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ABSTRACT: We developed a new class of organic surface
ligands; 2-aminopyridine (2AP), 4-aminobenzoic acid (4ABA),
and benzoic acid (BA); for use in the solution ligand exchange
of nanocrystals (NCs) in the presence of nitric acid (HNO3).
Here, colloidal NCs synthesis is used for the first time. These
short, air-stable, easy-to-model ligands bind to the surface of
the indium oxide nanocrystal (In2O3 NC) and provide the
electrostatic stabilization of NC semiconductor dispersions in
N,N-dimethylformamide, allowing for a solution-based deposi-
tion of NCs into thin-film transitors (TFTs). The shorter
organic ligands greatly facilitate electronic coupling between
the NCs. For example, thin films made from 2AP-capped In2O3
NCs exhibited a high electron mobility of μ ≈ 9.5 cm2/(V·s), an on−off current ratio of about >107, and a subthreshold swing of
2.34 V/decade. As the ligand length decreased, the electron mobility increased exponentially. Furthermore, we also report on the
temperature-dependent behavior of the electron transport of In2O3 NCs films, in the case in which thin films were cured at 150
°C, as the 2AP, BA, and 4ABA ligand molecules were sustained on the NC. We demonstrated a hopping transport mechanism
instead of a band-like transport, and the thermally activated carrier transport process governed the charge transport in our In2O3
NC thin-film solid.

KEYWORDS: In2O3 nanocrystals, ligand length dependence, temperature dependence, activation energy,
thermally activated carrier transport

■ INTRODUCTION

In recent years, the use of metal oxide semiconductors (MOSs)
in electronics has been investigated, such as for field-effect
transistors (FETs), due to their outstanding electrical proper-
ties, including a high carrier mobility and desirable optical
transparency.1 Indium oxide (In2O3) is an MOS that has been
considered to be an important semiconductor, and it has a band
gap of 3.6−3.75 eV at room temperature and an excellent
single-crystal mobility of 160 cm2/(V·s).2,3 Despite the fact that
the application of In2O3 into thin-film transistors (TFTs)
through the use of a precursor4−7 has been extensively
investigated, the fabrication of In2O3 TFTs through a
nanocrystal (NC) approach has not yet been achieved.
Currently, various morphology-tuned In2O3 NCs have been
extensively prepared and investigated by using fatty acids (e.g.,
myristic acid and oleic acid), fatty amines (e.g., trioctylamine
and oleylamine), or their mixtures. Prominently, Park et al. first
reported high crystalline and size-controlled In2O3 NCs from
indium acetylacetone precursor (In(acac)3) in the presence of
oleylamine as stabilizing surfactants.8 Morphological tuning and
optical properties of In2O3 NCs were distinctly observed by Liu
et al.9 and Ye et al.10 In continuing this investigation, our group
recently described solution-processed oleic acid (OA)-capped
In2O3 NC TFTs and found that the size of the NCs had an
effect on the performance of the TFTs.11 However, it has a

number of drawbacks in that OA acted as a bulky insulating
barrier between NCs, preventing charge transport, and the
complete removal of the long hydrocarbon chain surface ligand
by thermal treatment often generated multiple surface dangling
bonds and midgap charge-trapping states and typically led to
sintering of NCs.12,13 Numerous literature reports studied the
effect of the lengths of ligand molecules on charge transport in
arrays of NCs, for instance PbS quantum dots, which shows
that a strongly coupled, high mobility can be achieved by
replacing bulky, insulating hydrocarbons that are used as
ligands during synthesis with shorter ligands, which reduces the
interparticle spacing and allows proximal NCs.14−17 Here, we
demonstrate the use of high-performance In2O3 NC TFTs with
short molecules as ligands to reduce interparticle spacing and to
improve mobility. We synthesized highly monodisperse In2O3
NC samples and replaced the long-chain organic ligand on the
surface of the NCs by conducting a ligand exchange with a new
class of organic ligands that includes 2-aminopyridine, benzoic
acid, and 4-aminobenzoic acid. These are abundant, nontoxic,
compact, and stable organic ligands that are capable of
preserving the colloidal dispersibility of semiconductor NCs.
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We used a single-step, low-temperature, solution-based process
to form highly uniform and closely packed NC thin films. This
approach enables wide-area NC thin films to be fabricated at a
low cost. Here, we also describe how the electron mobility
depends on the ligand length. Room-temperature measurement
shows that the electron mobility increases exponentially as the
ligand length decreases. The charge transport mechanism is
elucidated by analyzing the temperature-dependent charge
transport characteristics of the NCs in the temperature range
173 K < T < ∼300 K by fabricating corresponding TFT devices.
It is therefore important to understand the effect that the ligand
has on the properties of the NC arrays to further exploit NC-
based devices.

