0, 1.5, 2.0, 2.5, and 3.0 at% Si,
respectively (with respect to Zn at% in the starting solution). The
optimally conductive sample of 0.25 at% Si, was then synthe-
sised on the pilot scale at a production rate of 350 g h~'. Powder
X-ray diffraction patterns for the laboratory scale 0.25, 1.0, and
2.5 at% Si samples are shown in Fig. 2, along with the pattern for
0.25 at% Si synthesised on the pilot scale and a standard pattern
for Zn0.’® Each CHFS-made sample had a phase-pure Wurtzite
ZnO structure as expected. Scherrer analysis of the (100), (002),
and (102) peaks in each XRD pattern, suggested a decrease in
crystallite size with the dopant concentration, with values of 28,
24, and 17 nm for the 0.25, 1.0, and 2.5 at% Si samples,
respectively, while the crystallite size for 0.25 at% Si synthesised
on the pilot scale was calculated to be 26 nm, which is similar
(within experimental error) to its laboratory scale analogue.
Transmission electron microscopy images are shown in Fig. 3.
Although particle morphology across the compositional space
explored was variable, the particle size was relatively consistent,
particularly at higher dopant levels. Increasing the level of
nominal Si-doping reduced the particle size according to the
values detailed in Table 1. 0.25 at% Si doping, resulted in
considerably larger particles (average particle length of 82.7 nm)
than un-doped ZnO (size 32 nm).>* Further doping led to a
decrease to 43.8 nm for 1.0 at% Si, and 33.9 nm for 2.5 at% Si
(300 particles analysed per sample from TEM images). The aspect
ratio was consistently in the range 1.3 to 1.4 for all samples.
Due to the low relative sensitivity factor of Si in X-ray photo-
electron spectroscopy, Si 2p analysis of samples below 1.0 at%
Si did not show any discernible peaks, however quantitative
analysis carried out on 1.0 and 2.5 at% Si samples indicated

0.25 at% SiZO (pilot)
— 2.5 at% SiZzO

1.0 at% SiZO
—— 0.25 at% SizO
—— ZnO Standard

(101)

(100)

(002)
(110)

- (102)

Intensity / Arbitrary Units

ey
T

25
20 / degrees

10 15

Fig. 2 XRD patterns of silicon-doped zinc oxide, including samples with
2.5 at% Si (blue), 1.0 at% Si (green), 0.25 at% Si (red for lab-scale and gold
for pilot-scale), and a standard ZnO pattern (black).>® Patterns were
acquired from a Mo-Ka source (A = 0.7093 A), hence principle peaks
appear in the approximate 20 range 15-30°.
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Fig. 3 TEM images of silicon-doped zinc oxide. (a) Shows a sample with
0.25 at% Si, while (b) shows a sample with 2.5 at% Si, both at the same
magnification. Average particle size was observed to drastically decrease
with increasing dopant level.

Table 1 Summarising characterisation information on 0.25 at% (labora-
tory and pilot scale), 1.0 at%, and 2.5 at% Si-doped ZnO, including the BET
surface area, particle size as calculated using the Scherrer method,**”
mean particle length from 300 particles observed on TEM, and the
elemental composition of Si present as calculated from XPS data

BET surface Scherrer particle Mean XPS:Si/
Sample area/m? g~ size/nm length/nm  at%
0.25 at% Si 12.0 28 82.7 £ 50.7 —
1.0 at% Si 20.8 24 43.8 £17.1 0.9
2.5 at% Si 27.0 17 33.9 £13.9 2.2
0.25 at% Si (pilot) 13.4 26 68.2 £ 37.5 —

only one Si environment with the Si 2ps, peak at 100.8 eV,*® and
one Zn environment with the Zn 2p;, peak at 1021.2 eV*° for both
samples, with approximately a 90% uptake of Si into the structure
relative to the nominal Zn: Si ratio in the precursor solutions. XPS
spectra for the Zn 2p and Si 2p regions are included in Fig. S1 of
the ESI,t and the key data is summarised in Table 1.

The samples with nominally 1.0 and 2.5 at% Si in the starting
solutions were found to contain 0.9 and 2.2 at% Si, respectively.

