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ABSTRACT

Metallic and semiconductor nanowires can provide dramatically increased electrical and optical proper-
ties in a wide range of fields, ranging from photovoltaics to sensors and catalysts. In this research, a rapid
manufacturing process has been developed for printing indium tin oxide microparticles and converting
them into nanowires. Microparticle indium tin oxide (ITO) inks were formulated and printed. These were
then converted into hierarchical nanowire films via laser irradiation (980 nm, NIR) with raster speeds of
40 mm s~! in air, much faster compared to traditional manufacturing processes. For a 4 cm? film, only
40 s of processing were required. A full materials characterization was performed on the materials pre
and post laser processing with the most probable conversion mechanism found to be a laser induced
carbothermal reduction process. Microstructural, chemical, and crystallographic evidence of the laser in-
duced carbothermal reduction process were derived from SEM, XRD, XPS and TEM analysis. Compared to
conventionally heat-treated printed samples, laser processing was found to increase the conductivity of
the printed ITO from 0.88% to 40.47% bulk conductivity. This research demonstrates the ability of print-
ing and laser processing to form nanowires in a high-speed manufacturing context, thereby enabling the

development of printed non-transparent ITO nanowire electronics and devices.

© 2020 The Author(s). Published by Elsevier Ltd.

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

Nanostructures can be defined as particles or systems which are
smaller than 100 nm in two or three dimensional axes. Nanostruc-
tures such as nanowires, nanorods and tetrapods can provide im-
proved functionality to a wide range of extremely useful electronic
materials and are of great interest to fields such as photonics,
transistors, quantum computing and sensors [1-8]. Developing and
fabricating semiconductor material-based nanowires and nanorods
is of vital importance for the development of more advanced elec-
tronic systems [9-11]. Indium tin oxide (ITO) is one of the most
widely used conducting metal oxides, and ITO based nanostruc-
tures and dendritic nanostructures are of great interest due to their
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excellent electrical and mechanical properties [12-13]. ITO nanos-
tructures have the potential to provide advances in transparent
conductive films, energy storage, thermoelectric devices, and even
neural interfacing [14-17]. Other, similar materials, such as zinc
oxide (ZnO) and doped ZnO nanostructures are currently a ma-
jor field of research, demonstrating potential in high efficiency so-
lar cells, sensors for electronic skins, UV light emitting diodes and
UV laser arrays [18-21]. One of the major areas for these mate-
rials and nanostructures is in sensing devices, printed and flexible
applications in particular. The optical transparency characteristic of
ITO, often utilized in applications, is not an important factor in this
context for sensing, with thick, porous films being preferred [22-
24]. For sensors, resistive, thick film nanostructures are desirable
as they allow for the improved sensing performance demonstrated
in the wider literature. While a process which allows for altering
the resistivity simultaneously also removes the need for bulky ad-
ditional signal amplification components (e.g. Wheatstone bridge,
instrumentation amplifiers) in the application, enabling, low pro-
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file, printed electronics for IoT applications [25]. However, tradi-
tional manufacturing methods for metal oxide films are not well
suited to exploiting the excellent sensing properties of the mate-
rials and therefore, the development of rapid manufacturing tech-
niques for nanostructures is required. Large scale, rapid manufac-
turing of both powders and thin and thick films is currently a ma-
jor challenge and area of research seeking to address high tem-
peratures and the inherent time-consuming nature of traditional
fabrication methods [26]. Nanostructures can be fabricated via two
routes, top-down or bottom-up. Top-down processes focus on the
removal of material to form nanostructures such as nanowires.
Both nanolithography and milling can be used, these require the
presence of a bulk film of material and etching to form highly con-
trollable arrays of structures. Bottom-up fabrication generally in-
volves either the most common process, vapor deposition or solu-
tion processing methods for the creation of continuous films, for
example through vapor-liquid solid (VLS) nanowire growth [27].
These films can then be patterned via etching or laser ablation
[28].

