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Abstract

The correlation between electrical properties and surface plasmon resonance (SPR) wavelength was discussed using ITO
grating coupler. ITO films were prepared on SiO,/Si substrate by RF sputtering with thermal annealing, and the grating
was directly fabricated on the sample surface by focused ion beam. Electron density and mobility were evaluated by fitting
optical reflection spectra according to Drude model, and then SPR wavelength was estimated from the dispersion relation
of surface plasmon. Characteristic SPR dip was observed in polarized reflection spectrum, however, measured wavelength
was different from theoretically estimated value. The discrepancy was explained by introducing the assumption based on
effective medium theory, in which the grating is assumed as a thin film with effective refractive index.
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1 Introduction

Indium tin oxide (ITO) has been expected as one of can-
didates for plasmonic materials working at infrared (IR)
spectral region [1-4]. The correlation between carrier den-
sity and optical properties, which is caused by local sur-
face plasmon polaritons (LSPPs), has been discussed in
dopant-controlled ITO nanocrystals [5, 6]. In particular,
ITO nanoparticle films showed interesting optical properties
such as wavelength selective reflection and transmission for
electromagnetic waves longer than IR light, which depends
on the particle size and the gap between particles [7]. It is
greatly expected to be applied to smart-window technology,
in which both heat-shielding effect due to IR reflection and
microwave transmission for wireless communications are
simultaneously realized.

On the other hand, propagating surface plasmon polari-
tons (SPPs) has also been attracted much attention, which
are coupled with incident light and propagates over long
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distances along the surface without reradiation of the light.
A number of studies have focused on the optical properties
of propagating SPPs on metal surface such as Au and Ag.
For example, metal thin films with periodic surface nano-
structure have been devised that can achieve both functions
of a bandpass filter and focusing lens with small spot size
exceeding the diffraction limit of light at the same time
[8-10].

For propagating SPPs on ITO, fundamental optical prop-
erties have been studied using Kletchmann arrangement [1,
11, 12]. It is well known that the relationship between SPP
frequency and the wavenumber depends on complex dielec-
tric constant of both the material and adjacent medium. In
case of ITO, complex dielectric constant can be modulated
by varying the electrical properties such as electron density
and mobility, because they are affected by oxygen vacancies
and Sn doping level [13—15]. This means that plasmonic
properties of ITO can be tuned by the electrical properties
under same nanostructure and excitation condition. This
gives a significant advantage for device application.

We have studied on the excitation of propagating SPPs via
ITO grating coupler, and clarified the relationship between
surface plasmon resonant (SPR) wavelength and the grating
pitch [16]. In this study, we discuss the correlation between
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SPR wavelength and electrical properties via ITO grating
coupler.

2 Experimental methods

ITO film with thickness of 600 nm was deposited on SiO,
(100 nm)/Si substrate at 300 °C by RF sputtering method.
Ar gas was conducted to the sputtering chamber as a sputter-
ing gas and the pressure was maintained at 3 mTorr during
sputtering process. In,0;-Sn0,(90:10 wt%) ceramics was
used as a sputtering target and 100 W RF power was applied
to the target. Two kinds of ITO films were prepared; One is
as-sputtered sample (sample 1) and the other is the sample
annealed at 500 °C for 2 h in vacuum after sputtering deposi-
tion (sample 2).

Electrical properties such as electron density and mobility
were evaluated by fitting optical reflection spectra accord-
ing to Drude model. The procedure is described in detail in
next section.

The grating with 1 pm pitch was directly fabricated on
ITO surface using focused ion beam (FIB) method. The
pitch and the depth were observed by optical microscope
and scanning electron microscope (SEM).

The optical reflection measurement was carried out to
evaluate SPR wavelength with microspectrophotometer.
Polarized incoming light was incident normal to the grat-
ing using Cassegrain reflector lens with NA = (.57, and the
irradiation area was limited with 50 yum® aperture to fit the
grating area.

