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ABSTRACT: Tin-doped indium oxide (ITO)/Au/ITO sandwich structures with varying top and 

bottom ITO film thicknesses were deposited by magnetron sputtering. The effects of varying 

thickness of the two ITO films on the structural, electrical and optical properties of the sandwich 

structures were investigated. X-ray diffraction (XRD) spectra showed that by inserting an 

ultrathin Au film, the average grain size of the top ITO layer was significantly increased, but not 

for the bottom one. The optical properties of the sandwich structures were measured by 

transmittance measurement and spectroscopic ellipsometry. In the symmetric structure where the 

top and the bottom ITO layers had the same thickness, we demonstrated that the crossover 
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wavelength can be changed from visible range (830 nm) to near infrared range (1490 nm) by 

increasing the top as well as bottom ITO thickness, corresponding to a plasmonic tuning ability 

of over 600 nm. The evaluation of this trilayer structure as plasmonic device was asserted based 

on three quality factors. Comparison of the performance of this trilayer structure with 

conventional materials was also discussed.  

Introduction 

Conventional noble metals such as gold (Au) and silver (Ag) have often been used in 

electronic and plasmonic applications, because of their high carrier concentrations, low 

resistivity and negative real permittivities over the visible to near-infrared (NIR) ranges. 

However, they also possess high optical losses due to inter-band electron scattering, making 

them unsuitable for plasmonic device applications in visible and/or near-infrared region. One of 

the alternatives is transparent conductive oxides (TCOs) which have been commonly used as 

transparent electrodes for optoelectronic devices. TCOs are usually transparency in visible range 

with relatively high conductivities, although their conductivities are not comparable with those 

of the pure noble metal. As a result, the plasmonic application of TCO is usually limited to 

wavelength between mid-infrared and near-infrared range. In order to take advantages of both 

noble metal and TCO and minimize their disadvantages, TCO/metal multilayer structure will be 

one of the possible solutions.  

TCO/metal/TCO trilayer structure, a typical multilayer structure, has been widely studied in 

many fields such as electronics
1
, plasmonic devices

2
 and metamaterials.

3
  This multilayer 

structure preserves the optical properties of the TCO, and at the same time possesses improved 

electrical properties by the insertion of the ultrathin metal layer.  Indeed, this structure has the 

great applicability in plasmonic devices such as surface plasmon-polariton waveguides, localized 



surface plasmon resonance-based devices, transformation optics devices and super lens.
4
 General 

speaking, these applications are all related to the crossover wavelength of the structure, i.e. the 

wavelength that the real-part permittivity changes from positive to negative.
4
  If the incident 

wavelength of electromagnetic wave is larger than the crossover wavelength, the optical 

properties of TCO materials will behave like metals. Most of the TCOs exhibit a crossover 

wavelength in the NIR region because of the relatively low carrier concentrations compared with 

metals. However, TCOs provide a great tunability in the electrical and optical properties through 

changing the processing conditions such as temperature,
5
 deposition oxygen pressure

6
 or 

insertion of a noble metal spacer
7
. So far, studies on thickness dependence properties of metal 

spacer
8-10

 as well as  top and bottom TCO layer
1, 11-12

 and asymmetric material trilayers
13

 have 

been reported. However, systemically study on the thickness dependence of the two sandwiched 

TCO layers on the optical and electrical properties of the trilayer structures has not been found. It 

is believed that this modification can also provide a possibility to tune not only the electrical and 

optical properties, but also the photonic or plasmonic properties of the trilayer structure.  

