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ABSTRACT: ITO/Au/ITO trilayers with varying gold spacer
layer thicknesses were deposited on glass substrates by pulsed
laser deposition. Transmission electron microscopy measure-
ments demonstrated the continuous nature of the Au layer
down to 2.4 nm. XRD patterns clearly showed an enhanced
crystallinity of the ITO films promoted by the insertion of the
gold layer. Compared with a single layer of ITO with a carrier
concentration of 7.12 × 1020 cm−3, the ITO/Au/ITO structure
achieved an effective carrier concentration as high as 3.26 ×
1022 cm−3. Transmittance and ellipsometry measurements
showed that the optical properties of ITO/Au/ITO films were
greatly influenced by the thickness of the inserted gold layer.
The cross-point wavelength of the trilayer samples was reduced
with increasing gold layer thickness. Importantly, the trilayer structure exhibited a reduced loss (compared with plain Au) in the
near-infrared region, suggesting its potential for plasmonic applications in the near-infrared range.

KEYWORDS: transparent conductive oxide, ITO/Au/ITO, pulsed laser deposition, electrical and optical properties, plasma frequency

■ INTRODUCTION

Noble metals such as gold and silver have been predominantly
used in the field of nanophotonics,1 plasmonics,1,2 and
metamaterial3,4 devices because of their high carrier concen-
tration N (NAu = 5.90 × 1022 cm−3, NAg = 1.07 × 1022 cm−3)
and low resistivity values. However, such metals are not optimal
for plasmonic devices operating in the near-infrared (NIR)
range because of the large optical losses and high negative real-
part permittivities.5 Recently, because of the unique plasmon
dispersion relationship, plasmonics with two-dimentional
materials (e.g., graphene6,7) or nanosized materials (e.g.,
nanoflakes of MoO3

8) have attracted lots of attention.
Unfortunately, the plasmons in these materials were all
observed in the mid-IR or longer wavelengths because of the
insufficient carrier densities.
Transparent conductive oxides (TCOs, such as Sn-doped

In2O3 (ITO), Ga-doped ZnO (GZO), and Al-doped ZnO
(AZO)) are promising materials for NIR plasmonics because of
their low losses in the NIR region.5,9−13 Advantages of TCOs
over noble metals include tunable optical properties according
to the deposition conditions and doping concentration, as well
as their chemical and mechanical stabilities.10 Various potential
applications in plasmonics such as sensing,14,15 localized surface
plasmon resonances (LSPR),16,17 photovoltaic and photo-
catalytic,18 and optofluidic applications19 based on TCOs
have been explored.
On the other hand, their relatively low carrier concentrations

(1020−1021 cm−3 even at ultrahigh doping levels) result in

crossover wavelengths (at which a sign change for the real-part
of permittivity occurs) around 1500 nm or longer.11−13,20−24 At
shorter wavelengths, surface plasmon is hardly or weakly
excited between the ITO and the dielectric interfaces.
Unfortunately, because of the low solid-solubility limits of
dopants and low ionization efficiencies, further improvement of
TCO carrier concentration faces significant challenges.11

Recently, semiconductor/noble metal/semiconductor struc-
tures were investigated with the aim of improving the electrical
and optical properties of TCOs.25 In such a structure, the noble
metal is invariably Ag or Au, and the semiconductors used
include ITO,26−31 ZnO,32,33 and AZO.34−37 For example,
Sytchkova et al.38 and Guske et al.39 systematically investigated
the optical and plasmonic properties of sputtered AZO/Ag/
AZO sandwich structures by varying the thickness of the silver
spacer. However, the problem encountered in both studies was
that the inserted metal spacer became discontinuous or porous
when the magnetron-sputtered Ag layer thickness was less than
a critical value (∼10 nm). As a consequence, detrimental effects
(optical scattering, electron scattering) induced by the metal
spacer should be considered when performing optical and
electrical characterization. A structure consisting of flat,
continuous, and ultrathin (less than 10 nm) metal insertion
layer sandwiched by TCO layers remains to be investigated.
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In this paper, we report the growth of ITO/Au/ITO
sandwich structures and performed electrical and optical
characterizations from the visible range to NIR. As compared
with doped ZnO (AZO40 or GZO41), ITO exhibits relatively
high carrier concentration if deposited at right temperatures.42