3 Results and discussion
3.1 Drude fitting analysis

The behavior of free electron in ITO is described properly
according to Drude model, and in which electrical properties
can be evaluated by fitting the optical reflection spectrum
[17]. Reflectance is given by following equation using com-
plex refractive index 7 = n(w) + i x(w);
) =1 {n(@) - 1}* + k(w)*
(n(w) + 1}? + k(w)*

ey

where n(w) and x(w) is refractive index and extinc-
tion coefficient, respectively. And, following relation-
ship also holds between complex dielectric constant of
é(w) = €;(w) +1€,(w) and 7i(w);
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Complex dielectric constant of ITO &q(w) can be given by
following equation based on Drude model;

) @,
Ero(@) = €, 4 1= m (6)

where ¢, and I" are optical dielectric constant and damp-
ing constant, respectively [18]. And, w, is called plasma
frequency and given by following equation;

1
5 1
o = Nt \? @)
: eopteom*mO

where N, e, ¢,, m* and m, are electron density, elementary
charge of electron, permittivity of free space, electron effec-
tive mass and electron rest mass, respectively. According to
above relationships, optical reflection spectra can be ana-
lyzed using w, and I" as fitting parameters and the electron
density N can be evaluated. The mobility u can be calculated
from following equation:

e
H= m*myl’ ®)
Figure 1 shows optical reflection spectra of the samples, and
experimental data are indicated by solid line.

The spectra showed clear plasma reflection edge around
1200 nm, where the reflectance increased sharply. Drude fit-
ting analysis was applied to the spectra to evaluate the elec-
trical properties. Here, optical dielectric constant €, = 4.4
and effective mass m* = 0.4 m,, were used for the fitting
analysis [17, 19]. The fitted curves are indicated by dotted
line in the figure, and the result showed good agreement with
the experimental spectra. Subsequently, the electron density
N and the mobility u were calculated from @, and I', and
obtained values are summarized in Table 1.

Comparing the values, it is confirmed that the electron
density increased and the mobility decreased by anneal-
ing. This is because oxygen vacancies were introduced and
simultaneously acted as donors and ionized impurities, con-
tributing to increase and decrease in the electron density and
the mobility.
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Fig. 1 Optical reflection spectra of the samples. Experimental and
Drude fitting curve are shown by solid and dotted line, respectively

3.2 Fabrication of grating

The grating was fabricated directly on ITO surface using FIB
method. 50 grooves with 1 um pitch were fabricated in the

area of 50X 100 ym as designed value for processing. For
sample 1, optical micrograph and top view of SEM image
are shown in figure 2(a) and (b), respectively.

The pitch A and the duty cycle (= a/A) are estimated
roughly at 1.0 ym and 45 %, respectively. In addition, the
cross-section was exposed by FIB processing to observe the
shape and the depth of the grating, and SEM observation
was carried out with the sample tilted 45 ° as shown in fig-
ure 2(c). The grating had rectangular shape with slightly
rounded corners and the depth d was estimated around
200 nm. And, hemispherical morphologies were observed
on the grating surface, which represents the surface rough-
ness of ITO film. The observation was conducted for sample
2 in a same manner, and measured values are summarized
in Table 2. Figure 2(d) shows the schematic diagram of the
grating.

3.3 Polarized reflection spectroscopy

Polarized optical reflection measurement was carried out to
evaluate SPR wavelength. It is well known that SPP excita-
tion via grating couplers can be achieved by the incident
of polarized light. The component of the wavevector of

Table 1 Drude fitting parameter
and calculated electrical

Drude fitting parameter

Electrical properties

properties Plasma freq. Damp. const. Elec. dens. Mobility
@, (nm) T (fs) N (cm™) u (cm?/(Vs)
Sample 1 (as-sputtered) 1420 26.7 9.7x10% 18.7
Sample 2 (annealed) 1300 22.1 1.2x10?! 15.4

Fig.2 Optical micrograph

(a), top view of SEM image
(b), cross sectional view of
SEM image (c) and schematic
diagram of the diffraction grat-
ing (d)
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Table2 The structure of the grating, and measured and calculated
SPR wavelength

Grating structure SPR wave-
length

Pitch  Duty cycle Depth Exp. Calc.

A(um) a/A (%) d(nm) (nm) (nm)

~200 2080 1655
~200 1830 1536

Sample 1 (as-sputtered) 1.0 45
Sample 2 (annealed) 1.0 34

diffracted light parallel to the interface can be matched to
that of SPP waves. Consequently, decrease in reflectance
appears as a characteristic dip in the spectrum at SPR wave-
length. In this study, the polarization direction was defined
as shown in figure 3(a), that is, p - and s -polarized incident
light have electric field vector parallel and normal to the
grating vector, respectively.

Figure 3(b) , (c) shows polarized reflection spectra for the
samples. In each sample, p-polarized spectrum had broad
dip in reflectance at the wavelength indicated by downward
arrow in the figure. The wavelengths were roughly estimated
at 2080 nm and 1830 nm for each sample, and this is the
spectral evidence of SPP excitation. The validity of these
values will be discussed in the next section in terms of SPP
dispersion relation.