In this paper, the thickness effect of the top and bottom ITO layers of symmetric ITO/Au/ITO 

sandwich structure (the top and bottom ITO thicknesses are the same and sandwiched with a 

ultrathin gold layer.) 
14

 on the electrical properties and optical properties of the structure from 

400 nm to 2000 nm were investigated. Ellipsometric measurement was employed to extract the 

layer-by-layer optical properties and the corresponding thickness dependent effects. Gold, 

instead of other plasmonic noble metal such as silver, was chosen as the spacer layer because a 

thin layer of gold can improve the crystallinities of ITO that deposited on top of it, which has 

been previously demonstrated.
14

 It is noticed that the difference in the crystallinities of top and 

bottom ITO layers will strongly affect the optical properties (the variation in optical properties 



were represented in term of the permittivity) and electrical properties (such as carrier 

concentrations). Furthermore, the bottom and the top ITO in the trilayer were treated as two 

individual layers
14

 and the sandwich layer modeled as a homogenous layer by the effective 

medium approximation (EMA) similar to SiO2/SiC/SiO2 trilayer structure.
15

 The crossover 

wavelength of real-part of effective permittivity of composite films can be controlled in the range 

over 600 nm spanned from visible to NIR range. Therefore, the changes of the thickness can 

affect the overall optical properties of the trilayer structure. Finally, the performance of the 

structures was evaluated by comparing various surface plasmon polariton (SPP) parameters and 

plasmonic devices quality factors with some conventional plasmonic materials in order to 

estimate the potential application of this structure as plasmonic devices.  

 

Experiment details 

ITO/Au/ITO multilayer thin films were deposited by magnetron sputtering. The films were 

deposited on either Corning glass (Corning Eagle XG AMLCD glass) substrates for transmission 

measurements (due to their high transparency in the mid to long wavelength range) or SiO2/Si 

substrates for electric measurements. All the substrates were first cleaned in acetone and then 

ethanol in an ultrasound bath for 10 minutes respectively and dried by a stream of nitrogen gas. 

After loading the substrates into the sputtering chamber, the chamber was evacuated to a base 

pressure of 2 × 10
-6

 torr. A flow of 30 sccm Ar was used to keep the deposition pressure 

maintained at 10
-3 

torr. The substrates were heated to 100
o
C during the deposition process, as 

ITO films deposited at moderate temperature showed a lower resistivity compared with room 

temperature deposited one, bringing better electrical performance for the ITO thin films.
16

 On the 

other hand, the deposition temperature was low enough to avoid the clustering of Au layer, 



which ensured the deposited ultrathin gold layer to be uniform and continuous.
17

 An 80W DC 

power was applied to the tin-doped indium oxide (In2O3/SnO2 90/10 wt%, ITO thereafter) target 

and an 80W RF power was applied to the Au target (purity:99.99%) during deposition. During 

the deposition process, the substrates were rotated to obtain better thickness uniformity of the 

layers. All the three layers were deposited without breaking the vacuum to avoid any interface 

contamination. The thicknesses of the layers were controlled by varying the deposition time as 

decided according to the deposition rates obtained from thick calibration samples.  

For a thorough characterization of the geometric influence of the trilayers on the performance 

of the samples, two sets of trilayer samples were investigated. ‘Set A’ samples consist of ITO (t 

nm)/Au (3 nm)/ITO (t nm) trilayers with geometrically symmetric structure (i.e. identical top and 

bottom ITO thicknesses) with different t values.  This set of sample was used for investigating 

the influence of ITO/Au thickness ratio on the behavior of the structural as well as optical 

properties of the trilayer; ‘Set B’ samples, on the other hand, were used to explore the 

dependence of trilayer’s structural properties as a function of Au layer position in the 

ITO/Au/ITO trilayers with invariant total thickness; this was done by depositing samples with 

varying bottom and top ITO thicknesses while keeping the total ITO thickness to be 40 nm (i.e. 

ITO (x nm)/Au (3 nm)/ITO [(40 – x) nm] trilayers, where x correspond to the top ITO thickness 

value. It is noticed that in both sets of the samples the Au layer thickness was kept constant (3 

nm). The function of ‘Set B’ is to demonstrate the difference in the average grain size between 

top and bottom ITO layer by XRD measurements due to the insertion an ultrathin gold film. In 

summary, the thicknesses of ‘Set A’ and ‘Set B’ samples are listed in Table 1.  

