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ABSTRACT: Nonthermal plasma synthesis of transparent con-
ducting oxide nanocrystals can offer advantages, for example,
ligand-free surfaces, over traditionally used colloidal synthesis
methods. When it comes to multicomponent (doped) metal oxide
nanocrystal synthesis, uniform distribution of different metal
elements and suppressing surface segregation of secondary resistive
phases have been concerns. Specifically, surface segregation of
resistive secondary phases reduces the electrical conductivity of
nanocrystal assemblies. In this work, we demonstrate a nonthermal
dual-plasma synthesis method capable of forming Sb−SnO2
(ATO) nanocrystals with a uniform composition distribution and
apparently insignificant surface segregation of the dopant. A drastic
increase in conductivity was observed in ATO thin films comprised
of nanocrystals formed using a dual-plasma configuration compared
to nanocrystals formed using a single-plasma configuration. The conductivity values of as-deposited porous films comprised of ATO
nanocrystals, prepared using the dual-plasma approach, were on the order of 0.1 S cm−1, which to our knowledge is the highest
conductivity reported to-date for that type of high surface area material. Annealing the films comprised of ATO nanocrystals at 500
°C for 2 h in air increased the conductivity and improved ambient stability, without significantly affecting the crystallite size.
KEYWORDS: non-thermal plasma, nanocrystal, antimony-doped tin oxide (ATO), doping, dual plasma, conductivity

■ INTRODUCTION

Transparent conducting oxides (TCOs) find application in a
wide variety of areas, ranging from top contacts in
optoelectronic devices such as light-emitting diodes1,2 and
displays3,4 to architectural glass5−7 to electrochemical
applications such as dimensionally stable anode materials.8−10

For optoelectronic applications, thin films comprised of TCO
nanocrystals have attracted attention because they can be
deposited by high-throughput printing processes at lower cost
when compared to conventional semiconductor processing
methods.11 For electrochemical applications, some TCO
materials have attracted attention because they can be more
chemically rugged when compared to high surface area
conductive carbon supports, which typically have a network
conductivity in the range from 10 to 100 S cm−1.12,13 Of the
TCO materials, antimony tin oxide (ATO, Sb−SnO2) is
among the most chemically and thermally stable. In particular,
ATO is stable under acidic conditions at highly oxidizing
potentials that are often encountered in fuel cells used for
automotive applications. Thus, ATO is a more stable support
material for the oxygen reduction reaction when compared to
carbon black.14−20

ATO nanocrystals can be synthesized by colloidal
processing.21−25 High-quality materials can be prepared by

this route,21,23 but there are some drawbacks to the solution
phase. Notably, colloidal processing requires large amounts of
solvent that is typically toxic in nature, which gives rise to
environmental concerns. Beyond that, proper disposal of used
solvents for colloidal synthesis and processing incurs additional
expense. Furthermore, nanocrystals produced by colloidal
routes typically have surface ligands to stabilize them in
solution. After a film is deposited from colloidal nanocrystals,
those ligands remain and can cause a significant impediment to
charge transport and thereby decrease the conductivity of the
assembly.21,23 Nevertheless, dense films can be deposited from
colloidal particles, nearing the random closed packed limit of
approximately 60% relative density.26 The highest reported
conductivity values for ATO films comprised of nanocrystals
are on the order of 10−2 S cm−1 in the as-deposited state and in
the range 10 to 100 S cm−1 after annealing in air.21
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Gas-phase processing involving aerosols of SnO2 particles
provides a route to films comprised of nanocrystals that does
not involve solvents or surface ligands. For example,
combustion27,28 and thermal plasma29 have been used to
make films comprised of SnO2 nanocrystals. However, the
materials prepared by the combustion route are heavily
agglomerated and extremely resistive28 and therefore of limited
utility in optoelectronic and electrochemical applications.
Nonthermal plasma synthesis, on the other hand, is capable
of synthesizing highly conductive undoped TCO nanocryst-
als.2,30−32 When compared to flame synthesis, which often
results in hard aggregates, nanopowders and films collected
from nonthermal plasma processing are typically softly
agglomerated.33 Agglomeration in the plasma is suppressed
by unipolar negative charging of the nanocrystals by fast free
electrons.33 Other advantageous features of nonthermal plasma
processing of semiconductor nanocrystals have been described
elsewhere.1,2,33 A major challenge facing the synthesis of doped
nanocrystals by nonthermal plasma is surface segregation of
the dopant.1,34,35 If the dopant forms a resistive oxide at the
surface, such as Al2O3 in the case of Al−ZnO1 or Sb2O5 in the
case of ATO, then the conductivity of the assembly suffers. In
other words, there is a gap in knowledge of how to synthesize
uniformly doped nanocrystals by nonthermal plasma that
exhibit a high assembly conductivity.
In this work, we present a processing concept for how to

