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ABSTRACT: Monodisperse 11 nm indium tin oxide (ITO) nano-
crystals (NCs) were synthesized by thermal decomposition of indium
acetylacetonate, In(acac);, and tin bis(acetylacetonate)dichloride, Sn-
(acac),Cl,, at 270 °C in 1-octadecene with oleylamine and oleic acid as
surfactants. Dispersed in hexane, these ITO NCs were spin-cast on
centimeter-wide glass substrates, forming uniform ITO NC assemblies
with root-mean-square roughness of 2.9 nm. The assembly thickness
was controlled by ITO NC concentrations in hexane and rotation
speeds of the spin coater. Via controlled thermal annealing at 300 °C for
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6 h under Ar and 5% H,, the ITO NC assemblies became conductive

and transparent with the 146 nm-thick assembly showing 5.2 X 107> Q-cm (R, = 356 Q/sq) resistivity and 93% transparency in
the visible spectral range—the best values ever reported for ITO NC assemblies prepared from solution phase processes. The
stable hexane dispersion of ITO NCs was also readily spin-cast on polyimide (T, ~360 °C), and the resultant ITO assembly
exhibited a comparable conductivity and transparency to the assembly on a glass substrate. The reported synthesis and assembly
provide a promising solution to the fabrication of transparent and conducting ITO NCs on flexible substrates for optoelectronic

applications.

B INTRODUCTION

Indium tin oxides (ITOs) represent a group of well-known
oxide materials that are both optically transparent and
electrically conductive for use as transparent electrodes in
organic light emitting diodes' and solar cells.” ITO has the
basic crystal structure of indium oxide, In,Os, with Sn** having
an aliovalent substitution of In**. Its transparency to visible
light comes from its large band gap energy between 3.5 and 4.3
eV,! while its conductivity originates from its intrinsic oxygen
vacancies and/or extrinsic defects caused by Sn** doping.’
Transparent and conducting ITOs for optoelectronic applica-
tions are prepared in thin film forms by sputtering and have
resistivities down to the 107" Q-cm level and transparency
greater than 85% in the visible spectral range."”* However,
sputtering cannot be readily used to control the patterns of
ITO films on flexible substrates® and has a production yield
generally lower than 30%.%”

Compared to sputtering, the synthesis and deposition of ITO
nanocrystals (NCs) from solution phase should be an attractive
and promising alternative for ITO film fabrication and
patterning:® the synthesis from solution leads to the formation
of ITO NCs with controlled size, morphology and
composition; and well-dispersed ITO NCs can also serve as
inks for inkjet printing and roll-to-roll production.®” Recent
advances in solution phase syntheses have demonstrated that
monodisperse NCs can be synthesized and assembled into
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uniform NC assemblies via cost-effective self-assembly
methods.'*™" However, similar synthesis and self-assembly
approaches have not been successful in fabricating ITO
assemblies with desired properties. ITO NCs are usually
prepared via high-temperature reactions in an organic solution
phase,M_17 solvothermal reactions in an autoclave,'®'® mi
wave-assisted reactions,” or sol—gel reactions on substrates.”
Because of the limited size and morphology control, these ITO
NCs are difficult to deposit into thin film forms. Instead, they
are typically compressed into micrometer thick pellets and/or
sintered at temperatures greater than 400 °C. As a result, they
are nontransparent and highly resistive (with resistivities higher
than 3 X 107> Q-cm), and are unsuitable for optoelectronic
applications.

Here, we report a facile solution-phase synthesis of
monodisperse ITO NCs and a spin-casting method to assemble
these NCs on centimeter-wide glass substrates to form densely
packed ITO NC arrays with high conductivity and trans-
parency. Different from previous methods, our synthesis
yielded monodisperse (standard deviation in diameter at 5%)
11 nm ITO NCs with composition tunable from 0 to 12 Sn
atom %. More importantly, using spin-casting, we deposited
ITO NCs uniformly on a glass substrate and controlled
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Figure 1. ITO NCs synthesized via a solution-phase reaction. (a) TEM image of self-assembled ITO NCs; (b) XRD of ITO NCs; (c) HRTEM
image of a single ITO NC; (d) photograph of a series of ITO NC dispersions in hexane with different Sn compositions.

assembly thickness from 30 to 146 nm. Treated under a
controlled thermal annealing condition, these assemblies
showed thickness-dependent resistivity and transparency. The
146 nm thick ITO NC assembly annealed under Ar and 5% H,
at 300 °C exhibited a resistivity of 52 X 107> Q-cm and
transparency as high as 93%—these are the best values ever
reported for an ITO NC assembly obtained from a solution-
phase process. Furthermore, the stable hexane dispersion of
ITO NCs was also readily spin-cast on polyimide (T, ~360
°C). Our synthesis and assembly provide a promising solution
to the fabrication of transparent and conducting ITO NCs on
flexible substrates for optoelectronic applications.