However, recent methods also involve reduction reactions by
mixing the metal oxide powder with graphite [29]. These carboth-
ermal reduction reactions are common in extractive metallurgy for
the reduction of metal oxides into metal form such as the ad-
dition of coke in the iron ore smelting process. In this reaction,
when mixtures of carbon and metal oxides are heated, the car-
bon acts as a reducing agent, liberating the oxygen from the metal
and converting it into pure metal and CO, [29]. In recent years,
this carbothermal reduction process has become more sophisti-
cated and has been demonstrated to provide a route to fabricating
metal oxide nanostructures from both zinc oxide and indium tin
oxide [30]. This is performed by the addition of carbon (typically
graphite) into both vapor deposition processes such as aerosol as-
sisted chemical vapor deposition or mechanically mixing carbon,
placing on substrates and reacting in a furnace at high temper-
atures (typically >1100°C for ZnO) for extended periods of time.
The CO and CO, by-products can react again with the metal to
grow metal oxide nanostructures [31]. Both fabrication processes
suffer from two disadvantages, the first is the reaction time which
typically ranges from 2 to 24 h. The second is that patterning the
nanostructure films requires additional post-processing steps, typ-
ically via lithography.

In this work, we demonstrate, for the first time, a novel process
which involves the patterning of indium tin oxide material films
via Direct Ink Writing and then the fabrication of ITO nanostruc-
tures within the films by a laser induced carbothermal reduction
process, carried out in air at atmospheric pressure. It is demon-
strated that with the high loading of carbon within the printable
ITO inks developed (30 wt.% of organics), that laser irradiation can
provide enough energy to cause what data suggests is a carboth-
ermal reduction process. This enables the conversion of printed
patterns of ITO microparticles into structures containing nanowires
and nanorods in seconds rather than hours. This work provides a
foundation for the further development of high throughput, non-
clean room manufacturing of nanostructured materials and pro-
vides a rapid manufacturing method for industries developing ap-
plications with nanostructured semiconductors.

2. Materials and methods

Commercial indium tin oxide (ITO, 99.99%, Alfa Aesar, < 25 um
particle size) was used. Inks were prepared using an EXAKT 50 L
three roll mill using a nitrocellulose based polymeric resin. To for-
mulate the ink, approximately 70wt% of ITO microparticles were
mixed into 30wt% of a vehicle solution comprising of nitrocellu-
lose, alpha terpineol and methoxy-propanol. This formulation was
used as it has been demonstrated in the literature to be compatible
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with the high throughput, screen printing process while also be-
ing compatible with micro-dispensing [32]. Ink viscosity and rhe-
ology measurements were taken using a Haake VT550 cone and
plate viscometer using the PK2, 1° cone and plate configuration.
Printing/dispensing and laser processing experiments were carried
out using an OurPlant XTec system (Hdcker Automation GmbH,
Schwarzhausen, Germany) equipped with a DX-30 syringe dispens-
ing module and using 3 mL syringe barrels fitted with 254 pum
diameter tapered tips (Nordson EFD, Aylesbury, United Kingdom).
The syringe dispensing module, is a plunger based system which
dispenses material through contact based printing onto the sub-
strate. The substrates used were soda lime glass slides (Thermo
Scientific, 24 x 24 x 1 mm). The optimized printing parameters for
the ink were a printing pressure of 0.39 mm and a flow rate of 0.2
uLs~1, from these parameters, the system automatically dictates
print speed. Within the same system, a Coherent-DILAS InGaAs
fiber-coupled multimode diode laser (DILAS Diode laser GmbH,
Mainz, Germany), operating at a wavelength of 980 &+ 10 nm,
producing a beam of 330 um diameter was used to process the
printed materials.