synthesize multicomponent (e.g. doped) metal-oxide nano-
crystals by nonthermal plasma with a uniform composition
distribution and apparently without significant segregation of
the dopant. The concept involves two sequential stages and is
termed a dual-plasma process. The first stage causes the metal
precursors to react and metal components to mix, without
oxidation, to form alloy particles. Oxygen is then added to the
stream, and in a second plasma, those alloy particles are
oxidized to form metal oxide nanocrystals. The process
concept, illustrated in Figure 1, is demonstrated using Sb−

SnO2. The dual nonthermal plasma process can synthesize
highly conductive, high surface area, and high porosity films
comprised of ATO nanocrystals in a single step, and those
unique material features enable application in electrochemical
devices. Films comprised of nanocrystals synthesized by the
dual-plasma approach have far superior conductivity to
samples synthesized using a single plasma wherein metal
precursors and oxygen are co-fed together. Furthermore, the
conductivity of films comprised of ATO nanocrystals
synthesized by the dual-plasma approach is on the order 0.1

S cm−1 in the as-deposited state, which is an order of
magnitude greater than the highest performance reported in
the colloidal literature and the highest conductivity ever
reported for as-deposited thin films of this type. Furthermore,
such high conductivity was achieved with films that have low
relative density of approximately 30%. Annealing of the films at
500 °C in air increased conductivity into the range from 10 to
100 S cm−1 and improved ambient stability, without significant
grain growth or change in relative density. Thus, assemblies
comprised of these chemically robust ATO nanocrystals are
competitive with high surface area carbon black electrodes.
Similar network conductivity and specific surface area can be
achieved using a more chemically robust material platform.

■ EXPERIMENTAL SECTION
Synthesis of ATO Nanocrystals. ATO nanocrystals were

synthesized using a flow-through reactor similar to the one previously
reported;2 however, the system concept was modified by adding an
additional discharge zone, thereby allowing the reactor to be operated
in either a single- or dual-plasma configuration. A schematic of the
reactor is presented in Figure 2. The discharge tube had inner and
outer diameters of 13 and 19 mm, respectively. Two organometallic
precursors were fed into the reactor via different temperature-
controlled gas bubblers. The tin (Sn) precursor, tetrakis-
(dimethylamido)tin (TDMASn, Strem, Newburyport MA), bubbler
was maintained at a constant temperature of 55 °C. The vapor
delivery lines were also heated to at least 55 °C to prevent
condensation. The antimony (Sb) precursor, tris(dimethylamido)-
antimony (TDMASb, Sigma-Aldrich, Saint Louis MO), was cooled
using an ice-bath and maintained at a constant temperature of 0 °C.
The total pressure in the TDMASb bubbler was controlled in the
range from 20 to 160 Torr to produce nanoparticles with dopant
fractions from 3 to 20% based on Sn. In a typical synthesis, the Sn and
Sb vapor precursors were fed into the reactor using argon (Ar) as the
carrier gas at a flow rate of 30 standard cubic centimeters per minute
(sccm) for each. Flow rates were controlled using mass flow
controllers (GE50A, MKS Instruments, Andover MA). The metal-
organic precursor flows were combined with an additional dilution Ar
flow of 270 sccm, and all three flows were introduced into the top
inlet of the reactor. The diluted metal organic precursor flows were
sent through a zone in which a first plasma could be ignited in the
absence of oxygen, if a dual-plasma synthesis was being conducted. If
a single-plasma synthesis was being conducted, then this first plasma
was off. Downstream of the first plasma zone, pure oxygen (O2) gas
was introduced at a constant flow rate of 100 sccm, through the
bottom inlet (Figure 2). Immediately downstream of the O2 inlet,
where both metalorganic precursors and O2 were present, was a
second zone in which a plasma could be ignited. For both single- and
dual-plasma syntheses, this second plasma was on (i.e., it was the only
plasma for single-plasma synthesis). The total pressure in the portion
of the reactor where nanocrystal synthesis took place was 15 Torr.
The electrodes used to generate the plasma were identical aluminum
rings mounted on the outside of the fused silica tube. The rings were
10 mm thick and separated by a 15 mm gap. In both the first- and
second-plasma zones, one ring was powered and the other was
grounded. The two plasmas were generated using separate radio-
frequency (RF, 13.56 MHz) power supplies (AG 0613, T&C Power
Conversion) that were coupled to the electrodes through separate
impedance matching networks. To prevent coupling between the first
and second plasmas, the two plasma zones were spaced 70 mm apart.
An RF power of 50 W was used to generate the first plasma, and the
power applied to the second plasma was in the range from 80 to 100
W.

