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ABSTRACT: Semiconducting metal oxides (ZnO, SnO2,
In2O3, and combinations thereof) are a uniquely interesting
family of materials because of their high carrier mobilities in the
amorphous and generally disordered states, and solution-
processed routes to these materials are of particular interest to
the printed electronics community. Colloidal nanocrystal
routes to these materials are particularly interesting, because
nanocrystals may be formulated with tunable surface properties
into stable inks, and printed to form devices in an additive
manner. We report our investigation of an In2O3 nanocrystal
synthesis for high-performance solution-deposited semiconductor layers for thin-film transistors (TFTs). We studied the effects
of various synthesis parameters on the nanocrystals themselves, and how those changes ultimately impacted the performance of
TFTs. Using a sintered film of solution-deposited In2O3 nanocrystals as the TFT channel material, we fabricated devices that
exhibit field effect mobility of 10 cm2/(V s) and an on/off current ratio greater than 1 × 106. These results outperform previous
air-stable nanocrystal TFTs, and demonstrate the suitability of colloidal nanocrystal inks for high-performance printed
electronics.
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Flexible electronic systems have attracted significant interest
in recent years as a pathway to applications that benefit

from large-area form factors and mechanical flexibility.
Advances in thin-film materials and devices over the past
decades have helped to drive the development of flexible
electronic systems such as flexible displays, RFID tags,
electronic textiles, bioinspired sensors, and wearable or
implantable medical devices.1−4 Printing solution-based elec-
tronic materials is a particularly desirable path toward flexible
electronics because it is an additive process, which reduces
material usage and process complexity while enabling the
integration of different functional materials on an inexpensive
substrate.4,5

From a materials perspective, printed electronics require
highly repeatable synthetic methods to produce consistently
high-quality inks. Although most work on printed electronics
has focused on organic systems, inorganic materials are
particularly interesting in this regard because they offer
potential advantages in terms of performance, environmental
stability, and transparency. Two key pathways toward solution-
processed inorganic semiconductor materials have been
recently explored for TFTs: (1) sol−gels using metal precursor
solutions, and (2) colloidal nanocrystals. Despite the reports of
high-performance sol−gel TFTs, it is widely recognized within
the community that the device performance can be very
sensitive to precursor solution preparation and processing (i.e.,
the sit-time or “aging” of the precursor solution, and how

quickly the film is dried or annealed after deposition). For
example, Lee et al. recently demonstrated that controlling the
temperature of the precursor solution alters the ionic species in
solution; this changes the metal-oxide lattice formation in the
annealed film, thus significantly impacting the transport in the
TFT.6 Similarly, we have found that although sol−gels can
indeed provide high-performance semiconductors,7 in some
cases, the device performance is degraded as the sol−gel ink
ages (see the Supporting Information). Unfortunately, the
myriad process sensitivities have not been thoroughly studied,
and their impacts are not always understood. These instabilities
pose challenges both in terms of device uniformity and,
ultimately, the large-scale manufacturability of such an
approach to printed electronics.
Though much of the current printed electronics literature

focuses on ink formulations based on inorganic sol−gels,7−14
colloidal semiconductor nanocrystals are an attractive alter-
native that may provide more stable inks. Colloidal nanocrystals
can be easily solubilized in printable solvents, providing a highly
crystalline and phase-pure material in solution. The ligands that
help control particle growth during nanocrystal synthesis and
provide solubility in the final ink formulation can be tuned to
favor outcomes such as high mass loading or low sintering