The pressed discs of the as-prepared nanomaterials were white
in colour, both prior to and after heat-treatment. Their electrical
properties are summarised in Table S1 in the ESI,f and displayed

12 —=— Resistivity "
' . —=— Conductivity
g 1.04 - 25 g
G 0.84 F20 &)
~ ~
> 2
E 0.6 \ 15 g
B o4 L0 3
% \- ke
4 \_><. S
0.2 s O
el L) O
0.0 — i
.04 -0

0.0 0.5 1.0 1.5 20 25 3.0

Nominal Si level / at%

Fig. 4 Resistivity (blue) and conductivity (red) data for all compositions of
SiZO synthesised on the laboratory scale CHFS.
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visually in Fig. 4. The optimal material in terms of lowest
resistivity was the sample with 0.25 at% Si (the lowest dopant
level tested) at 3.50 x 10~ > Q cm. Note that CHFS-made undoped
ZnO pressed and heat-treated in like manner was non-conductive.
Increasing the amount of Si dopant increased the resistivity,
first slowly then more dramatically. The 0.25 at% Si-doped ZnO
was then remade using a pilot scale CHFS at a production rate of
350 g h™*, for which the pressed and heat-treated disk displayed a
resistivity of 3.98 x 107> Q cm, comparable to the analogous
material synthesised on the laboratory scale.

Thin film deposition and characterisation

Thin films of the 0.25 at% Si-doped ZnO nanopowder synthe-
sised at a rate of 350 ¢ h™" were prepared using spin coating

-
o
o

a)

—— Reflectance
—— Transmittance

% Transmittance /Reflectance

0 : . . : )
500 1000 1500 2000 2500
Wavelength / nm

&

UCL CHEM SEI 10.0kV ~ X25,000 WD 14.9mm 1pm

Fig. 5 (a) UV/Vis-near-IR transmittance and reflectance data for a spin-
coated thin film of 0.25 at% Si-doped ZnO, (b) the ~2 x 2 cm spin-coated
film post heat treatment, from which the spectra were taken, and (c) an
SEM image of the surface of the film at x25000 magnification, the scale
bar representative of a distance of 1 um. The artefact in both spectra in (a)
at 860 nm is due to changeover of the lamp in the spectrometer.
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followed by heat-treatment (detailed in the Experimental section).
Filmetrics optical analysis gave an average film thickness of
150 nm (£+23 nm). Surface topology was generally featureless
and smooth, with good film connectivity as shown by SEM in
Fig. 5¢. UV/Vis/near-IR data for this film are shown in Fig. 5a; the
average visible transmission in the range 400 to 700 nm was 81%
(85% transmission at 570 nm). Hall probe measurements gave a
minimum resistivity of 2.4 x 10~* Q cm, with a carrier concen-
tration of 1.02 x 10°° em™® and a mobility of 11 em* V' s, a
factor of almost twenty times improvement in the resistivity
versus the analogous pressed, heat treated pellet. Values for
mobility obtained from other SiZO studies varied in the range
10-30 cm® V! 5711 inherently low due to the two-electron
donor dopant scattering effect alluded to in the introduction, and
the value of 11 em® V' s7' reported herein may have been
further hampered by grain boundary effects from imperfect
sintering of the nanoparticles during the heat treatment. The
carrier concentration and resistivity are within an order of mag-
nitude as thin films of SiZO deposited by other methods. While
magnetron sputtering and pulsed laser deposition methods have
garnered resistivities in the range 3-9 x 10~* Q cm,'®"*"*? spray
pyrolysis and chemical vapour deposition methods have resulted
in higher resistivities of 3.7 x 107> Q em®* and 2.0 x 107> Q cm,**
respectively, indicating that CHFS manufacture and subsequent
spin-coating of SiZO results in films of reasonable electrical
properties, with competitive optical properties, and drastically
enhanced economy and sustainability of material synthesis and
processing.*’

Conclusions

In summary, the versatile CHFS process for manufacture of
nanoparticle ceramics*> was used for optimising the conduc-
tivity of silicon-doped zinc oxide nanopowders. Comparison of
the compositions was carried out by use of Hall Effect measure-
ments on pressed, heat-treated pellets of the powders. It was
found that the lowest nominal dopant level of silicon tested,
(0.25 at% Si with respect to 99.75 at% Zn), had the lowest
resistivity of 3.50 x 10> Q cm. The material was successfully
scaled up from 60 to 350 g h™" by going from the laboratory-
scale to a pilot-scale CHFS process, with retention of the
electrical properties. The 0.25 at% Si doped ZnO made on
the pilot plant CHFS process was made into a thin film via
spin coating and heat-treatment, yielding a resistivity of
2.4 x 10~ Q cm with an average visible light transmission of
81%, hitherto the most conductive thin film ever reported from
CHFS-made nanoparticles.
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