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Abstract: Surface plasmon resonance (SPR) is a charge-density oscillation that occurs when a beam of p-polarized
monochromatic light impinges with a greater angle than the critical angle in a dielectric-metal interface. Because of
the high losses related to metals, the generated surface plasmon waves propagate with high attenuation in the visible
and near-infrared spectral regions in most of the dielectric-metal interfaces. An alternative to reduce such losses is to
use a transparent indium tin oxide (ITO) film. In this paper, we compared theoretical calculations and experimental
measurements of the SPR angle θSPR on the interfaces of a borosilicate prism (Bp) and ITO, Bp-Ag, and Bp-Au. Three
different wavelengths (405, 532, and 650 nm) were used to measure θSPR that covered almost all of the visual range
spectrum. Both calculations and experimental data showed that SPR characteristics are strongly influenced by the
metal’s optical properties. The measured θSPR in the Bp-ITO interface is much smaller than the θSPR measured in
the other two interfaces. Hence, ITO can be used in a similar way as Au and Ag in prism-metal interfaces, providing a
cheaper and more versatile option to generate the SPR effect.
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1. Introduction
Over the last three decades, scientific communities in the areas of gas detection, characterization of thin films,
monitoring processes at metal interfaces, and biosensing have increased their attention in the development of
surface plasmon resonance (SPR) [1–5], due to the possibility that SPR offers real-time measurement of physical,
chemical, and biological quantities [6]. Characteristics such as field observations and analysis of biomolecular
interaction without the use of labeled molecules provide certain advantages to SPR compared with a variety
of optical methods used for chemical and biochemical sensing and characterization. These methods include
ellipsometry, interferometry, and spectroscopy of guided modes in optical waveguide structures [7–10].

SPR is a charge-density oscillation that may exist if a beam of p-polarized monochromatic light impinges
with a greater angle than the critical angle in a dielectric-metal interface. The generated charge density wave
is associated with an electromagnetic wave. The field vector of this electromagnetic wave reaches its maximum
at the interface and decays exponentially into both media. This wave is known as a surface plasma wave
(SPW) and it is also a TM-polarized wave [11]. Most of the electromagnetic field of a SPW is concentrated
in the dielectric material and is distributed in a highly asymmetrical fashion along the two interface materials.
The SPW propagation may be supported by structures where the dielectric constant of the metal, ϵm , is less
than the square of the negative refractive index of the dielectric, ϵ2d [12]. This condition is fulfilled by several
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dielectric-metal interfaces where the most commonly used metals are gold (Au) and silver (Ag) [13]. It has been
reported several times that SPW propagating along the surface of a dielectric-Ag interface is less attenuated and
exhibits higher localization of the electromagnetic field in a dielectric than SPW propagating in a dielectric-Au
interface [14, 15]. High loss occurs in metals resulting in the propagation of a SPW with high attenuation in
the visible and near-infrared spectral regions in most of the studied dielectric–metal interfaces [16, 17].

Due to the current demand for massive production of SPR effect devices as well as economic illumination
sources in the visible and near-infrared spectral ranges, alternative materials that support the generation of
SPWs are required [18–20]. An alternative for metals is the use of transparent conductive oxide (TCO) thin
films. These types of materials are used in different technologies such as biosensors, flat panels, and photovoltaics
because of their good electrical conductivity and optical transparency properties [21]. TCOs have good electrical
conductivity and low absorbability of light; they are often fabricated with thin-film technologies and utilized
in optoelectronic applications, such as transparent electrodes in touch panels and flat-panel displays. Besides
these applications, TCO thin films are used as electrode materials in biosensor and sensor technologies [22]. The
most commonly used TCO is tin-doped indium oxide, In2O3:Sn1 (In2O3eSnO2), known as indium tin oxide
(ITO) [23]. ITO is not a transition metal but it is an oxide made of two posttransition metals. Therefore, its
optical characteristics are slightly different from those of a transition metal. Its low absorbability can be used
to improve SPR generation and detection.