■ EXPERIMENTAL SECTION
Chemicals and Materials. Indium(III) acetate (In(Ac)3, 99.99%),

oleic acid (OA, ≥95%), 1-octadecene (ODE, 90%), N,N-dimethylfor-
mamide anhydrous (DMF, 99.8%), 2-aminopyridine (2AP, 99%),
benzoic acid (BA, ≥99.5%), and 4-aminobenzoic acid (4ABA, ≥99%)
were obtained from Sigma-Aldrich, 1-octadecanol (ODA, 97%) was
obtained from Alfa Aesar, and all chemicals were used without further
purification. Chloroform (≥99.5%), acetone (≥99.5%), methanol
(≥99.5%), and nitric acid (HNO3, 60%) were purchased from
Daejung Chemicals (Siheung City, South Korea) and were used as
received.
NC Synthesis. In2O3 Nanocrystals (In2O3 NC-OA). A 5.3 nm

amount of oleic acid-capped In2O3 nanocrystals (In2O3 NC-OA) were
synthesized following the procedure we had previously published.11 In
a typical reaction, precursor solution was introduced in a 50 mL three-
neck flask and was loaded with 430 mg of In2O3, 1.28 g of OA, and
6.22 g of ODE. The solution was heated to 120 °C and was held under
a vacuum for 2 h. A separate 250 mL three-neck flask containing ODA
solution, including 12.72 g of ODA and 75 mL of ODE, was prepared,
heated to 120 °C, and held under a vacuum for 2 h. After degassing
both solutions in a vacuum at 120 °C for 2 h, the containers were
refilled with Ar. The ODA solution was heated to 310 °C, and then the
precursor solution was rapidly injected. The solution temperature was
dropped to 294 °C and maintained for 13 min, and then the reaction
was quenched. After the solution had cooled to 50 °C, the In2O3 NC-
OA was collected via dissolution/precipitation using hexane and
acetone solvents. The NCs were vacuum-dried for 12 h at 100 °C. A
slightly yellow powder was collected and well-dissolved in various
organic solvents.
Solution Ligand-Exchange Process. 2-Aminopyridine (2AP)

and 4-Aminobenzoic acid (4ABA) in the Presence of Nitric Acid-
Exchanged In2O3 Nanocrytals. In a typical procedure 300 mg of as-
synthesized NCs were dissolved in 30 mL of chloroform in a 40 mL
vial. The ligand-exchange reaction was performed using a homoge-
neous mixture of chloroform and methanol as solvents. The ligand
solution was prepared as follows. A 150 mg amount of ligand (2AP
and 4ABA) in 3 mL of methanol was mixed with 150 mg of nitric acid.
The ligand solution was added into the as-synthesized NC solution
with vigorous stirring. The mixture solution had a pH of 2.0−2.2.
When the target ligand solution was added, the NC solution became
turbid. To accelerate the ligand-exchange reaction, the solution was
heated to 60 °C, and then the NCs were allowed to precipitate to the
bottom of the 40 mL vial over the next 5 h. The upper solution was
decanted, and then, 10 mL of chloroform was added and stirred for 10
min. After the NCs had settled down, the upper solution was removed,
and the NCs were washed one more time with chloroform. Then, 10
mL of methanol was added and stirred for 10 min, and the upper
solution was removed via centrifugation at 15000 rpm for 5 min.
Finally, 10 mL of chloroform was added and around 200 mg of the as-
exchanged In2O3 NC was obtained in a powder form after drying with
a rotary evaporator.
Benzoic acid (BA) in the Presence of Nitric Acid-Exchanged In2O3