Besides, doped ZnO (AZO or GZO) shows less electrical
stability than ITO with thickness less than 30 nm.43 ITO was
therefore chosen as the TCO material.
Pulsed laser deposition (PLD) was employed to fabricate the

samples without breaking the vacuum. ITO/Au/ITO trilayers
with continuous Au insertion layer (thickness down to 2.4 nm)
were successfully prepared and confirmed by transmission
electron microscopy (TEM). The optical properties of the
trilayer structure with different Au thicknesses were investigated
by optical transmittance and spectroscopic ellipsometry
measurements. The crossover wavelength of the composite
structure’s real-part permittivity was found shifting to shorter
wavelengths as the thickness of the gold layer increased. Such a
structure offers the potential in plasmonic devices (sensors,
plasmonic waveguide, etc.) that operate in the NIR region.

■ EXPERIMENT DETAILS
ITO/Au/ITO trilayers were deposited in a PLD system equipped with
a KrF excimer laser source (Coherent, Compex Pro 205 F, λ = 248
nm, pulse duration of 25 ns) without breaking the vacuum.44 During
the deposition, 300 mJ laser pulses at a repetition of 5 Hz were focused
on the surfaces of the targets. The ITO target used in this work was a
10 wt % SnO2-doped In2O3 disk (purity 99.99%). Gold target of purity
99.99% was used for the deposition of the insertion layer.
All the films were grown on Corning glass substrates (Corning

Eagle XG AMLCD glass) with an area of 10 mm × 10 mm and
thickness of 0.7 mm. The glass substrates were ultrasonically cleaned
in acetone, ethanol and deionized water for 20 min and were
subsequently dried with a flow of nitrogen. The substrates were
attached to the substrate holder in the PLD system with silver
conductive paint. The chamber base pressure was better than 2 × 10−3

mTorr. The substrates were heated to 100 °C during the film
deposition process because ITO films deposited at room temperature
tend to show high resistivity (10−1 Ω·cm), while higher temperatures
cause Au layer clustering.45 The specific conditions of depositing the
ITO and Au layers are listed in Table 1. During the film deposition
process, the targets were kept rotating to avoid localized damages.

The microstructure and crystallinity of the films were inspected by
X-ray diffractometry (XRD, Rigaku Smart Lab with Cu Kα, λ = 1.5406
nm). The surface morphologies of the films were analyzed using field
emission scanning electron microscopy (FE-SEM, JEOL model JEM-
6335F), and the surface roughness was measured over 10 μm × 10 μm
of sample surfaces by atomic force microscopy (AFM, Xe-100, Park
System Corporation) under ambient conditions. To investigate the
electrical properties (carrier concentration, resistivity, and Hall
mobility) of the samples, four-point probes measurements (Ecopia,
HMS-5000) were performed with the van der Pauw configuration.46

Direct transmittances of the samples were obtained with Shimadzu
UV-3101 spectrophotometer in the range of 400−2500 nm. Bare glass

substrates used in this work exhibited 91% transmittance within this
range. Ellipsometric investigations were performed with a GES-5E
instrument (Semilab) in the range of 600−2000 nm. The optical
permittivities of the samples were obtained by fitting the ellipsometric
angles ψ and Δ using the WinElli II software.

■ RESULTS AND DISCUSSION
The XRD measurement results are presented in Figure 1. When
the gold spacer is absent, no peak can be observed, meaning

that pure ITO films deposited under the conditions of Table 1
are amorphous. After insertion of the gold layer, an indium
oxide (400) peak is revealed even with 2.4 nm of Au insertion
layer. All the XRD spectra of the trilayer samples exhibit two
peaks at (34.7° ± 0.1°) and (38.2° ± 0.1°), which correspond
to the bixbyite structure indium oxide (400) and Au (111),
respectively.29,30 As expected, the Au (111) peak becomes
sharper and stronger with thicker gold spacers. By comparison
with the standard XRD patterns of indium oxide (In2O3 PDF
no. 06-0416), tin oxide (SnO PDF no. 06-0395, SnO2 PDF no.
41-1445), and gold (PDF no. 04-0784), the possible phases
near the small peak (44.3° ± 0.1°) are SnO2 (210) at 42.634°,
SnO (102) at 44.392°, In2O3 (422) at 43.781°, and Au (200) at
44.392°. As this small peak also appears in the plain ITO
pattern, it should correspond to the phase of SnO (102).
To further explore whether the inserted gold layer was able

to improve the crystallinity of the upper ITO layer, ITO films
with Au buffers were also prepared on glass substrates and
characterized (hereafter ITO/Au bilayers for brevity). The
spectra of ITO/Au bilayers with different gold buffer layer
thicknesses (12.5 and 80 nm) are shown at the top of Figure 1.
Both the bilayer samples exhibit the same indium oxide (400)
and Au (111) peaks as the trilayer samples. Given the absence
of crystallinity in the bottom ITO layer (as evidenced from the
pure ITO film spectrum), we attribute the improved ITO
crystallinity to that of the upper ITO layer. We should also
notice that while there seems to be a strong dependence of ITO
crystallinity on the Au thickness in bilayer samples, a high level
of crystallinity can be obtained in the trilayers even with 2.4 nm

