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ABSTRACT 

 
In this work, a TiO2-Ag composite structure was fabricated by combination of physical vapor 

deposition and oblique angle deposition. The nanostructure of the TiO2 columnar thin film was 

analyzed using the field emission scanning electron microscopy. The excitation of the surface 

plasmon-polariton waves was studied using an optical setup that is called the two-layer Kretschman 

geometry. The results showed that two surface plasmon-polariton modes are propagated for TiO2 

dielectric thin film at oblique deposition that they are related to metal-air and TiO2 - metal interfaces. 

The surface plasmon-polariton modes were more localized on interfaces at glancing angles of incident 

flux vapor. In normal incident of flux vapor only one surface plasmon-polariton mode can be excited 

at interface of metal-air. The results of this research may be applied in simultaneous sensing of the 

different molecules, chemical species and nanoparticles with different sizes.  
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1.Introduction 

One nanotechnology fields is the study of the interaction of light with metal nanostructures, currently 

known as plasmonics. Surface plasmon resonance (SPR) takes place when the incident light 

frequency equals the frequency of the oscillations of the density of the conducting electrons. By 

applying an electromagnetic wave, one can excite surface plasmon wave at the metal-dielectric 
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interface. The electric field of a surface plasmon wave exponentially decays perpendicular to the 

surface of the interface, able to be amplified by the incident of an electromagnetic wave. The 

excitation of surface plasmons with an electromagnetic wave with linear polarization is called 

surface plasmon-polariton(SPP) [1]. In quantum viewpoint, SPPs are quasi-particles resulting from 

the coupling of plasmons in metals to polarized photons of light. But, the trains of SPPs can be 

viewed classically as SPP wave at metal-dielectric interface [2]. SPPs are very sensitive to 

environmental conditions and properties, and this property can be used in sensing different types of 

adsorbed nanoparticles and chemical species [3]. 

Surface plasmons are not directly excited by incident photons in the planar dielectric medium as the 

dielectric medium does not have enough free electrons for coupling with the incoming photon and 

excitation of the surface plasmons. In this case, the parallel component to interface of incident 

photon wave vector is not equal to the real part of the SPP wave vector. Because the momentum of 

the incident photons is smaller than the momentum of the surface plasmons, and the photon cannot 

be coupled to the surface plasmon [4]. Hence, those configurations must be used to compensate for 

the lack of momentum, and the most common experimental method for detection of surface 

plasmons is Kretschmann configuration, which is a structure, composed of metal, dielectric, and 

prism [5]. In this configuration, the incident beam passes through a prism and reaches the metal 

surface. At angles greater than the critical angle (total internal reflection phenomena), the photon can 

be coupled to surface plasmons and excited them. By measuring the intensity of reflected light, a 

minimum sharp is observed in the spectra, showing SPP excitation [6]. 

First, the focus of the researchers on SPP excitation was on the metal-isotropic dielectric interface. 

With the emergence of the new generation of thin films called sculptured thin films (STFs), the 

studies on SPP excitation at the interface of metal and anisotropic dielectric has increased [7-14]. 

STFs are a set of parallel columns made by combination of an oblique angle deposition (OAD) and 

physical vapor deposition(PVD). STFs have columns with a diameter of 50 to 100 nm, each of 

which has clusters with a diameter of 3 to 5 nm [15]. The direction of the columns growth during 
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coating by stepper motors can change continuously or abruptly, resulting in the growth of a thin 

layer with curved nano columns.  

The study intends to fabricate a structure composed of columnar titanium dioxide thin film, silver 

thin film with a combination of OAD and PVD, which the columnar thin film is a simple form of 

STFs. The column morphology of titanium dioxide was analyzed by field emission scanning electron 

microscopy (FESEM). The excitation of SPP was confirmed with an optical setup called two-layer 

Kretschman geometry. In Kretschman geometry, SPP can be excited only at the external interface of 

the metal. In two-layer Kretschman geometry, an additional dielectric should be deposited with a 

refractive index less than a prism between the prism and the metal film [1]. In this case, SPP can be 

excited at internal interface of the metal. In Section 2, the experiment method is presented, followed 

by the results and analyses in Section 3. 

 

2.Experiment method 

Silver and titanium dioxide raw materials were prepared as tablets with 99% purity. The microscope 

slide substrates were cleaned using acetone and alcohol in ultrasonic bath. They were placed on a 

steel substrate holder in  the shape of a circle with a diameter of 8 cm. Then the titanium dioxide 

(TiO2) tablets were deposited on the microscope slide using OAD and PVD. The base pressure 

inside the vacuum chamber was 6105 − torr, which reached 10-5 torr during evaporation. The 

thickness of thin film was controlled by a quartz crystal monitor. Three samples of TiO2 with  about 

thickness 700 nm were coated at deposition angles of 0°, 75° and 85° with evaporation rate SA /5.0   

(Fig. 1).The distance from the source to the substrate was 60 cm. Then 40 to 50 nm silver was 

deposited on TiO2 by PVD ( = 0 ). 