Received: January 30, 2015
Accepted: April 27, 2015
Published: April 27, 2015

Letter

www.acsami.org

© 2015 American Chemical Society 10069 DOI: 10.1021/acsami.5b00893
ACS Appl. Mater. Interfaces 2015, 7, 10069−10075

www.acsami.org
http://dx.doi.org/10.1021/acsami.5b00893


temperature,15 and postsynthesis ligand exchange procedures
can allow further tailoring of the nanocrystal surface proper-
ties.16 Unlike sol−gel formulations, the size and shape of
colloidal nanocrystals can be adjusted during synthesis, and are
thus unaffected by the thermal budget constraints of the
substrate. In fact, this control over morphology and surface
chemistry has already led to the widespread use of sintered
metal nanoparticles to form electrodes and interconnects in
printed electronics.
Colloidal nanocrystals for thin-film semiconductors have

been explored as well, though that body of work has primarily
focused on exploiting the high degree of electronic coupling
that is achieved in quantum confined particles of metal
chalcogenides (CdSe, CdTe, PbSe, etc.); Talapin et al. provide
a thorough review.17 The significant drawbacks of these
materials have so far outweighed their potential benefits,
however; they typically deliver poor TFT mobility due to the
degraded transport resulting from the ligands that maintain
quantum confinement in the film, they are inherently toxic, and
their extreme sensitivity to air and moisture requires all device
fabrication and electrical characterization to be performed in an
inert-atmosphere glovebox. The recent development of
inorganic ligands16 and encapsulation schemes using atomic
layer deposition (ALD) prior to air exposure18 have led to
dramatic improvements in the electron transport of these
quantum dot films. Within the past year, Law and co-workers
reported a record air-stable field-effect mobility of ∼7 cm2/(V
s) in a quantum dot transistor.18 Although these advancements
are promising, the inherent toxicity and air sensitivity of metal
chalcogenide quantum dots pose significant technological
hurdles to their use in large-scale printing applications.
Recently, solution-processable routes to post-transition metal

oxides (ZnO, SnO2, In2O3, and combinations thereof) have
been an area of intense focus among the printed electronics
research community7−14 because this family of materials can
deliver electron mobilities in the amorphous phase an order of
magnitude higher than amorphous silicon.19 Many of these
materials are also nontoxic, adding to their appeal. In these
systems, indium is thought to be a key component for obtaining
good transport properties,20 and is included in many ternary
and quaternary metal oxide semiconductors (IZO, IGZO,
IZTO, etc.).8−14,19 Pure indium oxide has been less thoroughly
studied as a solution-processed semiconductor material, though
several reports of sol−gel indium oxide transistors thus far have
been extremely promising.10−12 Indium oxide nanocrystals are
particularly attractive for solution-processed semiconductor
thin films because they may be able to combine the high
performance and straightforward processing techniques of sol−
gels with the crystalline purity and size control of colloidal
nanocrystals. Several groups have reported on the synthesis of
In2O3 nanocrystals,

21−24 but the few reports of indium oxide
nanoparticle TFTs have exhibited poor transport (mobility
values of 0.004−0.8 cm2/(V s)) and poor electrostatic control
(on/off current ratios of ∼1 × 103 and lower).25,26 Further, the
effect of synthetic conditionsincluding choice of reagents,

reaction temperature, and purification methodson the
performance of printed electronics has not yet been studied.
In this work, we realize a dramatic improvement in perform-
ance in indium oxide nanocrystal TFTs; we show how
nanoparticle synthetic and device processing conditions can
be optimized to demonstrate high-performance transistors
using colloidal In2O3 nanocrystals as the solution-processed
channel material, without the need for specialized inert-
atmosphere fabrication or testing procedures. The motivation
to use nanocrystals in this case is not to exploit quantum
confinement effects; instead, we employ a sintering technique
that deliberately removes encapsulation molecules and excess
solvent, converting the solution-deposited layer into a high-
performance thin film.27,28 Furthermore, we investigate the
impact of a vacuum degassing step and reaction temperature
during the synthesis of indium oxide nanocrystals on their
performance as the semiconducting layer in TFTs. We report a
synthetic method that yields a high-quality indium oxide
nanocrystal ink for high-performance solution-processed
electronics, delivering transistors with performance character-
istics better than previously reported indium oxide nano-
particles25,26 or air-stable quantum dots,18 and comparable to
most sol−gel systems9,13,14 while delivering a pathway to stable
ink formulation.
We start from a method for obtaining highly crystalline