In this paper we compared theoretical calculations and experimental measurements of θSPR on an
interface made of Bp-ITO, Bp-Ag, and Bp-Au. Three different wavelengths (405, 532, and 650 nm) were
used to measure the SPR angle through the edges and middle wavelength of the visual range spectrum. Both
calculations and experimental data showed that SPR characteristics for the three studied interfaces were strongly
influenced by the metal properties. Moreover, quite different regularities of plasmon excitation and sensing
response were observed for the three different wavelengths in each interface. Specifically, the measured θSPR

in the ITO interface showed much smaller values than θSPR measured in the interfaces with Ag and Au. This
can be attributed to ITO’s low absorption of light in the visual range spectrum, which makes ITO useful when
monochromatic light from a laser source is replaced by a white light source with an interferential filter and a
polarizer.

2. Theoretical formulation
SPR is generated under two general conditions: a beam of p-polarized monochromatic light hitting a dielectric-
metal interface, and the total internal reflection (TIR) taking place in such an interface. TIR occurs if the
refractive index of the dielectric (n1 ) is higher than the refractive index of the metal (n2 ) and also if the
angle of the incident beam, θ , is greater than the critical angle, given by θc = sin−1(n2/n1) . Hence, the
electromagnetic evanescent waves are guided along the boundary (interface) of two media, as shown in Figure 1.
The field of these evanescent waves penetrates into the adjacent media, decaying exponentially until it vanishes
at a given distance from the interface. The magnitude of the parallel wave vector of the evanescent wave, kx,|| ,
is expressed in Equation (1) [24] as follows:

kx,|| = n
ω

c
sin(θ), (1)

where n is the refractive index of the evanescent wave traveling media, c is the speed of light, ω = 2π/λ , ω is
the angular frequency, and λ is the wavelength of the incident light.
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Additionally, the dielectric constants of both the dielectric and the metal film are related to the magnitude
of the wave vector, kSP , of the evanescent waves, which penetrates into the adjacent media of the interface
according to Equation (2) [11, 25]. This is applicable in nonabsorbing media where the dielectric constant equals
the square of the refractive index:

kSP =
2n

λc

√
n2
3n

2
2

n2
3 + n2

2

, (2)

where the refractive index of the dielectric, metal, and air are represented as n1 , n2 , and n3 , respectively.
The SPR is generated by the excitation of the surface plasmon from the evanescent waves at the dielectric-

metal interface. Once TIR is reached by tuning the angle of the monochromatic incident beam, θ , the intensity
of the reflected waves decreases sharply, and evanescent waves penetrate into the adjacent media, decaying
exponentially until they reach a given distance from the interface. Hence, SPR requires that kSP equals kevan,||

[26]. Furthermore, the SPR angle, θSPR , is obtained using Equation (1) and Equation (2) to give Equation (3):

θSPR = sin−1
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Figure 1. Schematic diagram of the prism-metal-air system used to generate the SPR.

3. Practical implementations
The experimental setup constructed to demonstrate excitation and measurement of SPR at multiple wavelengths
and multiple angles is shown in Figure 2. SPR occurs on the interface of three sets of dielectric-metal interfaces:
a Bp prism and a 200-nm Ag layer, a Bp prism and a 200-nm Au layer, and a Bp prism and an ITO layer.
As shown in Figure 2a, monochromatic light from a 5-W class IIB laser is focused towards a polarizer lens
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that p-polarizes it. Furthermore, the p-polarized light impinges the Bp prism, creating the prism’s incident
angle, θ1 . Likewise, the prism’s inner angle θ2 (obtained by Snell’s law) deflects the light and makes it hit the
prism-metal interface. A small amount of light is deflected and the rest is reflected out of the prism. Finally, the
reflected light is sensed by an optical power meter. Figure 2b shows a picture of the alignment of the physical
component of the SPR setup system. The separation distance between the laser source and the p-polarized lens
is 30 cm, while 20 cm is the distance between the p-polarizer and the prism-metal interface. Figure 2c shows a
picture of the SPR effect given at the reflected plane of the prism-metal interface. The prism-metal interface is
mounted on a circular rotator that is turned to obtain the SPR effect in the reflected plane.

