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ABSTRACT 

Title of Thesis : Conditional Artifical Dielectic Waveguide 

Hsien-Wen Ho, Master of Science, 1990 

Thesis directed by : Dr. Marek Sosnowski 
Professor of Electrical Engineering 

Dr. Haim Grebel 
Professor of Electrical Engineering 

A thin layer of semiconductor ( the guest material ) is sandwiched 

between two polymeric films ( the host material ) to form an artificial 

dielectric waveguide. An artificial dielectric is a composite material 

consisting of a dielectric with a large number of conducting particles 

arranged in a three-dimensional pattern. The particle dimensions are 

smaller than the optical wavelength of interest. A beam of light with a 

photon energy above the band-gap of the semiconductor ( pump light ) 

induces electric and magnetic dipoles which affect the propagation of 

light with a photon energy below the band-gap ( probe light ) in a slab 

waveguide. 

The polymeric films have been prepared using plasma polymerization 

technique. The film of cadmium sulfide was embedded in the polymeric 



film by vapor deposition. The film structure and average thickness of 

CdS were measured using Rutherford Backscattering Spectrometry and 

Scanning Electron Microscope. 

The waist of the near-field intensity pattern of a polymer - 

semiconductor - polymer waveguide was changed up to 15% for a clustered 

semiconductor film under the illumination from a white light source. 

Almost no change was detected for a continuous semiconductor film. 
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CHAPTER 1 INTRODUCTION 

There are a number of advantages in optical integrated circuits, 

such as high speed and large information capacity, low loss coupling, 

compared with similar electrical integrated circuits. However, those 

superior characteristics are mainly limited by the relatively high 

cost of developing this technology. 

The choice of materials for an optical integrated circuit depends 

strongly on the function to, be performed by the circuit. In most 

cases, the optical integrated circuit may consist of a number of 

different optical devices such as source, modulator and detectors, 

and no material will be optimum for all of them. So far inorganic 

materials, mainly semiconductors, have been studied thoroughly for 

electro-optic and optical intensity effects. 

The interest in nonlinear optics and in particular in 

light-induced index of refraction and absorption change is due to its 

possible applications in optoelectronic devices. 

In this thesis, we are reporting experimental results obtained on 

a thin layer of cadmium sulfide ( CdS ) embedded between two layers of 

polymeric ( PMMA ) waveguide. These three layers form an artificial 

1 



dielectric waveguide as shown in Fig.1-1 

In many applications, thin film dielectric waveguides are 

desirable since they can be deposited conformably on various 

substrates, and the fabrication process is quite reliable. Several 

different techniques have been developed to deposit polymeric films on 

amorphous substrates. In the solution deposit techniques such as 

spinning1  and dipping a substrpte is covered with liquid photoresist
2

, 

epoxy
3
, polymethyl methacrylate

4 
( PMMA ), or polyurethane

3,5 
. The 

thickness of liquid layer is controlled by either spinning the 

substrate at a rate of several thousand rpm in an axis perpendicular 

to its surface, vertically dipping the substrate into the liquid and 

moving it at a controlled rate, or covering the substrate with liquid 

and subsequently turning it upright to allow excess liquid to run off. 

Another method for the deposition of polymer film is plasma 

polymerization. In plasma polymerization,an electrical discharge is 

created in a vapor containing low-weight organic molecules called 

monomers. The discharge causes an ionization and fragmentation of the 

monomers and a subsequent rebonding of the fragments into a much 

larger two- or three- dimensional structure by a process called 

2 



polymerization. Polymers may bond into a larger structure by 

cross-linking. When a substrate such as glass is introduced into the 

discharge in a gas containing monomer vapor, the polymer is deposited 

on its surface.
s 

There are some advantages of plasma polymerization in comparison 

with solution deposition : (1) smoother film, (2) accurate control of 

the thickness of the film, (3) lower optical attenuation.3'7  

An artificial dielectric is a composite material consisting of a 

'dielectric with a large number of conducting particles arranged in a 

three-dimensional pattern. The particles dimensions are smaller than 

the optical wavelength of intirest. Under the action of an external 

applied electric field, the charges on each conducting particle are 

displaced so as to set up an induced field that will cancel the 

applied field at the particle surface. The particles are electrically 

neutral so that the dominant part of the induced field is a dipole 

field. Each particle thus simulates the behavior of a molecule ( or a 

group of molecules ) in an ordinary dielectric in that it exhibits a 

dipole moment. Light may induce changes in the dielectric properties 

of such a system. A beam of light with a photon energy above the 

band-gap of semiconductor ( pump light ) induces electric and magnetic 

dipoles which affect the propagation of a second beam of light with a 

photon energy below the band-gap ( probe light ). 

In this work, we prepared an artificial dielectric composed of a 

3 



semiconductor (CdS) in a polymer ( PMMA ) matrix. Plasma 

polymerization was used to prepare polymeric films. The film of 

cadmium sulfide was deposited on a PMMA film by vapor deposition in a 

high vacuum evaporator. 

The purpose of this study was to investigate the role of a pump 

light in changing the refractive index of the artificial dielectric. 

Waveguides made of such materials may become important components of 

new optoelectronic devices. 

