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ABSTRACT 

This work concerns the vacuum deposition of novel thin films that exhibit 

nonlinear optical effects due to their unusual microstructure. We discuss four 

different materials: 1) Tilted columns of aluminum-oxide 2) Gold particles in 

aluminum-oxide 3) Cadmium sulpho-selenide particles in aluminum-oxide 4) Silver 

particles in zinc-sulphide. 

We begin with a description of the vacuum system and some the techniques 

used to characterize the optical and structural properties of the films. This leads to 

our study of second-harmonic generation (SHG) in aluminum-oxide thin films 

deposited at an angle to the evaporant source. We show that SHG is very sensitive 

to the non-isotropic microstructure that results from such a deposition. and the 

behavior of the SHG signal with sample orientation provides insight to the 

symmetry properties of the microstructure. 

In a related study we show that Aul Al20 3 composite films produce a large 

SHG signal. We investigate the dependence of the strength of the SHG signal with 

fill-fraction of gold and show that it increases quadratically. in agreement with 

theory. 

The third material we discuss is cadmium sulpho-selenide doped aluminum-

oxide. We describe attempts at nucleating semiconductor crystallites in a variety of 

hosts through a process of co-deposition and subsequent annealing. We also deposit 

alternate layers of CdS-Se and A120 3• with the semiconductor layer thin enough that 

interspersed crystallites form. This results in suspended. isolated crystallites similar 

to the doped-glass materials of interest to nonlinear optics. A waveguide of a 
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CdS/ Al20 3 "sandwich" demonstrates optical nonlinearity through a power-dependent 

prism coupling experiment, and the degree of nonlinearity is much greater than 

undoped glass, though less than doped glass. 

The final section of the dissertation is a theoretical description of nonlinear 

optical behavior in a novel composite material com:isting of metal particles in a 

nonlinear dielectric host. We assume the enhanced field around the resonating 

particles drives the host locally nonlinear through either a Kerr-type or thermal 

nonlinearity. We calculate the change in optical properties of the medium due to 

this effect and show that for a system of silver in zinc-sulphide the nonlinearity 

can be significant. 



Chapter I 13 • 

Introduction 

The future success of optical circuitry hinges on the development of novel 

optical materials that are both highly nonlinear and easily manufactured, and 

vacuum deposition is a convenient way to create such new materials in thin film 

form. Today there is an abundance of different material systems under 

investigation, with each research group praising the merits of its favorite candidate. 1 

Of the many techniques used to create these new materials, thermal vacuum 

deposition stands out due to its large degree of control over the growth process.2 

Not only is there an extensive variety of source materials, but one can deposit a 

number of them at the same time with different rates onto most any substrate. This 

allows the growth of composite systems in which small particles nucleate in a 

transparent host. 3- 7 Motivated by the recent interest in the optical nonlinearity of 

bulk semiconductor-doped glass8- 14 we thus set out to apply the controlled 

environment of the vacuum deposition chamber to grow a similar composite system 

in thin-film form. Not only did we succeed in growing semiconductor crystallites 

in a dielectric host,lS we were also led to a new technique for studying the 

microstructure of thin-films,16,17 and a theoretical description of a new optical 

material. 18 

Our primary goal in depositing a thin film of the semiconductor-doped glass 
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was to make a waveguide which could support large field strengths and serve as an 

element in an optical switch. Using co-deposition. and cadmium sulpho-selenide as 

the semiconductor. we first tried an assortment of host materials. substrate 

temperatures. and annealing times to induce the nucleation of microcrystallites in a 

host. Despite our efforts. we could not find a combination that showed evidence of 

nucleation; all results indicated some sort of an alloy in the final product. and we 

did not observe beneficial consequences of annealing. Instead. we succeeded in 

growing multilayered "sandwiches" of semiconductor crystallites interspersed 

between layers of the host. By alternate deposition of host and semiconductor onto 

a heated substrate we were able to use the high surface mobility to nucleate the 

crystallites and then overcoat with a layer of the host material. Repeating this 

process a number of times. we produced a waveguide containing several layer.s of 

crystallites. each crystallite being separate from the others rather than composing an 

amorphous conglomerate. TEM photos of a single layer show these distinct 

crystallites with a clearly imaged lattice. indicating purity and a well-defined band 

structure. 18 

While experimenting with different host materials we measured the second-

harmonic generation from a previously deposited film of gold in aluminum oxide. 

The film produced a large signal which. through rotation. demonstrated an intrinsic 

anisotropy. Deducing the anisotropy to result from the tilt of the substrate from the 

deposition source. we performed a number of depositions of aluminum oxide onto 

substrates at different angles. We found that even without gold in the films. the 

anisotropy of the film microstructure was strong enough to produce a measurable 

second-harmonic signal when the substrate was tilted only a few degrees from 

normal to the source. Plotting the strength of the signal versus deposition angle. we 
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found a relationship consistent with the columnar theory for thin film growth. 

This demonstrated a new technique for probing the microstructure of thin films in 

a non-destructive manner.16 

Returning to the system of gold in aluminum oxide. we addressed the 

relationship of fill-fraction to the strength of the second-harmonic signal. A simple 

model incorporating local field factors predicted a quadratic relationship between 

the strength of the signal and the volume fill-fraction. 19 Unfortunately. the 

experimental confirmation of this relationship was plagued by the difficulties in 

making films identical in every way except for the fill-fraction of gold. 

Nevertheless. our data do reflect the predicted quadratic relationship. though there 

is considerable scatter in the graph. 17 

The final topic addressed in our work is a theoretical study of a novel 

composite system of metal particles in a nonlinear host. Nonlinear composites 

typically derive their behavior from the strong field behavior of the particles.2D-26 

while our study assumes the particles to behave in an optically linear manner and 

the host material is driven nonlinear by the particles themselves. The particles 

strongly drive the host near the surface plasmon resonance, where there is a huge 

local field enhancement within and immediately surrounding the particles.22,23 

Through either a thermal or Kerr-type nonlinearity of the host, we assume the field 

enhancement drives the host nonlinear only very near the surface of the particles, 

producing a shell of material with index slightly different from the host. Using a 

first order approach, we derive a simple expression for the change in dielectric 

function of the composite medium due to this induced coating. This simple 

expression not only predicts the magnitUde of the nonlinearity, but it evokes the 

material parameters which could enhance the effect in a candidate composite 

._---- ------" .. .. 
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system.IS 

We chose not to order the chapters in the chronological manner described 

above to create a more logical flow to the dissertation. Chapter II describes the 

deposition system and characterization techniques used to create and analyze the 

thin films. Later chapters ti.len refer to the techniques already described without 

going into detail. Chapter III combines the two experiments involving second-

harmonic generation (SHG). It begins with a brief description of the two 

experiments. followed by a discussion of the columnar growth in thin films which 

causes the SHG in our Alz0 3 films. We then provide background on the 

mathematics of SHG and its dependence on the symmetry properties of the material 

under investigation. This allows us to explain our first SHG experiment. in which 

we observe the SHG signal from AlzOs films deposited at a range of substrate 

angles. We then describe the second SHG experiment which demonstrated the 

quadratic dependence of the SHG signal on the fill-fraction of gold in Au! AlzOs 

composites. 

Chapter IV describes our effort to make a waveguide of semiconductor 

crystallites in a dielectric host. We discuss our initial attempts to nucleate particles 

within a film by annealing. leading to our more successful method of alternating 

layers of CdS and Alz0 3• Several sections describe the spectrophotometric and TEM 

characterization of the films. followed by our observation of nonlinear prism 

coupling in one of the doped waveguides. 

The final material we investigate is described entirely in chapter V. which 

is a self-contained theoretical study of the metal particles in a nonlinear dielectric 

host. This is a strictly theoretical investigation into a novel material. and we do not 

include experimental results. We do. however. incorporate experimentally derived 
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optical properties of materials in our prediction of the nonlinearity one would 

expect to observe. 

-------- ---"- -_._------_......_-- - -. 
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Chapter II 

Instrumentation and Techniques 

This chapter describes the vacuum deposition system itself. and many of the 

,techniques used to deposit and characterize our thin films. After an overview of 

the deposition chamber we describe the rate control system connected to the e-gun 

source. There follows a list of the various substrates used in our studies and the 

procedure used to clean them. We then discuss the manner in which we perform a 

co-deposition of two materials. and the effect of the deposition process on the 

substrate temperature. We conclude with an explanation of the uses and merits of 

different characterization techniques. including ESCA. thickness measurement. 

spectrophotometry. and TEM. 

The vacuum deposition system 

The films for these experiments were deposited in a l8"x18" Pyrex bell jar 

supported on a stainless steel collar with seven 2.75" flanges and nine 

}" feedthroughs. A four-inch diffusion pump in conjunction with a liquid nitrogen 
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cold-trap provided a base pressure of 2.0xlO-7 Torr, as measured by an ion gauge 

just above the cold-trap (see figure (2.1)). We reconstructed the vacuum system 

from parts of a system used for aluminizing telescope mirrors. Since the bell jar 

and diffusion pump were new, and the chamber had previously been used for 

aluminizing and overcoating, the system was initially free of "dirty" contaminants 

such as sulfur, selenium, and carbon compounds. 

There were two deposition sources: a 4 kV, 750 rnA e-gun with 2.5 cm3 

capacity, and a 10 V, 100 A resistive source. These sources were shielded from 

each other by a water-cooled stainless steel barrier to maintain independence of the 

heating; otherwise the heat radiated by the e-gun would enhance the heating of the 

resistive source during co-deposition. The shield also served to prevent early 

intermixing of the two materials being evaporated as they approached the substrate. 