 



Table 1 The deposition time and the ITO (top and bottom) thickness of (a) Set A trilayers (t 

nm)/Au (3 nm)/ITO (t nm) and (b) Set B asymmetric trilayer structures. (40-t nm)/Au (3 

nm)/ITO (t nm). 

(a)      

Sample 

Set A 

Top ITO Deposition 

time (sec.) 

Top ITO thickness 

(nm)* 

 Bottom ITO 

Deposition time 

(sec.) 

Bottom ITO thickness (nm)* 

Sa 100 11 100 11 

Sb 200 22 200 22 

Sc 300 33 300 33 

Sd 400 44 400 44 

Se 500 55 500 55 

*The thickness retrieved from the XRR measurement 

 

 

(b) 

     

Sample 

Set B 

Top ITO Deposition 

time (sec.) 

Top ITO thickness 

(nm)* 

 Bottom ITO 

Deposition time 

(sec.) 

Bottom ITO thickness (nm)* 

S1 350 35 50 5 

S2 300 30 100 10 

S3 200 20 200 20 

S4 100 10 300 30 

S5 50 5 350 35 

*The thickness retrieved from the XRR measurement 

  



Structural properties of the trilayer structures were analyzed by X-ray diffractometry (XRD, 

Rigaku Smart Lab) and X-ray reflectivity (XRR) with Cu Kα radiation (λ = 0.1541 nm). Film 

thickness and the crystallinity of each film layer were investigated by transmission electron 

microscopy (TEM, Joel JEM-2100F). Electrical properties such as carrier concentration (n), Hall 

mobility (µ) and resistivity (𝜌) were measured by a Keithley 6221 Current Source and a Keithley 

2182A nanovoltmeter using the van der Pauw configuration, under a 0.5 T magnetic field.  

Ellipsometric parameters of the multilayers were measured by a GES-5E instrument (Semilab) 

between 400 and 2000 nm. Optical permittivity of the samples was obtained by fitting the 

ellipsometric angles ψ and Δ using the WinElli II software with suitable optical models. The 

optical transmittance was measured by PERKIN ELMER UV-Vis-NIR spectrometer in 

wavelength ranging from 400nm to 2000nm. 

 

Results and Discussions 

XRR was performed to measure the individual thicknesses of Set A trilayers, the results are 

shown in Figure 1. The measured XRR spectra were fitted in order to retrieve film thickness. The 

top and bottom ITO layer thicknesses were increased simultaneously from 11 nm to 55 nm while 

the middle Au layer was kept at about 3.0 nm i.e. the total thicknesses of the trilayers were 

varied in the range between 25 nm and 113 nm. Figure 1(a) and (b) show the XRD patterns of 

the Set A and Set B samples, respectively. In Figure 2(a), there is a sharp peak at about 35.1
o
, 

corresponding to the ITO (400) peak that has been confirmed by the standard XRD pattern of 

powdered ITO. Another board peak at about 37.6
o
, probably corresponding to the nano-sized 

gold layer is also observed.
18

 The very board peak at ~23
o
 is arisen from the glass substrate. As 

both the top and bottom ITO film thickness becomes thicker, the ITO (400) peak gets sharper 



(with the full width half-maximum (FWHM) changes from 0.59 to 0.31), indicating a larger 

average grain size is obtained.  Our previous studies
14

 showed that the top and bottom ITO films 

exhibit different levels of crystallinity and the insertion of Au spacer could improve the 

crystallinity of the top ITO layer.  
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Figure 1.Measured (symbols) and fitted (solid lines) XRR pattern of ITO (t nm)/Au (2.9 

nm)/ITO (t nm) trilayer films with different values of t. 