Nanocrytals. The BA-capped NCs were prepared by developing a
simple ligand-exchange procedure based on the phase transfer of NCs

from a nonpolar organic medium (hexane) into a polar solvent such as
DMF. Typically, 200 mg of the as-synthesized NCs was dissolved in
3.8 g of hexane in a 20 mL vial. A solution of 100 mg of BA in 5 mL of
DMF was adjusted with 100 mg of nitric acid in another 20 mL vial.
The ligand solution was added into the as-synthesized NC solution
with vigorous stirring. To accelerate the ligand-exchange reaction, the
solution was heated to 60 °C until the hexane phase turned colorless
and a stable colloidal solution of NCs in DMF had formed. The upper
hexane solution was decanted out, and then10 mL of toluene was
added and stirred for 10 min. After the NCs had precipitated, the
toluene solvent was removed via centrifugation at 15000 rpm for 2
min. Then, the NCs were dissolved once again in DFM. Then, this
toluene/DMF washing process was repeated once more. Finally, 10
mL of toluene was added, and around 120 mg of the as-exchanged
In2O3 NC was obtained in a powder form after drying using a rotary
evaporator.

Fabrication of Thin-Film Transistors with Semiconductor
Layers from In2O3 NC Produced by Ligand Exchange. In2O3 NC
thin films were prepared by spin-coating a monodisperse, 3 wt %
solution of the as-exchanged In2O3 NCs with 2AP, 4ABA, and BA
ligands dispersed in DMF solvent on SiO2/Si substrates at 3,000 rpm
for 30 s. The substrates consisted of a 100 nm thick SiO2 layer on a
heavily doped p-type silicon wafer that served as the gate dielectric and
gate, with a resistivity of <0.005 Ω·cm and a thickness of 525 ± 25 μm.
The NC thin films were then cured at different temperatures (150 and
350 °C) for 3 h on a hot plate in an air atmosphere. Here, the Si-wafer
substrates were precleaned to improve the wettability of the DMF
coating solution on the surface of the Si wafer through a well-known
piranha treatment. The Si wafer was immersed in a solution of H2SO4
(35 mL) and H2O2 (15 mL) at 110 °C for 6 h and was then fully
washed with deionized water, ethanol, and acetone. Finally, the Al
source/drain electrodes were thermally deposited on the NC layers by
employing a shadow mask, which resulted in TFT devices with a
channel length of 100 μm and a channel width of 1000 μm.

Characterization. Field-emission transmission electron micros-
copy (FE-TEM) was performed using a JEM-2100F electron
microscope (JEOL, Japan) with an accelerating voltage of 200 kV.
For the TEM sampling, 0.2 wt % solutions of as-synthesized NCs in
toluene and as-exchanged NCs in DMF were drop-cast onto a carbon-
coated copper grid, and the solvents were evaporated in a vacuum.
Fourier transform infrared spectroscopy (FT-IR) was conducted on a
Nicolet 380 spectrometer (Waltham, MA, USA). Thermal gravimetric
analysis (TGA) was conducted using a METTLER TOLEDO
SDTA851e. The samples were heated at a rate of 10 °C/min from
room temperature to 800 °C in a dried-air atmosphere. High-
resolution X-ray diffraction (XRD) patterns were collected using an
X’Pert PRO Multi Purpose X-ray diffractometer (PANalytical, Almelo,
The Netherlands) with a Cu Kα source operating at 40 kV and 30 mA.
The TFT characteristics, including the transfer and output curves,
were obtained using an HP4145B semiconductor analyzer. The
temperature-dependent I−V measurements were obtained in the
vacuum chamber of a probe station (Model M5VC) by using an
HP4145B semiconductor parameter analyzer.