This is not very important for the inert combination of gold and alumina, but it can 

be significant during the co-deposition of reactive materials. Two oscillating crystal 

monitors kept track of the rate of deposition of each of the sources.2,27 Each crystal 

viewed only one source through a small aperture ne~r the substrates, allowing us to 

monitor the two deposition materials independently. Since e-gun evaporation of 

alumina requires very high temperatures,2,28 both crystals were cooled by a steady 

flow of water. Without cooling the rates would show erratic fluctuations that 

would render constant evaporation virtually impossible. 

We used two different substrate holders in our experiments: one made of 

copper and the other made of molybdenum. Each was threaded with alumina

insulated tungsten wire for heating. We performed some depositions with substrates 

heated up to 600°C, but when possible we chose to remove this additional parameter 

from the many experimental variables which limit film reproducibility. Thus we 
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did not heat the substrates used in the angle and fill-fraction studies. By tilting the 

substrate holder in a pivoting mechanism we could fix any angle of deposition up 

to 80°. We calibrated this angle using a protractor and plumb-bob. 

A single motor-driven shutter exposed the substrates to both sources during 

the deposition period. Once the sources had outgassed and the deposition rates had 

settled at the desired values, we turned on a motor attached to the shutter until the 

shaft touched a contact switch mounted on the rotational feedthrough external to the 

vacuum. Precise positioning of the shutter was important because the presence of a 

crystal on both sides of the substrates limits the area in which the shutter could 

swing without blocking either a substrate or a crystal. Mispositioning could have 

caused erroneous rate measurement or shadowing of the substrate, either of which 

would have l1;lined an entire run. The motor drive was also connected to a relay in 

the XTC deposition controller so that the shutter closed and the deposition stopped 

when the preset total thickness had been achieved. This eliminated possible 

overshoots of the desired thickness and made the whole deposition process more 

repeatable from run to run. 

Linear spectroscopy was originally the main test for the nucleation of 

semiconductor crystallites, but with the recent acquisition of an in-house 

transmission electron microscope, the emphasis leaned also towards direct 

observation of the film microstructure. This meant the deposition of films thin 

enough to view in the TEM: approximately 20 nm. Since we were trying to grow 

films as thick as 800 nm for waveguide purposes, this demanded the installation of 

an additional shutter which could expose an electron microscope grid for only the 

brief time necessary to deposit the 20 nm. As the grids are only 3 mm in diameter 

we could mount them flush with the substrate surface and use the pressure of the 
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molybdenum mask/clamp to maintain good thermal contact. We thus needed a very 

small shutter which could be positioned accurately and controllably opened for the 

several minutes necessary during the run. Mechanical rotary shutters are fine for 

simply exposing large areas to the source material. but the light weight of this new 

shutter and strict positioning requirements suggested a different mechanism. A 

simple pull-type solenoid with I cm throw seemed ideal for the application: it could 

be positioned anywhere in the chamber without concern for mechanical coupling 

since it would be connected to the outside only through electrical wire. The 

reliable back and forth motion of a spring-aided solenoid would be perfect for the 

problem at hand; the only difficulty lay in obtaining a vacuum compatible solenoid 

suitable for the purpose. We ended up purchasing a simple 12 V solenoid and 

having it sealed in a pyrex container by the campus glassblowers. The finished 

product had two current leads and a narrow mouth for the solenoid shaft. To the 

vacuum system it was simply a strangely shaped glass object. with all the 

outgassing components sealed inside. An electrical feedthrough provided the 12 V 

from an external power supply. which was much simpler and more leakproof than 

the rotary feedthrough of a mechanical shutter. During deposition a switch would 

allow current to flow to the solenoid. exposing the grid to the thermal sources until 

the desired thickness had accumulated. In practice the shutter worked very well. 

'obscuring only a small portion of the substrate that supported the TEM grid during 

a deposition. The grids themselves were completely exposed except for the edge 

used to clamp them to the substrate. 

Alumina films deposited bye-gun tend to be nonstoichiometric through an 

excess of aluminum. 29 Indeed. the first alumina films deposited in the system 

showed a brownish tinge indicative of a nonstoichiometric dielectric. In accordance 

r-····· -. 

; 
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with standard thin film practice2,29,3o we installed an oxygen tank, connected through 

a leak valve to provide a back pressure of roughly l.Ox10-4 Torr. Alumina films 

deposited with this O2 back pressure were very transparent and showed excellent 

stoichiometry as measured by RBS. Further discussion of these films appears in 

chapters III and IV. 

The deposition of two materials at the same time requires a great deal of 

skill if the rate control is performed manually and the sources fluctuate even 

slightly. As e-gun source material evaporates the deposition rate can vary wildly 

for a constant driving power due' to the changing geometry of the melt. It was thus 

imperative to have automatic rate' control on the e-gun, allowing us to concentrate 

on the manual control of the resistive source deposition rate while the e-gun rate 

remained constant. The XTC deposition controller is fully programmable to control 

an evaporation source through feedback from the detected rate at the crystal;31 the 

only difficulty was in coupling the 0-9 V signal from the XTC to the e-gun power 

supply. Fortunately the e-gun power supply has very separate control and power 

circuitry, thereby averting the need to couple the XTC control signal directly to the 

4 kV high voltage itself. A schematic of the XTC/e-gun rate control electronics 

appears in appendix B. 

We can tune the feedback control system in the XTC dynamically to the 

source through a gain parameter, 0/, (1-99%) which determines how quickly the 

power to the source changes when the measured rate differs from the desired rate. 

The output signal from the XTC to the e-gun can be expressed as 
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t 

Ve-gun (t). J 0 O/[ro-r(t')]dt'. 

where ro is the desired deposition rate and r(t') is the actual rate measured by the 

crystal. We see that if the system were turned on with initially no power to the e-

gun. then r(t') would be 0 nm/s and the control voltage to the e-gun would 

initially ramp according to 

For large 0/ the voltage would ramp up quickly to the maximum. overdriving 

the e-gun until the source material evaporated. producing a sudden overshoot of the 

desired rate followed by chaotic oscillations. If 0/ were too small the control signal 

would not slew quickly enough to track the changes in deposition rate. resulting in 

long periods during which the actual rate would depart significantly from the set 

rate. 31 It requires experimentation to determine the optimum gain setting which 

avoids oscillations. yet hugs the desired deposition rate. The optimum gain is lower 

for materials which melt and achieve good thermal contact with the crucible. and it 

is higher for materials which sublime. slowly changing shape as the material 

evaporates. 

The XTC can control the entire deposition process (for one source): initial 

heat. outgas. stabilize rate. open shutter. deposit. close shutter. ramp down power. 

For our work it was easier to outgas by manual control of the power. then get the 

rate approximately correct and engage the feedback mode. The XTC would then 

fine tune the deposition rate and. once it stabilized. we would open the shutter and 

If---- .. ------- .... --
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commence deposition in fully automatic mode. If the resistive source was part of a 

co-deposition we would manually outgas it and stabilize its rate simultaneously with 

the e-gun. While this required care, any errors in rate did not matter until the 

shutter was actually open. At that time the e-gun would have been in feedback 

mode and we could concentrate on maintaining a constant rate from the resisitive 

source. 

Substrates and their preparation 

A number of different substrates were used during these investigations. We 

summarize the variety of types in the following list: 

1. High grade fused silica - for SHG investigations requiring UV transmission 

through the substrate, and for complete linear spectroscopy of the film. 

2. Corning 0215 microscope slides - for SHG requiring no transmission of the 

second-harmonic through the substrate. 

3. High purity graphite - for RBS investigations of film composition. 

4. Carbon grids with non-removable formvar coating - for TEM analysis of 

film grown on an amorphous surface. 
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5. NaCI (salt) cleaved crystals - for TEM investigations of a thin film floated 

off from the crystal surface in water. 

The first three substrate types can be used for films of any thickness. while 

those intended for TEM use require very thin « ",20 nm) films due to the short 

mean-free-path of electrons.32- 35 The Corning microscope slides may not seem 

useful for SHG work but. as we describe in detail later. having the film on the 

detector side of a UV absorbing substrate allows full detection of the film-generated 

UV photons without any UV interference from multiple reflections within the 

substrate. 

We used the following procedure to clean the Corning glass substrates 

(which. though "pre-cleaned". showed visible smears of grime): 

1. Hand scrub both sides of substrate with Liquinox soaked cotton swab while 

wearing polyurethane gloves. 

2. After a few minutes of circular scrubbing quickly place substrate onto rack 

submerged in an ultrasonic cleaner filled with dilute Liquinox. 

2. When rack is full. turn on ultrasonic cleaner for 30 minutes. 

3. Remove rack from ultrasonic cleaner and rinse with deionized water. Then 

submerge the rack in a large beaker of deionized water. 

4. Remove each substrate from the rack with tweezers and carefully drop into 
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a 250 ml beaker of Chromerge. 

5. Place beaker containing CQromerge and substrates onto a hot-plate and heat 

to about SOoC under a vented fume hood. Heat for 30 minutes. 

6. Very carefully pour off Chromerge from the beaker and flush the 

Chromerge coated substrates in deionized water for five minutes. 

7. With tweezers. begin removing substrates from beaker filled with deionized 

water and quickly place them on rack submerged in deionized water. 

S. When rack is full. rinse it in deionized water and quickly submerge in 

ultrasonic cleaner filled with warm deionized water. Clean for 30 minutes. 

9. Remove rack from ultrasonic cleaner and give it a final rinse in flowing 

deionized water. Then quickly flow dry/filtered nitrogen gas over the rack. 

Maintain downward flow of gas so that water quickly collects on the bottom 

corner of the substrates where it then drips off. 