Table 1. Deposition Parameters of ITO and Gold Layers

ITO Au

base pressure (mTorr) 2 × 10−3 2 × 10−3

repetition frequency (Hz) 5 5
laser fluence (mJ·cm−2) 0.15 0.12
O2 pressure (mTorr) 1 vacuum
target to substrate distance (mm) 40 50
substrate temperature (°C) 100 100
layer thickness (nm) 30 2.4−19

Figure 1. XRD pattern of ITO single layer and ITO/Au/ITO trilayer
films with different gold insertion layer thicknesses. Also shown are the
spectra of ITO (30 nm)/Au bilayers of two different Au thicknesses
(see labels for details). The positions for ITO (400) and Au (111)
peaks are indicated as dotted and dashed lines in the figure,
respectively. Spectra for different samples are offset for clarity.
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of Au spacer. As reported,47 ITO films deposited below 150 °C
are generally amorphous, irrespective of the technique used.
Thus, we can infer that the inserted Au layer has improved the
crystallinity of the ITO films by acting as a crystalline substrate.
The improvement of crystallinity is attributed to the Au’s
continuous nature (as shown in TEM measurement in Figure
2) with (111) orientation, which acts as a substrate for the

subsequently crystalline growth of the upper ITO layer.29 It was
also reported in literature that Ni buffers could induce
crystallization of the otherwise amorphous silicon thin films
as a result of NiSi2 formation at the interface;48 judging from
the sharp ITO/Au interfaces in the TEM micrographs,
however, we eliminate the possibility of any compound
formation in our samples.
TEM was employed to obtain the film thickness and inspect

the homogeneity of the layers in the sandwich structure. The
TEM micrographs in Figure 2 show the trilayer sample with the
thinnest Au spacer (2.4 nm) at different magnifications. The Au

spacer shows good uniformity across the sample. Typically Au
deposited directly on glass substrates forms nanoclusters due
the low surface energy, and a substrate treatment is often
needed to improve the homogeneity of Au deposited on glass
surfaces.49 The introduction of ITO buffer layer greatly
improves the wetting conditions of gold,50,51 transforming the
gold film from island-like growth to layered growth at lower
thickness. This also echoes with the improved crystallinity of
the upper ITO layer in the trilayer samples with ultrathin Au
spacer: the uniform Au coverage on ITO bottom layer ensures
the growth of crystalline ITO upper layer, as contrasted with
the island-like Au grains that form on quartz and ITO
surface.45,52 It was reported53 that continuous ITO film of 2.5
nm could be deposited by PLD on glass substrates at 100 °C
(which is the temperature of deposition in this work). It would
be of interest to explore the optical and electrical properties of
ITO/Au/ITO sandwiches as the layer thickness approaches the
limit for continuous film growth.
Figure 3 illustrates the evolution of surface morphology

during the growth of the trilayers by investigating the build-up
samples of the trilayer structure with AFM.54 As can be seen
from Figure 3a, the 30 nm bottom ITO layer deposited on glass
has a relatively large surface roughness (root-mean-squared
roughness σrms = 0.61 nm). The deposition of 8.5 nm thick gold
on ITO (Figure 3b) results in a reduced σrms of 0.47 nm.
Finally, for the complete trilayer (Figure 3c) with 30 nm of
ITO on the Au surface, it has a σrms of 0.44 nm. The decrease of
σrms can be explained by the improved wetting condition on the
surface of the bottom ITO film. At first an amorphous ITO
layer is deposited on the glass substrate, followed by the
smooth and flat Au spacer layer with (111) orientation, which
induces the crystalline growth of the upper ITO film with an
improved surface morphology. The ability of PLD technique in
producing high-quality films could also contribute to the low
σrms of the top ITO, as the typical initial velocity of the atoms

Figure 2. (a) TEM cross-section micrographs of the ITO (30 nm)/Au
(2.4 nm)/ITO (30 nm) sample. Enlarged HRTEM image (b) shows
the thickness uniformity of the gold spacer.