To further investigate this hypothesis, set B samples (the asymmetric trilayer samples 

referenced by the ITOt (20 nm)/Au (3 nm)/ITOb (20 nm) symmetric geometry sample) with 

varying top and bottom ITO thickness while keeping the same total thickness of trilayer films 

(43nm) were fabricated. It can be observed that when the top and bottom ITO thickness is 

swapped (the comparison between S1 and S5 or S2 and S4), the XRD patterns as shown in 

Figure 2(b) behave differently. With increasing top ITO layer thickness, the observed ITO (400) 



peak becomes sharper (FWHM = 0.33 for x = 35 sample S1), while the peak seems disappear on 

sample S5 with 35nm thick bottom ITO.  On the other hand, all samples show a board peak at 

about 37. By comparing Figure 2(a) and Figure 2(b), the originality of this peak arisen from the 

ultrathin gold layer can be confirmed.  
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Figure 2 XRD patterns of Set A samples with values of thickness of each ITO layer (t nm) (a), 

and Set B samples as a function of the top ITO thickness (x nm) (b); bottom ITO thickness being 

(40 – x) nm  

The average ITO grain size of the top ITO layer was estimated by the FWHM of the ITO (004) 

peak using the Scherrer’s equation: 

 
  

    

     
 

(1) 

where D is the average grain size,   is the FWHM of the peak and   is the Bragg’s diffraction 

angle. Figure 3 plots the effect of the ITO thickness on  of the (400) ITO peak in the symmetric 

trilayers. As expect, as ITO thickness increases,  gradually decreases and D gets larger for the 

top ITO layer (i.e. better crystallinity of the film is resulted). However, the bottom layers did not 

show any significant change in the FWHM values, which indicated that the increase in bottom 

layer thickness did not help much in improving the crystallinity of the ITO film directly grown 

on glass substrate. The result suggested that there is difference in the crystallinity of bottom and 

top ITO layers, and the Au spacer improves the crystallinity of the ITO film deposited on it. 
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Figure 3 FWHM of (400) peak (squares) and top ITO layer average grain size (dots) for Set A 

samples as a function of t (c.f. Figure 2(a)). Lines are guides to the eye. 

 

Cross-sectional TEM of the sample with t = 20 for both top and bottom ITO layers is shown in 

Figure 4(a). High uniformity in thickness is observed in all layers of the sandwich structure, 

probably due to the sample rotation process. Above all, the ultrathin gold layer is highly uniform 

and processes well-defined boundaries. The thicknesses obtained in the TEM micrographs 

matched well with those obtained in our XRR measurement as indicated in Table 1. Figure 4(b) 

shows the TEM selective area electron diffraction pattern on the top ITO layer of ITO (20 

nm)/Au (3 nm)/ITO (20 nm) sample. Clear diffraction spots are obtained in the pattern, 

demonstrating the polycrystalline nature of the top ITO layer. 



 

 

Figure 4 (a) Cross-sectional TEM of the ITO (20 nm)/Au (3 nm)/ITO (20 nm) sample. (b) 

Selected-area diffraction pattern of top ITO layer.  

 



Figure 5 shows the results of electrical characterization of Set A trilayers. With same 

preparation conditions, we expect that the variation of the measured n,  and  to be mainly 

arisen from the film thickness and differences in crystallinity. Comparing with 65nm pure ITO 

film on glass with carrier concentration in the range of 10
19

/cm
3
, the measured n of the trilayers 

is two orders of magnitude higher, probably due to the carrier injection from the inserted Au 

layer.
19

 As the ITO layer thickness increases, the carrier injection effect becomes less significant 

and the overall carrier concentration approaches that of pure ITO. On the other hand, the 

measured  of the trilayers is smaller than that of pure ITO (≈ 20 cm
2
V

-1
s

-1
), because the carrier 

movement is severely affected by the interface scattering between Au and ITO layers.
20

 When 

the ITO film thickness increases, the scattering effect becomes less significant and the value of  

approaches that of pure ITO.
7
 In terms of resistivity, pure ITO film (≈6.4×10

-3
cm) is an order 

of magnitude larger than that of the trilayers prepared in this work.  
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Figure 5 ITO layer thickness dependence of n(dots),  (triangles) and  (squares) for Set A 

trilayers. Lines are guide to the eye. 