10. Place rack full of dry substrates into sealed dessicator for storage. 

The theory behind the combination of soap and acid treatment is first to 

remove the organic grime from the surface. and then apply a highly corrosive acid 

combination to remove the soap residue and inorganic contaminants. Some workers 

follow with an additional Liquinox treatment. which we do not recommend. Nor 



Ii 

28 

do we recommend subsequent rinsing in organic solvents such as methanol. as this 

could not remove anything that should not already have been removed in even the 

Liquinox treatment. Indeed. just the additional handling of the substrate and 

rewetting in solvent (which allows the collection and adhesion of aerosol 

particulates) will do more to recontaminate the surface than actually clean it. 

The fused-silica substrates were packaged in individual sealed plastic bags 

and showed no spots or streaks. We thus skipped the liquinox cleaning and went 

straight to the Chromerge treatment. starting at step (4). 

Before a deposition run. we removed the clean substrates from the dessicator 

and carefully mounted them on the substrate holder. A brief cleaning with a jet of 

dry nitrogen gas removed any collected particles. and the substrates were then 

loaded into the vacuum chamber. deposition side down. Since the chamber did not 

contain an ion mill. no further cleaning was possible. It was thus important to 

pump the chamber down quickly after the substrates were loaded to minimize the 

collection of particles on the surface. 

As prepared. the substrates were clean enough that no evidence of surface 

contamination was visible in the finished films other than an occasional dust 

particle that affected the film only locally. Certainly clean-room conditions and ion 

pre-cleaning would have been preferred. but this would not have significantly 

improved the quality of the films deposited for these experiments. 
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The deposition process 

We first used a wired copper block to heat the substrates. but the sulfur 

atmosphere during some depositions reacted with the block. creating a crusty layer 

on the surface. We thus constructed a molybdenum heater block which showed no 

reaction with the sulfur and provided more uniform heating of the substrate. 

Instead of simply holding the substrate to the surface with screws. which does not 

provide uniform contact and allows deposition of material directly onto the heater 

block. we made molybdenum masks with counter bored square apertures to fit over 

the I" square substrates. These provided very even pressure around the edge of the 

substrate and kept the surface of the heater block completely clean. A hole through 

the back of the block nearly all the way to the substrate side allowed the insertion 

of a thermocouple to monitor the temperature of the block just millimeters from the 

back side of the substrate. Despite the greater thermal mass and lower thermal 

conductivity of the molybdenum block over the original copper block. its 

temperature response to changes in input current was quite rapid. allowing us to 

achieve an equilibrium temperature 200°C in about one hour. 

The difference in temperature between the substrate surface and the point at 

which the thermocouple makes contact is often not even addressed in thin film 

work. The difference can be substantial. mainly due to the poor thermal 

conductivity of most transparent substrate materials. In addition. the eva po rant 

source may radiatively heat the surface of the substrate. providing supplementary 

heat not seen by the thermocouple. For high temperature materials evaporated by 

e-gun. as soon as the source shutter opens the substrate surface receives a 
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significant increase in heat through radiation. We thus attempted to measure the 

dynamics of this differential heating to quantify the contribution from the e-gun 

and the difference between the substrate thermocouple and the substrate surface. 

We installed an additional thermocouple in the vacuum chamber and attached it to 

the surface of a fused quartz substrate with low tempe~ature indium solder. Only 

enough solder to secure contact was applied. thereby preventing an additional 

temperature difference between the solder and the substrate. We monitored the 

temperature of the substrate surface and the molybdenum block before and after 

opening the source shutter to the e-gun. which was evaporating aluminum oxide. 

Figure (2.2) shows the results of two tests: one with no current into the heater block 

and the other with the block initially stabilized at 140oC. Note that the substrate 

temperature does indeed climb when the source shutter is opened. but it approaches 

an asymptotic limit with time. The difference between the substrate temperature 

and that of the block is greater when the block is not heated. and the substrate does 

get hotter during the deposition. This demonstrates that film growth conditions will 

be more constant if the substrate is heated during the deposition. but the change in 

temperature is gradual and not enormous.,. We typically allowed the substrate 

temperature to equilibrate for thirty minutes before beginning a deposition. 

To characterize the background contaminants in the vacuum chamber we 

performed a detailed mass spectrum analysis of the system after pumping for 

several hours. shown in figure (2.3). A Spectramass SMIOOD Residual Gas 

Analyzer (RGA) yielded a sensitive spectrum of the partial pressures of gases 

versus molecular mass. The RGA operates by first ionizing the neutral gas and 

then accelerating the charged molecule through a quadrapole mass-spectrometer. 

Since the ionization of a molecule can be so violent that it breaks up into 
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Figure 2.2 Temperature on substrate surface and within molybdenum heater block 

when shutter to e-gun is opened for deposition. then closed. Note that the radiant 

induced temperature increase is smaller for the heated substrate. 

----_ ... - ... __ ... -



32 

constituent components, we have to analyze the ROA spectrum with particular care, 

keeping in mind that some peaks may represent pieces of a heavier molecule. 

Film characterization techniques 

When a thin film is deposited it must undergo a number of characterization 

studies to establish what has really been deposited. We summarize the techniques 

used for our films in the following: 

1. Alpha-step measurement of film thickness. This is a fast, nondestructive 

procedure which can measure films up to 2!lOO,OOO nm thick with a 

maximum resolution of :1:5 nm.36 

2. WYKO interferometric measurement of film thickness. Requires deposition 

of reflective overlayer, but is capable of much greater accuracy than Alpha-

step: about :I: 0.3 nm.37 

3. Cary photospectrometry of films, both transmittance and reflectance, to 

determine nand k. Our work covered the range 300 to 800 nm. 

4. Scanning electron microscopy (SEM) of film surface to glimpse surface 

microstructure. Requires metal overcoat. Resolution 2! 10 nm. 
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Figure 2.3 RGA partial pressure spectrum of vacuum system after pumping three 

hours. 
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5. Transmission electron microscopy (TEM) of a thin film deposited onto 

special substrate to view bulk microstructure. Requires film only E!! 20 nm 

thick. Resolution E!! 0.1 nm. 

6. Electron spectroscopy for chemical analysis (ESCA). also referred to as X-

ray photoelectron spectroscopy (XPS). Measures stoichiometry and provides 

bonding information in the top 3 nm of a film. Very sensitive to presence 

of contamination.38 

7. Rutherford back scattering (RBS) measures bulk stoichiometry of a film. 

with some information on the change in stoichiometry with depth. Very 

accurate. but requires elaborate facility and films must be grown on 

graphite in order to obtain information about oxygen. Neither ESCA nor 

RBS provides information about hydrogen. particularly in the form H20. 

Thickness measurement: Stylus and interferometric techniques 

One of the most fundamental physical properties of a thin film is its 

thickness. Thickness would seem to be something that is easily measured. well-

defined. and independent of measurement method. Unfortunately this is far from 

the case for many films due mainly to the very small distance being measured: 

typically 10 to 1000 nm. This is on the order of an optical wavelength. making 

optical interferometric techniques attractive. But spectroscopic techniques involving 

--- ---_ ... __ .- -._-. -. 
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transmission or reflection from the film do not allow complete distinction of the 

elusive physical thickness, d, from the readily obtained optical thickness, nd, where 

n is the film index of refraction (typically a function of wavelength and deposition 

technique).39 There have been many papers published on extracting nand d from 

spectroscopic studies of a film,39-44 but the problems of film inhomogeneity (n 

changes with depth in the film, for example),44,45 bandwidth of the spectroscopic 

light source (which alters the transmission interference envelope used to derive n 

and d),39,41 and averaging over a possibly nonuniform section of the film make 

optical methods inaccurate and difficult to interpret unambiguously. 

One of the most direct ways to measure film thickness is the so-called stylus 

technique, in which a diamond stylus is dragged across the film. Many thickness 

measuring techniques require a partially covered substrate which provides a step or 

ledge in going from bare substrate to the film surface. When the stylus hits such a 

step it rises very slightly, producing a signal on a pressure transducer in much the 

same manner that a phonograph needle detects music in the grooves of a vinyl 

record. Typical film materials show no evidence of abrasion from the stylus force, 

which is approximately 15 mg distributed over a 5 p.m diameter surface, and the 

films are so thin that any compression that might occur is within the measurement 

accuracy. The Alpha-step cites a maximum resolution of 5 nm typical film. 36 

Optical interference would be a more feasible thickness measuring technique 

if somehow the light did not pass through the film, thereby probing the physical 

thickness rather than the optical thickness. This is the principle behind the WYKO 

interferometer, which measures a surface profile by comparing it with a reference 

optical flat. 37,46 For a given spacing between the surface and the reference, fringes 

appear following contours of equal spacing. By moving the flat in three quarter-
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wave steps. the exact phase of the interference pattern can be determined to within 

A/2000. corresponding to a vertical resolution of 0.3 nm. The measurement process 

is computer controlled and takes only a few seconds' once the sample is loaded and 

the fringe contrast optimized. The extreme accuracy of the WYKO is only in the 

vertical dimension. with lateral resolution of only about 1000 nm. For film 

thickness measurements. this poses no problem. 

One probiem with surface interferometric techniques is that the entire 

surface must provide the same phase change on reflection. since any phase 

difference between two points is assumed to be due to a difference in optical path 

between the surface and the reference.46 For roughness profiles of a single material 

this is not important; but for film thickness measurements we need to compare the 

film surface with the substrate surface. since this defines the step height. The 

phase change imparted by a glass surface is entirely different from that of a film 

unless the film is an exact mUltiple of a half-wave thick. The only way around 

this problem is to coat the film with a highly reflecting material in a thick enough 

layer that the reflectance properties are constant but the surface follows the 

substrate-film step. A Hummer sputter coating system is convenient for this 

purpose. allowing a quick deposition of about 20 nm of gold-palladium alloy in just 

a few minutes. This is the process used for coating scanning electron microscope 

(SEM) specimens to prevent charging. The alloy provides a smooth. reflecting 

surface without grains or mottle. as required for surface measurement. 