Figure 3. Evolution of surface morphology (planar and 3D mode) in ITO (30 nm)/Au (8.5 nm)/ITO (30 nm) by AFM of build-up samples: (a) 30
nm ITO layer (σrms = 0.612 nm); (b) 8.4 nm Au on 30 nm ITO (σrms = 0.472 nm); (c) ITO (30 nm)/Au (8.4 nm)/ITO (30 nm) (σrms = 0.437
nm). Scan area is 10 μm × 10 μm for all scans.
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or ions is ≥104 m·s−1 (kinetic energy of ≥52 eV) in the ablation
plume.55 Such excitation energies of ablated species efficiently
increase the nucleation density on the surface as compared to
traditional sputtering or thermal evaporation methods.55 Thus,
the increased nucleation density results in an improved
smoothness of the deposited films.
Figure 4 presents the electrical properties (carrier concen-

tration N (■), resistivity ρ (▲), and Hall mobility μ (●)) of

the samples. The plain ITO film owns the lowest N (7.12 ×
1020 cm−3) and the highest ρ (7.95 × 10−4 Ω·cm) among all the
samples. After addition of the Au insertion layer, the carrier
concentration of the trilayer samples rapidly and monotonically
increases up to 3.28 × 1022 cm−3 as the Au thickness rises from
2.4 to 19 nm. At the same time the insertion of the Au spacer
leads a significant reduction of ρ from 4.18 × 10−4 to 1.15 ×
10−5 Ω·cm. Such a monotonous variation with Au spacer
thickness does not happen to the Hall mobility. Pure ITO film
has a relatively high mobility of 11 cm2·V−1·s−1, which drops to
a minimum for the trilayer with 4.4 nm of gold spacer. In
general, carrier density and mobility of the ITO films are
influenced by the oxygen vacancies and concentration of

substituted Sn4+ on In3+ sites.56 In this study all the ITO films
were prepared under identical conditions, so the oxygen
vacancies and doping should not lead to an increased carrier
concentration. It was suggested30 that the increase of N in
ITO/Au/ITO layers is due to the larger grain size (small grain
boundary density), which is accompanied by the decrease of ρ.
Also because of the insertion of the Au spacer, the crystallinity
of the upper ITO film has shown an improvement, which in
turn reduces the grain boundary density within the upper ITO
film (which was also observed in the ellipsometry data as
discussed later). Thus, the improved crystallinity of the upper
ITO layer would result in an improvement on the μ. The
presence of a minimum in μ can be understood as the
competing effects of bulk conduction (which allows high-
mobility transport) and interfacial scattering (which suppresses
the mobility values). With the absence the Au layer μ is solely
determined by the bulk of ITO. The insertion of Au introduces
two Au/ITO interfaces, which severely affects the electron
transport and lowers μ. Eventually the increasing Au thickness
permits electron transport across the bulk of Au (which has a
low resistivity) and leads to a revival of μ in the whole sample.
The spectral transmittance (380−2500 nm) of trilayer

samples as a function of Au insertion layer thickness is
illustrated in Figure 5a. The transmittance of glass substrate
(>90%) and plain ITO layer (nominally identical to the trilayer
structure with zero Au spacer thickness) are also displayed for
comparison. It is obvious that the overall transmittance of the
trilayer structure is highly influenced by the thickness of the
inserted gold layer. For a single ITO film the highest
transmittance is 79% at 990 nm, which decays to about 50%
at 2500 nm. The trilayer with 2.4 nm of gold spacer has a
relatively low transmittance in the visible range due to the
absorption and scattering by the gold spacer. It can be noted
that trilayer samples with 2.4−8.5 nm thick gold spacers show
higher transparencies than single ITO films between 450 and
650 nm; this is due to the interference effect introduced by the
inserted gold films.56−58 In order to further explain such an
antireflectance phenomenon, a simulated direct transmittance
based on the transfer matrix theory is presented in Figure 5b.
The simulation results indicate the changes of transmittance
with different thicknesses of the inserted gold spacer, which are
identical to those observed from the measured transmittance.

Figure 4. Carrier concentration (×1020 cm−3), resistivity (×10−4 Ω·
cm), and Hall mobility (cm2·V−1·s−1) of trilayers as a function of the
inserted gold layer thickness.