4 



CHAPTER 2 ARTIFICIAL DIELECTRIC WAVEGUIDE 

2.1 TE and TM Mode in an Asymmetric Waveguide 

Light is confined to a dielectric waveguide because the refractive 

index of the guide medium is larger than its surrounding cladding 

layer. In our case, the air ( refractive index n = 1 ) and a glass 
a 

'substrate ( refractive index n = 1.49 ) confine the light to a 

composite guiding layer ( refractive index n >1.49 ). Light 
wg 

propagates in the waveguide ,as long as the transverse boundary 

conditions are fulfilled. Stable solutions of the wave equation are 

called mode of propagation. We solve Maxwell's equations for the 

transverse mode assuming propagation along the waveguide in the form 

of E(z) = E 
ei(wt-(3z), 

 thus, 

V2E(r) + k2  n2(r) E(r) = 0. 2.1.1 

Here k
2
E w2 WE = (2 n/ XI ,and n is the index of refraction in the 

region of interest. The solutions are subject to the continuity of the 

tangential components of E and H at the dielectric interface, so that 

Eq.(2.1.1) becomes 

2 2 a a  
) E(x,y) + (k2  h2(r) - (32) E(x,y) = 0 2.1.2 

a x2 a y
2 
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Consider a slab waveguide, where n2
>n
3
>n

1 
 lets 

8E/ay = 0 .Then Eq.(2.1.2) becomes 

a
2 

E(x,y) +( k
2 n

2
- g

2
) E(x,y) = 0 0 -.5. x < co 2.1.3a 

o 1 
a 
X2 

a2 
E(x,y) + ( k

2 
2 
n
2
- g

2Wx,y) = 0 -t :5 x 0 2.1.3b 
a 
X2 

a2 
E(x,y) + ( j(

2
o n

2
- (32) E(x,y) = 0 -co < x :5 -t 2.1.3c 

a 
X2 

2.1.1 TE Mode 

Two polarization eigenstates are solutions to Eqs (2.1.3); the TE 

and TM states. TE has no electric component in the z direction while 

TM has no magnetic component in the z direction. The components of the 
a 

TE mode are : 

6 



By imposing the continuity requirement on a E Y/ ax at x=-t, we get 

from Eq.(2.1.7) 

Equation (2.1.9) is often called the eigenvalue equation meaning that 

the propagation constant (3 of a TE mode satisfies this condition. 

2.1.3 TM Mode . 

The field components of TM mode are 

7 



The continuity of Hy and Ez at the two interface leads to the 

eigenvalue equation8  

P(R + a) 
tan ht =  2.1.11 

h
2
— R g 

where 

2.2 Effective Dielectric Function Calculation 

We consider the case of microparticles of semiconductor ( guest ) 

,embedded between two layers of PMMA film(host). The size of the 

microparticles is much smaller than the optical wavelength used when 

an optical wave propagation in such structure dielectric waveguide is 

affected by the induced electric and magnetic dipoles in the 

dielectric. R.E.Collin9 used Lorentz theory to solve the dipole terms 

in the induced field. The induce dipole moment is 

p =ac(E +E) 2.2.1 

a :the electrical polarizability of a conducting particle, 
e 

c :the host material permittivity, 

E :the external field, 
0 

E :the interactive field between the induced dipole. 

The total polarization of suspended particles in the polymer is 

P =Na c(E +E) 2.2.2 

N : the number density of electric dipoles, 

8 



Substituting Eq.( 2.2.3 ) into Eqs.( 2.2.1 ) and ( 2.2.2 ), we get 

The average displacement flux is defined by 

D=c E+ P = c E. 2.2.5 
a a eff a 

E : the average value of the total field in the medium, 
a a 

eff 
: effective permittivity. 

SO 

The dipole field produced by all particles can be expressed by 

Fourier series 

co m co 
2nn

z) 2.2.7 E= -E E EAlmn b 2mn cos( 
21n

x)cos(  
2mn

y)cos( 
a 

1=1 m=1 n=1 

it is clear from Eq.(2.2.7) that the average induce field is zero 

since cosine terms have a zero average. 

Substituting E = 0 into Eq.(2.2.6), we get 
pa 

9 



In the same manner as above, we can get effective permeability 

N cc 
µ 

eff 
µ ( 1 + 

- a C 
2.2.9 

m 

a : the magnetic polarizability of a conducting particle, 

C : interaction constant between the magnetic dipoles. 

H.Grebel and P.Chen
10 

have reported that when a dielectric 

waveguide is illuminated by a light source having a photon energy 

above the semiconductor band gap and excite the free carriers in the 

semiconductor clusters are excited. These carriers effectively 

introduce a transverse interface for light propagating in the slab 

waveguide with a photon energy smaller than the semiconductor band 

gap. The short lifetime ofe  the carriers will create electric 

dipoles,i.e, an increase the permittivity constant. When shielding 

current is effectively suppressed owing to surface states, there may 

not be a change in the permeability constant. 

10 



CHAPTER 3 PRINCIPLES OF THIN FILM DEPOSITION 

3.1 Introduction 

Two different film deposition techniques were used in this study. 

One is plasma polymerization of PMMA; another is vapor deposition of 

'CdS. Below a short introduction to the theory of both techniques is 

given. 

3.2 Plasma Polymerization 

The starting material for plasma polymerization is called 

monomer. When the vapor monomer is introduced into the vacuum chamber, 

an electrical discharge occurs between two electrode plates. The 

discharge causes an ionization and fragmentation of the monomers and a 

subsequent rebonding the fragments into a much larger structure. 