The Alpha-step and WYKO each have advantages and disadvantages. The 

Alpha-step is convenient. easy to use. and non-destructive. though it has less 

accuracy and is limited to thicker films. The WYKO is very accurate and provides 

digital output. though films must be overcoated (a destructive procedure). In our 
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work we use both techniques depending mainly on the film thickness. Films less 

than 100 nm are best relegated to the WYKO and overcoated; thicker films are 

measured on the Alpha-step. 

Regardless of the measurement device used. the film must expose the 

substrate at a well-defined edge to provide a clean step at which to measure 

thickness. This is usually done by clamping a mask to the substrate before the 

deposition. Care must be taken to avoid artifacts caused by the mask: if the mask 

is too close to the substrate. the edge may be damaged when the mask is removed; if 

the mask is too far from the surface. the edge will be broad and poorly defined. 

making accurate thickness measurement impossible. Further complications arise 

when the substrate is heated: the surface temperature may vary near the mask 

resulting in a thickness gradient right at the edge where the thickness is defined. 

This is particularly a problem for low temperature materials such as sulphides. 

The ideal mask would provide a very abrupt film edge next to a region of 

the substrate several millimeters long. A large area of bare substrate is needed to 

define the reference substrate surface unambiguously and to provide room for the 

moving stylus. If the stylus were to run off the edge of the substrate during a 

measurement, the delicate stylus and transducer mechanism could be damaged. 

Substrates are sometimes warped near the edges. which can translate to enormous 

curvature in a surface profile. To avoid these difficulties, a good mask exposes a 

small rectangular island of the film far from the edge of the substrate. Such a 

narrow rectangle provides two edges, allowing a very good baseline reference for 

the substrate surface. Any tilt of the substrate can be discerned and corrected for 

with greater ease, whether using a stylus or interferometric device. The only 

danger is that the film may not grow to the full thickness through the small 
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rectangular aperture. due to possible screening effects and temperature differences. 

When the surface of the rectangle appears flat and the edges are well-defined. we 

then assume that the thickness measured on the rectangle is accurate and 

representative of the true film thickness. 

A problem with co-deposition of two materials is how to determine the 

amount of each material deposited when both materials coalesce and grow together 

on the substrate. Fortunately. if the two sources are some distance apart. they may 

cast separate shadows through the mask which do not overlap exactly. The slight 

offset of shadows provides regions in which only one of each material has been 

deposited. If the two materials are denoted by A and B. then in going from one 

side of the rectangular patch to the other we would see the bare substrate. then a 

narrow band of material A. followed by the two-component film itself (A & B). 

then material B. and finally the bare substrate again. We can then determine the 

thickness of each component directly by measuring the corresponding section of the 

film. If the composite structure does not drastically alter the density of the 

individual components. then the thickness of the two-component region should equal 

the sum of the thicknesses of the individual components. An example of this 

technique appears later in figure (4.3). 

In order for the mask to provide two offset shadows it had to be just 

slightly above the surface of the substrate. We found that a thin (E!!25 JLm) metal 

foil with a slightly turned up edge provided enough height for adequate resolution 

of the two sources. The distance between mask and surface was not critical. but 

too far away resulted in a broad edge that was difficult to measure. while too close 

did not allow separation of the shadows. 
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Spectrophotometry of films 

Spectrophotometry is essential in thin film work. A transmission or 

reflection spectrogram can immediately convey information about a film such as the 

location of a band edge,47,48 the approximate index of a dielectric,40 absorption in a 

dielectric (which often implies poor stoichiometry),49 and even inhomogeneous 

growth.44,45 These are just some of the things that one can tell by a quick visual 

inspection of a spectrogram, given only the index of the substrate. With software 

and a digitized spectrum one can derive accurate values of nand k as a function of 

wavelength, even incorporating inhomogeneity through a multilayer, stepped-index 

model of the film. But as one tries to obtain more accuracy in determining nand k, 

the demands on the spectrophotometer become enormous. A slight error in Rand T 

can translate to a large error in nand k due to the complicated nature of their 

relationship.39,41 Indeed, it is rare to obtain three digit accuracy in the index of a 

film, and two digits in the absorption, though bulk optical materials can be 

measured with five digit accuracy routinely on an Abbe refractometer. 

The quality of the spectrophotometer is thus of paramount importance if n 

and k are to be determined with high accuracy. Most of our work was done with 

an old Cary 15 spectrophotometer, circa 1955. This remains the workhorse of the 

thin film industry; some have been updated to provide digital output, though most 

employ the standard slidewire driven chart recorder. We measured some of our 

later films on a recently acquired Cary 2415 spectrophotometer, which is a state of 

the art commercial instrument. Interestingly, the optical layout of the two systems 

is very similar: a light source illuminates a double-pass monochromator and emerges 
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as a collimated, narrow band beam which is alternately sent along two paths by a 

rotating aluminized chopper. One path, the reference arm, goes straight to a 

detector while the other, the sample arm, passe~ through the film and undergoes the 

absorption and reflection that results in the final spectrogram. Since the light 

landing on the detector is alternately passed through the reference and sample arms, 

an AC signal is generated with amplitude proportional to the difference between the 

reference and sample signals. Thus we get a signal corresponding to the sample 

absorptance that is independent of the light source intensity at that wavelength. 

Electron Spectroscopy for Chemical Analysis (ESCA) 

X-ray Photoelectron Spectroscopy (XPS) is gaining popularity as an analytic 

tool for thin film research. While it is inherently a surface technique, its use with 

an ion mill allows layers of the surface to be removed to analyze properties of the 

bulk. Also referred to as Electron Spectroscopy for Chemical Analysis (ESCA), the 

technique provides a unique view of not only the atomic composition of a surface 

layer, but how the individual atoms are bonded together. 3s This is extremely useful 

in thin film work because it can reveal otherwise hidden contaminants at atomic 

concentrations of a fraction of a percent. ESCA can also measure the relative 

atomic concentrations of the film constituents, particularly any departure from the 

desired stoichiometric proportions. With its combination of ease of use and non

destructive nature, ESCA proved to be a highly versatile intstrument in our work. 

ESCA obtains chemical information from the. energy lost by photo-emitted 
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electrons. X-rays impinge upon the sample surface and penetrate micrometers deep. 

exciting the emission of electrons by the photoelectric effect and Auger processes. 38 

Those electrons near the surface are able to escape with very little energy loss and 

are collected by a large hemispherical capacitor analyzer which focuses and counts 

them. The analyzer linearly ramps the potential between the two shells. allowing 

electrons with different kinetic energies to reach the detector. A plot of counts 

versus kinetic energy shows a pattern of peaks corresponding to allowed electronic 

transitions within the bombarded atoms. Each element has a fixed set of peaks 

with known height ratios. allowing (usually) a complicated spectrum to be narrowed 

down to only one combination of elements. Slight peak shifts and mUltiple peaks 

convey information about the bonding environment of the species. or of the same 

element being bonded to a number of other elements independently. 
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Chapter III 

Second harmonic generation as probe 

of Thin-Film Microstructure 

Much work has been done on characterizing the linear optical and electrical 

properties of metal/insulator thin films, or cermets.3- 1,24,26,50,51 The ability to tailor 

the absorption characteristics made them ideal candidates for selective solar 

absorbers, particularly ones which would strongly absorb in the visible, yet be 

highly reflective in the infra-red.4,6 However, to our knowledge no one had 

investigated second-harmonic generation from such films; thus V. Mizrahp6 

measured the SHG signal produced by a gold/alumina composite film which had 

been deposited years before for a different project. Not only did he observe a 

surprisingly large signal but that signal was modulated by rotation of the sample, 

indicating anisotropy within the film itself. This raised two questions: what was 

the origin of the anisotropy, and how did the strength of the signal depend on the 

fill-fraction of the gold in the alumina? 

To answer these questions we performed two separate experiments. We 

found that alumina films with no gold at all provided a measurable SHG signal 

with the same anisotropic behavior. Assuming the anisotropy to be caused by the 

angle of the deposition source relative to the substrate normal (the only symmetry-
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breaking aspect of the deposition geometry). we made several films of comparable 

thickness at different source/substrate angles and measured the strength of the SHG 

signal as a function of angle. The resulting data agreed with predictions based on 

existing models of columnar thin-film growth. 34.35.52-57 This demonstrated the 

ability of SHG to probe the microstructural anisotropy of a thin-film with great 

sensitivity through an easily performed measurement. 16 

The second experiment dealt with the dependence of the SHG signal on the 

gold fill-fraction. /. in the film. This proved to be much more problematic because 

of the inability to produce films identical in every respect except fill-fraction. 

Reproducibility required accurate and uniform rates of deposition during film 

growth.' along with a well-defined termination point to maintain constant thickness. 

The final results showed a great deal of scatter in the SHG vs. / curves due to 

variations in the film properties; however. there is a general quadratic dependence 

on /.17 in agreement with theory. 19 

SHG as a new probe of anisotropic thin fil~ .microstructure 

In this experiment we characterized the second-harmonic signal generated by 

aluminum-oxide films deposited at different source/substrate angles. It has been 

known for over two decades that thin-films tend to grow with a columnar 

microstructure. and the constituent columns tilt toward the direction of the 

deposition source. 55 The columns do not bend directly towards the source. but obey 

the so-called tangent rule,,:55 
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I tanfl - 2 tanQ!, 

where Q! is the angle of the source from normal to the substrate, and fl is the actual 

growth angle of the column. We illustrate the growth geometry and some example 

angles of tilt in figures (3.1) and (3.2). Note that fl is always less than Q!, except 

when fl-O! at Q!-o0 and Q!-900. Workers have observed the tilt of columns through 

direct TEM investigations,32-34,55,57,58 along with such novel techniques as the 

formation of elliptical water droplets on the film surface. 59 Films deposited at large 

angles showed slight birefringence,54 suggesting a new way to manufacture a thin-

film quarter wave plate. But difficulties in controlling the birefringence have 

hindered the practical application of tilted columnar films. 54 

Researchers continue to model the columnar microstructure of thin films 

with Monte Carlo techniques. Programs now incorporate sophisticated atomic 

interactions in the computer generated growth of films,34,35,60 and the resulting 

structures show good adherence to the tangent rule. While columnar microstructure 

has not been used to advantage in a commercial product, it is nonetheless important 

since films often do contain it to some degree. For this reason there remains a great 

deal of interest in understanding and detecting the existence of columnar growth in 

thin films. 