Figure 5. (a) Direct spectral transmittance of trilayer samples with different gold spacer thicknesses. The transmittance of bare Corning glass
substrate and a plain 54 nm ITO layer is illustrated for comparison. (b) Simulation of direct transmittance of ITO/Au/ITO trilayer structure as a
function of Au spacer thickness based on the transfer matrix theory.
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For thicker gold spacers, the measured transmittance between
450 and 650 nm range decreases and forms a narrow
transmission peak.
In the near-UV range the transmittance decreases linearly

with increasing gold spacer thickness. For single ITO film and
trilayer structure with 2.4 nm of Au spacer the fundamental
absorption edge30 is hard to be located because of the
extremely broad transmittance peak. As the gold layer thickness
increases, the absorption edge becomes sharper with the
absorption edge shifting to larger wavelengths. Such a shift in
the near UV term is consistent with the results of Bender et
al.59 and Kim et al.30 In the near-IR range, transmittance
decreases linearly with increasing Au spacer thickness, with the
transparent region shrinking and shifting to lower wavelength.
This shift is mainly caused by the increase of the reflectance,59

as induced by the increase of plasma resonance frequency (ωp)
of the free electron gas within the inserted gold layer (due to
the increased thickness) and the upper ITO layer (due to
improved crystallinity and proved in the ellipsometry results),
respectively. Just as shown in Figure 4, the sample carrier
concentration N increases with rising Au insertion layer
thickness. Assuming a homogeneous material, a higher carrier
concentration would result in a larger ωp:

ω
ε

=
*∞

Ne
mp

2

(1)

Here N is the carrier concentration, e is the electronic charge,
m* is the effective mass of an electron, and ε∞ is the high
frequency permittivity.60 Consequently, by insertion of gold
layers of different thicknesses between the ITO, the effective
plasma resonance frequency of the trilayers will be tuned
accordingly.
In order to investigate the trilayer structures’ plasmonic

properties as a function of the inserted gold layer thickness,
spectroscopic ellipsometry was used to characterize the films in
the spectral range 600−2000 nm at the incident angle of 62°.
The ellipsometry data were fitted to extract the optical
permittivity of each layer in the trilayer samples. An effective
medium approximation was then introduced to get the effective
permittivity of the trilayers in order to evaluate their plasmonic
properties. Because of the different crystallinity of the upper
and bottom ITO films in the trilayer structure (the upper ITO
is polycrystalline while the bottom ITO is amorphous, as
confirmed by the XRD measurements), the upper and bottom
ITO films were treated as two independent materials. The
permittivity of the bottom ITO film was fixed during the fitting
process (assumed to be equal to the permittivity of the 54 nm
thick ITO film deposited under identical conditions) on glass,
while the thickness was a free parameter. The model used to
describe the optical properties of each layer is the Drude model
without adding any Cauchy or Lorentz model components. It
was reported that because of the interband transition for Au

Figure 6. (a) Ellipsometric parameters, tan Ψ (red) and cos Δ (blue) for the trilayer sample with the thinnest Au spacer layer (2.4 nm). Points and
lines correspond to the experimentally measured and model-fitted values, respectively. (b) ε′ (black symbols) and ε″ (blue symbols) of the inserted
Au spacer as a function of its thickness in the trilayer structure. Solid lines represent the permittivity of 40 nm plain Au on glass. (c) ε′ (black
symbols) and ε″ (blue symbols) of the upper ITO layer in trilayers with different Au thickness. Solid lines represent bottom ITO layer’s permittivity.
(d) Crossover wavelength (λc) of the bottom and upper ITO layers’ real part permittivity as a function the inserted Au layer thickness.
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and onset of the band gap in ITO, it is hard to perform a purely
Drude fit to the permittivity at wavelengths shorter than 500
nm.60 Therefore, the fitting procedures were conducted in the
range of 600−2000 nm, where the Drude model is valid for
both materials. The Drude model is defined as follows:

ε ε= −
+

∞ Γ

( )
( )1

r

w

w

w

2

2

p

(2)

ε =
+

Γ

Γ

( )
( )

i

1
i

w

w w

w

2

2

p

(3)

Here Γ is the relaxation frequency and ω is the frequency of
free light. As a result, the free parameters (nine in total) that
need to be calculated are dITO1, ε∞,ITO1, ΓITO1, ωp,ITO1 (upper
ITO), dAu, ε∞,Au, ΓAu, ωp,Au (inserted Au spacer), and dITO2
(bottom ITO).
The results of the fitting were very good as can be seen from