Sheet resistance measurements of the films were taken using a
Jandel HM20 four-point probe and two-point resistance measure-
ments were taken using a Fluke-179 digital multimeter. Measure-
ments of optical properties were recorded using a Perkins Elmer
Lambda 35 UV/VIS spectrophotometer between 385 and 1100 nm
with a 99.9% reflectance standard (Labsphere Spectralon). X-ray
diffraction (XRD) patterns were recorded using a Bruker D2 Phaser
X-ray Powder Diffractometer. The XRD patterns measured used pri-
mary monochromatic high intensity Cu K-o (A = 1.541 A) radia-
tion with an acquisition time of 12 h with an incident angle (26)
between 10 and 80°. Scanning electron microscopy images were
taken on a Jeol 7800F field emission gun scanning electron micro-
scope (FEG-SEM). The accelerating voltage used for all SEM images
was 5 kV, using a typical working distance of 10 mm. Energy dis-
persive x-ray spectroscopy (EDX/EDS) measurements were carried
out with the same Jeol 7800F FEGSEM at 20 kV, but with the work-
ing distance changed to 5 mm and software processing performed
using Oxford Instruments AZTEC. X-ray photoelectron spectroscopy
(XPS) data was collected using a Thermo Scientific™ K-Alpha™
XPS System utilizing an Al Ko X-ray source and data processing
was performed on the Thermo Scientific™ Avantage Software. TEM
characterization was undertaken using a FEI Tecnai F20 S/TEM with
equipped with an Oxford Instruments X-MAX 80 TLE windowless
EDX detector. TEM specimens were prepared by scratching parti-
cles off into isopropanol solvent from the laser process sample’s
surface to form a suspension, followed by standard drop-casting
the suspension onto a holey carbon film supported TEM grid.

3. Printing and fabrication of indium tin oxide nanostructures

Indium tin oxide (ITO) tracks (20 mm long) and square films
(20 x 20 mm) approximately 100 pm thick (100 um dispensing
height) were printed by micro-dispensing ITO ink (70 wt% ITO, 30
wt% nitrocellulose-based vehicle) onto soda-lime glass before laser
processing (Fig. 1). A major benefit of both the printing and laser
processing methods employed is they are compatible with fabrica-
tion on flexible polymer substrates.

Control samples of the printed films were also cured using con-
ventional heating methods at temperatures that would also be
compatible with flexible substrates (<240°C). The inks displayed
shear thinning behavior with a viscosity (1) of 38,194 mPa.s mea-
sured at a shear rate (y) of 2.580 s~!. At a high shear rate
(y = 258.1) this viscosity was 1434 mPa.s. Data showing the
viscosity versus shear rate and the shear stress of the material
versus shear rate can be seen in Fig. S1 (Supplementary Infor-
mation). Thermogravimetric and differential scanning calorimetry
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Fig.. 1. A schematic of the ITO ink printing and laser processing steps. The FEGSEM image highlighted in red displays the ITO structure before laser processing and the TEM
image highlighted in blue shows a nanowire formed through laser processing. The proposed growth mechanism stages of the ITO nanowires are also shown.

(TGA/DSC) measurements were taken of the nitrocellulose vehicle
(Fig. S2) to determine suitable oven curing temperatures and times.
As a result of this, the control samples were oven-cured at 110°C
for 10 min to enable the characteristics of the initial powder to
be determined. Control samples were also heated at higher tem-
peratures, closer to those used to sinter materials, but even with
controlled binder burnout of the film up to 650°C (1°C min~!) no
conductivity was observed and the film would no longer adhere to
the substrate.

Before laser processing, the control samples were characterized
and in the displayed data figures will be referred to as the 0 W
sample. The absorbance and transmission of the ITO thick films
were measured via UV/VIS spectroscopy by measuring the percent-
age transmittance and reflectance versus a reflectance standard
(99.9%, Labsphere Spectralon). The absorbance of the ITO control
samples at 980 nm (the wavelength of the laser to be used) was
found to be 93.98%. Although the purpose of printing the ITO is to
exploit the properties of the metal oxide in non-transparent appli-
cations (sensors, electromagnetic devices etc.), ITO is also tradition-
ally used as a transparent conductor. Due to this, the percentage
transmission was measured and found to be 5.35% at 550 nm. For
the control samples, the average sheet resistance was measured
to be 144.6 Q sq~!. Pellets of the ITO powder were annealed at
650°C, giving a reference bulk resistivity of 7.04 x 103 Q.cm mea-
sured via four-point probe to allow for a calculation of the con-
trol sample’s bulk conductivity. The percentage bulk conductivity
is a measure typically used in printed electronics in order to de-
termine how close the conductivity of a printed film is to its tra-
ditionally manufactured counterpart. The bulk conductivity for the
printed control samples were measured to be 0.88% the value of
the conductivity of the pellet. X-ray diffraction patterns were ac-
quired for the control samples, indicating pure, single phase ITO
(PDF 93-231-0010) shown and discussed later as the 0 W pattern
in Fig. 3(b).