Techniques for detecting the microstructure of films are fraught with 

artifacts in that observed patterns in the sample may have been caused by the 

observation technique itself. This is particularly true of thinning processes used in 

TEM studies in which a film may undergo a battery of preparations, including 

glueing, grinding, cleaving, polishing, etching, and ion milling. One hopes that the 

final process (often ion milling) removes evidence of the previous processes and 

--_. __ .. __ ... _._--- - --
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introduces no artifacts of its own. Unfortunately. when one observes interesting 

structure in a thinned specimen one must be able to rule out completely the 

possibility of preparation-induced artifact. This can be a difficult task since one is 

unable to monitor the introduction of artifact because the specimen is never thin 

enough to view in a TEM until after the final ion milling. 

The ideal technique for the detection of anisotropic microstructure in a thin

film would allow analysis of the film as deposited on the substrate. without 

additional preparation. Further. this technique would not disturb the film. allowing 

additional optical and compositional analyses by other methods. In the following 

we describe the use of second-harmonic generation as such a non-destructive and 

sensitive probe of thin-film microstructure. Not only is SHG very sensitive to 

departures of the fil~ material from isotropy.61-64 but simply by monitoring the 

behavior of the SHG signal with different sample orientations one can deduce 

important symmetry properties of the anisotropy. All this can be done w,thout any 

sample preparation other than cleaning. and as long as the power of the laser is not 

excessive. no damage to the film results. 

Mechanism for SHG Generation 

Before we describe the power of SHG in probing the microstructure of thin 

films we provide an introduction to the mathematics and physical behavior of the X 

tensor. We start with an expression for the induced polarization in a nonlinear 

medium under the influence of an applied field. E(W):61 
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X(I) is the linear susceptibility of the medium which is directly related to the linear 

dielectric function through 

X(2) and X(3) are the second and third-order susceptibilities of the medium 

respectively. These are the lowest order and often most prominent nonlinear terms 

in an optical material. X(2) is responsible for second-harmonic generation, in which 

light of frequency w enters the medium and excites the emission of photons with 

frequency 2w. X(3) is responsible for a wealth of interesting nonlinear phenomena 

that fall in the category "4-wave mixing", including third-harmonic generation, 

optical phase conjugation, Raman scattering, self-focusing, and many others. We 

now provide some background on the magnitude and symmetry properties of the X 

components. 

Using a density matrix formalism, Shen61 derives the microscopic expression 

for X(2) in the form: 

g,n,n' 
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In this expression the n. n' represent eigenstates of the unperturbed material. r nn' is 

the characteristic decay rate between states n. n'. and Pg is the density matrix for 

the Boltzmann distribution. The expression itself is rather involved. but important 

symmetry properties relevant to our work are immediately apparent. First. if w is 

far from any of the resonances in the material then the r terms may be neglected in 

the denominators. This results in the following symmetry relations (from Shen61): 

The first relation applies to general three-wave mixing. while the second is specific 

to second-harmonic generation. We can further reduce the complexity of X(2) by 

assuming the material to be dispersion less. i.e. 

-----.-.-~- ----_ .. __ .. _--
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for two different (but far from resonance) frequencies wa and wb' This assumption 

yields Kleinmann symmetry, in which the cartesian coordinate indices are 

completely interchangeable: 

xfR - xi~ - (all ijk permutations). 

Kleinmann symmetry thus reduces the 27 elements of X(2) (a 3x3x3 tensor) to only 

10 independent (complex) terms: 

Note that this increased symmetry only exists if the frequency is far from the 

resonances of the material. The symmetry relations then depend on the material 

and on the applied field. with the error in the approximations increasing as the 

frequency approaches a resonance. Kleinmann symmetry is often assumed for a 

material in a nonlinear optical investigation because the error in the approximation 

is acceptable in light of the increased tractability of the calculations.65 

The value of X(2) for different crystals covers a wide range. but Miller 

found a phenomenological relationship between the second-order nonlinearity and 

the first order dispersion of a crystal. The relationship. known as Miller's rule. 

may be written as follows: 61 
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This means that a crystal with large X(2) will tend to have large n, and the benefits 

of the enhanced X(2) may be canceled by the correspondingly greater n. 

There is a different symmetry relation very important to second-harmonic 

generation that is independent of frequency, but does depend on the structure of the 

material. If the material has center of inversion symmetry then, by definition, we 

can invert each of the cartesian directions without affecting the value ofax(2) 

tensor element. Thus the ith component of the nonlinear polarization, expressed 

using the Einstein summation convention, is 

If we now invert each of the i,j,k directions the ~ f2) term will be inverted along 

with the Ej's since the vectors are unaffected by this imaginary operation on the 

space itself. Under the center of inversion symmet,ry assumption. however. the xfN, 

term remains the same. We can thus write 

_ 12l,(2) 
.!VI • 

------_. _.---_ .. -" 
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The only way to account for the result llJf2) - -llJ j(2) is if the X(2) elements are all 

zero. We thus come to the following important conclusion: if a material has center 

of ~nversion symmetry, then second-harmonic generation is forbidden in the bulk.61 

We emphasize that this result follows directly from the center of inversion 

symmetry; it is independent of the applied frequency and the location of resonances 

in the medium. This insensitivity to bulk centrosymmetric media accounts for why 

SHG is so effective as a surface-sensitive technique: two different centrosymmetric 

media juxtaposed will locally depart from centrosymmetry only near the interface. 

Thus the detected signal serves as a probe of the structure of the interface between 

the two media. 

Unfortunately there is an implicit assumption in our expression for llJ(2) that 

neglects terms which can provide a bulk SHG signal in centrosymmetric media. 

Writing llJ in the form 

llJ • X(I)·E + X(2):EE + X(3)!EEE + ... , 

ignores gradient terms in E and completely ignores the magnetic field. This is the 

electric dipole approximation, in which electric quadropole and magnetic dipole 

contributions are regarded as negligible compared to those of the electric dipole. 61 

This is often a good approximation, but if the electric dipole terms contribute 

nothing to the second-harmonic signal then we must include the other small but 

nonzero effects. The next term to include incorporates the nonlocal response of the 

material to the applied field through the gradient of E.61,66 This bulk term, which 

involves electric quadrupole and magnetic dipole effects, is simply 
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g) d~) - Xd~) :EVE. 

The more complete expression for SHG in a general system of air-surface-medium 

is then 

g)(2) _ X~) :EE + X~2) :EE + xJ~) :EVE. 

Here X~) is the contribution from the surface and is nonzero only very near the 

surface. x/f) is the normal bulk second-order susceptibilty which will be zero in a 

centrosymmetric medium. and Xh~ is the nonlocal contribution from the electric 

quadropole and magnetic dipole terms. Often surface investigations of 

centrosymmetric media assume all the detected SHG signal to come from the 

surface. thereby ignoring the contribution from Xnl.
66 The legitimacy of this 

approximation depends on just how dominant the surface signal really is. 

This completes the general background on the mechanisms and mathematics 

of second-harmonic generation in a medium. We emphasize the power of symmetry 

arguments in simplifying the elusive X tensor elements. Similar arguments proved 

very fruitful in using SHG to probe the anisotropy of thin films. 

The SHG experimental set-up 

The laser and optical set-up used in this work was assembled by V. Mizrahi 

to study the contamination of polished surfaces. It consists of a doubled Nd:YAG 
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laser emitting 532 nm radiation in 25 ps pulses of 4 mJ at 10Hz. The beam is 

filtered to isolate only frequency. w corresponding to the 532 nm wavelength. It 

then splits into two paths: one to a PMT for peak triggering and normalization. and 

the other to the sample under investigation. After passing through the sample the 

beam hits another filter. this one allowing only the SHG photons at 2w (266 nm) to 

emerge and be collected at a PMT sensitive to the ultraviolet. The signals from the 

two detectors go to a boxcar averager which provides a high enough signal-to-noise 

ratio that a detected SHG pulse of only one photon is statistically significant. 

The sample itself is mounted on a two-axis stepper-motor driven support 

which is controlled by a computer. On either side of the sample are polarizers 

which allow selection of one polarization to induce the SHG signal. while the SHG 

signal itself is detected in a different orientation. Typically one of the axes of the 

mount is held fixed while the other is-rotated through 360°. and one polarization 

bombards the sample at frequency w while the perpendicular polarization is 

detected at 2w. We illustrate this geometry in figure (3.3). 

For the study of SHG generation as a function of deposition angle we 

deposited a series of aluminum-oxide films at several different substrate angles. 0/. 

An e-gun evaporated sintered chunks of Al20 3 at a rate of approximately 0.5 nm/s 

as measured by a crystal monitor near the substrate. Al20 3 tends to produce films 

that are absorbing due to an excess of aluminum.29
•
3o To assure proper 

stoichiometry we backfilled with a 10-4 Torr partial pressure of oxygen during the 

actual deposition. Despite our use of feedback controlled deposition the rate of 

deposition did fluctuate at times due to changes in the shape of the evaporant. 

This. plus the difficulty of compensating for the tilt of the substrate. made it hard 

to produce films of exactly the same thickness. The actual thicknesses were in the 
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Figure 3.3. Experimental configuration for measuring SHG signal from a thin-film. 
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range 300 to 600 nm. with most around 450 nm. Fortunately the particular SHO 

measurement in this work is a measure of anisotropy and therefore independent of 

the film thickness. 