colloidal In2O3 nanocrystals published by Seo et al.21 We
synthesized soluble indium oxide nanocrystals utilizing a one-
pot thermal decomposition synthesis performed underan argon
atmosphere using standard air-free Schlenk line techniques
(Scheme 1). In a typical procedure, 1 mmol of indium(III)
acetylacetonate was mixed with 40 mmol of oleylamine in a
round-bottom-flask. The reaction was placed under vacuum
(∼100 mTorr), heated to 70 °C over 10 min, then held at that
temperature for 30 min to degas. The reaction was flushed
three times with argon during the degassing period. The
solution was then heated to 250 °C over 30 min under flowing
argon, and the reaction was allowed to proceed at that
temperature for 4 h. After cooling to room temperature, the
flask was opened to air. Insoluble reaction products (if any)
were removed by centrifugation, and then the nanocrystals
were precipitated by centrifugation and washed with ethanol.
The nanocrystals were redispersed in chloroform at a
concentration of approximately 1 wt % and transferred to a
glass vial for storage.
The size and morphology of the nanocrystals were

investigated using transmission electron microscopy (TEM),
and crystal structure was determined using X-ray diffraction.
Bottom-gate, top-contact thin-film transistor (TFT) structures
were fabricated utilizing the indium oxide nanocrystal solution
as the channel material. For convenience and repeatability of
testing, heavily doped silicon wafers with 100 nm thermally
grown SiO2 were used as the gate electrode and gate oxide,
respectively. It is generally observed that high-k dielectrics
deliver devices with higher performance when used as gate
dielectrics for metal oxide semiconductor channels. Therefore,

Scheme 1. Indium Oxide Nanocrystal Reaction
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high-performance devices were also fabricated using 40 nm of
ZrO2 deposited by atomic layer deposition (ALD) as the gate
dielectric instead of SiO2; all other processing was identical.
Indium oxide nanocrystals were spin-coated onto the gate
oxide, followed by an oxygen anneal for 1 h at 500 °C. Film
morphology and surface roughness were measured by atomic
force microscopy (AFM). Finally, aluminum source/drain
electrodes (50 nm) were deposited by thermal evaporation
through a shadow mask to produce TFTs. With the exception
of the oxygen anneal, all processing was performed in air.
Many studies have demonstrated that the presence of even a

small amount of water or organic impurities in a nanocrystal
synthesis can have a significant impact on the outcome of the
reaction.29 Thus, we investigated the effect of a vacuum
degassing step in the In2O3 nanocrystal synthesis procedure.
We compared the In2O3 particles resulting from a synthesis that
included a 30 min degas step at 70 °C, during which time the
reaction was purged three times with high-purity argon (our
standard reaction) with an otherwise identical reaction with the
degas step omitted. We observed a dramatic improvement in
the solubility of the final product in the reaction that included

the degas step. When the two samples were redispersed in
chloroform after collection from the reaction and washing in
ethanol, the sample that underwent the vacuum degassing step
dissolved immediately into a nearly transparent yellowish-blue
solution. In contrast, upon dissolving the sample that was
simply ramped to the growth temperature under argon flow
without the vacuum step, we obtained a cloudy yellow solution.
The marked improvement in solubility and lack of aggregation
in solution was also observed by TEM (see the Supporting
Information).
In addition to the removal of water, the improvement in the

solubility evident from this experiment may also be partially
attributed to the removal of other contaminants present in the
oleylamine. Technical-grade oleylamine is only 70% pure as
purchased, though it contains >98% primary amines. Shorter-
chain primary amines and saturated primary alkylamines will
generally have lower boiling points than the oleylamine and
thus be more easily removed during the vacuum degas step; this
purification step may have contributed to the high batch-to-
batch consistency we observed following the synthetic
procedure outline above. For example, despite the similar