As observed in Figure 5, an increase in ITO layer thickness for Set A samples is accompanied 

by an increase in . We believe that the increase in the grain size of the top ITO layer (Figure 3) 

is responsible for such observation. The larger grain size reduces the density of grain boundaries, 

thus the effect of boundary scattering is suppressed, resulting in an improvement of the charge 

mobility. 
21

 

Figure 6 shows the ellipsometric measurement between 400 nm and 2000 nm for Set A trilayer 

with ITO layer thickness of 22 nm. The dielectric functions of individual layers were determined 

using spectroscopic ellipsometric data with appropriate fitting models. It was reported that the 

trilayer with an ITO/Au/ITO layer structure could be described by simple Drude model with high 

accuracy without adding Cauchy or Lorentz components.
14

 Since the current samples focus on 



the variation of the ITO thickness, for a better evaluation in the optical properties of ITO layer, it 

is more suitable to add two Lorentz oscillator terms beyond the Drude model.
20
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Here,     is the high frequency permittivity, ΓD is the Drude damping term. For the Lorentz 

oscillator, the    and    are the strength and damping constant of the Lorentz oscillator j.    
  is 

the resonant angular frequency of the oscillator j which is related to the energy band gap of the 

material.    is the plasma frequency of the material, the relation is given in Equation (3), which 

is related to the n and effective electron mass m*
 
of the material.  
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Figure 6 ψ and Δ of the ITO (22 nm)/Au (3 nm)/ITO (22 nm) sample measured by spectroscopic 

ellipsometry in the 400-2000 nm wavelength range.  

 



Figure 7 (a) and (b) show the real (  ) and imaginary (  ) parts of permittivity of the bottom and 

top ITO layers retrieved from the ellipsometry measurement of Set A trilayers and fitted by the 

Drude-Lorentz model, respectively. r is related to n (the refractive index) as well as the loss 

mechanism of conduction electron such as electron-electron interaction, electron-phonon 

interaction and grain boundary scattering. On the other hand, i is responsible for the optical 

losses due to the plasma damping and free carrier absorption. Larger n leads to a stronger carrier 

absorption in the NIR range and contributes to a higher optical loss in long wavelengths. 

Therefore i is generally higher in thinner sample, and the polycrystalline top ITO film shows 

little variation in i in far NIR range as compared to the bottom ITO layer. 
22

  

Figure 7(c) plotsthe crossover wavelength c (obtained from Figure 7(a)) of the upper ITO 

layers. It is noticed that c shifts to smaller values as the top ITO layer thickness increases. 

However, as shown in Figure 7(b), no crossover is observed for the bottom ITO layer within our 

measured region. This can be explained by the difference of the crystallinity between the upper 

and bottom ITO layers. Compared to the amorphous nature of the bottom ITO layer, the top ITO 

layer has better crystallinity due to the gold spacer. Thus, we expect that the overall electrical 

behavior of trilayer might be dominated by the top ITO layer. As shown in Figure 5, we believe 

that the enhanced n and  are related to the improvement of the crystallinity of the top ITO layer; 

while the increase in n is resulted from the blue shift of c. 
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Figure 7 Real (solid symbols) and imaginary (open symbols) parts of permittivity against 

wavelength of (a) bottom ITO layer (b) top ITO layer in the Set A samples. (c) shows the 

crossover wavelength of the upper ITO layers in the Set A samples. 

