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Plasmonic nanostructures have attracted significant interest in
recent years because of their potential applications in molecular-
specific imaging and spectroscopy,’ chemical and biological
sensing,** biomedicine,”® and nano-optical devices.”* Most of the
fundamental interest has focused on the size, shape, composition,
and medium dependence of the surface plasmon resonance (SPR)
in noble metals, especially gold and silver nanostructures.’ This is
because gold and silver nanostructures exhibit SPR frequencies in
the visible—near-IR (vis—NIR) region, in contrast to their bulk
plasma frequencies of 6.5 and 9.2 eV, respectively. On the other
hand, a class of conducting metal oxides (CMOs) has plasma
frequencies, w,, of <3 eV.'>'! The SPRs for CMOs are phenom-
enologically the same as those observed in the noble metals, despite
the fact that CMOs have lower charge carrier densities (n ~ 107!
electrons/cm®) than typical metals (n &~ 10% electrons/cm?).'%~'2
The SPR absorption wavelength, 4, is observed as presented in the
following equation:

=24+ 2e,) (1)
where A, is the material’s bulk plasma wavelength, &~ is the high-
frequency dielectric constant, and &, is the dielectric constant of
the surrounding medium. This equation explains the trends that the
SPR absorption band is determined by the electron density of the
SPR material and the refractive index of the surrounding
medium.'*~'® By manipulation of these parameters, well-controlled
SPRs of CMOs will contribute significantly in plasmon science
applications because the use of expensive noble metals will no
longer be required. A few studies of SPR of antimony-doped tin
dioxide nanoparticles (NPs) have been reported,'®'” but the
synthesis of CMO NPs with controlled SPR properties is still a
great challenge. Here we report the synthesis of conducting indium
tin oxide (ITO) NPs and their SPR properties. The SPR peaks of
the ITO NPs were easily tuned by changing the In/Sn molar ratio.

ITO NPs with different concentrations of Sn doping were readily
synthesized by changing the In/Sn precursor ratios as follows. An
n-octylether (10 mL) suspension of indium(IIl) acetate (1.2 — x
mmol), tin(II) 2-ethylhexanoate (x mmol), n-octanoic acid (3.6
mmol), and oleylamine (10 mmol) was stirred at 80 °C under
vacuum for 30 min to form indium(IIl) octanoate. The solution
was heated at 150 °C for 1 h under a N, atmosphere and stirred for
a further 2 h at 280 °C to afford the ITO NPs. Repeated centrifugal
purification by ethanol gave pure ITO NPs. The resulting ITO NPs
were quite stable in toluene under ambient conditions for more than
1 year without changes in their optical absorption. As shown in
Figure la—c, similar-sized ITO NPs with different mole percentages
of Sn {%Sn = 100% x [Sn]/([Sn] + [In])} were successfully
obtained. X-ray diffraction (XRD) analysis revealed that the %Sn
in the ITO NPs could be controlled from 0 to 30% by changing
the %Sn in the initial feeding from 0 to 40% (Figure 1d).

The crystal structures of all the ITO NPs were in good agreement
with that of In,O3; NPs (Figure S1 in the Supporting Information),
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Figure 1. (a—c) TEM images of (a) In,O3 (11.3 £ 1.9 nm, 0% Sn), (b)
ITO (12.8 = 1.8 nm, 15% Sn) and (¢) ITO (11.2 £ 1.8 nm, 30% Sn) NPs.
The scale bars represent 100 nm. (d) Relationship between the %Sn in the
initial feeding and the %Sn in the doped ITO NPs.