■ RESULTS AND DISCUSSION

Surface Modification of NCs. As-synthesized oleic acid-
capped In2O3 NCs (In2O3 NC-OA) were synthesized by
following the procedure we had previously published.11 The as-
synthesized In2O3 NC-OA was treated additionally to induce a
ligand exchange to 2AP, 4ABA, and BA in the presence of
HNO3, yielding 2-aminopyridine-capped In2O3 NCs (In2O3
NC-2AP), 4-aminobenzoic-capped In2O3 NCs (In2O3 NC-
4ABA), and benzoic acid-capped In2O3 NCs (In2O3 NC-BA).
Furthermore, the addition of HNO3, first, produced the salts of
amino acids, including 2-ammonium nitrate pyridine (2AP·
HNO3) and 4-ammonium nitrate benzoic acid (4ABA·HNO3),
and, second, made these carboxylic acids more acidic by acting
as a strong oxidizing agent. Therefore, the introduction of
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HNO3 into the ligand-exchange procedure affected both the
ligand-exchange efficiency and the packing at the NCs surface,
as schematically shown in Figure 1. These as-exchanged NCs
can be readily re-dispersed in various polar, hydrophilic
solvents, such as DMF, DMSO, and water, to form colloidal
dispersions. In particular, the as-exchanged NC dispersions in
DMF were the most stable without any detectable aggregation
or precipitation. Figure 2 presents TEM images of the In2O3

NC samples used in this study, indicating that well-defined
single-crystal In2O3 NCs were present before and after the
ligand exchange. The size of the NCs was reduced due to
surface etching (from 5.6 ± 0.4 nm for In2O3 NC-OA to 5.0 ±
0.4 nm for In2O3 NC-2AP, 5.3 ± 0.6 nm for In2O3 NC-BA, and
5.2 ± 0.6 nm for In2O3 NC-4ABA) during the ligand-exchange
process in the presence of nitric acid (HNO3). Structures were
prevented from forming. The NCs did not aggregate after the
surfaces had been modified. Subsequently, the XRD patterns
(Figure 3a) confirm the high crystallinity of the In2O3 NC
samples, showing that various diffraction peaks are assigned to
the diffraction from the (211), (222), (400), (440), and (622)
planes, respectively. Figure 3b shows the results of the TGA
studies for In2O3 NC before and after the ligand exchange. The
measurements were obtained by heating the samples from
room temperature to 500 °C in ambient conditions. The total
weight loss of the surface-modified as-exchanged NCs was of
only 10% for the 2AP-capped NCs and BA-capped NCs, and
7% for the 4ABA-capped NCs, which is much lower than that
of the as-synthesized NCs (∼15%), providing further evidence
of the complete exchange of OA ligands. The decomposition of
these ligands was observed to be complete at 350 °C for OA,
310 °C for 2AP, 400 °C for BA, and 350 °C for 4ABA, and after
that, no more decomposition was observed. Thus, curing
temperatures of 150, 250, and 350 °C were selected for the NC
TFTs in order to investigate the effects of the ligands on the
properties of the NC TFTs. The hydrophilic nature and the
reduced interparticle spacing of the surface-modified NCs
suggest the removal of the original organic ligands, which is
further confirmed via FTIR spectroscopy. The FT-IR of In2O3

NCs (Figure 3c) shows that the intensity of the aliphatic C−H

stretching vibration at 2800−3000 cm−1 ascribed to the OA
molecule significantly decreased after the surface had been
modified. Additionally, after the ligand exchange, as salts of the
amino acid NH3

+ NO3
− group formed in 2AP and 4ABA

ligands, the broad NH3
+ stretching band in the region 2600−

3100 cm−1 was weak and impossible to distinguish.
Furthermore, we assert that the vibration peak related to the
COO- group and NO3 groups were assigned to 1430−1650
cm−1, and the previous 1297 cm−1 peak was a result of the C−
N stretching vibration. Figure 3d shows a peak at 3005 cm−1

that corresponds to the C−H stretching vibration on the OA
ligand. After the ligand-exchange process, the C−H peak
disappeared, implying that the OA ligand had been entirely
replaced by the new 2AP, BA, and 4ABA ligands.16