Figure 1. Effects of growth temperature during synthesis (TGrow) on nanocrystal solubility, film quality, and TFT performance. (a) TEM images of
nanocrystals synthesized at temperatures from 210260 °C, and optical microscope images of the corresponding TFT samples. Scale bar = 30 nm
for TEM images; scale bar = 200 μm for optical micrographs. (b) Linear field-effect mobility from TFTs fabricated with nanocrystals from each
synthesis temperature. Mobility could not be extracted for devices from the TGrow = 230 °C sample because the film was not continuous, and no
working devices could be fabricated.
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length and basicity of oleylamine and octadecylamine, previous
studies have shown that using oleylamine as the stabilizer
allowed better control of nanoparticle size.30 In a study of Au
nanoparticles, Lu and co-workers attributed a more stable
precursor complex to the formation of a coordination bond
between the CC in oleylamine and the Au precursor, thus
decreasing the precursor decomposition rate and the nano-
particle growth rate.
Nanocrystal growth temperature is one of the most critical

aspects of the synthetic procedure.29 Providing sufficient heat
to the reaction turns the precursors into active atomic or
molecular species (monomers). The characteristics of the
nanoparticles are determined by the competing processes of
nucleation and growth during the reaction. In the nucleation
phase, precursors rapidly decompose resulting in a super-
saturation of monomers, then the nucleation of nanocrystal
“seeds”. Monomers remaining in solution following the
nucleation event are consumed during the growth phase:
monomers add to the nanocrystal seeds in solution, and the
particles grow. To obtain high-quality crystals, the reaction
temperature must be sufficiently high to allow rearrangement of
the atoms during growth, and to provide dynamic solvation by
the surfactant molecules.29 The binding strength of surfactant
molecules and the stability and diffusion rate of the
intermediate complexes in the reaction solution are all strongly
dependent on the reaction temperature: increasing the
temperature greatly reduces the stability of intermediate
complexes in the solution and increases their diffusion rates,
thus inducing nanocrystal nucleation and growth.29 Excessive
temperature, however, can lead to rapid and uncontrolled
growth, such that subtle kinetic or energetic effects cannot be
leveraged to precisely control particle size and shape. During
the course of the In2O3 synthesis, we observed a visible change
in the reaction from transparent yellow to dark gray at a
temperature of approximately 215 °C, and then another abrupt
change back to a yellowish translucent color at approximately
240 °C. No further color change was observed up to 260 °C,
until the reaction was cooled to room temperature. To
investigate the effect of nanocrystal growth temperature on
the performance of solution-processed nanocrystal TFTs, we
repeated the synthesis with varied reaction temperatures
between 210 and 260 °C. We examined each batch of
nanocrystals using TEM, then fabricated transistors and used
the extracted linear field-effect mobility as a metric for
comparing TFT performance.
At low growth temperatures, we observed polydisperse

nanocrystals with poor solubility, resulting in nonuniform
solution-processed semiconductor films. Large multicrystalline
particles were observed in the TEM images for temperatures up
to 230 °C (Figure 1a, left). It is unclear from the TEM images
whether the large particles are the result of a small number of
nucleation events followed by excessive growth, or if they are
aggregations of many smaller particles. These nanocrystal
solutions appeared cloudy immediately following synthesis, and
after ∼24 h, the particles had flocculated and precipitated out of
solution. Correspondingly, spin-coated films made using these
poorly solubilized particles were nonuniform at the device scale,
exhibiting thick streaks and/or patchy deposition (Figure 1a,
right). For growth temperatures below 230 °C, the particles in
the ink appeared large enough to form thick films that contain
percolation networks between the source and drain electrodes.
At a growth temperature of 230 °C, the semiconductor film

appeared patchy and discontinuous; as a result, no TFTs could
be fabricated.
As the growth temperature increased, there were fewer large