In a typical dual-plasma synthesis, Sn and Sb vapor precursors were
fed into the first plasma to form metallic Sb−Sn alloy nanoparticles.
These alloy nanoparticles followed the flow field of carrier gas and
were introduced into second plasma together with O2. Under typical
synthesis conditions, the average residence time in the first plasma

Figure 1. Processing concept. Synthesis of uniformly doped ATO
nanocrystals is enabled by a dual-plasma approach.
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was 6.3 ms, and the residence time in the second plasma was
approximately 4.8 ms. ATO nanocrystals exited the second plasma as
an aerosol. The aerosol was then passed through a custom-made
nozzle. The geometry of the nozzle was 67 mm in length, with a slit
area of 0.8 mm × 20 mm and the nozzle stand-off distance from the
substrate holder of 6 mm. The ATO nanocrystals were accelerated to
supersonic velocity by passing through the nozzle and exited as a
particle beam.36 The pressure ratio across the nozzle was 23, and the
downstream pressure was approximately 0.66 Torr. The ATO
nanocrystals were then deposited by inertial impaction onto various
substrates (silicon wafer, glass, fused silica, or single crystal NaCl) that
were placed in the path of the particle beam. The substrates were
mounted onto a pushrod, which was moved back and forth during
deposition to allow for the formation of thin films from the impacting
nanocrystals. A typical deposition rate was 0.55 nm s−1.
Post treatment annealing of ATO thin films was carried out using a

laboratory-built system under flowing air. ATO thin films were placed
into a tube furnace and then heated to 500 °C at a ramp rate of 2.5 °C
min−1. The films were held at 500 °C for a duration of 2 h. After
annealing, the samples were cooled down to room temperature over
approximately 3 h.
Transmission Electron Microscopy and Energy-Dispersive

X-ray Spectroscopy. Samples used for transmission electron
microscopy (TEM) and scanning TEM (STEM) were prepared by
directly depositing ATO and antimony−tin (Sb−Sn) alloy nano-
particles onto carbon-coated copper grids (part number 01824, Ted
Pella, Redding CA) via inertial impaction. The deposition time was
10, 20, and 60−90 s, respectively, for Sb−Sn alloy, ATO from single
plasma, and ATO from dual plasmas. Nanoparticle characterization
was performed on a JEOL JEM-2100F field-emission transmission
electron microscope operating at an accelerating voltage of 200 kV
that was equipped with an energy-dispersive X-ray spectrometer
(EDS, XFlash Detector 5060, Bruker Nano GmbH, Berlin, Germany).
Bright-field images were taken in TEM mode. Composition
distributions were acquired by measuring EDS spectra from 102
spots of single-plasma sample and 85 spots of dual-plasma sample in
STEM mode with a spot size of 1 nm. EDS spectra of Sn Kα (∼26.3
keV) and Sb Kα (∼25.0 keV) were acquired between the energy
range from 0 to 40 keV, in a step size of 10 eV, with a 120 s
integration, by focusing the beam on random spots on NCs.
X-ray Diffraction. X-ray diffraction (XRD) experiments were

performed to determine the crystal structure of metallic Sb, metallic
Sn, Sb−Sn alloy, and ATO samples deposited on silicon and glass
substrates. Substrates were moved in a narrow range or held still
under the nozzle for 6−30 min to achieve a sufficiently high areal
mass density on the substrate. XRD patterns for the various samples
were acquired on a D8 Advance diffractometer (Bruker, Billerica,
MA) using a Cu radiation source (Cu Kα, λ = 1.541 Å). The XRD
patterns were collected for 2θ values in the range 20−65°, with a step
of 0.02° and a fixed counting time of 0.5 s per step. The crystallite size
was calculated from the most intense SnO2 (110) peak using the

Scherrer equation, assuming spherical grains. For more precise
measurement to determine lattice parameters, lanthanum hexaboride
(LaB6) was added to ATO samples as an internal standard, and the
counting time was 4 s per step. LaB6 (110) peaks were used as a
reference to correct for slight alignment discrepancies between
samples. The lattice parameters were determined using Rietveld
refinement with the program Profex.