For this ink, processing parameters were optimized by print-
ing 32 combinations with five replicas each of varying laser pow-
ers, laser speeds and number of laser passes. A single laser pass
at 40 mm s~! provided the best thick film conductivity with all

samples tested and, these parameters were therefore kept con-
stant with only the laser power varied. Processing powers were
kept between 2.5 and 15 W for the ITO samples. Films processed
at 20 W or above absorbed too much energy for reliable sample
fabrication. The laser processing was performed immediately af-
ter printing on the still wet film at room temperature, requiring
no drying step in-between. The solvent used in the ITO printing
inks, methoxy propanol, provides slower room temperature drying
properties compared to lower molecular weight ether alternatives.
This enables consistent manufacturing with minimal ink composi-
tion change pre-laser processing.

4. Experimental analysis of laser processed printed indium tin
oxide films

Field emission gun scanning electron microscope (FEG-SEM)
analysis of the samples, indicated that the laser process had a
significant effect on the film morphology as shown in Fig. 2 (a-
d). Lasers, particularly the Gaussian profiled InGaAs 980 nm diode
laser used for this research, typically have a distribution of energy
across the beam, with the highest energy density forming in the
center, and the edges of the beam lower in intensity. Due to this,
a 50 um laser beam spot overlap was applied into the parameters
for laser processing. For ITO ink films, an analysis of processing ho-
mogeneity was performed via SEM/EDX (Fig. S3). It was found that
the laser created ridges in the film with different levels of porosity
due to the variation in the beam intensity profile, however, the ITO
composition remained consistent across the film.

Upon analyzing the SEM data in Fig. 2 (a-c), it is apparent that
two stages of film conversion occur. The first stage was achieved
by increasing laser power from 0 up to 7.5 W. With this increase in
power, the ITO particles seen in Fig. 2(a) break up into smaller par-
ticles to form dendritic and fractal structures (Fig. 2(b)). The sec-
ond stage which is shown in Fig. 2(c) is that increasing from 7.5
to 15 W these fine particles start to grow primarily into nanowires
with fine particles also forming. This wire growth begins at a 10 W
laser power (Fig. S4) and further growth in both wires and fine
particles takes place with an increased power. In Fig. 2(d), the dif-
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Fig.. 2. Scanning electron micrographs displaying (a) the structure of an oven cured control sample of ITO ink, (b) the structure of ITO ink processed at 7.5 W, (c) the
structure of the ITO ink processed at 15 W and (d) scanning electron micrographs of the control sample compared to a processed 10 W nanowire sample with EDX analysis.

ference in the original and processed particles can be seen with
the associated EDX mapping data. This data displays a decrease in
oxygen content for the laser processed ITO indicating that a reduc-
tion of the metal oxides has taken place.

For each of the 4 cm? film samples, sheet resistance measure-
ments shown in Fig. 3(a) were taken of both the oven cured con-
trol samples and laser processed samples. Each sample had nine
sheet resistance measurements taken with each point in the fig-
ure displaying the average sheet resistances across the films and
the standard deviation providing insight into film uniformity. The
nine measurements were taken in a 3 x 3 grid on square prints
in order to determine corner to corner uniformity with an exam-
ple shown in Fig. S5. As mentioned in a previous section, to pro-
vide a reference for bulk material resistivities, pellets of the ITO
powder were annealed at 650°C, giving a reference bulk resistivity
of 7.04 x 10~3 Q.cm measured via four-point probe. Profilometry
measurements of laser processed films were taken to gather film
thickness, with bulk resistivity being calculated by multiplying the
sheet resistance by the film thickness. Oven cured control samples
of ITO films were found to provide an average of 0.88% of the bulk
conductivity. With the low laser power of 2.5 W the film was only
1.83% of the bulk conductivity. However, laser processing powers
of 5 W were found to provide a large increase, reaching 40.47% of
bulk conductivity. Further increasing the power caused the sheet
resistance to increase slightly with nanowire growth. Nanowires
created from the 15 W process displayed a mean decrease in sheet
resistance for the film. However, as can be seen in the error bars,
film uniformity decreases with some parts of the film demonstrat-
ing sheet resistance values as low as 3 © sq~!. The transmission
properties of the films were slightly improved post laser process-
ing, with the 10 W film increasing from 5.35% to 10.29% at 550 nm.