B EXPERIMENTAL SECTION

Synthesis of 11 nm ITO NCs with Sn at 10 atom %. A mixture
of indium acetylacetonate (In(acac);) (300 mg, 0.73 mmol), tin
bis(acetylacetonate)dichloride, (Sn(acac),Cl,) (30 mg, 0.078 mmol),
oleylamine (3 mL), and 1-octadecene (17 mL) was stirred under N,
flow in a four-neck flask with a distillation setup. This mixture was
heated to 250 °C for 30 min at 10 °C/min. After 30 min, oleic acid (1
mL) was added, and the mixture was heated to 270 °C for an
additional hour. After it was cooled to room temperature, 30 mL of
isopropyl alcohol was added. The product was separated by
centrifugation, and the precipitated NCs were redispersed in 20 mL
of hexane in the presence of oleylamine (0.2 mL) and oleic acid (0.2
mL). Twenty milliliters of ethanol was added to flocculate the NCs,
which were then separated by centrifugation. The process was
repeated once, and the final product, ITO NCs, was dispersed in
hexane for further use. In the synthesis, the amount of Sn precursor
added was used to control Sn composition in ITO NCs.

Preparation of ITO NC Assembly. An 18 X 18 mm? large glass
substrate was first dried in an oven at 140 °C overnight. A total of 0.2
mL of the ITO NC dispersion in hexane was spin-cast onto the glass
substrate at 5000 rpm for 35 s. To control the assembly thickness,
concentrations of the ITO NC dispersion were controlled from 13 to
90 mg/mL, which resulted in 23—146 nm thick NC assemblies. The
backside of the substrate was wiped clean with a hexane-soaked
Kimwipe. Finally, the ITO-coated substrate was annealed under a gas
mixture of Ar and 5% H, at 300 °C for the designated time.

Characterization of ITO NC and Their Assemblies. One drop
of the as-synthesized ITO NC dispersion (~0.5 mg/mL) was placed
onto carbon-coated copper grids, and hexane was allowed to evaporate

at room temperature. TEM and HRTEM images were taken on a
Phillips EM-420 TEM and a JEOL JEM-2010 TEM, respectively. X-ray
diffraction (XRD) patterns were collected on a Bruker D8 Advance X-
ray diffractometer with Cu Ka radiation (4 = 1.5418 A). Surface and
cross-sectional SEM images of the ITO NC assemblies were obtained
on a LEO 1530. Composition of ITO NCs was analyzed by ICP-AES.
To study the growth process of ITO NCs, an aliquot of the reaction
solution was withdrawn at different times. The thickness of the NC
assemblies was measured by ellipsometry. Using the ellipsometric data,
the packing density of the NC assemblies was determined by Maxwell-
Garnett effective medium approximation (EMA) (Supporting
Information).”" For ellipsometry measurements, ITO NCs were
spin-cast onto Si substrates under the same conditions mentioned
above because of the difficulty in measuring the thickness of ITO
assemblies on glass substrates. Sheet resistance of the ITO NC
assemblies was obtained by four-point probe measurements and the
van der Pauw method over the 18 X 18 mm? glass substrate. The Hall
Effect was measured by the van der Pauw method. Regional roughness
was analyzed by a Veeco D3100 AFM. Transmittance of the ITO NC
assemblies on glass substrates was measured by a PerkinElmer Lambda
35 UV—vis absorption spectrophotometer in the wavelength range
between 300 and 1100 nm.