Ellipsometry. Film thickness and SnO2 volume fraction were
measured using an α-SE spectroscopic ellipsometer (J.A. Woollam,
Lincoln NE) with an incident angle of 70°. The Bruggeman effective
medium approximation was used to model the porous thin film and fit
the spectra of samples in the wavelength range from 400 to 800 nm.
The use of an effective medium approximation is justified by the fact
that both the nanocrystals and pores in the film were much smaller
than all wavelengths of the light that was used. The model consisted
of three layers: silicon substrate, native oxide thickness of 1.6 nm, and
sample film layer that was treated using the effective medium
approximation. The film was assumed to be composed of SnO2 and
voids.37

Scanning Electron Microscopy. ATO films were deposited on
silicon substrates and then cleaved using a diamond scribe to make a
sharp edge. The cross sections were imaged edge-on. The scanning
electron microscopy (SEM) images were obtained using a Thermo
Fisher Quattro S ESEM operating at an accelerating voltage of 10 kV.

X-ray Photoelectron Spectroscopy. The elemental composi-
tion of ATO film samples was measured using X-ray photoelectron
spectroscopy (XPS) on a Physical Electronics PHI 5000 VersaProbe
II with monochromatic Al Kα line (1486.6 eV) illumination. The
samples were cleaned by Ar+ sputtering for 1 min at 2 keV. The
quantification of the Sb/Sn ratio was performed using calibrated peak
areas of Sn 3d3/2 and Sb 3d3/2.

Electrical Measurements. For electrical characterization, ATO
films were deposited on SiO2/Si substrates (300 nm SiO2 on 100 Si)
and press-bonded metallic indium served as contact pads. Room-
temperature Hall effect measurements were carried out using an
Ecopia HMS-5000, and samples had a van der Pauw electrode
configuration. The magnetic field was constant 0.542 T.

Photospectroscopy. For ultraviolet−visible (UV−vis) trans-
mission spectroscopy, ATO films were deposited onto fused silica
substrates and measured under ambient condition using a
spectrophotometer (Varian Cary 50 Bio). Fourier transform infrared
(FT-IR) spectroscopy was measured using Nicolette Nexus 470
operating in transmission mode. Uncoated NaCl substrates were used
for FT-IR spectroscopy. The spectra were baselined using the
transmission spectrum of a blank NaCl substrate.

■ RESULTS AND DISCUSSION

Achieving uniform composition is one of the fundamental
challenges in plasma synthesis of doped nanocrystals.

Figure 2. Experimental apparatus. (a) Schematic illustration of the ATO nanoparticle synthesis and deposition reactor. The ATO nanoparticles
were synthesized from the dual plasma system and then deposited by inertial impaction. (b) Dependence of the Sb/Sn ratio (measured by XPS) on
the nominal Sb/Sn flow ratio. Dashed line (grey) indicates a 1:1 dependence on the flow ratio. Because the measured composition was similar to
the nominal value expected from the flow rates, the nominal values are used in the text.
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Uniformity in this context has two meanings, and those
meanings will be treated in sequence.
First, one must consider the population of nanocrystals. The

overall ensemble stoichiometry can be controlled via the
relative feed rates of the different precursors, which is
evidenced in Figure 2b. However, at the single nanocrystal
level, there is always a distribution in composition. The first
meaning of uniformity is that each of the nanocrystals has
similar overall composition, or in other words, that the
composition distribution is narrow. A uniform composition
distribution can be achieved by rapid mass exchange between
the nanocrystals in the synthesis environment. Collisions
between nanoparticles in a nonthermal plasma are suppressed
by Coulombic repulsion, which is caused by unipolar negative
charging.33 Therefore, mass exchange through the vapor phase
is more promising as a route to achieve rapid mixing and a
uniform composition distribution. Our group has recently
demonstrated that if metallic elemental nanoparticles are fed
into a nonthermal plasma similar to the one used here, then
those particles rapidly vaporize and mass is exchanged to create
alloyed nanocrystals.38 As one might expect, materials with a
low surface binding energy more easily vaporize in this
nonequilibrium environment than materials with high surface
binding energy.38−40 Thus, nanoparticles comprised of metallic
elements are expected to mix more rapidly to achieve a
uniform composition distribution when compared to refractory
materials containing the same elements, such as the
corresponding nitrides39 and oxides.
Second, at a single nanocrystal level, the goal is to have the

composition be uniformly distributed in the particle interior.
This is a well-recognized challenge in the synthesis of doped
nanocrystals.41 In the case of nanocrystals comprised of doped
TCOs, suppressing surface segregation is a primary challenge
because the secondary phases are resistive.1 If the mixed phase
of the dopant and matrix is thermodynamically favorable, then
at the single nanocrystal level, achieving a uniform composition
is facilitated by having a large solid-state diffusion coefficient.
Again from this perspective, it is advantageous to mix the
elements in the metallic state before oxidation. To illustrate
this idea, consider the solid-state diffusion coefficient of Sb in
Sn compared to Sb in SnO2. The diffusion coefficient of Sb in
SnO2 is 10−19 cm2 s−1 at 560 °C,42 which is 8 orders of
magnitude smaller than the value of Sb in solid Sn metal,
which is 10−11 cm2 s−1 at 209 °C.43 It is reasonable to consider