The samples from the microscopic slide side by immersion oil ( 52.1n ) were glued to the base of a 

right triangular prism (BK7-glass) with a refractive index of 1.52. A helium–neon laser with a power 

of 12mW operating at nm633  was used as a source of monochromatic, collimated light. Also, 

our set up had two polarizers and an optical calibrated turntable(Fig.2). The first polarizer had a role 
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in adjust incident light intensity and the second polarizer controlled the  type of polarization of the 

incident light (P or S).  

Minimum deviation method was used to ensure the refractive index of the prism, where the average 

value n = 1.5105 was obtained after measuring 4 times. In all the samples placed on the prism the 

optical calibrated turntable was rotated from −= 60  to += 40  with increment one degree and the 

intensity of the reflected light was measured by a multimeter. The   was the angle between the 

incident beam and the perpendicular line on the lateral point of the prism, whose relation with the 

internal angle θ is obtained from )
sin

sin(
4 n

Arc
 −=  relation using Snell law (Fig.3). 

 

3. Results and analyses 

Fig.4 shows the FESEM electron micrographs of the surface and cross section of  TiO2 columnar thin 

film deposited on the microscope slide at = 0 . It is clear from the Fig.4 that the columns have 

grown vertically relative to the substrate surface ( = 0 ) and  thin film have less porosity. In 

published researches, it has been shown experimentally and theoretically that when the direction of 

the incident  vapor flux is close to the substrate surface, the columns will grow slightly inclined 

perpendicular line to the  substrate surface and the thin film will have more porosity. The relationship 

between deposition angle and rise angle of the columns at the incident vapor fluxes  close to the 

substrate surface is obtained from Tait equation )
2

cos1
sin(

a
Arc

−
−=  [16]. However, it follows 

empirical tangent rule   tan
1

m
=   for almost vertical incident of vapor flux, where m is close to 2 

and depends on the type of evaporating material [17]. It is obvious from Fig.4 that our work is 

consistent with others literature in vertical incident of vapor flux that the columns should have grown 

vertically [7]. 

FESEM electron micrographs of the surface TiO2 columnar thin film deposited on the microscope 

slide at = 75  are given in Fig.5. If the vapor flux beams reach at a greater angle relative to the 

perpendicular line on substrate surface, we expect more inclined nano columns and more porosity. 
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Tait equation predicts the columns with = 53 . Fig.5 shows nano columns with a rise angle about 

= 60 , differing 13% from the value obtained from the Tait equation. However, up to 20% of the 

error is normal because of the involvement of many parameters in deposition: parameters such as 

evaporation material, angular  distribution  of flux, flux particle energy, substrate surface roughness 

and most importantly substrate temperature play a role in the formation of nano columns and porosity 

space between columns. The length of the columns naturally increases with increase in the thickness 

and orientation of columns in the direction of atomic vapor flux. Nonetheless, the effect of their 

shadowing increases as the length of the columns increases, the probability of the deposition of 

atomic particles on the columns has increased and the filling of void spaces becomes much less. The 

density of thin film is inversely related to their porosity. This means that the larger the rise angle of 

the nano columns β, the greater the atomic shadowing effect will be, resulting in greater porosity. 

Higher porosity results in a lower density thin film. The diameter of nano columns increases with the 

coating time at larger   angles, because of the more inclination of the nano columns, the probability 

of particle deposition on the surface of the columns increases and the continuation of the coating and 

increase in temperature, and thus the effect of atomic diffusion on the tops of the nano columns, 

causes their diameter to broaden so that the cross section of the columns will be elliptic. 

The FESEM electron micrographs of the surface TiO2 columnar thin film at = 85  are shown in 

Fig.6. It is observed that the nano columns formed in this case are more porous than in Fig.5 and the 

rise angle of columns was around = 67 .This value had to be = 58  from Tait equation, showing 

a difference of about 15%. The boarding of the columns is seen in this case too. 

The three captured snapshots for a silver thin film deposited on microscope slide for S polarization are 

shown in Fig.7. It clarifies that the blurring is not seen in the intensity of the reflection spectra, and 

thus for this type of polarization, the surface plasmons are not excited due to the perpendicularity of 

the electric field to the incident plane (a plane contains a vertical line to the substrate surface and the 

incident light wave vector). The captured snapshots for P polarization are reported in Fig.8.The 

middle slide shows a blur in the intensity of the reflection spectra and the corresponding angle read 
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from the optical calibrated turntable is the angle where the energy from photons to surface plasmons 

is transferred and the surface plasmon resonance is occurred. 