B RESULTS AND DISCUSSION

Monodisperse ITO NCs were synthesized by the thermal
decomposition of In(acac); and Sn(acac),Cl, at 270 °C in 1-
octadecene with oleylamine and oleic acid as surfactants for NC
growth and passivation. These two metal precursors were
specifically chosen to prepare ITO NCs because they
decompose at a similar temperature, which facilitates the
doping of Sn*" into In,0;. Different metal precursors, such as
metal acetates and metal chlorides, were also tested but failed to
yield good quality ITO NCs. Figure 1a shows the transmission
electron microscopy (TEM) image of typical monodisperse
ITO NCs prepared using this synthetic approach. The NCs
have an average diameter of 11.0 & 0.6 nm and are prone to
self-assemble into a NC superlattice. Dynamic light scattering
(DLS) measurements confirm that the hydrophobic ITO NCs
are stable for months in a nonpolar or weakly polar solvent
such as hexane, toluene, or chloroform, as their hydrodynamic
size in a hexane dispersion showed no measurable change over
a four-month period (Figure S1). The XRD pattern of these
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NC assemblies (Figure 1b) indicates that the NCs have the
basic In,O; cubic bixbyite structure. The average grain size
estimated from the (222) peak broadening and Scherrer’s
equation is 8.1 nm, which is close to the size measured by
TEM. The NC structure is further analyzed by high-resolution
TEM (HRTEM) (Figure 1c), from which we observe that the
representative NC is a single crystal with a lattice fringe
distance of 0.91 nm, illustrative of the crystal lattice spacing of
the (222) planes.

The Sn composition in ITO NCs was tuned by the amount
of Sn(acac),Cl, used in the reaction mixture. For example, 0.07
mmol of Sn(acac),Cl, and 0.7 mmol of In(acac), yielded ITO
NCs containing 10% Sn. However, when the Sn amount
exceeded 15%, the NC shape could no longer be controlled
(Figure S2), which is likely the result of the distortion in the
In,O; crystal structure caused by the high percentage
substitution of In** by Sn*. With increasing Sn%, the final
color of ITO NCs varies from yellow to blue (Figure 1d), as
Sn*" dopants provide electrons to the conduction band of ITO,
and these free electrons are responsible for the surface plasmon
resonance in the near-infrared region that gives the dispersion
its blue color.>'¢ During the synthesis of ITO with Sn 10%, the
color of the reaction solution gradually changed from yellow to
green and finally to blue. TEM analysis indicated that the ITO
NCs began to form when the temperature reached 250 °C, and
ICP-AES revealed that the Sn composition in ITO NCs was
maintained throughout the synthesis (Figure S3 and Table S1).

The monodisperse ITO NCs were assembled on a glass
substrate by spin-coating the ITO NC dispersion in hexane.
The thickness of the assemblies was controlled by varying the
concentrations of ITO NC dispersions cast on the glass surface.
When 0.2 mL of 13, 30, 50, 65, and 90 mg/mL concentrations
of ITO dispersions were spin-cast onto a 3.24 cm? large square
substrate, assemblies that were 28, 63, 90, 123, and 146 nm
thick, respectively, were produced. To ensure the close packing
of NCs, the assemblies were annealed at 300 °C under Ar and
5% H, for 6 h. All assemblies appeared uniform over a 20 ym®
area, as seen from the scanning electron microscopy (SEM)
images (Figure 2ab). Analysis of atomic force microscopy
(AFM) images of the assemblies indicates that these assemblies
have a very smooth surface over a 25 ym? area with a root-
mean-square surface roughness of 2.9 nm (Figure S4). The
cross-sectional SEM image of the 80 nm thick assembly (Figure
2c) shows that the ITO NCs stack densely with no visible
cracks or pores. The packing density of the NC assemblies
determined by the Maxwell-Garnett EMA is greater than 70%
over the entire thickness range (Figure SS).

To achieve efficient charge transport within the ITO NC
assemblies, we annealed these assemblies at different conditions
and measured their resistivities. When the 120 nm thick ITO
NC assemblies (Sn ~10%) were annealed at 300 °C for 6 h
under Ar and 5% H,; Ar; and air, their resistivity values were
6.8% 1073 1.3 %107}, and 7.4 X 107! Q-cm, respectively. The
low resistivity from the assembly annealed under Ar and 5% H,
is a result of an increase in both oxygen vacancies and
electrically activated Sn*" doping in ITO NCs.** The effect of
surfactant on assembly resistivity was also studied on the
assemblies annealed under Ar and 5% H, at 300 °C. The 120
nm thick assemblies annealed for 3 and 6 h exhibited resistivity
values of 1.2 X 107> and 6.8 X 10~* Q-cm, respectively. Longer
annealing times (over 6 h) did not lead to significant resistivity
improvements. Infrared (IR) spectra of the 6 h annealed ITO
assembly show no obvious C—H stretches from the surfactants

B TN
500 nm
—

Figure 2. ITO NC assemblies fabricated from the spin-casting method
on glass substrates. (a and b) SEM images of the ITO NC assembly at
different magnifications; (c) SEM image of a cross-sectional view of an
80 nm thick ITO NC assembly. Inset: higher resolution SEM image of
the cross-sectional view of the 80 nm ITO NC assembly. The
assemblies were annealed at 300 °C under Ar and 5% H, for 6 h.