High-Performance Thin-Film NC Transistors. We
demonstrate the utility of using solution-exchanged In2O3

NC-2AP, In2O3 NC-BA, and In2O3 NC-4ABA to spin-coat
NC dispersions from DMF (∼3 wt %) to fabricate the
semiconducting channels of thin-film FETs. Figure 4 shows the
device characteristics of the TFTs made from our as-exchanged
NCs as well as SEM images of the TFT channels assembled
from In2O3 NCs. Briefly, 3 wt % as-exchange In2O3 NCs in
DMF were coated on thermally grown 100 nm thick SiO2/p

+2-
Si substrates via spin-coating, and the resulting NC thin films
were heated to 350 °C for 3 h in an air atmosphere. Finally, the
NC TFTs were completed by using a thermal evaporator at a
pressure of 10−6 Torr with a shadow mask to deposit an
aluminum source and drain electrodes with dimensions of 1000
μm (W) × 100 μm (L) . Parts b, c, f, g, k, and l of Figure 4
depict the representative drain current (IDS) versus gate voltage
(VG) transfer curves that were obtained by sweeping VG from
−40 to +40 V at VDS = 40 V and IDS versus source drain voltage
(VDS) output curve as a function of the applied gate voltage,
indicating that the as-exchanged In2O3 NC thin films formed n-
channel FETs. The devices operate in an accumulation mode
by applying a positive gate bias since the concentration of the
majority carrier electrons contribute to the increase in IDS. The
device operation is adequately modeled by using the standard
FET equation, IDS = (Ciμ × W/2L)(VG − VT)

2, which

Figure 1. Schematic illustration of the ligand-exchange process with 2-aminopyridine (2AP), 4-aminobenzoic (4ABA), and benzoic acid (BA) in the
presence of nitric acid.
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employed the IDS and IDS
1/2 vs VG data in Figure 4b,f,k to

calculate the field-effect mobility for the electrons (μ), current
modulation (Ion/Ioff), threshold voltage (VT), and subthreshold
swing (SS). The summary in Table 1 shows the as-synthesized
In2O3 NC capped with oleic acid produced TFTs that were
highly insulating (μ = 0.43 ± 0.03 cm2/(V·s)).11 The
replacement of the bulky oleic acid with smaller 2AP molecule,
BA molecule, and 4ABA molecule reduces the interparticle
spacing from ∼1.2 to ∼0.4 nm and increases the In2O3 NC film
mobility by a factor of 20. Remarkably, the TFT In2O3 NC-2AP
channel shows the excellent mobility achieved to date of 9.5
cm2/(V·s); Ion/Ioff is above 10

7, with a threshold voltage of −12
V; the subthreshold swing, which is a critical metric for how
well the device turns on and off, is of 2.3 V/decade, which is

comparable to the as-synthesized In2O3 NC-OA. We can use
the Einstein−Smoluchowski equation18−20 to express the
tunneling rate, Γ, which is proportional to the mobility, as
follows:

Γ = − *Δ ℏ Δm E xexp[ 2(2 / ) ]2 1/2
(1)

where m*, ΔE, and Δx are the effective mass of the electrons,
the height of the tunneling barrier, and the interdot distance
between the NCs, respectively. Figure 5a presents the average
mobility in the linear regime for the TFT devices fabricated
using our method with 2AP, BA, and 4ABA organic ligands.
The data are linear on a semilog plot, with the highest mobility
for the three annealing conditions at 150, 250, and 350 °C of
2.3 × 10−3, 5 × 10−2, and 9.5 cm2/(V·s), respectively, with the
shortest molecule (2AP, ∼4 Å), and the lowest mobility of 2.1
× 10−5, 1.1 × 10−4, and 2.6 cm2/(V·s), respectively, measured
with the longest molecule (4ABA, ∼7.3 Å). Equation 1 shows
that the tunneling rate (Γ) increases as the barrier height (ΔE)
and NC interdot distance (Δx) decrease. Figure 5b shows the
molecular structures and the frontier orbitals of the four OA,
2AP, BA, and 4ABA ligands used in this study, which is
optimized using the DFT at B3LYP level and 6-31+G(d,p)
basis set in Gaussian03.21 Obviously, the electronic structure of
the oleic acid is different from that of the shorter 2AP, BA, and
4ABA molecules, and the decrease in the HOMO−LUMO gap
from the OA molecule (6.7 eV) is considerable, for example, to
2AP (5.4 eV). However, the similar HOMO−LUMO gap for
2AP, BA (5.7 eV), and 4ABA (5.0 eV) provides evidence that
the increase in the mobility is in fact set by the length of the
surface ligand rather than the different hopping barrier height.17