Initially, a laser treatment performed at 2.5 W leads to an in-
crease in the sheet resistance. This is associated with the laser only
producing its maximum power after a rise and fall time delay, es-
sentially curing the ink to a lesser degree than the control sam-
ple. At 5 W the most conductive films are created with an average
sheet resistance of 15 € sq~! being formed. Upon further analysis
via Hall Effect measurements, the laser was found to provide the

film with an increase in carrier concentration of 1.33 x 10! cm—3
and the highest average mobility of all processed films at 31.3 cm?
Vs—1. Between 5 and 10 W sheet resistances and film uniformity
is improved while at the highest power, film uniformity becomes
worse with sheet resistance ranging between 3 Q sq~! and 1.07
MS sq~! due to laser ablation of material creating a non-uniform
layer thickness. As nanowires begin to form, a large drop in carrier
mobility is observed which is associated with smaller crystallite
size. For nanowires formed at 15 W, the carrier concentration de-
creases with electron mobility increasing. This is associated with a
less dense film with larger crystallites being present and indicates
nanowire growth with single crystal properties. By tuning the laser
power for processing the material, two different structures can be
formed, the first of which is the denser, dendritic and highly con-
ducting film as seen in Fig. 2(c). Increasing this power even further
allows for the second pathway towards the fabrication of indium
tin oxide nanowires as seen in Fig. 2(d), however, these form at
the expense of the denser, more conductive film. While this second
pathway increases the sheet resistance, the 10 W nanowire sam-
ples had a uniform sheet resistance of 42 Q sq~! which is dras-
tically improved over the control samples. This data indicates that
during manufacturing using this route, the final properties of the
film can be tuned, whether the lower sheet resistance of 5 W pro-
cessing powers are required or a higher sheet resistance, nanowire
film processed at 10 W is desired.

X-ray diffraction (XRD) patterns were recorded for the printed
and processed films to determine any changes in crystal structure
with laser process power (Fig. 3(b)). XRD analysis of the control
samples shows single phase of ITO (PDF 93-231-0010). However,
after laser processing at any power level, trace amounts of in-
dium can be seen alongside single phase ITO (PDF 93-231-0010),
as highlighted in red in the enlarged image of Fig. 3(b) and supple-
mentary information (Fig. S6). Tin metal could not be seen in the
XRD analysis, however, due to the 10:90 ratio of tin oxide to in-
dium oxide, it is possible that tin metal is present but in amounts
below the limit of detection of the x-ray diffractometer. A relative
intensity change in some of the XRD peaks is also seen with in-
creasing laser power. At powers where nanowires begin to form
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Fig.. 3. Sheet resistance of ITO films versus laser power with examples of printed (left) and processed (right) films shown in the insets, (b) X-ray diffraction patterns for
indium tin oxide processed at various laser powers displaying an enhanced diffraction pattern displaying trace amounts of reduced indium oxide in the form of indium
metal and (c) high resolution XPS data for carbon and indium including a table comparing EDX and XPS analysis of Sn:In ratios and.

(e.g. 7.5 - 15 W) there is a 10% increase in the ratio between
the (222) and (400) plane which is typically associated with an
increasing level of oxygen vacancies in the ITO crystallites [33].
This again provides evidence that the laser treatment is causing
a reduction within the material. It also indicates that the individ-
ual particles become more conductive as this growth in the (400)
plane, combined with increasing deficiency in oxygen has been as-
sociated with an increase in ITO conductivity and quality. There-
fore, the reduction in conductivity shown in Fig. 3a can be associ-
ated with a less dense film decreasing electrical percolation rather
than a decrease in material quality.