H.Yasuda
11 have published a book called " Plasma Polymerization " 

which is a very good reference for the theory of the plasma 

polymerization process The factors that affect the deposition rate in 

the plasma polymerization are :(1) type of electric supply, (2) 

arrangement of substrates
12
, (3) gas pressure

13
, (4)monomer flow 

11 



rate
14, (5) discharge current and field

15, (7) carrier gas ( i.e. He, 

Ar, N2, H2.)16. The process can be carried out with ac or dc current. 

In ac discharge, rf source (13.56 MHz) is typically used,but the power 

source at 60 Hz is also common. The voltage and current of dc 

discharge are typically 200 V and 0.1 - 1 mA. Gas pressure in the 

discharge is typically from 0.1 to 10 mtorr. 

3.3 Evaporation and Nucleation 

3.3.1 Evaporation Processes• 

Deposition processes consist of three major steps
17
: 

1.Generation of the depositing species. 

This is a transition from the condensed phase to the vapor phase, 

The vapor species are generated by heating the material to be 

evaporated using resistance, induction, electron beam or laser beam 

heating sources. 

2.Transport of the species from the source to the substrate. 

This can be in the form of molecular or viscous flow .The mean 

free path of molecular flow is larger than the source-to-substrate 

distance and molecular flow occurs at low partial pressures of the 

depositing species and residual gas in the system. Viscous flow occurs 

at high partial pressure 20 - 120 mtorr. It also occurs when a 

substantial partial pressure of an inert gas is intentionally added in 

the evaporation deposition process to cause gas-scattering of the 

12 



deposition species. 

3.Film growth on the substrate. 

The process depends on the energy of incident species and 

substrate temperature. Ions and neutrals bombarding the growing film 

influence the structure, composition, and residual stress of the film. 

3.3.2 Mechanism of Film Growth 

The general picture of the sequence of the nucleation and growth 

steps to form a continuous'film which emerges from nucleation theory 

'and electron-microscopic observations is described in the "Handbook of 

18 
Thin Film Technology 

.
as follows: 

1. Formation of absorbed monomers. 

2. Formation of subcritical embryos of various sizes. 

3. Formation of critically sized nuclei (nucleation step). 

4. Growth of these nuclei to supercritical dimensions with the 

resulting depletion of monomers in the capture zone around them . 

5. Concurrent with step 4, there will be nucleation of critical 

clusters in areas not depleted of monomers. 

6. Clusters touch and coalesce to form a new island occupying an 

area smaller than the sum of the original two, thus exposing fresh 

substrate surface. 

7. Monomer adsorbs on these freshly exposed areas, and "secondary" 

nucleation occurs. 

8. Large islands growth together, leaving channels or holes of 

exposed substrate. 

13 



9. The channels or holes fill via secondary nucleation to give a 

continuous film. 

Some of these steps are shown schematically in Fig.4-4. obtained 

Fig.3-1 Scheme of the shape changes of the film growth. 

from reference [18]. It shows the growth process to four stages: 

nucleation and island structure coalescence of islands, channel 

formation, and formation of continuous film. 

From the above description, it is clear that the film morphology 

changes with its average thickness. If only a small amount of material 

is deposited on the substrate it will be present in the form of small 

clusters or unconnected islands. To obtain a continuous film a minimum 

average thickness has to be developed. The thickness of which a 

continues film forms depends on a number of factors such as the 

14 



depended material used, surface condensation, surface temperature, 

surface preparation and deposition rate. 

15 



CHAPTER 4 APPARATUS FOR THIN FILM DEPOSITION 

4.1 High Vacuum Evaporator 

4.1.1 Vacuum Chamber 

The vacuum chamber used for evaporation of cadmium sulfide 

consists of a Pyrex bell jar and gasket resting on a stainless steel 

base plate assembly. The stainless steel base plate has a cylinder 

welded below it which contains a main valve and an LN2 cooled baffle 

to which the diffusion pump is bolted. Six low voltage high current 

feedthroughs are located in the base plate. The feedthrough supports a 

fixture for the evaporation source and accessories. 

The vacuum gauging includes two Hastings thermocouple gauges.A 

selector switch at the controller panel allows to read pressures down 

to one militorr at the mechanical pump (TC-1) or in the bell jar 

(TC-2). 

The Cold cathode ionization gauge provides reliable pressure 

measurement in the high vacuum range of 10-3  to 10-7  torr.The cold 

cathode ionization gauge is also called Phillips gauge, Pennig gauge, 

16 



or Discharge gauge. Pressure is determined by measuring the ion 

current caused by collisions between gas molecules and electrons. A 

magnet causes the electron to follow long helical paths which increase 

the probability of gas collisions and result in greater sensitivity at 

low pressure. 

4.1.2 Evaporation Source 

The evaporation source consists of a BN crucible ( 1.3 cm high and 

1 cm diameter ) containing the material to be evaporated, and a 

filament. A substrate holder has a form of an aluminum plate( 20 x 9 

cm2 ) with a rectangular hole in the center ( 15 x 6 cm
2 

). The 

distance between the crucible and the substrate holder is 17 cm. The 

crucible is heated by the filament and the heating temperature is 

determined by the current supplied to the filament. The whole system 

structure is shown in Fig.4-1. 