 

It is well known that the dispersion relation of TCO is related to the carrier concentration and 

the crystallinity of deposited films.
23

 By inserting a gold layer, the crystallinity of the top ITO 

layer is improved, and the overall grain size of top ITO becomes larger than that of the bottom 

ITO layer. Furthermore, we expect that a smaller grain size results in more grain boundaries 

which decreases the free carrier concentration as free carriers will be trapped among the 

boundaries.
23

 Therefore, we believe that the top ITO provides more free carriers than the bottom 

ITO. As shown in Figure 7(b), for the top ITO layer, the crossover wavelength shifts to shorter 



wavelength as the film thickness decreases. At the same time, as the film thickness decreases, n 

increases as observed in the electrical measurements. According to Equation (3), p
2
 is directly 

proportional to n. Furthermore, we notice that p is the reciprocal of the crossover wavelength. 

i.e.   
    

 
 
24

 where    corresponds to the velocity of plasma oscillation wave. Therefore, 

when p increases due to an increase in n, it will result in the blue shift of c. This trend is 

consistent with the results reported in the studies of thickness dependency of n in ITO films. 
25-26

 

However, the amorphous bottom ITO layers show only positive    over our measured spectral 

range. Therefore, the plasmon tuning ability by varying the thickness of the trilayer structure is 

strongly enhanced as compared with single ITO layer, which is mainly due to the existence of 

the top ITO layer which provides good tuning ability.  

In order to investigate the optical properties of this metal-dielectric layered structure, which is 

a common type of hyperbolic metamaterial, an effective model was employed to estimate the 

collective effect contributed by the individual layers. Previous studies have demonstrated that 

effective medium approximation (EMA) is a reliable model in analyzing the optical properties of 

trilayer structure.
27,28

 On the basis of this model, the trilayer structure was treated as a single 

optical anisotropic medium in both the parallel and perpendicular directions with two effective 

dielectric tensors      and (  
  ), respectively, as defined in Eqts. (4) and (5). The derivation of 

the two tensors is based on Maxwell equations. For light incident on the vertical staked 

multilayer structures, the perpendicular direction is defined as the light propagated along three 

layers and the parallel direction related to the in-plane of the whole structure. Figure 8(a) shows 

the effective perpendicular permittivity of the trilayer structures, with c varying from 830 nm to 

1490 nm. From the figure, it is noticed thatc can be significantly modified within the NIR range 

by controlling the ITO thickness in the trilayer structure. This modification is based on the 



difference of the dielectric properties among the two types of material. For metals, the abundance 

of free electrons yields a large plasma frequency, and the real permittivity of metal quickly 

becoming negative in the UV and visible spectral range.
4
 Meanwhile, the low carrier density of 

ITO means that its real permittivity only crosses the zero (from positive to negative) within the 

NIR wavelength. Our results demonstrated that the variation of the ITO thickness and the 

insertion of a 3-nm Au spacer are capable of tuning the plasmonic behavior of the trilayer 

structure. Figure 8(b) shows the variation of the obtained c as a function of the ITO thickness. It 

is noticed that c increases linearly with the ITO thickness. As the EMA treats the whole trilayer 

as a homogenous system, the overall performance of the sample is of more important. With 

increasing ITO thickness, the film properties are dominated by the ITO layers and the 

contribution of Au spacer is suppressed. This makes the samples less metallic-like and causing 

the shift in the plasma frequency. 
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In order to show the validity of EMA in modeling the dielectric properties of our trilayer 

structure, the simulated transmittance spectra of the trilayer samples (set A) of different ITO 

layer thicknesses obtained from the model were compared to the measured spectra. The 

measured transmittance spectra of the samples in Figure 9(a) are larger than 60% in the visible 

range (400 nm-700 nm), indicating that the trilayers preserve a high transparency even with an 

inserted gold layer. The maximum point observed in the transmittance curves is implying the 



sharp interfaces and uniform thickness. The transmittance drop at longer wavelengths is due to 

the free carrier absorptions which is a typical observation in TCO.
29
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Figure 8 (a) Real part       (solid symbols) and imaginary part      (open symbols) of    for Set 

A trilayer samples as calculated by effective medium approximation. (b)c as function of t in Set 

A samples. 