X-ray photoelectron spectroscopy (XPS) was performed on an
oven cured ITO ink and a laser processed nanowire specimen
(15 W processing power) to determine any compositional changes
to the material. Survey scans were along with high resolution scans
performed for O1s, Cls, Sn3d, In3d and InMN1 regions (Fig. S7)
referenced to the carbon 1 s peak as 284.8 eV. High resolution
scan data for both the carbon and In3d regions are shown in
Fig. 3(c). Comparing the two samples shows large differences be-
tween them. The oven cured sample retains a significant amount
of binder that leads to components of the Cls envelope that can
be attributed to C-N, C-0, C=0 and N-C=0. Furthermore, the In3d
peak intensity is low due to attenuation of the signal by the over-
lying binder material. It is clear that after laser processing, that the
main carbon contribution is due to C-C bonds and the remaining
carbon on the sample is mainly adventitious. This provides clear
evidence of the laser removing a majority of the remaining or-

ganic vehicle. Due to this, the O1s peak also shifts 3.3 eV to a
lower binding energy, signifying a removal of C=0 bonds associ-
ated with the nitrocellulose binder and, moving to a pure metal-
oxygen bond. Consistent with a lack of evidence of metallic tin
being detected via XRD, XPS measurements also suggest the only
tin present is in the form of tin oxide. The indium 3d peaks are
also broad providing evidence that the bulk of the indium is in the
In,03 configuration. The indium Auger peaks InMN1 also provide
no clear evidence of metallicity or reduction, however, any surface
metals are expected to oxidize readily in air. The binding ener-
gies for both the tin and indium do decrease slightly with asym-
metric peaks, indicating a potential decrease in oxidation num-
ber for the indium tin oxide and multiple oxidation states being
present. The XPS atomic percentage ratios of indium to tin in the
oven cured sample in comparison to the laser processed sample
are, 10.09:1 to 5.64:1 respectively giving a 1.79x difference. For the
SEM based EDX data as shown in Fig. 3(c), the ratio alters from
7.33:1 to 3.38:1 between oven and laser processed samples respec-
tively, showing a 2.16x change. Between the two techniques, com-
paring surface (by XPS) and bulk (by SEM/EDX), there is a common
increase in tin content. These changes in the atomic ratio, can typi-
cally be due to either elemental migration of dopant to the surface
of the particles or migration of within the film itself, sinking to
a depth greater than the penetration depth of EDX and XPS. Con-
sidering, the carrier concentration decreases in the ITO nanowires,
this phenomenon can be described by a migration of dopant to-
wards the surface of the crystallites. This provides evidence of a
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nano-cubes, and fine particles with associated EDX mapping analysis.

Table 1

Sn:In atomic ratios of laser grown ITO morphologies.
Area Sn In
Nanowires *l_r_ 1 6.42
cubic 7] 1 6.43

Fine Particles & 1 6.43

migration of tin from the particle interior to the exterior with the
possibility of SnO,:In,03 phase separation.

To determine the actual phase, composition change and crys-
tal structure of the formed ITO nanowires, and to provide in-
sight into the formation process, transmission electron microscopy
(TEM) was performed on the nanowires. The 10 W film was se-
lected for TEM analysis due to the extremely fine size of nanowires
being beyond the routine resolution limit of SEM analysis. TEM
images and elemental maps were recorded for the ITO nanowires
(Fig. 4). From the TEM analysis, it was evident that most of the
film had converted to nanowires of varying amounts with fine par-
ticles and nano-cubes being relatively difficult to find. A typical
nanowire at 10 W processing power had a width of approximately
10 - 20 nm with lengths of 500 - 800 nm, with a mixture of
branching needles.

For the ITO nanowires, TEM-EDX mapping (Fig. 4(b)) was per-
formed on a selection of particles which show the growth process
of the nanowire. It can be observed that the original cubic parti-
cles convert into structures formed of fine particles, these then re-
form into wire and whisker like structures. EDX point analysis was
performed on each of these structures shown in Fig. 4(b) and is
displayed in Table 1. For the nanowires, cubic and fine particles a
6.42:1, 6.43:1 and 6.43:1 indium to tin ratio was observed. This in-
dicates that, post laser processing, the overall composition remains
uniform and consistent.