multicrystalline particles observed in TEM. This is consistent
with increased nucleation: a larger number of particle “seeds”
form, and growth is limited by the low concentration of
monomers in the reaction solution. The nanocrystals were
more uniform in size and their solubility improved; as a result,
the films became smoother and more continuous. At 240 °C,
many large particles were still present; by 250 °C, the particles
were relatively uniform in size and well-dispersed. At these
temperatures, uniformly smooth films were observed at the
device scale using optical microscopy. We further characterized
the nanoscale film morphology using atomic force microscopy
(AFM) for spin-coated films of In2O3 nanocrystals grown at
250 °C and observed a ∼32 nm thick film with surface
roughness of 4 nmRMS (see the Supporting Information).
Achieving such thin, smooth semiconductor films is critical to

maximize TFT performance, and to minimize variation
between devices on large-area substrates. Interestingly, the
TFT mobility does not vary monotonically with nanocrystal
growth temperature (Figure 1b). At lower growth temper-
atures, the indium oxide nanocrystal synthesis appears to be
growth-dominated, so the solution consists of large multi-
crystalline nanoparticles. Increasing the growth temperature
results in a larger number of smaller nanocrystals; this improves
solubility and produces thin films that are smoother and more
compact. Thus, we hypothesize that as the nanocrystal growth
temperature increases, the TFT mobility first drops as the
crystallite size shrinks, then it increases as the channel becomes
denser and more continuous. In addition, the high mobility of
the 210 °C sample could be partially attributed to an
incomplete precursor-to-monomer reaction, producing a
mixture of nanocrystals and intermediate precursor complexes.
In this case, nanocrystals would essentially be deposited in a
sol−gel, accounting for the higher mobility. This hypothesis
also explains the instability of the low-growth-temperature inks,
because sol−gels often rapidly form precipitates. It is also
consistent with the fact that the reaction is run below or near
the temperature where a color change is observed (215 °C),
which most likely indicates the monomer formation or a
nucleation event. Because all devices underwent a postdepo-
sition anneal at 500 °C for 1 h, residual ligands in the film are
not likely to be a dominant factor in the mobility variation.
The best combination of film morphology and TFT mobility

is achieved with a nanocrystal growth temperature of 250 °C.
No further improvements in solubility or TFT performance
were observed by raising the growth temperature above 250 °C.
Though the highest mobility was actually achieved using
particles grown at only 210 °C, it is important to note that this
result is ultimately undesirable for printed electronics because
of the poor ink stability and film uniformity. Aggregation of the
nanocrystals in the ink would prohibit its use in inkjet and
gravure printing applications because of nozzle clogging and
uncontrollable printing due to changing fluid properties. Film
quality is particularly problematic in fully printed devices,
because the deleterious effects of film roughness are
compounded as additional layers are deposited.
Having determined that 250 °C was the optimal nanocrystal

growth temperature for our TFTs, we further characterized the
as-synthesized material under this synthetic condition. A bright-
field TEM image of the indium oxide nanocrystals obtained
from a standard synthesis showed roughly spheroidal particles
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(Figure 2a) that are easily dispersed in nonpolar organic
solvents. Statistics collected from >100 individual particles
indicate that the average diameter of the as-prepared particles is
9.3 nm ±2.5 nm (Figure 2b). High-resolution TEM (Figure 2c)
confirmed the single-crystalline nature of the particles as
prepared; we measured 2.92 Å spacing between lattice fringes
in the phase-contrast image, corresponding to the (222)
interplanar spacing of bulk cubic In2O3 (PDF no. 00−006−
0416).
The X-ray diffraction (XRD) pattern shown in Figure 3 for

the nanocrystals as-deposited (dried in air at room temper-

ature) is well matched to that of bulk cubic In2O3 (PDF no.
00−006−0416). The average crystallite size calculated from the
Scherrer equation using the full-width at half-maximum (fwhm)
of the most intense reflection peak (2θ = 30.5°) is 10 nm. The
agreement of the particle size from TEM and the crystallite size
from XRD further confirms the single-crystalline nature of the
In2O3 nanocrystals produced using this synthetic procedure,
suggesting that a reaction temperature of 250 °C is sufficiently
high to allow rearrangement of atoms during nanocrystal
growth.