4. Calculations and measurement results
The calculations and experimental data revealed that the SPR effect was produced by the three interfaces (Bp-
ITO, Bp-Ag, and Bp-Au) studied under three different wavelengths (405, 532, and 650 nm) used to illuminate
the interfaces. Additionally, the SPR angle, θSPR , was theoretically calculated using Equation (3) and the
complex refractive index, ñ, as shown in Table 1. The complex refractive index for air was considered to be 1.
Figure 3 shows, for 405-nm illumination wavelength, the measured angular reflectivity curves for Ag (dashed
curve), Au (dotted curve), and ITO (solid curve). Also, θSPR obtained from practical measurements and
θSPR obtained from theoretical calculations are shown in Table 2. From Figure 3 it is observed that the SPR
effect was achieved at quite different θSPR angles for each of the three prism–metal interfaces. This behavior
can be attributed to the practical low sensitivity of the Bp-metal interface to optical excitation wavelengths
approaching the ultraviolet spectrum. Therefore, the main trend of theoretical prediction was confirmed by
relevant experimental data and theoretical calculations. As expected, the calculated and measured positions
of minimum reflectivity were almost identical for the three prism-metal interfaces, which confirms the validity
of the applied plasmon model used in the calculations and the relative precision of the data obtained from
measurements. Table 1 shows the experimental values for the refractive indices of Ag, Au, and ITO at 405 nm,
532 nm, and 650 nm for each material [27–30].

Table 1. Complex index of refraction.

Wavelength (λ) Complex index of refraction (ñ)
Ag Au ITO Prism

405 nm 0.052478 + 2.1966i 0.46447 + 4.7022i 2.1066 + 0.042872i 1.5334 + 6.5853−7i

532 nm 0.051781 + 3.4215i 1.51280 + 2.3083i 1.9327 + 0.046741i 1.5225 + 5.4382−8i

650 nm 0.049517 + 4.414i 1.35050 + 2.0324i 1.8478 + 0.046741i 1.5174 + 2.6−8i

Table 2. θSPR , measurements, and theoretical calculations.

Metal Ag Au ITO
Wavelength (λ) 405 nm 532 nm 650 nm 405 nm 532 nm 650 nm 405 nm 532 nm 650 nm
θSPR calculated 33.8125◦ 30.2326◦ 29.2362◦ 32.1219◦ 31.1838◦ 30.3981◦ 21.7848◦ 20.2532◦ 19.3796◦

θSPR measured 32.9504◦ 31.0154◦ 30.1256◦ 29.9289◦ 28.5672◦ 28.5647◦ 21.2290◦ 19.4569◦ 18.3332◦

Figures 4 and 5 show, for 532-nm and 650-nm illumination wavelengths, respectively, the measured
angular reflectivity curves for Ag (dashed curve), Au (dotted curve), and ITO (solid curve). The calculated and
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Figure 2. Experimental setup of the system used to obtain the SPR. (a) Schematic diagram of the SPR setup experiment.
(b) Picture of the alignment of physical component of the SPR setup. (c) Picture of the SPR effect given at the reflected
plane of the prism-metal interface.

measured θSPR are also shown in Table 2. Similar to the 405-nm wavelength, the main trends of theoretical
predictions for 532 nm and 650 nm were confirmed by experimental measurements. From plots depicted in
Figures 4 and 5 and calculations shown in Table 2, it is observed that θSPR decreases with the increase in the
wavelength of incident light. This decrease in θSPR ’s behavior is similar to the behavior of the real part of the
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refractive index, which also decreases. For example, considering the wavelengths from 405 to 650 nm, θSPR

angles decrease from 32.9504◦ to 30.1256◦ in the case of Ag, while the real part of the refractive index decreases
from 0.052478 to 0.049517. For Au, θSPR angles decrease from 29.9289◦ to 28.5647◦ while the real part of
the refractive index decreases from 1.5652 to 0.11114. Finally, for ITO, θSPR angles decrease from 21.2290◦ to
18.3332◦ while the real part of the refractive index decreases from 2.1066 to 1.8478. Because the refractive index
describes how fast light propagates through the material, the θSPR angle is directly proportional to the speed
of light propagating on the prism-metal interfaces. Also, from Figures 3–5, it is observed that the dispersion
width of the minimum reflectivity increases as the wavelength increases and decreases as the index of refraction
increases. For example, the full width at half maximum (FWHM) at 405 nm for Ag, Au, and ITO is 2.51◦ ,
2.60◦ , and 2.62◦ , respectively; the FWHM at 532 nm for Ag, Au, and ITO are 2.40◦ , 2.85◦ , and 2.91◦ ; and
the FWHM at 650 nm for Ag, Au, and ITO are 3.9◦ , 4.43◦ , and 4.98◦ , respectively. The smallest FWHM is
obtained for Ag at 405 nm, while the largest is for ITO at 650 nm. The smallest value is apparently attributed
to the relatively low real part of the refractive index of Ag, while the largest is attributed to the relatively high
real part of the refractive index of ITO.
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Figure 3. At 405-nm illumination wavelength, measured
angular reflectivity curves at Ag (dashed curves), Au (dot-
ted curve), and ITO (solid curve).
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Figure 4. At 532-nm illumination wavelength, measured
angular reflectivity curves at Ag (dashed curves), Au (dot-
ted curve), and ITO (solid curve).