these elevated temperatures because the plasma has the ability
to heat nanoparticles to temperatures that can be hundreds of
degrees higher than background gas temperature.44−46 If the
temperature of metallic nanoparticles is higher than their
melting point, liquid metal solution (Sb−Sn) will be formed.
The diffusion coefficient of Sb in liquid Sb−Sn metal solution
is even higher, 10−5 cm2 s−1 at 450 °C.47 Consequently, if the
goal is to synthesize nanocrystals with a spherically uniform
dopant fraction in the interior, then there is a clear advantage
to mixing the elements in a metallic state before oxidation,
when compared to co-feeding both the metallic precursors and
oxygen into a single discharge.
Taking the above considerations in mind, we pursued a dual-

plasma strategy to synthesize Sb−SnO2 nanocrystals with a
uniform composition distribution that provided high electrical
conductivity in the as-deposited state. The general idea is to
feed the metal precursors together with argon gas into a first
plasma, wherein the precursors decompose into the constituent
metallic elements. In the first plasma, metallic particles easily
vaporize, and mass exchange resulting from that vaporization
creates alloyed Sb−Sn nanoparticles, similar to our previous
results on GaSb.38 These alloy particles can then be oxidized in
a second plasma by adding O2 to the aerosol after the first
plasma. When compared to a single-plasma approach, which
involves co-feeding the metal precursors and O2 simulta-
neously, the sequential dual-plasma approach of metal alloy
formation followed by oxidation to metal-oxide resulted in a
much more uniform composition distribution and much higher
electrical conductivity.
Metallic and metallic alloy nanoparticles were synthesized in

the first plasma. Experiments were conducted in which
TDMASn, TDMASb, and Ar were fed into the first plasma,
while the oxygen flow, and second plasma, were off. The
nanoparticles were collected on a silicon substrate by
supersonic impact deposition and then characterized by
XRD. If only Sn precursor was on, and no Sb precursor was
used, then the XRD pattern was consistent with metallic tin
(Figure 3a, tetragonal structure, space group I41/amd, JCPDS
file card no. 04-0673). Similarly, if only Sb precursor was fed
into the first plasma, then the nanoparticles collected on the
substrate were metallic Sb (Figure 3a, tetradymite structure,
space group R3̅m, JCPDS file card no. 05-0562). For small mol
fractions of Sb in Sn, there is little change in the crystal
structure of the host Sn lattice and thus mixing would be

Figure 3. Thin film characterization. (a) XRD pattern of as-deposited tin dioxide (PDF 00-041-1445), Sb0.5Sn0.5 alloy (PDF 00-033-0118), metallic
Sn (PDF 00-004-0672), and metallic Sb (PDF 00-005-0562). The metallic films were synthesized under Ar plasma. (b) Representative TEM
micrographs of Sb−Sn alloy nanoparticles synthesized under Ar plasma.
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difficult to demonstrate by XRD. However, several line
compounds exist on the Sb−Sn phase diagram,48 which have
unique diffraction patterns that are not linear superposition of
the metallic elements. Thus, we performed an experiment at
high Sb concentration, specifically a flow ratio of Sb/Sn that
was 40%. At this overall composition, a physical mixture of the
SbSn alloy and Sn metal is expected at equilibrium.48 Indeed,
the XRD pattern displayed a distinct peak at 2θ = 29.2° that
was not present in either the Sb or Sn diffraction patterns
(Figure 3a), which is consistent with an Sb−Sn alloy
(rhombohedral structure, space group R3̅m, JCPDS file card
no. 33-0118). There were also features in the pattern
consistent with the Sn metal, as expected given the equilibrium
phase mixture described by the phase diagram. Moreover, the
material was composed of nanocrystals (Figure 3b). The
conclusion of this experiment is that the first plasma does,
indeed, promote mixing of the metallic elements to form
metallic alloy nanoparticles in the first plasma of the dual-

plasma process. The same behavior is also expected for smaller
Sb flow fractions that would be more relevant for Sb−SnO2, in
the range from 1 to 10%.21,23,49−51