In addition, the followings were also confirmed in com-
mon for both samples; first, plasma reflection edge was
shifted to longer wavelength side in both p- and s-polarized
spectra than that of flat surface. Second, the reflectance was
decreased in s -polarized spectra than that of flat surface on
longer wavelength side from plasma edge, and it became
more pronounced in p-polarized spectra. These features are
explained by introducing the assumption called effective
medium theory (EMT) that the grating layer behaves as a

Fig.3 Schematic diagram of

the polarization direction of the

incident light (a). The direc- @)
tion of electric field vector are

shown by black solid arrows.

Polarized reflection spectra for

the sample 1 (b) and 2 (c)

Incident light

ITO

Grating vector

s — pol.

thin film with effective refractive index and it also has opti-
cally anisotropic [21]. It means that ITO grating can exhibit
different reflectance depending on the polarization direction.
These phenomena have been discussed in subwavelength
structure (SWS) [20], and details will be discussed in the
next section.

3.4 SPP dispersion relation

When SPP is excited at the interface between two kinds of
medium having complex dielectric constant €, and &,, the
dispersion relation between SPP frequency wgpp and SPP
wavenumber kgpp is given by following equation:

1
C()S g * 5 5
kSPP — PP{ 1 2 } (9)

c £ +&

For SPP excited at the interface between ITO and air, the for-
mula can be rewritten as follows using the complex dielec-

tric constant of ITO (éypo = €/, + i €17) and air (&, = 1);

oser (€m0 \? 10

kspp = - ] 1 10
€m0 T

According to eq. (6) , efTO is given by Drude model as
follows.

a)2
P
€I,TO:€0pt l—m (1])

From these equations, the dispersion relation can be calcu-
lated with w, and I

Figure 4(a) shows dispersion curves calculated using
the values shown in Table 1. Note that I' was set to 0 in

100
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consideration of undamped ideal propagating SPP. When
p -polarized light is incident normal to the grating, SPP
waves having wavenumber kgpp can be coupled to the
wavevector equal to grating vector |K| =2z A, where A
is the grating pitch. That is, wgpp is given at the point of
kgpp = |K| = 2z A on the dispersion curve. In Fig. 4(a), kgpp
is indicated by dotted line, and it was clearly confirmed that
sample 2 had higher wgpp than that of sample 1.

Figure 4(b) shows SPR wavelength expected from the
above concepts as a function of the electron density N.

The figure also contains experimental data indicated
by black dots. Both the experimental and estimated values
tended to shift to shorter wavelength, but there was a slight
difference between them. The discrepancy is explained by
taking into account the assumption based on EMT men-
tioned in Sect. 3.3.

When the incident light has longer wavelength than the
grating pitch, the grating operates as SWS. As shown in
Fig.5(a) and (b), it is convenient to assume the grating as an
optically anisotropic thin film with the effective refractive

6 7

SPP wavenumber (cm )

8x10" 10° 10
Electron density (cm )

indices n, and n,, for s- and p-polarization. These values are
calculated using the refractive indices of adjacent mediums
and filling factor f = a/A of the grating[20]. Note that when
the material of the grating is metal, EMT is not valid due
to large complex value of dielectric constant. In our case,
however, since complex value of ITO is smaller than that of
metals such as gold and silver, light waves can penetrate into
ITO bulk to a certain depth. Therefore, the grating layer is
assumed to ITO thin film with no plasmonic absorption and
imaginary part of complex dielectric constant is approxi-
mated to zero to simplify the calculation. According to this
assumption, SPP dispersion relation between ITO thin film
and underlying bulk ITO was calculated as a function of
filling factor f.

Figure 5(c) shows calculated dispersion curves for sam-
ple 1. The curve shifted depending on f values, that is, SPR
frequency was varied by changing fvalue. Figure 5(d) shows
estimated SPR wavelength as a function of f, and experi-
mental data are also indicated by black dots. The results
clearly presented good agreement between experimental and
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Fig.5 Schematic diagram of ITO grating (a) and ITO thin film assumed by EMT (b). The dispersion curves calculated using filling factor f for
sample 1 (c), and estimated SPR wavelength and experimental data as a function of f (d)
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estimated values, suggesting that the assumption based on
EMT can predict successfully SPR wavelength in ITO grat-
ing coupler.

4 Conclusion

We discussed the correlation between electrical properties
and SPR wavelength via ITO grating couplers. Characteris-
tic dip caused by SPP excitation was observed on p-polar-
ized reflection spectrum, however, experimental values were
different from the values expected from SPP dispersion rela-
tion. The discrepancy could be successfully explained by
introducing the assumption that assumes the grating as a
thin film with effective refractive index.
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