Figure (3.4) is an RBS scan of one of the Al20 s films. In order to determine 

the amount of oxygen in the film we had to deposit onto a graphite substrate. which 

has lower atomic mass than oxygen and aluminum. Dr. Leavitt et a1.67 at the 

University of Arizona physics department performed the scan using a Van de Oraff 

accelerator to generate the 1.892 MeV helium atoms that bombarded the sample. 

The trace shows the number of backscattered atoms as a function of energy. with 

each channel number corresponding to an increment of 1.808 keV. We see two 

peaks corresponding to aluminum and oxygen. plus the sloped edge due to the 

carbon substrate. Integration of the area under the peaks revealed the 

concentrations of aluminum and oxygen to be in the ratio 39.1 ± 0.2 : 60.9 ± 0.2. 

which is very close to the perfect stoichiometric ratio 40 : 60. 

We deposited the films onto unheated Corning 0215 glass substrates. Since 

the films grew reliably on the unheated substrates and substrate temperature would 

be yet another variable to control during deposition. we elected not to elevate the 

substrate temperature. We chose UV absorbing glass to avoid effects of Maker 

fringes. in which the SHO signal undergoes mUltiple reflections within the substrate 

resulting in intensity oscillations as the substrate is rotated in the beam.68 Having 

the film on the second surface of a UV absorbing slab assured that all the detected 

~IlG signal came from either the film itself or its surfaces. 

We earlier discussed the importance of symmetry considerations in second

harmonic generation. Let us now apply our knowledge of the deposition geometry 

to predict the symmetry of the film microstructure. We see immediately that all the 
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Figure 3.4 RBS scan of 195 nm thick A120 s film on graphite. Stoichiometry is 

very close to perfect ratio 40 : 60. 
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elements of the deposition are in a plane: the source, the substrate, and the direction 

of tilt. This means that the film itself must have mirror symmetry, implying the 

same is true of the film microstructure and X tensor. Note that this is an 

assumption independent of any knowledge of columnar microstructure; it is an 

extrapolation of an obvious large scale symmetry to a much more elusive structural 

symmetry. We now consider the plane perpendicular to this established symmetry 

plane. Clearly the geometry is not symmetric about this plane since the source 

resides only on one side of it. But if we now apply our knowledge of the film 

microstructure, we might wonder if SHG is sensitive to the direction in which the 

columns tilt. 

As an example, consider a hypothetical material of linear molecules bunched 

together side by side in a single layer, each molecule oriented perpendicular to this 

layer. Suppose further that there is an electronic state which couples strongly to 

light polarized parallel to the axis of the molecule. Then light passing 

perpendicular through a sheet of this material would not couple to the dipole and 

would transmit without absorption. If we now imagine tilting all the molecules 

slightly in one direction the sheet will become dichroic because the projection of the 

molecular dipole onto the surface is no longer zero, and will thus couple to light 

polarized in the plane of the sheet. This simple dipole coupling will show two 

planes of symmetry as the sheet is rotated; every 3600 rotation will produce two 

complete cycles of intensity when polarized light is transmitted. This system is 

therefore insensitive to the actual direction in which the molecules tilt. 

Since the columns in films are usually smaller at the bottom than at the 

top,54 and the air/surface interface is optically different from the substrate/surface 

interface, we would expect a lack of symmetry in the plane perpendicular to the 
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deposition plane. On a microscopic scale the columns will not be symmetric under 

the operation of exchanging the top with the bottom (maintaining the same tilt 

angle). Given this assumption. what symmetry will we observe in the SHG signal? 

Once the symmetry of the X(2) tensor is established. we can derive sum rules 

which predict a relationship that must hold among SHG measurements made using 

different polarizations. By making measurements with particular polarization 

combinations. we effectively measure certain linear combinations of the X(2) 

elements. After a number of particular measurements we can determine how the 

individual elements compare to one another. thereby probing the symmetry of the 

tensor itself. 

V. Mizrahi derived the sum rules appropriate to the particular geometry of 

tilted columnar films.69 In following the derivation. we first write the nonlinear 

polarization in the form: 

g)(2) _ X(2) :E(w)E(w) + r: E(w)VE(w). 

Here X(2) is due to the bulk non-centrosymmetry. and r sums up the magnetic 

dipole and electric quadrupole effects described earlier. 

Our assumption of one plane of reflection corresponds to the symmetry 

group denoted Clv • If there were two planes of symmetry it would be C2V ' where 

the v subscript denotes reflections through a vertical plane.7D We now let X 

represent the phenomenological nonlinear susceptibility of the film. treating it as a 

"black box" which we can orient different ways and probe with different 

polarizations. but making no distinction between surface and bulk effects. Using 
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the coordinate system defined. earlier. the assumption of C tv symmetry reduces the 

number of nonzero elements of X to the following: 

Xxxy - Xxyx. 

Xyxx. 

Xyyy · 

We use Sa,b to denote the signal detected when light of frequency w polarized in 

state a excites a second-harmonic of frequency 2w in polarization state h. With 

only four nonzero elements in the X tensor it is straightforward to derive the 

following relations: 

Scire,S - ! Ixyxx - Xyyy 12 

S4S,S - ! Ixyxx + Xyyyl2 

Sp,S - IXyyy l2 

SS,S - Ixyxx 12 

S4S,P - IXxxyl2 

The different polarization states correspond to the geometry depicted 

previously in figure (3.3). These are actually proportionalities. but we will divide 

out the proportionality factor so that it makes no difference to regard them as 

equalities. By juggling these relations we arrive at the following two sum rules: 

f-·-··---- .... ---.--... -.-----.-
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S ~2 r7l ~- 2-~' 
Scirc.P Xxxy 

We now have a test for our assumption of C1V symmetry. After performing 

the necessary measurements on a film that was deposited at at - 20° we found 

excellent agreement. with 0.97 ± 0.08 for the first rule and 1.04 ± 0.26 for the 

second. From simple assumptions and a few measurements we have thus confirmed 

that the films deposited at an angle have Clv symmetry. corresponding to a single 

reflection plane. 

If we apply S-polarized light at wand detect P-polarized light at 2w we 

will see the signal modulated as the sample is rotated about ¢. This is because the 

x and y components of the X tensor become mixed as the sample turns. With the 

sample perpendicular to the z-axis the signal will behave according to 

2 

Sex [Xxxy + ~Xyxx ]sin2¢sin¢ + Xyyycos3¢ . 

Figure (3.5) shows this behavior for the film used to demonstrate the sum rules. 

Note that even though the sample is perpendicular to the beam the signal shows 

only one period in a 360° rotation. rather than the two one would expect if the 

columns were the same at the top and bottom. Note also that the signal undergoes 

100 modulation. with definitive zeroes at 90 and 270°. This is consistent with the 

symmetry assumptions and demonstrates that this is a background-free 
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measurement. Any signal observed when the film is normal to the beam has to be 

caused by the anisotropy of the material. For our aluminum-oxide films this signal 

appears at deposition angles as small as ot-5°. indicating the sensitivity of the probe. 

If we now tilt the sample in 9. the surface effects in X enter in and the 

signal is harder to interpret. As shown in figure (3.6) the signal does retain the 

single period modulation. but it no longer goes all the way to zero. 

We were interested in characterizing the film anisotropy as a function of 

deposition angle. a. but we were plagued by problems of film reproducibility. 

Maintaining all deposition parameters the same from run to run is difficult enough. 

let alone trying to compensate exactly for changes in thickness with deposition 

angle. We completed a series of films from ot-o to 78° and measured the SHG 

signal corresponding to SP.s. This normalized signal serves as a measure of the 

film anisotropy. Figure (3.7) shows a plot of this value versus deposition angle. a. 

Unfortunately there is significant scatter in the measured anisotropy. Nonetheless. 

there is an overall trend towards increased anisotropy with deposition angle. Most 

importantly. at a-o° there is virtually no anisotropy at all. while at a as small as 5° 

the background-free signal easily detects the effect of the tilted columns. Second

harmonic generation is thus proven to be a very sensitive probe of thin-film 

microstructure. 16 
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Figure 3.7 Film anisotropy parameter as a function of deposition angle for 

aluminum-oxide films. 
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Second-harmonic generation from gold/aluminum-oxide composites 

In this experiment we deposited a number of gold/aluminum-oxide films and 

observed the dependence of the SHG signal on volume fill-fraction of the gold in 

the film. Typical rates were 0.3 nm/s for Al20 s and 0.01 nm/s for Au. Since the 

material is highly absorbing at moderate fill-fractions. we had to deposit very thin 

films. on the order of 30 nm thick. Furthermore. we needed to determine the linear 

properties of the films in order to apply a model for the SHG signal developed by 

J. Sipe. 19 This made even greater demands on the reproducibility of the films than 

the previous experiment. and the final results showed similar scatter. 

Unlike the previous experiment. all films were deposited at normal incidence 

to the aluminum-oxide. Since gold was co-deposited it had to be at a slight angle 

from normal. but its rate of deposition was so much less than that of the Al20 s that 

its effect on the tilting the film microstructure was considered negligible. To probe 

the SHG produced by the films. we observed the Sp,s signal with the film oriented 

at 0_35°. We then normalized the signal according to the thickness and local field 

factor derived from the Sipe program19 to generate a measure of the SHG source 

itself. 

Figures (3.8) and (3.9) are TEM images of two of the films as deposited on 

two different substrates. Figure (2.8) shows a low power view of a film that grew 

on a NaCI substrate. and was then floated off in water and collected on a copper 

TEM grid. The rectangular shapes are cleavage planes from the original crystal 

surface. while the dark specks are nucleated gold particles. Figure (3.9) is an image 

of a much higher fill-fraction film that we grew directly onto a carbon coated 
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copper TEM grid. Note that even at this higher power there is no clearly defined 

preferred orientation which might produce the strong second-harmonic signal. 