Figure 6a, which illustrates the fitting parameters of the ITO/
Au (2.4 nm)/ITO sample as compared with the measured data.
The mean-square error (MSE) and coefficient of determination
(R2) of the ellipsometric parameter fittings were used to
evaluate the difference between the measured and fitted
curves.61 The high similarity between the fitting and the
measured data (MSE = 2.96 × 10−3, R2 = 0.91) exhibited the
reliability of the models and structures in retrieving the
permittivity of each layer.
Figure 6b shows the variation of the inserted Au layer

permittivity as a function of its thickness in the trilayer
structure. For comparison, the permittivity of a 40 nm plain Au
film on glass (fitted by ellipsometry measurement) is also
shown. The evolution of the inserted Au layer’s permittivity
exhibits a strong dependence on its thickness. The 2.4 nm Au
shows the smallest numerical value of ε′Au,2.4nm (−93) at 2000
nm, as compared to that of the plain Au ε′Au,40nm (−205) at
2000 nm; the 2.4 nm thick Au spacer also shows the largest
imaginary part of permittivity (ε″Au,2.4nm = 86 at 2000 nm,
approximately 6 times that of plain Au ε″Au,40nm = 15 at 2000
nm) among all the samples (comparison between the
permittivity of 2.4 nm thick Au and bulk Au can be seen in
Supporting Information Figure S1). The behavior of
permittivity for the 2.4 nm thick Au is mainly caused by its
lower carrier concentration and lower electron mobility as
compared to the bulk Au, as a consequence of the small grain
sizes (poor crystallinity of Au layer) which act like traps that
decrease the carrier density and hinder the electronic transport.
As the electron mobility is directly linked to the imaginary part
of permittivity,13,39 the lower mobility is responsible for the
large ε″ of the 2.4 nm Au spacer. This low mobility was also
confirmed by the Hall measurement: the mobility of the trilayer
structure suffers a drop after the insertion of the 2.4 nm gold
spacer (Figure 4). In addition to the mobility effect, the
electron-surface scattering is another factor that is attributed to
the large ε″ of 2.4 nm gold layer. For thin films or small
particles62−64 with thickness (dimensions) below the bulk
electron mean free path (∼37 nm at 300 K in Au),63,64 the
response of free-electrons can be greatly affected by electron
surface scattering, resulting in enhanced plasmon damping
(larger ε″). As the Au thickness increases, its properties get
closer to that of the 40 nm plain gold film. The real-part

permittivity of 13 nm thick gold spacer is nearly the same as
that of the plain Au film, while the imaginary part is slightly
larger than that of the plain Au; such an observation suggests
that the 13 nm Au film can effectively be treated as bulk. When
the Au spacer is 19 nm in thickness, ε″ is very close to that of a
plain Au film, but the numerical value of ε′ is a little larger than
that of the plain Au film. The strong dependence of the fitted
Au layer’s permittivity on the gold layer thickness provides
references to researchers who are investigating the application
of ultrathin continuous gold layers as plasmonic materials.
Figure 6c illustrates the evolution of upper ITO film’s

permittivity in different trilayer samples. The real and imaginary
parts of the bottom ITO film’s permittivity are represented as
solid lines for comparison. It can be seen from the figure that
the upper ITO film’s property is highly dependent on the
underlying Au film’s thickness. The crossover wavelength (λc,
the wavelength at which a sign change of ε′ occurs) of the
bottom and upper ITO films are shown in Figure 6d. The
bottom ITO has a relatively large ε′ (with λc = 1879.2 nm) and
low ε″ as compared with the upper ITO in any trilayer sample
prepared in this work; this coincides with the relatively low
carrier concentration of the plain ITO film, which results from
the amorphous crystallinity. On the contrary, the upper ITO in
the trilayer structure is polycrystalline, and the crystallinity
improves with increasing Au spacer thickness (Figure 1). When
the inserted gold spacer is 2.4 nm, ε′ of the upper ITO shows a
sharp drop (compared with bottom ITO), with λc shortened to
1819 nm, and the ε″ is smaller than that of bottom ITO. This
suppressed permittivity can be ascribed to the improvement of
the crystallinity of the upper ITO film introduced by the
inserted Au spacer, as good crystallinity helps to increase the
grain size and reduce the density of grain boundaries that act as
traps and reduces the carrier concentration. Also such grain
boundaries hinder the transition of electrons, causing the low
electron mobility that is closely linked to the large imaginary
part of permittivity. As the gold layer becomes thicker to 8.5
nm, the permittivity of the upper ITO film increases, and λc
shifts to a shorter wavelength. When the gold spacer thickness
reaches 13 and 19 nm, the permittivity of upper ITO layer is
stabilized with λc located around 1500 nm, meaning that the
two upper ITO films possess identical optical and electrical
properties. This similarity is mainly caused by the crystallinity
improvement due to the inserted gold layer but with
limitations: 13 nm of Au spacer is already thick enough to
thoroughly improve the property of 30 nm upper ITO film.
The different properties between the upper and bottom ITO
layers provide evidence that the improved crystallinity has the
ability of improving the optical and electrical properties of ITO
film.
In order to evaluate the plasmonic properties of the trilayer