If oxygen was added to the aerosol eluting from the first
plasma, then metal-oxide nanocrystals were synthesized in the
second plasma of the sequential dual-plasma process. An XRD
pattern acquired from a sample of nanocrystals comprised of
ATO nanocrystals with 3% Sb/Sn ratio is presented in Figure
3a, which clearly demonstrates that the material was crystalline
tetragonal, cassiterite SnO2 (PDF 00-041-1445). An example
UV−vis transmission spectrum of a film comprised of Sb−
SnO2 (3% Sb) nanocrystals, 170 nm in thickness deposited on
a fused silica substrate, is presented in Figure 4f. The film
displayed very high transmittance, 90% or greater, over the
entire visible wavelength range, which further confirms that the
metal particles had been oxidized. As an aside, similar
experiments conducted without the second plasma and
without oxygen produced films with a metallic appearance

Figure 4. TEM analysis of ATO nanocrystals. Morphology of ATO nanoparticles with 3% Sb/Sn ratio. (a) TEM image of nanocrystals with a
tetragonal crystal structure synthesized by dual plasmas. (b,c) Representative TEM micrographs of ATO nanocrystals synthesized by dual plasmas.
(d) Selected area electron diffraction pattern of nanocrystals synthesized by single plasma. (e) Overview of the nanocrystals synthesized by single
plasma. (f) UV−vis transmittance spectrum of a bare fused silica substrate (dashed) and as-deposited film comprised of ATO nanocrystals with 3%
Sb/Sn of 170 nm thickness on fused silica substrate (solid).

Figure 5. Composition uniformity. (a) Histogram of the Sb/Sn ratio measured from STEM−EDS on samples comprised of ATO nanocrystals
having Sb/Sn of 18% with different plasma synthesis configurations: dual plasmas (grey) and single plasma (red). (b) Selected STEM−EDS
spectrum of an ATO 18% nanocrystal synthesized by single plasma.
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(data not shown). Bright field TEM images of the ATO
nanocrystals produced by the dual-plasma approach are
presented in Figure 4a−c. The mean diameter was 12 nm,
and the geometric standard deviation of the log normal
distribution was 1.7. The high-resolution TEM image in Figure
4a demonstrated that the nanocrystals produced by the dual-
plasma approach had a single crystallographic orientation. The
composition distribution was characterized using STEM−EDS
by acquiring spectra from 85 points and using the Kα lines of
Sn and Sb. The K lines are less intense than the L lines, but
extensive overlap between Sb and Sn L lines made
deconvolution prohibitively difficult. To compensate for
weak emission from K lines, samples were prepared at a
nominal Sb/Sn ratio of 18% to increase the intensity of the Sb
Kα line. A possible reason for the deviation of the dual plasma
Sb/Sn ratio from the nominal value is that a small amount of
Sb5+ dopants in the SnO2 structure was ejected as damage was
done to the metal-oxide material during the long dwell times
used for composition measurements by STEM.52 The
composition distribution of the ATO nanocrystals produced
by the dual-plasma approach was relatively narrow (Figure 5a),
meaning most particles had a very similar Sb/Sn ratio, as
expected given the rapid mixing in the first plasma prior to
oxidation. Furthermore, there was a systematic distortion in
the SnO2 lattice parameters with increasing Sb content, as
characterized by XRD (Figures S1, S2 and Table S1).
In comparison to the material produced by the dual-plasma

approach, the nanoparticles produced by the single-plasma
approach, in which organometallic precursors and O2 were
simultaneously fed into one plasma, were smaller in size and
more heterogeneous in composition. TEM images of ATO
nanocrystals produced at the same flow conditions as Figure
4a−c, but with single-plasma instead of dual-plasmas, are
presented in Figure 4e. The ATO particles, produced by single-
plasma, were mostly crystalline SnO2 (Figure 4d), with a mean
particle diameter of 3.7 nm and a geometric standard deviation
of 1.3. Although there was a narrower size distribution for the
single-plasma nanocrystals, the composition distribution was
extremely wide (Figure 5a). Indeed, despite the ensemble Sb/
Sn ratio of 18%, some of the particles had more antimony than
tin. In comparison to the dual-plasma approach, the single-
plasma approach is clearly more likely to result in resistive
secondary phases, that is, metal-oxides that are rich in Sb. The
wide composition distribution in the case of single-plasma not
only introduces resistive secondary phases but it also starves

some SnO2 particles of Sb dopants that are needed to increase
conductivity. The expectation, therefore, is that the dual-
plasma approach will produce much more conductive films
comprised of ATO nanocrystals than the single-plasma
approach.
The electrical conductivity of films comprised of ATO