4.2 Plasma Generator 

4.2.1 Vacuum Chamber and Pumping System 

The vacuum system used for PMMA polymerization consists of a Pyrex 

tube (45 cm high and 15 cm diameter), top and bottom flanges, valves, 

a vapour trap, a mechanical pump and a diffusion pump. 

The monomer flow control system consists of a high vacuum valve, 

17 
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Fig• 4-2 plasma deposition system 
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a micronmeter needle valve (to control the monomer flow rate) and a 

vessel containing liquid monomer. 

4.2.2 Electrical System 

Plasma discharge occurs between two rectangular electrode plates 

11.5 x 6.5 cm
2 ).The distance between the two electrode plates is 3.2 

cm. The ac voltage (60 Hz) was supplied between two electrode plates . 

The voltage and the current of the discharge measured by the meters on 

the control panel. The panel• also contains a process timer. The plasma 

'generator is shown in Fig.4-2 and the electrical system is shown in 

Fig. 4-3. 

20 



CHAPTER 5 EXPERIMENT 

5.1 Waveguide Fabrication Method 

5.1.1 Starting Materials 

1. Waveguide host material:dehibited methyl-methacrylate monomer 
. 

liquid. 

2. Guest material: Cadmiuri sulfide ( CdS ),powder. 

3. Substrate. microscope slide glass, 26mm x 76mm. 

5.1.2 Procedure 

A. Plasma deposition: 

1. Load the vessel with liquid monomer and place substrates 

(typical 3) between two electrodes. 

2. Start to pump the plasma deposition system using mechanical 

pump untill the pressure inside the chamber is about 5-10 mtorr. 

3. Open the micronmeter of the needle valve to control the 

pressure inside the chamber and to adjust the flow rate of the 

monomer. The pressure in the chamber during deposition was set at 300 

21 



mtorr. 

4. Turn on the power supply and adjust the power of plasma 

discharge. The voltage across the electrodes was 430 volts and the 

current 5.4 mA. 

5. Deposition time depends on how thick the film is desired. It 

was typically 45-60 minutes for 2pm thick polymer film. 

6. Turn off the power supply, close the roughing valve and turn 

off the pump. 

7. Wait about 30 minutes to let the substrates cool down then take 

them out. 

B. Vapor deposition: 

1. Load the crucible with CdS and place the substrate which is 

prepared by the previous processes ( PMMA + glass ) on the substrate 

holder. 

2. Pump the evaporator till the pressure is about 4x10-6- 

5x10-6  mtorr. 

3. Turn on the filament power and adjust the filament current to 

obtain the desired temperature of the crucible. The temperature was 

measured using an optical pyrometer and set at 1100 °c. The filament 

current was 46 A. 

4. Deposition time depends on the desired film thickness. It 

ranged typically from 2 to 3 minutes. 

5. Turn off the filament power. 

6. Wait for the film cool down 

22 



C. Repeat part A ( plasma deposition ) steps 1-7. to obtain the film 

as shown in Fig.1-1. 

5.2 Results of Deposition 

5.2.1 Deposition Rate of Plasma Polymerization 

In this experiment, we investigated the relation between time, 

pressure and the deposition rate. The results showed that deposition 

will saturate after a certain time, which may be explained by the fact 

that the plasma etches the film. Table 5-1 and Table 5-2 list time and 

pressure related to the film thickness respectively. Also see Fig.5.1, 

and Fig.5.2. which show the results in a graphical form. The film 

thickness was obtained by measuring the intensity profile width of the 

waveguide output and dividing it by the magnification factor. 

Table 5-1 Variation of PMMA Film Thickness with Time 

Time(mins) Power(w) Film Thickness(µm) 

30 2.322 1.388 

60 2.322 2.181 

90 2.322 2.026 

120 2.322 1.780 

180 2.322 1.636 
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Table 5-2 Variation of PMMA FilliThickness with Pressure 

Pressure (mtorr) Time (mins) Film thickness (µm) 

200 45 1.408 

300 45 1.503 

400 45 1.522 

500 45 1.585 

600 45 1.649 
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Fig.5-1.Variation of PMMA film thickness with time 
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Fig.5-2.Variation of PMMA film thickness with pressure 
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5.2.2 SEM Measurement 

In this experiment, we wanted to get a discontinuous CdS deposit 

embedded on PMMA films. We kept filament current constant and used 

deposition time to control the film thickness. Two samples were made 

at same time, one was brought to the plasma generator to deposit 

another PMMA film on top of CdS, the other was used to measure the 

cluster size of CdS by SEM ( Scanning Electron Microscope ) 

SEM samples are prepared as follows: 

1. Cut the glass substrate to 1 x 1 cm2. 

2. Put a little silver paint on the top of SEM holder ( cylinder, 

diameter - 1 cm, high - 1.5 cm) and place the sample on it. 

3. Evaporate a very thin gold film on the sample surface in a 

vacuum chamber. 

The SEM images are shown in Fig.5.3. The magnification is 5,000. 

In the pictures we can see some clusters; their size range from 600A 

to 1000A . The cluster size is smaller than seen in the pictures, 

because we have to account for the gold film thickness which is 

estimated to be about 100 A. We assume the high of the cluster is same 

as that shown in the SEM image, so the average thickness of the 

clusters is about 20 A. The area of the film covered by the clusters 

is only 0.3 % of the total film area. 