structure, an effective medium approximation was introduced
by treating the trilayer system as a single but optically
anisotropic layer.65 Such an effective medium approximation
is widely used in literature to describe the effective permittivity
of the superlattice structure, which is typically repeated
bilayers.12,65,66 As reported by Kim et al.,67 any multilayered
structure with repeating metal/dielectric subunits can be
effectively considered as a single layer with hyperbolic
dispersion. Korobkin et al.68 evaluated the effective permittivity
of SiO2 (205 nm)/SiC (410 nm)/SiO2 (205 nm) trilayer
structure in the far-IR range (at which SiC is metallic) using
such an approximation.68 The components of the effective
dielectric tensor parallel (ε∥) and perpendicular (ε⊥) to the
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anisotropy axis are given by (optical axis normal to the sample
surface)

ε ε ε
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+ +

+

+

⊥ d d d
d d
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It should be noted that surface plasmon polaritons are
surface electromagnetic waves that propagate in a direction
parallel to the conductive/dielectric interface. Besides, eq 4 is
reliable only when each (optically isotropic) layer’s thickness is
much smaller than the wavelength (i.e., (dITO1, dAu, dITO2) ≪
λ); in our case such a requirement is definitely satisfied.
Consequently, we take ε⊥ as the parameter for evaluating the
plasmonic property of the trilayer. In order to evaluate validity
of the effective medium approximation, comparisons were
made between the simulated transmittances of a trilayer
structure and an effective layer. The transmittance of the
effective layer at normal incidence is exactly the same as the
trilayer (Figure S7a and Figure S3a of Supporting Information,
respectively) and is comparable with the experimetal results
(Figure 5a). For incident angle from 15° to 45°, the
transmittances of s-polarized light (TE) on the effective layer
is almost identical to that on the trilayer sample. As the incident
angle increases to 60° and 75°, the differences between the two
simulated structures become apparent. This gives evidence of
the limitations of the effective medium approximation (large
incident angle) in simulating the trilayer structure. Details of
calculations and comparison can be seen in the Supporting
Information Figures S2−S7.
Figures 7a and Figure 7b show the real and imaginary parts

of the effective ε⊥ of the trilayers. For comparison, the
corresponding behavior of plain Au (40 nm) and ITO (54 nm)
films on glass is also plotted. The plain ITO film has a positive
ε′ from the visible range to 1879 ± 5 nm, and acquires negative
values at larger wavelengths; for gold ε′ is always negative
within the measured range and drops monotonically with
increasing wavelength. Figure 7a shows a similar crossover of ε′
to negative values for all the trilayers, as the wavelength
increases from 600 to 2000 nm. It can be observed that λc is
different among the trilayer samples. For direct comparison,

Figure 8 plots the variation of λc as a function of the Au spacer
thickness. As λc is directly related to ωp (which in turn is related

to N), the phenomenon matches the Hall measurement results
that N ascends with the rising Au spacer thickness. With the
increase of N, there is a corresponding rise of ε″ that results in
larger losses. Figure 7b clearly illustrates that plain ITO’s ε″ is
much smaller (≤2) than that of any trilayer sample or plain Au
film. For the trilayers, ε″ rises with increasing Au spacer
thickness except for the trilayer with the thickest (19 nm) Au
spacer layer. This is due to the relatively improved ε″ of the 19
nm Au as obtained from ellipsometry measurements (Figure
6b). When compared with gold, all trilayers show lower losses
within the measured wavelength range.
It would be of interest to evaluate the applicability of the