(Figure S6), indicating the absence of the original surfactants in
the ITO NC assembly annealed for 6 h. Detailed SEM analyses
on the annealed assemblies show no evidence for NC
aggregation/sintering or cracks within the assemblies.

Sn composition exhibits a strong effect on the resistivity of
the ITO NC assemblies. Figure 3a shows the Sn-composition-
dependent resistivities of the 120 nm ITO NC assemblies
annealed under Ar and 5% H, at 300 °C for 6 h. We see that
when Sn*" is doped into In,O; in small percentages (ca. 0—
5%), the resistivity value of the assemblies decreases sharply
with increasing Sn*" doping level, but beyond 10%, the
resistivity increases. This resistivity trend is consistent with
previous studies of Sn doping on the resistivity of ITO thin
films. At low Sn %, most Sn* doping provides free electrons,
increasing the carrier density; beyond 4% Sn concentrations, a
larger fraction of Sn doping becomes electrically inactive.”>>*
As a result, the carrier density is maximized at Sn ~10%.>>>%%
On the contrary, the mobility decreases with increasing Sn %
due to enhanced ionized impurity scattering and phonon
scattering.”>>*** Combined changes in the carrier density and
the mobility result in the lowest resistivity in Sn concentrations
of 5—10%.**** The ITO assemblies also show thickness-
dependent resistivities (Figure 3b). For assemblies with Sn
composition fixed at 10%, the resistivity decreases rapidly up to
thickness values of 95 nm and then remains relatively constant.
For an ITO NC film that is 146 nm thick with 10% Sn doping,
the resistivity reaches 5.2 X 107> Q-cm (R = 356 Q/sq)—the
lowest value ever reported for NC-based ITO thin-film
assemblies.

To understand the charge transport mechanism in ITO NC
assemblies, we measured the Hall Effect of the assemblies. The
changes of assembly mobility and carrier density with assembly
thickness are shown in Figure 3b. We find that with increasing
assembly thickness, the carrier densities increase while the
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Figure 3. (a) Resistivity changes in 120 nm ITO NC assemblies as a
function of the Sn atomic percentage; the y-axis is in logarithm scale.
(b) Resistivity, mobility and carrier density changes as a function of
the thickness of the ITO NC assemblies with ITO NCs containing
10% Sn. The assemblies were annealed at 300 °C under Ar and 5% H,
for 6 h. The error bars were from the measurements of five different
samples.

mobility values are relatively stable. Figure S5 shows that the
packing density of the ITO NC assemblies increases from 75 to
84% in the thickness range 63—146 nm. As higher packing
density (or less porosity) leads to a larger number of charge
carriers in a given volume, the increase in the carrier density
here should be the result of the increase in packing density in
thicker assemblies. Note that we did not report the carrier
density of the 28 nm thick assembly because the carrier density
was too small to generate a Hall voltage that could be measured
by our Hall measurement system. In addition, the effect of

thermal annealing on charge transport in the 146 nm thick ITO
NC assemblies was studied and compared with the sputtered
ITO film (Table 1). We found that the carrier densities in the
ITO NC assemblies studied were nearly identical, but the Hall
mobilities increased with longer annealing times and higher
annealing temperatures. Compared with Assembly 1, Assembly
2 has nearly double the Hall mobility, indicating that annealing
for a longer time facilitates the removal of surfactants and
enhances charge transport within the assembly. The surfactant
removal is further confirmed by IR analysis of the annealed
assemblies (Figure S6). The assembly annealed at 400 °C
(Assembly 3) exhibits a smaller resistivity at 1.8 X 107> Q-cm,
predominantly because of the large mobility present in the
assembly structure. However, this annealing condition resulted
in partial aggregation of ITO NCs and shrinkage in the
assembly (Figure S7) that also partially destroyed transparency
of the assembly. Compared with the data from the sputtered
ITO thin film (Table 1), the low mobility observed from the
current ITO NC assemblies is likely caused by the charge
scattering from the smaller ITO grain sizes and defects in the
NC assemblies.