The SEM image of pure PMMA shows that the only particles on the 
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substrate are some dust particles, and their size is about 10 pm. The 
41. 

picture of the PMMA film are shown in Fig.5-4. 

5.2.3 RBS Measurement 

RBS ( Rutherford Backscattering Spectrometry ) is a technique for 

surface analysis. It is used to analyze (1) composition and thickness 

of thin films, (2) surface impurities, (3) depth concentration 

distributions in bulk material. 

The basic principle of ORBS is that a high energy ion beam(2 Mev 

He+  in our case )from a Van de Graff accelerator impinges on the 

sample surface and a solid-state detector receive the back scattered 

ion. The energy spectrum of the ions is obtained with a multichannel 

pulse amplitude analyzer. 

For calibration purpose, we measured a spectrum of a Si sample and 

compared to the spectrum of CdS. The spectra of the samples are shown 

in Fig.5-5, Fig.5-6. The peak between channels 400 and 430 in the 

spectrum in Fig.5-5 corresponds to the He+  scattering from Cd. The 

broad peak between channels 230 and 280 in Fig.5-6 corresponds to He+  

scattering from Si. The number of scattered ions can be expressed as : 

C =NQTE2 5-1 

C:counts, 

N: atomic surface density, 
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cr:cross-section for coulomb scattering, 

Q:solid angle of detection, 

Q:to total charge accumulated by the ion beam. 

The subscripts refer to silicon and cadmium. The sample of Si is a 

wafer which produces a broad profile in the spectrum. The number of 

counts in 10 channels of Si peak was measured as C
si 
 = 13304. The He

+ 

ions which correspond to theses  counts were scattered by a layer of Si 

containing N
si 
 = 10 x 45.51 x 1015  atom/cm2. The number of atoms 

corresponding to one channel of the spectrum is given in special 

tables used in RBS spectroscopy. 

The ratio of the cross-sections for coulomb scatters 
Cd

is 
Si 

proportional to the ratio of the atomic number square: 

Cd  
( Z

Cd 
 )
2 
= 11.75 

si Si 

Q of 1 and 3 µ coul was chosen for Si and Cd respectively in our 

measurements. The total counts in the Cd peak was 90000 . So 

90000 1 1  N = 45.51 x 
Cd 13304 x  3 11.75 

= 8.74 x 10
16 

atom/cm
2 
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The density of CdS is 

If we assume that the average film thickness is proportional to 

the deposition time, from the result of RBS measurement, we can 

estimate the average thickness of the films deposited during different 

times, as shown in Table 5-3. 

Table 5-3 Variation o"f Average Film Thickness with Time 

Deposition time(mins) Average film thickness(A) 

2 248 

3 372 

4 497 

We made RBS measurement on two CdS on PMMA samples. The deposition 

times were 2(sample A) and 3.5 (sample B) minutes. The spectrum of 

sample A showed a broad peak, typical of the charging up of the 

specimen by the ion beam. It was concluded that the sample was not 

conducting and therefore the CdS material formed islands rather than 

continuous film. 

From RBS measurement we learned that : 

(1). The average thickness of sample B is 435 A. CdS in the sample 

form rather uniform film as shown by the width of the peak in the 
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spectra. The clusters seen in SEM images contain only small amount of 

material. 

(2). Sample A is not conducting and contains islands of CdS material. 
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Fig.5-3.SEM image of CdS thin film on PMMA. 

32 



Fig.5-4 SEM image of pure PMMA film 
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5.3 Optical Measurement System 

The optical measurement system is shown in Fig.5.7 : 

1. Optical chopper - used with lock-in amplifier. 

2. Half - wave plate (Half plate) - operating on the wavelength of 

0.6328 pm, mounted on a rotatable stand. The role of this plate is to 

switch from one linear polarization mode to another, that is, to 

enable launching light either to the TE or to the TM modes. 

3. Polarizer 1 - linear polarized filter mounted on a rotatable 

stand. 

4. Microscope objective 1 (,x20) - to focus the laser beam onto the 

waveguide. The spot size, at the focal point is given by 

r = 1!22 fX 
D 

where r : radius of the spot, 

A : optical wavelength, A=0.6328 gm, 

f : the focal length of the lens used (microscope objective) 

D : the diameter of the laser beam. 

In the experiment the spot size is approximate 7 gm, larger than the 

waveguide width. 

5. Microscope objective 2 (x20) - to magnify the near field 

pattern of the waveguide output. 

6. Photo detector - to detect the light intensity at the screen, 

and to send the signal to the lock-in amplifier. 

7. Lock-in amplifier - with a reference frequency provided by the 

optical chopper. The signal from the detector is analyzed and the 

noise can be reduced to a minimum. 
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8. Laser - He-Ne laser, wavelength A.C.6328 gm. 

9. HP-300 computer - to record the data from the lock-in 

amplifier. 

10. Motorizer - to move the detector in the Y direction with 

respect to to waveguide axis. 

11. Controller - to control the speed of motorizer. 

12. Light source - to illuminate the sample. 

13. Plotter - connected to HP-300 computer. 

14. Waveguide sample 

15. Filter. - only red light can pass through the filter to 

the detector. 

The laser light beam which propagates through the optical 

waveguide is detected by a detector. Because the light intensity is 

very weak, an optical chopper which provide a reference frequency to 

the lock-in amplifier is used to reduce the background noise. The 

frequency of the optical chopper is chosen not to be near the 

frequency of the power system, 60 Hz or its integer multiplication. 