The data for the SPR minimum position collected from the angular and spectral reflectivity curves are
summarized in Figure 6, which describes the resonant conditions for simultaneous variation in λ and θ . As
illustrated in this figure, the three SPR dispersion curves show similar behavior, which means that the SPR
angle decreases with increases in wavelength. It is important to note that, in the Bp-ITO interface, the measured
θSPR ranges from 21.2290◦ to 18.3332◦ , which is much smaller than θSPR measured in the other two interfaces.
There are more than eight degrees and more than seven degrees of difference comparing the Bp-ITO interface
with the Bp-Au and Bp-Ag interfaces, respectively. The smaller θSPR for the Bp-ITO interface could be
explained by considering conditions of wavenumber matching in terms of the dispersion ω(kx) as described in
Figure 7.

Qualitative behavior of the dispersion relations of the surface plasmon wave at the Bp-Ag, Bp-Au, and
Bp-ITO interfaces are shown in Figure 7. To interpret this plot, it is important to consider an external wave
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ted curve), and ITO (solid curve).
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propagating in medium 3 (Figure 1 with a wave vector kx,|| ) impinging on the metallic surface with an incident
angle θ . The component of the wave vector parallel to the interface kx,|| = kx can be obtained by the dispersion
relation ω = (kxc)/(sinθ) , which, in the case of θ = π/2 , is represented by the light line in Figure 7. As observed
in this figure, for the studied incident wavelengths, Bp-ITO is the only prism-metal interface in which surface
plasmon dispersion occurs at θSPR smaller than π/2 . This means that for the Bp-ITO interface the absolute
value of the wavenumber projection |kx,||| occurs on the left side of the light line of π/2 . However, for the
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interface of Bp-ITO and Bp-Au, the wavenumber projection |kx,||| occurs at a wavelength of 405 nm and 650
nm, and 405 nm at the right side of the light line of π/2 , respectively. Therefore, the plots show that for the
Bp-ITO interface, light excitation with θSPR angles smaller than π/2 always yields kx values to couple with
the SPW.

5. Conclusions
This paper deals with the study of using transparent ITO film as an alternative metal in a prism-metal interface
for SPR generation. The theoretical calculations and experimental measurements of the SPR angle given in an
interface of Bp-ITO, Bp-Ag, and Bp-Au were compared. For wavelengths of 405, 532, and 650 nm, the curves
obtained from experimental data fit well with the theoretical prediction obtained from calculations. Specifically,
the SPR angle in the Bp-ITO interface shows less wavelength sensitivity than Bp-Ag and Bp-Au interfaces. For
the case of 405-nm excitation wavelength, the SPR effect is achieved at quite different θSPR angles for each
of the three prism-metal interfaces. This behavior can be attributed to the practical low sensitivity of the Bp-
metal interface to optical excitation wavelengths approaching the ultraviolet spectrum. As the optical excitation
wavelengths increase, the dispersion of θSPR angles decrease, demonstrating the high sensitivity of the Bp-metal
interface to optical excitation wavelengths approaching the infrared spectrum.

The refraction index of metals strongly influences the SPR generation. As the wavelength of incident
light increases, θSPR decreases. This decrease in θSPR behavior is similar to the behavior of the real part
of the refractive index, which also decreases. Additionally, the dispersion width of the minimum reflectivity
increases as the wavelength increases and decreases as the index of refraction increases. Qualitative behaviors
of the dispersion relations of the surface plasmon wave at the three studied interfaces demonstrate that light
excitation with θSPR angles smaller than π/2 always yields kx values to couple with the SPW. Hence, ITO,
which is an economical and very popular compound material, can be used as an alternative to Au and Ag in
prism-metal interfaces to generate SPR effects.
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