nanocrystals prepared using the dual-plasma approach was at
least an order of magnitude higher than films prepared using
the single-plasma approach, for Sb-dopant fractions of
relevance to TCO applications. Conductivity measurements
for both as-deposited films and films post-annealed in air at
500 °C for 2 h and both dual- and single-plasma, are presented
in Figure 6a as a function of the Sb/Sn ratio. For thin films
made using the dual-plasma configuration, the conductivity of
intrinsic SnO2 was 6.7 × 10−3 S cm−1. The conductivity
significantly increased with Sb doping and displayed a
maximum of 0.34 S cm−1 at 3% Sb, a 50-fold increase
compared to the pure SnO2 thin film. As the Sb content was
increased beyond 9%, a gradual decrease in the conductivity
was observed, corresponding to a decrease in carrier
concentration and mobility. At higher Sb content, increased
disorder raises the activation energy of the donor, resulting in a
decrease of carrier concentration.53,54 Furthermore, carrier
mobility is deteriorated by scattering of charge carriers in
heavily doped samples.54,55 In comparison, ATO films made
using the single-plasma configuration exhibited very low
conductivities with a maximum value of 3.1 × 10−5 S cm−1

at a Sb doping content of 3% in the as-deposited state. In other
words, the most conductive dual-plasma films in the as-
deposited state had approximately 100 times higher con-
ductivity than the most conductive single-plasma films in the
as-deposited state. For the single-plasma synthesis, the
nanocrystals were smaller in size compared to dual-plasma,
and the films were more porous, both of which tend to
decrease the overall conductivity of the network through
purely structural effects.30 The conductivity decreases as a
power law with decreasing film density (see Supporting
Information). However, even after accounting for the effects
of lower film density and smaller nanocrystal size, the
conductivity of films comprised of nanocrystals synthesized
by single-plasma was unexpectedly low when compared to
dual-plasmas (see Supporting Information).
To our knowledge, the conductivity of 0.34 S cm−1 for the

as-deposited 3% Sb ATO film by dual plasmas is the highest
reported conductivity of a film comprised of ATO nanocrystals

Figure 6. Longitudinal and local conductivity. (a) Conductivity of films comprised of ATO nanocrystals as a function of composition. The various
samples were synthesized by single plasma and dual plasmas, with different post processing: as-deposited (AD) and annealed at 500 °C in air for 2
h (AN). (b) FT-IR absorption spectra of films comprised of ATO nanocrystals (3% Sb) deposited on NaCl substrates before (AD) and after (AN)
annealing at the same conditions as (a).
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without any thermal post-treatments. For comparison, the
highest conductivity that has been previously reported was 6.8
× 10−2 S cm−1, measured from pellets of as-prepared ATO
nanoparticles synthesized using colloidal methods.21 The
higher conductivity of thin films comprised of ATO nano-
crystals formed by the dual-plasma configuration reported in
this work is consistent with the idea that enhanced electron
transport can be achieved by using ligand-free nanocrystals.
Annealing at 500 °C for 2 h in air increased the conductivity,

for films prepared by both dual- and single-plasma approaches.
However, the dramatically higher conductivity for the dual-
plasma preparation remained, even after annealing (Figure 6a).
Take materials with 3% Sb for example. After annealing, the
dual-plasma conductivity increased from 0.34 to 12 S cm−1,
while the single-plasma conductivity increased from 3.1 × 10−5

to only 1.3 × 10−2 S cm−1 (Figure 6a). A conductivity of 12 S
cm−1 is technologically relevant for applications in which the
electrode is required to be porous and to have a high specific
surface area. Intrigued by the increase of conductivity with
annealing in the dual-plasma case, we decided to investigate
the changes in the material structure and properties that were
caused by annealing.
Experiments were performed to characterize how the

crystallite size and porosity of the film changed as a result of
annealing for 3% Sb samples prepared by the dual-plasma
approach. Crystallite size was determined by XRD peak
broadening using the Scherrer equation (Figure 7a).
Interestingly, the crystallite size was approximately the same
before (10.8 nm) and after (11.2 nm) annealing. That result
suggests that very little, if any, grain growth occurred. To verify
that conclusion, we performed spectroscopic ellipsometry on
the films before and after annealing and extracted the void
fraction by modeling the ATO layer using an effective medium
approximation. As expected, the relative density (i.e., SnO2
volume fraction) was the same, within the experimental margin
of error, before (28%) and after (30%) annealing. The
conclusion of negligible change in solid volume fraction was
also verified by SEM (Figure 7b). Thus, there were apparently
no changes in either the nanocrystal size, or the conducting
phase volume fraction, which are two key parameters that
influence the conductivity of a nanocrystal network.30 The
remaining parameters that determine the conductivity are (1)
the local majority carrier mobility, (2) the local majority carrier