ITO/Au/ITO structure in various applications.13,69 To this
end, we estimated the quality factor as applied in the fields of
localized surface plasmon resonances (LSPR) and surface
plasmon resonances (SPR). For LSPR the corresponding
quality factor is defined as QLSPR(ω) = −εm′ (ω)/εm″(ω), where
εm(ω) is the permittivity of the plasmonic material. In the
trilayer structure, εm(ω) represents the effective ε⊥. For SPR,
the quality factor is QSPP(ω) = {[(εm′ (ω) + εd(ω)]/[εm′ (ω)-
εd(ω)]}{(εm′ (ω)2/εm″(ω)}, where εd(ω) is the permittivity of
the surrounding dielectric material, for which we choose SiO2

Figure 7. Real (ε′) and imaginary (ε″) parts of effective ε⊥ obtained using effective medium approximation.

Figure 8. λc of trilayer samples as a function of the gold spacer
thickness.
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(ε = 2.37 and is assumed constant in the calculated range
(600−2000 nm)). εm(ω) is the permittivity of the plasmonic
material. Here the data of Au are the permittivity of plain Au
(40 nm) as extracted from the ellipsometry measurement. The
permittivity of ITO is the fitted permittivity of the upper ITO
on 19 nm Au spacer. The permittivity values for trilayer
samples are the effective ε⊥ of the trilayers with different Au
spacer thicknesses.
Figure 9 shows the quality factors for the trilayer samples in

LSPR and SPR modes. Plain Au surpasses the trilayer samples
in these two applications, which is consistent with the reported
data by Boltasseva et al.13,69 On the other hand, all the trilayer
samples have higher quality factors than plain ITO and show an
increasing trend with rising Au spacer thickness.
We should stress that the quality factor cannot be the sole

factor in judging the performance of such materials. The
imaginary part permittivity for the trilayers with effective
medium approximation ε⊥ is small compared with Au; this
property is important in applications such as transformation
optics (TO). Also, as ε⊥ is strongly related to the properties of
the upper and bottom ITO films and the inserted Au spacer,
this provides a means for manipulating the plasmonic behavior
of the trilayer structure through the control of deposition
conditions and Au spacer thicknesses. Furthermore, because of
the weak chemical and mechanical stability of noble metals
(even for gold), it is difficult to get reliable signals for long-time
measurements.70 The introduction of ITO upper layer not only
improves the optical performance but also suppresses the
degradation of the device.
Because of the relatively low carrier concentration of ITO

films, the dielectric surrounding used to couple SPP resonance
between ITO films is limited to low-permittivity materials such
as air and SiO2. By addition of an ultrathin gold layer between
two ITO films, the effective permittivity of the hybrid structure
is modulated according to the thickness of the Au spacer. This
offers the potential application to excite SPP resonance
between the ITO/Au/ITO hybrid film and Si (ε ≈ 11.9 at
300 K) or Ge (ε ≈ 16 at 300 K) surfaces at optical
communication wavelengths. By introduction of an effective
medium approximation, the plasmonic properties are evaluated.
Through this method, not only we can couple SPP resonance
between trilayer surface and dielectric surface at lower
wavelengths (even in visible range) but also the imaginary

part of the trilayer structure can be kept smaller than pure gold,
implying lower losses.
We caution that the validity of applying the equivalent

permittivity for the ITO/Au/ITO structure depends on the
thickness of individual layers. Issues such as distribution of SPP
in the trilayer structure, as well as coupling of light into SPP in
the trilayer from the surrounding, have to be addressed to
justify the use of the equivalent permittivity model. Never-
theless, the present structure offers a simple and highly tunable
means of adjusting the dielectric response of thin film structures
in the NIR range, showing promise for plasmonic devices.

■ CONCLUSION
Single ITO film and ITO/Au/ITO (IAI) sandwiched films
were deposited on glass substrates via pulsed laser deposition.
Structural, electrical, and optical properties of the samples were
studied. Through ellipsometry measurements, the optical
properties of each layer in the trilayer structure were
successfully extracted. The result showed that the property of
the Au spacer was highly dependent on its thickness. The
optical and electrical properties of the upper ITO layer were
improved by the insertion of the gold spacer. By manipulation
of the thickness of the inserted gold layer, the plasma frequency
of the sandwiched films was tuned accordingly, allowing the
adjustment of the crossover frequency of the layered structure.
Thus, this kind of configuration offers the potential as an
alternative in plasmonic devices that operate in the NIR region.
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