The signal, including the background noise from the detector, is sent 

to the lock-in amplifier and by comparing the signal from the detector 

to the reference frequency from the optical chopper , the background 

noise which is not modulated by the optical chopper frequency is 

reduced to minimum. The output of the lock-in amplifier is converted 

to digital signal and sent through a IEEE-488 interface to the HP-300 

computer. 
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Fig.5-7 The optical measurement system 
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5.4 Near-Field Pattern Measurement 

Near - field measurements are the intensity profile just at 

waveguide output. In measuring the near-field pattern of TE or TM 

mode, the waveguide output is magnified by objective 2. The image size 

of the intensity at the detector is about 1mm. 

The set up of the near-field pattern measurement is shown in 

Fig.5-7.A detector with a pin hole to limit the detector aperture size 

is used to scan over the magnified near-field-pattern. The diameter 

of the pin hole is about 60-190µm. The pin hole and the detector are 

mounted together on a motorizer which provides a vertical movement. By 

scanning the near-field patterA across the waveguide width at the 

vale of 5.7um/sec, the near-field pattern of the TE or the TM mode is 

measured. 

5.4.1 Measurement Procedure 

1. Adjust half plate to proper angle, as observed in Fig.5-7. 

2. Adjust the frequency of the optical chopper. 

3. Adjust the microscope objective to magnify the near-field 

pattern of the waveguide and focus the near-field pattern of the 

waveguide on detector. 

4. Adjust the motorizer position. 

5. Set the lock-in amplifier phase and time constant. 

6. Use HP-300 computer to record the data from the lock-in 
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amplifier. After a complete measurement the computer will make a sound. 

7. Wait for the signal from the computer then turn on the white 

light source to illuminate the waveguide sample. Record the data 

again. 

8. Wait for the signal from the computer then turn off the white 

light source. 

5.4.2 Experimental Results 

In this experiment, we measured several samples, prepared with 

different deposition time of 6CdS, under white light illumination. 

Table 5-4 and Table 5-5 shows the results with the intensities 

obtained with and without illulination normalized to unity . The 

intensity difference between the profile might be attributed to 

scattered light. This is not considered as an inherent property of the 

waveguide and may be accounted by proper normalization . For example, 

profiles of a waveguide show the intensity under white light 

illumination and under no illumination, which are not normalized in 

Fig.5-8 and Fig.6-9. 

Table 5-4 TE mode 

T(mins) Wb-Wa(um) Fig.No 

2 0.296 5.10 

3 0.135 5.11 

4 0.082 5.12 

5 no waveguide detected 
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T : deposition time. 

Wb: waist of waveguide without light illumination. 

Wa: waist of waveguide with light illumination. 

Wb-Wa:difference between waist without light and with light 

illumination. 

Table 5:5 TM mode 

T(mins) Wb-Wa(um) Fig.No 

2 0 5.13 

3 0.12 5.14 

4 - 0.16 5.15 

5 no waveguide detected 

Fig.5-10 Fig.5-12 and Fig.5-13 Fig.5-15 were the 

near-field pattern of the waveguide in TE and TM modes with different 

deposition time of CdS. From Table.5-4 and Table.5-5, the biggest 

change of the waist of the waveguide showed in TE mode. In TM mode, we 

did not find too much change of the waist of the waveguide. 

41 



Fig.5-8 The near-field pattern of PMMA-CdS-PMMA waveguide in TE mode 

The deposition time of CdS is 3 minutes. 
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Fig.5-9.The near-field pattern of PMMA-CdS-PMMA waveguide in TM mode 

The deposition time of CdS is 3 minutes. 
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Fig.5-10.The near-field pattern of PMMA-CdS-PMMA waveguide in TE mode. 

The deposition time of CdS is 2 minutes. 
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Fig.5-11.The near-field pattern of PMMA-CdS-PMMA waveguide in TE mode. 

The deposition time of CdS is 3 minutes. 
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Fig.5-12.The near-field pattern of PMMA-CdS-PMMA waveguide in TE mode 

The deposition time of CdS is 4 mins 
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Fig.5-13.The near-field pattern of PMMA-CdS-PMMA waveguide in TM mode. 

The deposition time is 2 mins. 
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Fig.5-14.The near-field pattern of PMMA-CdS-PMMA waveguide in TM mode 

The deposition time is 3 mins. 
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Fig.5-15.The near-field pattern of PMMA-CdS-PMMA waveguide in TM mode 

The deposition time is 4 mins. 
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5.4.3 Control Experiment 

The purpose of this experiment was to verify that the change of 

the near-field pattern of the waveguide was due to the presence of the 

CdS clusters. We prepared two samples under the same conditions. One 

was deposited with a CdS film, while the other was heated by an empty 

crucible. The results are shown in Fig.5.16 and Fig.5.17. After 

normalizing the peak intensities with and without white light 

illumination no significant difference in the waists of the pure PMMA 

waveguide is seen. Later, we realized that a proper red filter ( A = 

0.63 pm ) may be used to eliminate the scattered light noise. Indeed, 

the results of cycle measurement show that this filter eliminated the 

need for profile normalization which in turn justified our 

normalization approach. 