 

Figure 9(b) plots the simulated transmittance of Set A trilayers using the EMA model, and the 

detail modeling is reported in the supplementary information. In the model, the initial parameters 

were obtained from the ellipsometric measurements. The refractive indices and extinction 

coefficients of various layers were calculated using the EMA as reported.
14, 28

 The trilayer 

structures were treated as homogeneous layers with effective permittivity tensor ε⊥ and   
  14

 

Comparing Figure 9(a) with Figure 9(b), we notice a reasonable match between experimental 

spectra and the simulated transmittance, particularly over the infrared region. Thus, we believe 

that the EMA model is a suitable model to describe the optical properties of the trilayer structure. 

Figure 9(c) is the result of simulated transmittance using the ellipsometry measurement result of 

the trilayer structure instead of using the EMA. The calculated result also shows similar trend 

among the EMA and experiment spectra. It is proven that an effective medium is a reliable 

means to reflect the optical properties of multilayer structures. 
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Figure 9 (a) Spectral transmittance of Set A trilayers with varying ITO thickness. (b) Simulated 

transmittance by effective media approximation. (c) Simulated transmittance of ITO/Au/ITO 

trilayer structure from ellipsometry results of the trilayer structure. (The left side of dashed line 

refer to visible wavelength range.)  

Next, we consider the application potential of the ITO/Au/ITO structures. TCO thin films have 

been demonstrated to be applied as localized surface plasmon resonance (LSPR) device, surface 

plasmon-polariton (SPP) waveguides and transformation optics (TO).
4
 The effectiveness of our 

trilayer structures for such plasmonic applications has been evaluated using the corresponding 

quality factors (QLSPR, QSPP, QTO) as defined in equations (6), (7) and (8).  These quality factors 

of the trilayer structure were calculated from the complex effective permittivity  (=   
 + i  

   ) 



as defined in equation (4). From the Maxwell’s equation   
 indicates the field distribution in the 

material and the optical loss is quantified by   
   . Therefore, the quality factor should take both 

factors into consideration. 
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Figure 10 shows the variation of QLSPR as a function of wavelength for different trilayers. The 

profiles show that the ITO thickness in the trilayers has significant impact on QLSPR as well as the 

operation wavelengths. It should be noted that the curve is only available in the range QLSPR>0, 

as the incident field will be enhanced under such a situation. The result shows that a change in 

top and bottom ITO thickness in the trilayer not only control the spectral range of the LSPR 

device, but also can enhance the local field by a maximum factor of 2.5 to 3.0 depending on the 

thickness of ITO layer.  
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Figure 10 QLSPR variation with wavelength for Set A trilayers  

 

A comprehensive comparison of the plasmonic figure of merits with the trilayer structures, 

pure ITO and, noble metals are listed in Table 2.  The results not only indicate which structure 

has better performance in device application, but also determine which spectral wavelength has 

the best performance.
4
 The advantages of using the ITO/Au/ITO trilayers instead of pure 

material in various plasmonic devices application are due to their high tunability of the operating 

plasmonic wavelength. Table 2 lists out the comparison of the quality factors of conventional 

noble metal (Au and Ag), TCO (ITO) and the trilayer structure for different plasmonic devices. 

The table reports the optimal wavelengths and the corresponding quality factors on device 

application. In the table, the corresponding quality factors at 1.5 μm are also reported.
4
 This 

special reported wavelength is related to the nanophotonic applications. Although the quality 



factors of IAI structure are not comparable to those of the pure metal, their overall performance 

is still better than the performance of pure ITO.  