The highly conductive ITO NC assemblies are also
transparent in the visible spectral range. Figure 4 shows the
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Figure 4. Percent transmittance of the glass substrate, the 28 nm thick
ITO NC assembly on the glass substrate, and the 146 nm thick ITO
NC assembly on the glass substrate measured in the wavelength range
from 300 to 1100 nm.

UV—vis spectra of the glass substrate and ITO NC assemblies
annealed at 300 °C for 6 h under Ar + 5% H,. The
transparency of ITO NC assemblies is reduced slightly by the
glass substrate, with the thinner assembly having a slightly
higher optical transmittance. The highly conductive 146 nm
thick assembly has transparency greater than 85% in the visible
spectral range when the glass substrate background is included.
With the exclusion of the glass substrate effect, the assembly has

Table 1. Electrical Properties of ITO NC Assemblies Annealed under Different Conditions

thickness resistivity
annealing condition (nm) (107 Q-cm)
Assembly 1 300°C3h 146 14
Assembly 2 300 °C6h 146 52
Assembly 3 400 °C 6 h 146 1.8
Sputtered Sputtered at 400 °C 137 0.13
Iro”

sheet resistance carrier density hall mcjbiliﬂr grain size”
(Q/sq) (10%° ecm™) (em v's™h) (nm)
93§ 2.7 1.7 13
358 4.1 29 13
118 2.8 12.5 11
9 10.5 42.9 22

“Grain size was estimated from Scherrer’s equation based on the analysis of the (222) peak broadening in the related XRD pattern. “Data from ref 4.
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a transparency of 93%. The high transparency and low
resistivity (5.2 X 107> Q-cm) exhibited by the 146 nm thick
ITO NC assembly already meet the requirements for electrodes
used in resistive touch panels.”

The high performance in both electrical conductivity and
optical transparency of the ITO NC assembly can be attributed
to the monodispersity of the ITO NCs prepared from our
unique solution-phase synthesis and the high degree of
uniformity in the thin-film assembly achieved via spin-casting.
A stable dispersion of monodisperse NCs is the most important
factor for an assembly to achieve a densely packed structure.
Any degree of aggregation of ITO NCs in the dispersion would
deteriorate the uniformity of the assembly produced from the
same spin-casting process, as demonstrated by the rough
surface shown in one assembly prepared from a dispersion of
partially aggregated NCs (Figure S8). Consequently, such a low
quality ITO NC assembly has a resistivity value of 1.6 X 107"
Q-cm, even after annealing under Ar and 5% H, at 300 °C for 6
h, which is the optimum condition we apply to treat all of our
ITO NC assemblies. Furthermore, the long hydrocarbon chains
present in the oleic acid and oleylamine surfactants, ca. 2.5 nm
long, are also responsible for the higher resistivity values in the
as-prepared ITO NC assemblies. Controlled thermal annealing
under Ar and 5% H, at 300 °C for 6 h is necessary to achieve
low resistivity in the assembly without causing NC aggregation/
sintering. We also tested the spin-casting process on a polymer
substrate (polyimide, T, ~360 °C) and found that the assembly
and annealing process worked equally well on this polymer
substrate—the 120 nm ITO NC assembly exhibited a resistivity
of 7 X 107 Q-cm. As a comparison, an ITO film deposited on a
polymer substrate via sputterin% at room temperature has a
resistivity of ca. 7 X 107+ Q-cm.”’

B CONCLUSION

We have presented a facile synthesis of monodisperse ITO NCs
with controlled size (11 nm) and Sn composition (0—12%).
The monodisperse ITO NCs are assembled uniformly via a
spin-casting process on a centimeter-wide glass substrate with a
root-mean-square roughness of 2.9 nm. Controlled annealing is
applied to treat the assemblies, and their conductivities are
dependent both on the Sn concentration and the assembly
thickness. The 146 nm thick ITO assembly annealed under Ar
and 5% H, at 300 °C for 6 h exhibits the lowest resistivity at 5.2
X 107 Q-cm and greater than 93% transparency in the visible
spectral range, achieving the best performance reported to date
for an ITO NC assembly. This excellent performance is
attributed to NC monodispersity and stability in solution,
which are critical characteristics for making uniform and
densely packed NC assemblies on a solid support. Furthermore,
our synthesis and assembly process is not limited to glass
substrates but can be extended to polymer films as well. With
proper surface coating control, these monodisperse and stable
ITO NCs should function as unique building blocks for
fabricating ITO NC assemblies on flexible surfaces with high
electrical conductivity and optical transparency for future
optoelectronic applications.
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