In Fig.9 the measured reflection spectra in terms of angle θ for both polarizations P and S is shown  

for a composite structure of 40 nm silver thin film and 500 nm TiO2 columnar thin film at deposition 

angle = 85 . It is seen that two valleys have emerged for P polarization at angles = 46  and 

= 62 .The smaller θSPP is devoted to excitation of SPP at metal-air interface (external interface), 

and the other valley, occurring at a larger angle, is related to the SPP excitation at TiO2-Ag interface 

(internal interface). However, these two valleys are weakly seen in S polarization, which is because 

of anisotropy and birefringence in the TiO2 columnar thin film. The results obtained here are 

consistent with those of others where SPP can also be excited at internal interface of metal when a 

dielectric with a lower density than the prism is placed between the prism and the metal [1].The 

measured reflection spectra at = 75  is given in Fig.10. It is observed that two valleys are 

appeared for P polarization at angles = 31  and = 70 . The smaller angle relates to silver-air 

interface and the larger to TiO2 -silver interface. The comparison of Figs. 9 and 10 shows that the 

valleys are wider at = 75 . The broadening of the valleys is because of the increase in damping of 

SPP waves and reduces the SPP propagation length. Additionally, as the valley is deeper and the 

smaller FWHM (full width in half minimum) of the valley, it shows that the SPP wave is more 

localized at interfaces, and the propagation length of the surface plasmon-polariton wave increases. 

Fig.11 shows the measured  reflection spectra from TiO2 - Ag composite structure  as a function of  θ  

for both linear polarizations at = 0 .It clearly shows that only a SPP wave is seen at metal-air 

interface for P polarization. However, we did not expect this to be seen in S polarization. It is 

possible that during the deposition of the columnar thin film, the vapor flux does not strike vertically 

on the substrate surface in some places, and consequently we will have birefringence effect in TiO2 

columnar thin film and also thin film had low void spaces between columns (see Fig.4). Thus, we 

will have the excitation of SPP for S polarization as Fig.11 shows. Moreover, the reflection spectra 

widening in the last layer is more than the previous layers, which is because of the non-localization 

of the SPP wave and its damper. 
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4. Conclusions 

A TiO2-Ag composite structure is fabricated by combination of physical vapor deposition and oblique 

angle deposition. In our work, the silver thin film is deposited by physical vapor deposition and TiO2 

columnar thin film is prepared at deposition angles 0,75 and 85 degrees. The plasmonic characteristics 

of composite structure are studied by the optical setup called two-layer Kretschman geometry. The 

obtained results showed that two SPP waves can be excited in composite structure for both liner 

polarizations at glancing angles of incident vapor flux for TiO2 columnar thin film. The small angle of 

SPP wave is devoted to propagation of SPP at external interface of metal(metal-air) and the large 

angle is related to the SPP propagation at internal interface of metal (TiO2-Ag interface). It was found 

that only one SPP mode can be excited at external interface of a metal in composite structure when 

TiO2   is deposited at lower deposition angles. 
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Fig.1.An illustration of oblique angle deposition(OAD) for growth of columnar thin film. The α is 
deposition angle. 

 

 

 

 

Fig.2.The optical setup for excitation of SPP. 
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Fig.3.Shematic of two-layer Kretschmann geometry. The β is rise angle of columnar thin film. 

 

 

 

 

     

Fig.4.FESEM of electron micrographs of the surface and cross section of TiO2 columnar thin film at 

= 0 . 



11 

 

     

Fig.5.FESEM of electron micrographs of the surface TiO2 columnar thin film at = 75 . 

    

Fig.6.FESEM of electron micrographs of the surface TiO2 columnar thin film at = 85 . 

 

 

Fig.7. Three different displays of S-polarization light intensity reflected on the screen for silver thin 

film deposited on microscope slide. The optical calibrated turntable rotates from a low angle (θ) to 

more (from left to right). 
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Fig.8. Same as Fig. 7, except that the polarization of light was P. 

 

 

Fig.9.The measured  reflection spectra from TiO2 - Ag composite structure  as a function of  θ  for 
both linear polarization at = 85  . 

 

 

Fig.10. Same as Fig. 9, except that = 75 . 

 

Fig.11. Same as Fig. 9, except that = 0 . 



Figures

Figure 1

An illustration of oblique angle deposition(OAD) for growth of columnar thin �lm. The α is deposition
angle.



Figure 2

The optical setup for excitation of SPP.

Figure 3

Shematic of two-layer Kretschmann geometry. The β is rise angle of columnar thin �lm.



Figure 4

FESEM of electron micrographs of the surface and cross section of TiO2 columnar thin �lm at α = 0°.

Figure 5

FESEM of electron micrographs of the surface TiO2 columnar thin �lm at α = 75°.



Figure 6

FESEM of electron micrographs of the surface TiO2 columnar thin �lm at α = 85°.

Figure 7

Three different displays of S-polarization light intensity re�ected on the screen for silver thin �lm
deposited on microscope slide. The optical calibrated turntable rotates from a low angle (θ) to more
(from left to right).

Figure 8

Same as Fig. 7, except that the polarization of light was P.



Figure 9

The measured re�ection spectra from TiO2 - Ag composite structure as a function of θ for both linear
polarization at α = 85°.

Figure 10

Same as Fig. 9, except that α = 75°.

Figure 11

Same as Fig. 9, except that α = 0°.