Temperature Dependence of Electron Mobility for
In2O3 NC TFTs. The temperature-dependent charge transport
behavior of the In2O3 NC TFTs cured at 150 °C was
investigated in a vacuum below 10−2 Torr. The samples cured
at 150 °C are chosen because the FT-IR spectra (Supporting
Information Figure S1) shows the surface structures of the NCs
in the thin films according to the curing temperatures. The
2AP, BA, and 4ABA ligand molecules are sustained on the NC
surfaces after being cured at 150 °C, as confirmed by the
appearance of peaks from 1550 to 1400 cm−1. When the curing
temperature increased to 250 °C, the exchange ligand on the
In2O3 NC had mostly decomposed, which is consistent with
the TG results shown in Figure 3b. Finally, when the NC thin
films were cured at 350 °C, the IR peaks show that the organic
functional groups had disappeared. For the SiO2 gate electric
layer, we observe a variation in the transfer curves of In2O3 NC
TFT as the temperature increases from 173 to ∼300 K. The
results show that as the temperature increases, IDS increases as
well and VT drifts toward the negative direction (Supporting
Information Figure S2). A positive temperature coefficient is
noted for the mobility (dμ/dT > 0; Figure 6a), demonstrating a
hopping transport mechanism instead of a band-like trans-
port.22−24 In the TFT devices, electron transport can take place
near the interface between the NC films and the SiO2, and
additional trapping can occur at this interface that contains a
large density of trapping sites associated with the surface
hydroxyl groups.25 A negative shift in VT with an increase in
temperature is explained by the generation of thermally
activated carriers from traps within the band gap of the
channel. Miller Abrahams provided the basis to calculate the
mobility of the charge carrier in disordered colloidal NC solids
at any temperature,17,20,26 which is a product of the exponential
distance and energy terms for which charge transport in NC

Figure 2. TEM images and sizing histogram of (a) as-synthesized
In2O3 NC-OA, (b) as-exchanged In2O3 NC-2AP, (c) as-exchanged
In2O3 NC-BA, and (d) as-exchanged In2O3 NC-4ABA.
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Figure 3. (a) XRD patterns, (b) TG curves, (c) FT-IR spectra, and (d) FT-IR spectra of CC bond peaks of the as-synthesized In2O3 NC-OA and
as-exchanged NC-2AP, NC-BA, and NC-4ABA.

Figure 4. SEM of the cross-section of the devices used in this work (a, e, and i); transfer (b, f, and k) and output (c, g, and l) characteristics of In2O3
NC-2AP, In2O3 NC-BA, and In2O3 NC-4ABA TFTs annealed at 350 °C.
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solids occurs by a nearest-neighbor-hopping (NNH)-activated
process, and a series of incoherent tunneling transitions take
place between adjacent NCs. The relation σ = enμ,27−31

indicates that the activation energy of such a thermally activated
process is described by the following equation

μ μ= −E k Texp( / )0 a B (2)

Furthermore, the activation energy (Ea) can be derived
according to the Arrhenius plot for μ. As shown in Figure 6b,
the log(μ)−1000/T plots exhibited a good linear dependency,
indicating that the thermally activated carrier transport process
was governed by a consistent energy barrier. The activation
energy for crystalline indium oxide ranges from 16 meV for
In2O3 NC-2AP to 39 meV for In2O3 NC-BA and 22 meV for
In2O3 NC-4ABA. This difference in the values of the activation
energy can be explained by the difference in the free carrier
concentration, which is a result of trapping at the boundary of