As suggested in the XRD data, there is evidence of a reduction
process taking place during the laser processing, driven by a car-
bothermal reduction of the metal oxides via the carbon heavy ink
vehicle. The EDX data shown in Fig. 4(b) shows that for the range
of particles seen, the material composition is consistent. This indi-
cates that the change in composition shown in Fig. 2(d) occurs in
the early stages of the laser treatment.

Selected area diffraction patterns (Fig. S8) were taken of the
ITO nanowires to determine whether the wires are formed through

sintering, fusing or crystal growth. The selected area electron
diffraction (SAED) pattern displays polycrystalline behavior show-
ing that the rods are not single crystal. No regions of single ITO
nanowires could be found in the TEM so the SAED pattern was
taken of a region with multiple nanowires but no other particle
morphologies. This showed bright spots in a pattern indicating a
cubic crystal structure matching the structure of ITO, the bright-
ness of the spots indicates the nanowires are highly crystalline.
However, polycrystallinity is observed due to the large number of
particles in the aperture of the TEM. This, combined with the crys-
tallite size changes discussed earlier, suggests that although there
is crystallite growth, the nanowire growth is largely due to the fu-
sion of crystallites.

Overall, the data presented in this paper suggest the high en-
ergies of the laser treatments of 10 W or more combined with
the heavy organic loading of the ink vehicle creates an environ-
ment where the carbon acts as a reducing agent. This can be de-
duced by the presence of metallic indium in the XRD data, and
the oxygen deficiency of the nanowires in the EDX data. The SEM
and TEM imaging indicate that the microparticles are broken down
into nanoparticles by the laser, possibly as a result of this reduc-
tion. The SAED patterns then indicate these fine particles then fuse
together, building the nanowires shown. A possible mechanism for
this process is that as the carbon and oxygen burn off as CO,, the
metal oxide particles reduce into oxygen-deficient or metallic in-
termediates. As the ITO undergoes a re-oxidation into its previ-
ous state, the fine particles combine, assembling into nanowires
and hierarchical 3D nanowires. In order to determine whether the
reduction is driven by the addition of carbon or a different fac-
tor, a second ink was formulated with the addition of carbon nan-
otubes. Upon laser processing the ink an X-ray diffraction pattern
was taken in order to detect any reduction of the metal oxides.
A secondary phase (Fig. S9) can be seen alongside the typical ITO
pattern. This phase correlates to the indium |/ tin alloy, In3Sn (PDF
96-153-8884) suggesting that the addition of the extra carbon in-
creases the levels of ITO reduction. This data therefore confirms
the laser is causing is a carbothermal reduction.

This paper has shown that it is possible to grow ITO nanowires
through printing and laser processing, adding to the arsenal of
tools which can be used for electronics manufacturing. As a brief
example of printing and patterning an interdigitated structure was
printed, and laser processed and can be seen in Fig. 3a (inset). In-
terdigitation is a commonly used structure in many applications,
which include sensors [22-24]. The ability to print and pattern ITO
nanowires into functional structures such as this one, enables, in
future work, the manufacturing of sensors which incorporate sens-
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ing materials without the need for etching, reducing the waste of
materials, the amount of energy needs to process the materials and
the amount of steps and errors caused by this during manufactur-
ing. Future work should also focus on further optimization of the
process in order to achieve denser, lower resistivity nanowire films.

5. Conclusion

In conclusion, we have shown that by formulating carbon heavy
indium tin oxide microparticle inks, the indium tin oxide can un-
dergo a controlled nanostructure change, after being processed
with laser radiation. After a full materials characterization study,
the evidence shows that the laser induces a carbothermal reduc-
tion synthesis, burning off the carbon-based vehicle as CO, and
partially reducing to metal. This metal undergoes re-oxidation,
converting cubic particles into nanostructures dependent on the
material’s crystal structure. Compared to the original material’s
bulk resistivity, using this laser process allows the manufacture
of printed indium tin oxide patterns at 40.47% bulk conductivity,
compared to the base ink which provides 0.88% of bulk conductiv-
ity. These findings enable further research into applying this rapid
manufacturing process to a vast array of metal oxides to provide
a range of nanostructured materials which have applications in a
large number of fields including electronics manufacturing, sensor
development and frequency selective surfaces.
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