5.4.4 Cycle Measurement 

During the experiment, we found an interesting effect: beside the 

waist and intensity differences with white light and without white 

light illumination , the near-field pattern of the waveguide shifted 

after light illumination. We made a cycle measurement to observe the 

shift of the near-field pattern of the waveguide after light 

illumination. In the cycle measurement, we measured the near-field 

pattern of the waveguide before white light illumination, with white 

light illumination, immediately after the light was turned off, and 

after the light was turned off for 10 minutes. In these measurement, 
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we put a filter in front of the detectqr to reduce the background 

noise. The filter transmitted only the light wavelength of 0.63 pm 

near the He-Ne laser wavelength. The results are shown in Fig. 5-18. 

Also, we increased the distance between the white light source and the 

waveguide sample from 1 cm to 9.5 cm in order to reduce the heat 

effect of the white lamp. The results are shown in Fig.5-19. We found 

that the near-field pattern of the waveguide shifted to the left side 

after white light source was turned off, but after certain time it 

shifted back to the right side of the original position of the 

waveguide near-field pattern. 

In order to understand whether the shift of the near-field pattern 

of the waveguide was due to white light illumination or heat effect, 

we illuminated the waveguide sample for a very short time (3 - 5 

seconds). With such short time the white light source would not have 

enough time to heat the waveguide sample.The result is shown in 

Fig.5-20 and we still can observe the near-field pattern of the 

waveguide shift to the left side. 

5.4.5 Stroboscope as a Pump Light 

In this measurement, the procedure of measurement was the same as 

before, but we used a stroboscope to substitute the incandescent white 

light source. Two stroboscope frequencies were used in this 

experiment, one was 130 ppm and the other was 13000 ppm ( pulse per 

minutes ). Here, we used the same waveguide (PMMA-Cds-PMMA ) and the 
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results are shown in Fig.5-21, Fig.5-22,and Fig.5-23. The near-pattern 

of the waveguide in TM mode shifted to left side after the light was 

turned off in both frequencies. We did not see any change in TE mode 

in this measurement. Fig.5-24 showed the pure PMMA waveguide pattern 

did not change in this experiment. 
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Fig.5-16.The near-field pattern of pure PMMA-PMMA waveguide in TE 

mode. 
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Fig.5-17.The near-field pattern of PMMA-CdS-PMMA waveguide.Shown is 

the TE mode. 
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Fig.5-18.The results of cycle measurement of a TE mode 
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Fig.5-19.The results of cycle measurement where the distance between 

light source to the sample is increased. 
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Fig.5-20.The near-field pattern of the waveguide after short white 

light illumination time( 3 - 5 sec). 
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Fig.5-21.The near-pattern of a TM mode in a PMMA-CdS-PMMA waveguide. 

The frequency of stroboscope is 130 ppm (pulse per minutes ). 

• 
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Fig.5-22.The near-pattern of a TM mode in a PMMA-CdS-PMMA waveguide. 

The frequency of stroboscope is 13000 ppm. 
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Fig.5-23.The near-pattern of a TE mode in a PMMA-CdS-PMMA waveguide. 

The frequency of stroboscope is 13000 ppm. 
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Fig.5-24.The near-pattern of a TM mode in a pure PMMA waveguide. 

The frequency of stroboscope is 130 ppm. 
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CHAPTER 6 DISCUSSION 

6.1 Film Deposition 

6.1.1 Plasma Deposition 

We investigated the relationship between deposition time, 

pressure, and film thickness in a discharge chamber. The results 

showed that the plasma deposition 4,  is halted after 60-70 minutes. This 

effect might be caused by the increased temperature of the film 

surface. As the temperature is increased, the etching process starts 

to take place. This may be a problem when continuously growing a film 

of more than 3 pm thick. Fig.5-1 shows that the maximum film 

thickness was about 2.2 pm after 60 minutes of plasma deposition. In 

order to overcome this problem , we stopped the deposition process 

after 60 minutes, let the substrate cool down and continue the 

deposition. In this way, we could achieve film thickness of 4 to 6 pm. 

Film thickness is proportional to the pressure inside the chamber 

and the pressure is proportional to the flow rate of the monomer. At 

higher pressures, there are more monomer molecules available for 

plasma polymerization and this results in a higher deposition rate as 
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shown in Fig.5-2. 

6.1.2 Vapor Deposition 

We observed CdS clusters on a PMMA film surface using Scanning 

Electron Microscope. In order to achieve the novel dielectric 

properties, the cluster size of an artificial dielectric material 

should be smaller than the optical wavelength used. In our case it is 

much smaller than 0.6328 gm, the laser spectral line. 

The results of RBS measurement of the sample deposited for 3.5 

minutes (sample B ) give an average CdS film thickness of 435 A. The 

sharp CdS peak in the RBS spectruii indicates that the film thickness 

is uniform .(Fig.5-5) 

RBS measurements of a sample deposited for 2 minutes (sample A) 

show that CdS material did not form a continuous film. This indicates 

that the critical thickness of forming a continuous film is above 248 

A calculated from the thickness of sample B and the deposition time 

ratio. It is possible that the sample made by 2 minutes deposition had 

less CdS material than calculated. 

By interpretation the RBS measurement on sample B, we estimate the 

average film thickness of a sample deposited for 3 minutes as 370 A. 

The clusters in the SEM images have equivalent thickness about 20 A 

calculated by estimating the average cluster volume and the cluster 
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density. From these two results we conclude that some of the CdS are 

in cluster form and some of them are in a form of a continuous film. 