Table 1. Performance Characteristics of the Tfts Made of an n-Channel In2O3 NCs Layer

In2O3 NC curing temp (°C) μ (cm2/(V·s)) Ion/off VT (V) SS (V/decade)

OAa 350 0.4 ± 0.03 (8.3 ± 1.0) × 102 −17.9 ± 4.8 8.5 ± 2.0
2AP 150 (2.3 ± 0.1) × 10−3 (2.4 ± 1.0) × 104 −14.7 ± 2.5 4.3 ± 2.1
2AP 250 (4.7 ± 0.5) × 10−2 (5.2 ± 2.0) × 104 −20.1 ± 2.5 5.4 ± 2.5
2AP 350 9.5 ± 0.2 (1.7 ± 1.0) × 107 −13.4 ± 2.1 2.3 ± 0.2
BA 150 (3.6 ± 0.5) × 10−4 (9.0 ± 1.0) × 103 2.0 ± 5.0 1.9 ± 0.5
BA 250 (8.8 ± 1.5) × 10−3 (2.6 ± 4.0) × 104 −3.7 ± 2.0 2.4 ± 2.0
BA 350 3.07 ± 1.1 (1.2 ± 2.0) × 107 −10.5 ± 4.8 2.5 ± 1.1
4ABA 150 (2.3 ± 0.5) × 10−5 (4.6 ± 2.5) × 102 4.1 ± 2.8 1.3 ± 1.2
4ABA 250 (1.2 ± 1.5) × 10−4 (1.2 ± 2.0) × 103 2.7 ± 0.8 2.5 ± 0.9
4ABA 350 2.6 ± 0.2 (5.3 ± 1.0) × 106 −10.2 ± 4.7 2.5 ± 0.5

aData for In2O3 NCs capped with oleic acid (OA), as-synthesized, are extracted from ref 11. Mobility calculated from the equation μ = (2IDSL)/
[WCi(VG − Vth)

2].

Figure 5. (a) Electron mobility as a function of the ligand length in
In2O3 NC TFTs. (b) Molecular structures and frontier orbitals of oleic
acid (OA), 2-aminopyridine (2AP), benzoic acid (BA), and 4-
aminobenzoic acid (4ABA) ligands optimized using density functional
theory (DFT) at the B3LYP level and 6-31+G(d,p) basis set in
Gaussian03, respectively. The highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO) are
indicated with red and blue colors, respectively.

Figure 6. (a) Temperature dependence of the electron mobility and
(b) Arrhenius plot of μ versus 1000/T in vacuum for In2O3 NC TFTs,
film cured at 150 °C: blue line, In2O3 NC-2AP; red line, In2O3 NC-
BA; black line, In2O3 NC-4ABA.
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NC. The decrease in the free carrier concentration leads to a
displacement in the Fermi level to the bulk of the band gap and,
accordingly, to an increase in the activation energy.

■ CONCLUSION
The principal findings of this study are summarized as follows.
The temperature-dependent and surface ligand length-depend-
ent electron transport in In2O3 NC films was thoroughly
investigated. (i) We demonstrated that various short organic
ligands can bind to the surface of In2O3 NCs to provide
colloidal stability for the NC dispersions in DMF. These new
ligands represent a useful class of short, abundant, nontoxic,
compact ligands for use in a solution ligand-exchange process.
The shorter interparticle distance greatly facilitates electronic
coupling between adjacent NCs, leading to a high electron
mobility. For instance, 2-aminopyridine-capped NC arrays
exhibited a high field-effect electron mobility of ∼9.5 cm2/(V·
s), which is comparable to the record mobility for solution-
processed In2O3 NC arrays. (ii) The electron mobility increases
exponentially with a decrease in the ligand length. (iii) At a low
temperature from 173 to ∼300 K, electron transport followed
the nearest-neighbor hopping. We believe that this study
provides a fundamental understanding of the charge transport
in NC films, and this will promote the further development of
In2O3 NCs into thin-film transistors.
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