indicating that the In atoms were replaced by Sn atoms to form
well-crystallized ITO NPs without formation of tin oxides such as
SnO and SnO,, which generate carrier traps at the grain boundaries
to give lower carrier densities. Figure 2a,b shows the UV—vis—NIR
spectra of ITO NPs with different %Sn. The ITO NPs had an
interband transition at ~400 nm and weak absorption in the red
visible region, resulting in a faint bluish color. The In,O; NPs did
not show an SPR peak, whereas the ITO NPs showed clear SPR
peaks from 1626 to >2200 nm. The SPR peak underwent a gradual
blue shift from >2200 to 1618 nm as the %Sn increased from 3 to
10% (Figure 2a). Further doping of Sn into ITO NPs led to a gradual
red shift of the SPR peak from 1626 to 1836 nm as the %Sn
increased from 15 to 30% (Figure 2b). The NPs with shorter SPR
wavelengths have higher free-electron densities, indicating that 10%
Sn-doped ITO NPs have the highest electron density of the studied
ITO NPs. These results are in good agreement with those for ITO
thin films produced by a sol—gel process, where a 10% Sn-doped
ITO film had both the highest electron density and the lowest
resistivity.'®'? In the electronic structure of an ITO crystal, a Sn
atom that replaces an In atom gives a single free electron. Therefore,
higher %Sn in the 0—10% range afforded higher free-electron
density. However, further Sn doping leads to electron trapping
around the Sn atoms, which decreases the electron density and gives
a lower SPR frequency.'® The SPR frequency is known to be
affected by the refractive index of the surrounding medium. From
Mie theory, plasmon material that is surrounded by a medium with
a higher refractive index is expected to have a lower SPR
frequency.'?*® As expected, the ITO NPs in hexane, cyclohexane,
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Figure 2. (a, b) UV—vis—NIR spectra of ITO NPs doped with (a) 3—10
and (b) 15—30% Sn. (c) Dependence of the SPR peaks of ITO NPs on the
doped %Sn. The peak wavelengths of 5, 8, 10, 15, 20, 25, and 30% Sn-
doped ITO NPs were 1940, 1772, 1618, 1626, 1650, 1782, and 1836 nm,
respectively. (d) NIR spectra of 8% Sn-doped ITO NPs in (1) hexane (n =
1.37, 1626 nm), (2) cyclohexane (n = 1.42, 1646 nm), (3) decahydronaph-
thalene (n = 1.48, 1664 nm), (4) o-dichlorobenzene (n = 1.55, 1682 nm),
and (5) nitrobenzene (n = 1.55, 1702 nm). The refractive indexes of the
solvents (n) and peak wavelengths are given in the parentheses.

decahydronaphthalene, o-dichlorobenzene, and nitrobenzene showed
different SPR peaks, reflecting the refractive indexes of the solvents
(Figure 2d). Despite the same refractive indexes of o-dichloroben-
zene and nitrobenzene, different SPR peaks were observed because
of the polarity of the nitro group, which interacts strongly with the
ITO NP surfaces to change the SPR frequency.

The ITO NPs could be used to form a densely packed ITO NP
film on a glass substrate. The 5 wt % toluene solution of 8% Sn-
doped ITO NPs was spin-coated onto a glass substrate to form the
ITO NP film with a 50 nm thickness. The SPR peak was red-shifted
from 1772 nm in the toluene solution to 1996 nm in the ITO film,
indicating the SPR coupling between the neighboring ITO NPs
(Figure S2).2'?? The ITO film was subsequently annealed at
600 °C under air for 30 min to remove the organic ligand layer.
Thermogravimetric analysis revealed that the ligand layer of the
ITO NPs was perfectly removed by annealing at 415 °C under air.
After the ITO film was annealed, its SPR peak was significantly
reduced, reflecting the decrease in the free-electron density. In
addition to the electron carrier generated by the doped Sn, oxygen
defects (i.e., two electron carriers) play an important role in electric
conductivity. The electron conductivity of an ITO film is well-
known to be significantly reduced by oxidative annealing as a result
of oxidation of the oxygen defects to give a lower electron carrier
density.>** The oxygen defects can be regenerated by reductive
annealing under an H, atmosphere, and this method could also be
applied to our ITO film. After the ITO NP film was annealed under
4% H,/Ar at 450 °C for 30 min, the SPR peak was regenerated at
2392 nm. The red shift by 396 nm from that of the spin-coated
ITO NP film shows stronger SPR coupling resulting from a
reduction of the interparticle spacing of the ITO NPs. XRD

measurements revealed that the crystalline diameter of the ITO NPs
was maintained after these annealing processes, and these results
also support the finding that the red shift of the SPR is not derived
from an agglomeration but the SPR coupling between the ITO NPs
(Figure S3).

In conclusion, we have demonstrated that the SPR peaks of ITO
NPs can be tuned by controlling the electron carrier densities. The
SPR absorption of ITO NPs was easily controlled from 1618 to
>2200 nm by changing the concentration of the Sn doping from 3
to 30 mol %. The shortest SPR wavelength at 1618 nm in the 10%
Sn-doped ITO NPs may reflect the highest electron carrier density
among the studied ITO NPs. This is the first example of well-
defined SPR-tunable conductive metal oxide NPs in the NIR region.
While gold is easily electrochemically oxidized, ITO can withstand
voltages of >1000 V in solution or polymer films. This indicates
the excellent stability of the ITO. Unlike noble-metal nanostructures,
ITO has no inter- and intraband transitions in the vis—NIR region
and represents a free-electron conduction, allowing us to systemati-
cally study the origin of the optical effects arising from the SPR of
conduction electrons.
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