concentration, and (3) the inter-particle contact area. Because
the nanocrystals produced by dual plasmas are already single
crystals before annealing (Figure 4a), the local majority carrier
mobility is not expected to change. Thus, experiments were
performed to assess if the local majority carrier concentration
changed as a result of annealing, for example, via dopant
activation.
The majority carrier concentration was measured by FT-IR

absorption spectroscopy and Hall effect measurements. The
local majority carrier concentration can be found by fitting a
Drude model to the FT-IR absorbance spectrum (Figure S3a,b,
Supporting Information).2 Samples were deposited on NaCl
substrates, and the FT-IR absorbance spectrum was measured
before and after annealing. The resulting plasmon peak was fit
using a Drude model to extract the local majority carrier
concentration and local majority carrier mobility (Figure 6b).
The results of the fit are presented in Table 1. As expected, the

local mobility did not change significantly as a result of
annealing. Interestingly, also the local majority carrier
concentration did not change as a result of annealing.
Furthermore, the majority carrier concentration, measured by
Hall effect after annealing, was very similar to the value
extracted from the fit of the FT-IR absorbance spectrum,
strengthening the conclusion (note: as-deposited films were
too resistive to reliably perform Hall effect measurements).
Therefore, annealing at 500 °C for 2 h in air apparently had no
effect on the local electronic properties, and the increase in
conductivity from 0.34 to 12 S cm−1 remains to be explained.

Figure 7. Annealing and structural changes. (a) XRD patterns of ATO nanocrystals synthesized at nominally identical conditions by dual plasma
with different post processing: as-deposited (grey) and annealed at 500 °C for 2 h in air (red). The grain sizes determined by peak broadening
using the Scherrer equation were 10.8 and 11.2 nm before and after annealing, respectively. (b) Cross-sectional SEM images of films comprised of
ATO nanocrystals on silicon substrates processed by the same methods as panel (a).

Table 1. Comparison of the Carrier Concentration and
Mobility of as-Deposited and Annealed Films Comprised of
ATO Nanocrystals with 3% Sb/Sn from Hall Effect and FT-
IR Absorption Measurements

as-deposited
(AD)

annealed
(AN)

longitudinal conductivity (S/cm) 0.3 12.4
Hall coefficient (cm3/C) −8.3 × 10−2

Hall carrier concentration (cm−3) −7.4 × 1019

longitudinal mobility (cm2 V−1 s−1) 1.0
local carrier concentration magnitude
(cm−3)

7.1 × 1019 7.7 × 1019

local mobility (cm2 V−1 s−1) 8 7
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By the process of elimination, the conductivity must be
increasing as a result of increasing inter-particle contact area
during annealing. In other words, annealing increases the
strength of the contacts between particles in the network,
which increases the network conductivity. This conclusion
would suggest that the annealed nanocrystal networks would
be more stable in the ambient compared to as-deposited
samples. To test this hypothesis, we prepared a series of
nominally identical films comprised of 3% Sb ATO nanocryst-
als and measured their conductivity as a function of time in the
ambient. The annealed samples exhibited excellent ambient
stability (Figure 8); however, the conductivity of the as-
deposited samples decayed with increasing time.

■ CONCLUSIONS
In this work, a processing concept of using dual plasmas was
presented as a means of synthesizing Sb−SnO2 nanocrystals
with uniform composition distribution and high electrical
conductivity in the as-deposited state. Well-mixed metallic Sb−
Sn alloy nanoparticles were synthesized in the first plasma from
a mixture of metalorganic precursors. The metallic nano-
particles were then oxidized to Sb−SnO2 nanocrystals in the
second plasma after adding a feed of O2. Taking advantage of
mixing Sn and Sb elements in a metallic state, the dual-plasma
process enabled a uniform distribution of the dopant element
(Sb) and overcame the challenge of surface segregation of
resistive phases. At a dopant ratio of 3% Sb/Sn, films
comprised of ATO nanocrystals displayed a conductivity on
the order of 0.1 S cm−1 with low relative film density of
approximately 30%, which is the highest conductivity reported
in the as-deposited state for materials of this type. It was also
found that annealing of the films greatly increased conductivity
and highly improved ambient stability. The work may expand
the possibility for multicomponent metal-oxide nanocrystal
synthesis through nonthermal plasma.
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(23) Müller, V.; Rasp, M.; Štefanic,́ G.; Ba, J.; Günther, S.;
Rathousky, J.; Niederberger, M.; Fattakhova-Rohlfing, D. Highly
Conducting Nanosized Monodispersed Antimony-Doped Tin Oxide
Particles Synthesized Via Nonaqueous Sol−Gel Procedure. Chem.
Mater. 2009, 21, 5229−5236.
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