The cluster do not contribute significantly to the average film 

thickness. 

6.2 Optical Measurement 

(1) Changes in the waist intensity profile of PMMA-CdS-PMMA 

waveguide : From chapter 2, we know that the effective permittivity is 

a function of light intensity and the index of refraction is defined 

as: 

E 
eff effN1/2 

n - (  
C 11. 
o o 

Aeff 
is the effective permeability. When c 

eff 
 increases with 

increasing light intensity the index of refraction will increase too. 

Once we change the index of refraction n, we change the propagation 

properties for the probe optical beam ( the He-Ne laser beam ). We 

expect that the waist of near-field pattern of the waveguide will be 

narrowed with light illumination due to the effective increase in the 

refractive index of the CdS cluster. 

From the measurement of the near-field pattern in Chapter 5, we 

indeed found that for a PMMA-CdS-PMMA waveguide under illumination by 

a white light source, its waist of the near-field pattern became 

narrower than without white light illumination. This may indicate that 
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the illumination by white light source changed the effective index of 

refraction of the waveguide. The lower the intensity of the white 

light illumination, the less this effect is. 

In Fig.5-10 Fig.5-15, we normalized the near-field pattern of 

PMMA-CdS-PMMA waveguide, under and under no white light illumination 

to unity, in order to eliminate the effect of the scattered light 

noise. The results of additional test measurements supported the 

normalization approach. When a red filter to eliminate the scattered 

light noise was used, the peaks of the near-field pattern of 

PMMA-CdS-PMMA waveguide under and under no white light illumination 

were almost the same. 

To examine whether the change in the properties of the waveguide 

were due to the presence of the CdS and not an artifact of the film 

processing, we performed a control experiment to compare two 

waveguides. One had two layers of PMMA and the other had a thin layer 

of CdS film between two layers of PMMA. The results of the near-field 

intensity pattern shown in Fig.5-15 and Fig.5-16 indicate that the 

waist of the near-field pattern of a pure PMMA waveguide was not 

affected by the white light source illumination. Both the intensity 

and the waist of the near-field pattern of PMMA-CdS-PMMA waveguides 

were affected by the white light. Thus we conclude that the profile 

waist narrowing is indeed due not to the optical loss, but to the 

interaction of the white light illumination with the CdS layer, which 

caused the dielectric constant change. 
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(2) The effect of the cluster size : We used TEM, SEM and RBS to 

measure the film thickness. In TEM measurement, we failed to make a 

specimen of CdS on PMMA which is less than 1000 A in total 

thickness necessary for the TEM measurement. 

From SEM and RBS measurements, we may estimate the distribution of 

CdS for different deposition time. Table.6-1 lists the waveguide 

optical profile waist change with different deposition time in TE mode 

and different distributions of CdS film. 

Table.6-1 The waveguide waist change in TE mode and 

different distributions of CdS film 

waveguide waist change(pm) the distribution of CdS 

0.296 discontinuous film, islands 

0.135 a very thin film between clusters 

0.082 continuoes film 

The biggest waveguide waist change occurred when a discontinuous 

CdS film embedded into two layers PMMA. Almost no change occurred in 

waveguide waist when a continuous CdS film embedded into two layers of 

PMMA. H.Grebel
10 

suggested that skin-depth effects put an upper limit 

on the cluster size of approximately 0.01A. At these sizes the 

characteristics of the artificial dielectric waveguide at optical 

frequencies will therefore be determined by the conductivity 

properties of the guest material as well as the optical properties of 

the host waveguide material. 
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(3) Shift effect: In the cycle measurement, we found that the 

near-field pattern of the waveguide slowly drifted a long time. These 

results are shown in Fig.S-18 and Fig.5-19. Thermal effects have been 

eliminated by increasing the distance between the white light source 

and the sample. Figure 5-19 shows that , nevertheless, the profile 

shift still exist even for low white light intensity illumination. The 

shift effect also exist when we used a short time light pulse ( 3 - 5 

sec) to illuminate the sample. 

Using a stroboscope as a pump light showed that the intensity 

profile of the waveguide for TM mode was shifted after the light was 

turned off at two light pulse frequencies and with no substantial 

change in the TE mode. The wavegdlde waist did not change for both 

PMMA- CdS - PMMA and pure PMMA waveguide. The light intensity of the 

stroboscope was about 0.2 w which was smaller than that of the 150 w 

white light source ( 10 w of light power ). 

A possible explanation to the above phenomena of profile shift 

is charge migration. Carriers are generated by the pump light. As the 

pump light is turned off, the charge migrate to all directions. For 

unknown reasons, the center of this migration process oscillates as 

shown in Fig.5-19. 
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CHAPTER 7 CONCLUSION AND FUTURE WORK 

We have demonstrated that the properties of a waveguide consisting 

of a thin layer of CdS embedded into a PMMA were changed by the 

illumination of a white ( pump ) light source. The waist of the 

near-field intensity pattern of the waveguide was changed up to 15% in 

a clustered CdS film under the illumination from a white light source. 

The results show that the waveguide waist change is not proportional 

to the quantity of the CdS but mayehave an optimal value as a function 

of the cluster size. 

For future works, we suggest to extend the guest material to other 

II-VI semiconductor materials and to other host materials such as 

glass or quartz. 
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