We used a variety of analysis techniques to characterize the films. We 

obtained the volume fill-fraction of each film from RBS.67 The thickness was 

measured by overcoating with a reflective coating and measuring with a WYKO 

interferometer. We measure nand k as a function of X by making careful Rand T 

measurements on a Cary 15 spectrophotometer and deconvolving the spectra. Since 

the films were so thin and absorbing, we could not simply use an envelope 

technique. Instead we programmed a two-dimensional Newton's method71 to find 

the optimal nand k for the Rand T at each measured X. Since we were working 

from analog data and there were multiple solutions for nand k,39,41 this turned out 

to be a formidable task. 

Figure (3.10) shows the Rand T values for six of the films involved in the 

study (the seventh being without any gold). The next figure (3.11) shows the 

calculated values of nand k. Note the gradual increase in absorption with I and 

the corresponding increase in k. 

The final anisotropy parameter is: 19 

A _ Sp,s 
t2(Fresnel) , 

where t is the thickness of the film and Fresnel is the local field enhancement as 

obtained from the measured nand k of the film. Figure (3.12) shows the final plot 

of the square-root of the anisotropy parameter versus fill-fraction, A calculation 

by J. Sipe19 predicted that A would go as the square of the fill-fraction, after 

correction for thickness and local field factors. Plotting the square-root of A versus 

--_._-_._-_ ...... -.. - -. 



I 

67 

." ',- ' .. " .; . 
'1"" •••.• :t...' ',;, 

1000 nm 

Figure 3.8 Low fill-fraction Au/ AI'P3 film grown onto NaCI cleaved surface. 
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lOa nm 

Figure 3.9 Higher power. higher fill-fraction Au%AI20 3 film grown directly onto 

carbon coated copper TEM grid. 
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Figure 3.11 Measured nand k for six Au/ Al20 3 films with different fill-fractions 

of gold. 
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fill-fraction should then be a straight line. We see that the trend is there. but there 

is significant scatter in the points due to variations in deposition parameters. 

Nonetheless the relationship approximately holds. and we have begun to address the 

complicated process by which a composite material provides a second-harmonic 

signal. 
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Figure 3.12 Dependence of SHG signal on fill-fraction of gold in aluminum-oxide. 
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Chapter IV 

Thin Films Doped with Semiconductor Crystallites 

Here we describe our effort to make a thin film doped with semiconductor 

crystallites. After a brief history of nonlinear studies of doped glasses we describe 

our first attempts at nucleating CdS-Se within a variety of host materials. What 

follows is our more successful approach of depositing "sandwiches" of alternate 

layers of Al20 3 and CdS-Se. We present our spectrophotometric and TEM analysis 

of the films, including an image of individual crystallites of CdSe with well-defined 

lattice structure. Finally we describe our observation of nonlinear prism coupling 

in one of these "sandwich" films. 

Historical background: nonlinear optics in 

semiconductor-doped glasses 

Semiconductor-doped glasses have been known for their valuable linear 

properties for many years, but it was not until recently that workers realized their 

potential as a nonlinear optical material. The utility of doped glasses as colored 
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filter material stems from their possesion of a sharp absorption band edge which 

can be set to a particular wavelength by adjusting the composition of the 

semiconductor dopant.72 Today, many of the photographic cut-off filters are made 

from the particular semiconductor dopant of interest to nonlinear optics: cadmium 

sulpho-selenide. Just by changing the ratio of sulphur to selenium in the glass the 

absorption edge can be moved from bright yellow to deep red while maintaining a 

sharp, well-defined cut-off. 

The interest in the optical nonlinearity of doped glasses grew very quickly 

from the 1960's to the present. In 1964 Bret et al. 73 noticed intensity-dependent 

transmission in doped glasses. Later, in 1979, Gibbs et aI.74 reported the first 

observation of optical bistability in a semiconductor, soon followed by the work of 

Jain8 who observed degenerate four wave mixing (DFWM) in semiconductors. As 

interest grew in creating materials with very fast switching times, a trend developed 

towards investigation of small particles and composite systems, in which excited 

carriers have a greatly reduced lifetime. Thus in 1983 Jain and Lind9 observed 

DFWM in semiconductor doped glass and brought attention to its potential as a fast 

nonlinear optical material. Several studies followed to explain the nonlinear 

behavior of the glasses in terms of band-filling, 11,14 thermal effects,15,76 

photochemical changes,77 inter band absorption,76,78,79 Auger recombination,80 and 

electron confinement.72,81-83 The doped-glasses yielded very fast response times,84,85 

the fastest being around 200 fs.86 Stegeman et al.87 proposed the development of 

waveguide88 devices fabricated from doped glasses by ion-exchange.1o,89 There 

followed several papers on nonlinear effects waveguides formed by ion-exchange,76 

and by deposition of a glass onto the semiconductor doped glass itself.90-92 

The direction changed toward the creation of semiconductor doped glass by 
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novel means. and the characterization of the size and composition of crystallites in 

commercial glasses. Huber et al. 93 impregnated porous Vycor glass with selenium. 

producing a thin layer of doped glass near the surface. To characterize the sizes of 

crystallites in doped-glass. Potter et al. 94 etched away the crystallites and determined 

their statistical distribution. In a related study. Yumot095 examined thinned samples 

in a TEM and. using energy dispersive imaging. was able to see a variation in the 

darkness of the crystallites which he attributed to differences in the S/Se ratio. 

Our effort described in this chapter was to co-deposit the semiconductor and 

host materials onto a glass substrate. thereby growing a film of the doped glass 

directly. Concurrent with our work. Jerominek et al. 96 investigated the direct 

sputtering of the doped· glass onto a substrate. They have succeeded in growing 

sputtered films of CdS doped glass waveguides with 10 dB/cm losses48 and have 

observed nonlinear optical behavior through nonlinear prism coupling.47 Their 

direct sputtering of composites and our process of growing multilayer "sandwiches" 

currently represent the only ways of growing a waveguide directly onto a glass 

substrate rather than within or on top of a slab of the doped glass itself. 

Initial attempts at depositing a 

cadmium sulpho-selenide doped thin film 

Our approach to the deposition of a thin film of doped glass was based on 

the method used for growing the glasses in bulk.72 However. the high surface to 

volume ratio and lack of a liquidus state in a thin film make the nucleation 
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environment completely different. Bulk doped glasses are grown by a multistage 

process of mixing. heating. and cooling. The ingredients for the glass are first 

melted together in platinum vats and after thorough mixing are cooled rapidly. The 

fresh glass is transparent because the trace dopant of semiconductor is distributed 

homogeneously through the matrix. with no crystallite growth. By heating the glass 

back up to about 600°C. which is still well below the glass melting point. the 

mobility of the semiconductor becomes high enough that it can preferentially 

condense at nucleation sites. In thermodynamic terms the glass is initially in a 

supercooled state. and the increased temperature during this "striking" process 

allows the semiconductor component of the glass to seek a lower free energy state 

through nucleation. Changing the temperature and duration of the striking provides 

control over the size of the crystallites grown. 

The fact that the nucleation was performed at a temperature below the 

melting point of the host material provided the incentive to attempt the growth of 

crystallites in thin films by a process of annealing .. Vacuum deposition would 

allow a simple. easily controlled way of mixing the components into a thin slab 

after which the crystallites would be grown by a heat treatment. We would detect 

the growth of crystallites by observing a change in the absorption of the film: if 

semiconductor crystallites existed in the material. a simple transmission spectrum 

would show an absorption band edge at the wavelength corresponding to the energy 

gap. We would then have a waveguide of a semiconductor doped dielectric all 

ready for nonlinear optical studies. 

In practice the process proved to be more difficult than anticipated. Films 

deposited with a small amount of semiconductor dopant showed a broad absorption 

spectrum. corresponding to simply a "brown" material with no interesting 
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semiconductor dynamics. Films that were transparent on emergence from the 

vacuum chamber either did not change or became brownish after annealing. 

Despite attempts with a v~riety of host materials. substrate temperatures. and 

annealing times we did not find a combination that produced the desired absorption 

edge. 

We finally chose a simpler process which avoided the difficulties of bulk 

nucleation in a thin film. By alternating layers of the host with thin layers of the 

semiconductor we were able to use surface nucleation to create a layer of separated 

crystallites. This produced a film with a laminated geometry that departed from 

the original goal of randomly dispersed crystallites. but at least the film did have 

isolated crystallites in a slab of thickness appropriate for a waveguide. These 

waveguides have shown significant optical nonlinearity through power-dependent 

waveguide coupling efficiency. 15 

Initial attempts to nucleate CdS-Se within a host 

The advantage of growing doped glasses by thin-film vacuum deposition is 

the greater control over the growth process and freedbm to choose from a wide 

variety of materials. The ideal host material would be easy to deposit and 

chemically distinct from the CdS-Se so that the particle material would favor 

nucleation over the formation of an alloy. For waveguide applications a higher 

index host would allow thinner films to support a mode.88 reducing the deposition 

time and amount of material needed. In keeping with the composition of the 
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original doped glasses, we chose silicon dioxide as the first host. Typical deposition 

parameters were as follows: Tsub - 150°C, rhost - 0.5 nmls, rCdSSe - 0.1 nmls, final 

thickness - 500 nm. The resulting films were to set a trend that would persist in 

our search for a proper host material: they appeared brownish and the transmission 

spectra showed only a gradual sloping absorption across the visible. The lack of a 

distinct band edge meant that some sort of alloying occured between the CdS-Se and 

SiO:>.. Annealing produced only greater absorption, if anything. 