The transfer characteristics and output characteristics of a
typical In2O3 nanocrystal TFT fabricated at the optimal
conditions are shown in Figure 4, along with a schematic
drawing of the device structure. Metal-oxide semiconductors
are known to exhibit higher performance when they
incorporate a gate dielectric material with a high dielectric

Figure 2. (a) Transmission electron micrograph (TEM) of In2O3 nanocrystals from the air-free reaction of indium(III) acetylacetonate and
oleylamine at 250 °C. Scale bar = 10 nm. (b) Histogram of nanocrystal diameter calculated from >100 individual particles. (c) High-resolution TEM
confirming the single-crystalline nature of the particles; fringe spacing of 2.92 Å corresponds to the d222 interplanar spacing of bulk cubic In2O3. Scale
bar = 3 nm.

Figure 3. X-ray diffraction pattern of indium oxide nanoparticles as
deposited from solution (dried in air at room temperature), and
standard bulk cubic In2O3 reference spectrum (PDF no. 00−006−
0416).

Figure 4. (a) Structure of the back-gate, top-contact In2O3 nanocrystal
TFT. (b) Transfer characteristics and (c) output characteristics of a
TFT utilizing the In2O3 nanocrystals from a typical synthesis (TGrow =
250 °C following a vacuum degassing step) as the channel layer, after a
500 °C postdeposition anneal in oxygen.
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constant, particularly ZrO2; thus, we employed a 41 nm layer of
ZrO2 deposited by ALD (κ ≈ 21) and, as expected, the TFT
performance exceeds the results shown in Figure 1 for the same
nanocrystal synthesis protocol. This In2O3/high-κ device
exhibits an electron mobility in the linear regime of 10.9
cm2/(V s), with an ION/IMIN current ratio greater than 106 and
turn-on voltage of −1.5 V. The minimal hysteresis, steep
subthreshold swing of 0.3 V/decade, and good suppression of
carriers in the off-state are evidence of a high quality
semiconductor film with low trap density. Clear saturation is
evident in the output characteristics, indicating good electro-
static control. These devices, to the best of our knowledge,
exhibit a carrier mobility an order of magnitude higher than any
previously reported In2O3 nanocrystal TFT,25,26 and com-
parable to other solution-processed In2O3 TFTs.

13,14

In this work, we show that In2O3 nanocrystal inks are a
promising pathway toward high-performance, air-stable, sol-
ution-processed transistors. We have explored how In2O3
nanocrystal synthesis conditions impact TFT performance in
the context of printed electronic devices. The ligands that are
critical to controlling nanocrystal nucleation and growth also
provide solubility and ink stability, but residual organic material
in a TFT can degrade electronic performance. The nanocrystal
TFTs in this work have undergone a postdeposition anneal to
remove the surfactants from the nanocrystal surfaces, allowing
the particles to form a high-quality semiconductor channel
material. This in turn results in devices with excellent
performance, significantly better than previous reports on
indium oxide nanoparticle-based thin film transistors, and
similar to results obtained using sol−gel inks. Given the ink
stability benefits of nanoparticles, we thus posit that semi-
conductor nanocrystal inks are a promising route toward
exploiting the physical properties or inorganic solids while
leveraging the low-cost manufacturing methods of large-area
printing. Continuing work is needed to reduce the temperature
at which the ligands are removed, bringing down the total
thermal budget for the device fabrication to potentially enable
the use of plastic substrates and leverage low-cost roll-to-roll
printing processes.
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