Table 2 Comparision of quality factors of three different plasmonic dervices with different 

materials. The quality factorse of 1.5 μm indicate the  nanophotonic applications. (IAI structure 

data ends at 2 μm) 
4
 

Material LSPR&SPR SPP TO Devices 

 Maximum 

QLSPR (𝜆) 

QLSPR 

(1.5 μm) 

Maximum 

QSPP (𝜆) 

QSPP 

(1.5 μm) 

QTO 

(𝜆) 

Ag 392 

(1.08 μm) 

39.3 23413 

(1.08 μm) 

4530 1.82 

(326 nm) 

Au 16.66 

(0.89 μm) 

10.63 1410 

(1.94 μm) 

1140 0.29 

(207 nm) 

ITO 2.72 

(2.3 μm) 

N/A 16 

(2.3 μm) 

N/A 1.54 

(1.69 μm) 

ITO/Au/ITO 

(10nm/3nm/10nm) 

4.73 

(1.34 μm) 

4.61 96.0 

(2 μm) 

53.14 1.21 

(0.66 μm) 

ITO/Au/ITO 

(20nm/3nm/20nm) 

2.56 

(2 μm) 

1.30 30.7 

(2 μm) 

13.28 0.93 

(0.95 μm) 

ITO/Au/ITO 

(30nm/3nm/30nm) 

2.61 

(2 μm) 

2.39 44.9 

(0.54 μm) 

6.51 0.51 

(1.36 μm) 

ITO/Au/ITO 

(40nm/3nm/40nm) 

1.87 

(2 μm) 

0.36 65.5 

(0.52 μm) 

0.14 0.56 

(1.36 μm) 

ITO/Au/ITO 

(50nm/3nm/50nm) 

1.36 

(2 μm) 

0.09 173.8 

(0.54 μm) 

 

0.008 0.62 

(1.37 μm) 

 

Regarding SPP systems, the surface plasmon can be coupled with light strongly. This enhances 

the light-matter interactions, forming a surface plasmon-polariton waveguides to propagate the 

wave along the interface.
30

 The trilayer can be regarded as a homogeneous medium, with the 



surface plasmon propagating at the interface between the trilayer thin film and the silicon dioxide 

dielectric. In Equation (7)    is the dielectric permittivity of the dielectric; here    is taken as 

2.37 for silicon dioxide and is set constant over the spectral range measured. 

The SPP profile can be characterized by parameters such as the propagation length       

(distance of which the SPP intensity drops to 1/e of the original value as shown in Equation (9)), 

penetration lengths       (the penetration distance inside the material as shown in Equation (10)) 

and the SPP wavelength 𝜆    (Equation (11)).
31

  In these equations   
  and   

   are the real and 

imaginary parts of permittivity of the metal layer m, which is the perpendicular effective tensor 

  of the trilayer film in our case. 𝜆  is the wavelength of free space. 
31
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The profile of SPP properties is plotted in Figure 11. In the NIR range, the SPP generally has 

longer propagation length as the wavelength of incident light increases. For the trilayer thickness 

increases, the maximum propagation length decreases and approaches to the value as pure ITO 

film.   

The penetration length determines the degree of confinement of the SPP at the metallic layer 

and is a measure of the compactness of the SPP behaviour. With increasing wavelength, the 

penetration length approaches to a constant value. The value decreases as the trilayer thickness 



decreases, which means that the reduction in thickness can impose a high localization of the SPP. 

Figure 11(c) showsSPP of the dielectric-trilayer interface, and the propagation wavelength is 

greater than the SPP wavelength in all spectral range. Therefore, it is possible to bring the 

trilayer into real application.
31
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Figure 11  Spectral profile of SPP between silicon substrate and thin film interface for Set A 

trilayers: (a) quality factors QSPP, (b) propagation length δprop, (c) ) SPP wavelength SPP and (d) 

degree of confinement δconf. 

Conclusion  

ITO/Au/ITO sandwiched films with different ITO thickness and position of gold spacer layer 

were deposited on glass substrate by magnetron sputtering. The electrical and optical properties 



can be manipulated by keeping the same structure and varying the top and bottom ITO layer. The 

plasmonic properties are highly dependent on the relative thickness between ITO and Au in the 

sandwich structure.  The performance of potential application in the plasmonic device had also 

been evaluated from visible to NIR range. 
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