The band structures of CdS and CdSe have been well established.97- 99 CdS 

has a room temperature band-gap of 2.42 eV (512 nm) while CdSe is somewhat 

lower: 1.74 eV (713 nm).100 This accounts for the dark appearance of CdSe and 

bright yellow-orange coloring of CdS. A well-mixed alloy obtains an intermediate 

band-gap which maintains the original sharpness of the edge. In our work we 

deposited sintered chunks of pure CdS, pure CdSe, or 40% CdS and 60% CdSe. The 

sintered chunks provided minimal outgassing during deposition. 

Noting the ease with which gold nucleates in thin-films of aluminum-oxide7 

we performed several co-depositions of CdS-Se and Al20 3 using a range of 

substrate temperatures, from unheated to 500°C. We again tried annealing at up to 

600°C with still no evidence of an absorption edge in the spectra. We did, 

however, appreciate the hardness and durability of the Al:>.03 composites. Even 

though AI:>.03 is a high temperature deposition material:>.8,lOo it behaved rather well 

during e-gun evaporation, aside from occational bursts and oscillations. 

Having failed with two high temperature materials we decided to try a 

completely different host. Our group has worked extensively with zinc-sulphide 

and found it to be an easily deposited material that yields transparent films with 

good stoichiometry. It differs from our previous materials in two important ways: 

_______ - • ____ 0·00 
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it sublimes at a much lower temperature and it is chemically very similar to CdS

Se. The lower temperature meant that we could not anneal at very high power. nor 

could the substrate temperature be very high because the sticking coefficient drops 

enormously near the sublimation temperature. The fact that the host and particle 

were chemically very similar suggested the possibility of alloying again. However. 

there was the advantage that the composite system was much simpler chemically. If 

Al atoms in aluminum-oxide bonded with sulphur instead of oxygen. the integrity 

of the heterogeneous composite would be destroyed; but if Zn atoms in ZnS were to 

bond with sulphur provided by CdS. no harm would be done. The only danger 

was that the Cd and Zn would be so similar that preferential nucleation of pure 

particles of CdS-Se would not occur. 

Figure (4.3) demonstrates the usefulness of the WYKO interferometric 

profilometer system for determining the thicknesses of the individual components in 

these co-depositions. A small (roughly 2x3 mm) mask near the substrate surface 

exposes a rectangular region to the two deposition sources. Near the edge on either 

side of the rectangle one of the sources casts a shadow onto the substrate. producing 

a narrow band containing only one of the two materials. After overcoating with a 

reflective gold/palladium reflective layer we can insert the sample into the WYKO 

to obtain a high contrast interference pattern from the surface. Inspection of the 

rectangle in profile mode clearly reveals a ledges of different heights on either side. 

and the sum of the two ledge heights is equal to the total film height. Thus we can 

confidently determine the amount of each material deposited. even though the 

materials mix thoroughly as they arrive on the hot substrate. 

Unfortunately the CdS-Se/ZnS films did appear to alloy as did the previous 

combinations. Transmission spectra showed no band-edge. and TEM diffraction 
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patterns revealed no distinct rings corresponding to two different lattice parameters. 

Representative diffl'action images appear in figures (4.1) and (4.2) 

for two of· the CdS-Se/ZnS films. As usual, the TEM images are from a sample 

grown on a copper grid held flush to the substrate surface. The first contains 

concentric rings indicating a hexagonal lattice. The uniformity of the rings 

indicates that the crystallites are so small compared to the electron spot that a huge 

number of them contribute randomly to the diffraction pattern. In contrast, figure 

(4.2) shows a much thinner film viewed using small area diffraction. Here the 

beam samples a small enough number of crystallites that their individual 

diffractions appear as discrete ponts around the rings. Neither image shows two 

different overlapping sets of diffraction patterns corresponding to a heterogeneous 

film. The lack of fine structure in the patterns indicates the presence of an alloy 

rather than nucleated crystallites of one material imbedded in another. 

Multilayer sandwiches of CdS-Se crystallites in A120 s 

The first stage in the growth of a thin-film usually consists of the formation 

of individual islands of material. The weak Van der Waals bond of the arriving 

atoms to the surface is small compared to the chemical bond between free atoms 

roaming the surface. Thus the atoms move about with high mobility until they 

form a bond that is energetically favored. 101 If the substrate is heated the mobility 

can be enhanced so that larger islands will grow. With this in mind we began 

growing a variety of "sandwich" films consisting of alternating layers of thick 
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Figure 4.1 Ringed TEM diffraction pattern of CdS-Se/ZnS film. The pattern 

corresponds to a hexagonal lattice. and the uniformity of the rings indicates 

polycrystallinity with very small crystallites. 
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Figure 4.2 Speckled TEM diffraction pattern of CdS-Se/ZnS film. This film is 

thinner than the one in figure (4.1) and shows discrete diffraction patterns from 

individual crystallites. 
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Figure 4.3 Schematic of co-deposition through mask. with resulting WYKO surface 

profile. Lower two profiles are from two separate measurements on either side of 

the rectangular patch of film formed by the mask. Note the mask is at slightly 

different heights on either side of the film. 
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(E!!IOO nm) AI:aOs and thin (E!!7.5 nm) CdS-Se. Since the sticking coefficient of CdS-

Se varies greatly with temperaturelO:a.lOS we had to deposit several films at different 

temperatures and with different amounts of CdS-Se in each layer until we obtained 

a thickness that allowed the nucleation of distinct crystallites. It was easy to 

deposit too much. resulting in a thick amorphous layer of CdS-Se. or too little. 

which meant no semiconductor dopant at all. 

To be sure that any absorption we observed was due to the semiconductor 

we analyzed an AI:a03 film deposited without any CdS-Se. The film appeared 

perfectly transparent to the eye. and a transmission spectrum showed absorption 

only toward the short end of the visible. For such a transparent film with many 

interference peaks in the spectrum. an envelope technique39- 41 is quite adequate for 

determining nand k from only the single transmission curve. Figure (4.4) shows 

the transmission spectrum with the envelope used to obtain nand k. The following 

figure (4.5) shows the measured nand k as a function of wavelength. 

Using M. Himel's waveguide-loss measuring apparatus. 104 which prism 

couples the film to a multi-line He-Ne laser and measures light scattered by the 

guided mode. we determined the loss to be on the order of 1 dB/cm in the red, 

which is quite good for a vacuum deposited film without ion-assistance. This 

meant that any absorption observed in the doped films would probably be due to 

the semiconductor. If the semiconductor was in the form of dispersed 

microcrystallites with stoichiometric proportions. the absorption would then be 

related to band structure rather than impurities. 

We first tried to mimic the doped glasses by alternating several (up to seven) 

layers of semiconductor with AI20 s. The process is shown schematically in figure 

(4.6). Rather than having too little absorption from the layers we found we had too 
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Figure 4.6 Stages in the deposition of a CdS-Se/Alz0 3 sandwich. A 100-400 nm 

layer of Alz0 3 grows on the heated substrate, on top of which a thin 7.5 nm layer 

of CdS-Se deposits and nucleates into islands. Then another layer of Al20 3 grows 

on top of the CdS-Se, which maintains its dispersed crystallite structure. 
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much to allow waveguiding. This allowed us to concentrate on the growth of single 

layer sandwiches that were thick enough to guide a few modes, yet contained 

enough CdS-Se to show nonlinear effects. We thus grew a number of very thin 

AI20s/CdS-Se/ AI20 s sandwiches with only enough AI20 s to assure the development 

of a good surface layer. By adjusting the temperature and amount of CdS-Se 

deposited we would know the optimum parameters needed in a thicker film. 

Figure (4.7) shows the transmission spectra of three such films with 

different amounts of CdS-Se deposited. We see not only a controllable increase in 

the absorption due to the thicker layer of CdS-Se, but interesting absorption edges 

within the curve itself which we attribute to well-defined band structure within the 

crystallites. This is indicative of the semiconductor integrity that we had always 

sought in the alloyed films. The following figure (4.8) shows the transmission of a 

7-layer sandwich. There is some absorption,' but we can still use an envelope 

technique to derive the values of nand k as a function of wavelength. The results 

are shown in figure (4.9). 

The final proof that we were growing microcrystallites of CdS-Se came 

through a TEM study of a single layer of CdSe grown on a grid. (The sample 

happened to be from a comparison film that had no sulphur in the source material). 

After carefully alligning the 200 kV JEOL electron microscope we were able to 

observe not only individual crystallites, but well-defined lattice planes within the 

crystallites, as shown in figure (4.10). As reproduced, the image is approximately 

three-million times magnified and the lattice planes are 0.36 nm apart. This 

spacing does not correspond to the actual lattice parameter of the crystallite since 

the lattice is tilted slightly, though it does indicate good crystallinity, aside from a 

few defects. This single photograph demonstrated the growth of individual 
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crystallites with good lattice integrity on an amorphous surface. That plus the band 

effects visible in the sandwich films convinced us that we had finally grown thin 

films doped with micro crystallites of CdS-Se. 

We controlled the nucleation of particles by depositing at different substrate 

temperatures and for different times. A high substrate temperature provides 

adsorbed atoms with the mobility necessary to collide and nucleate into large 

particles. At temperatures near the sublimation point. however. the atoms tend to 

leave the substrate and never nucleate at all. We found that surface temperatures 

from lOOoC to 200°C provided a range of nucleation sizes as indicated in figures 

(4.11) and (4.12). 

. Nonlinear studies of the sandwiches 

After several trials of growing films that were either too absorbing or too 

transparent (i.e. not enough dopant) for waveguide work. we finally obtained a film 

that demonstrated nonlinear effects. We deposited the film onto a 200°C substrate. 

using an inner CdS layer approximately 10 nm thick between two Al20 3 layers 

approximately 350 nm thick. Pure CdS was chosen in this case to provide a band 

edge suitable to the 532 nm line of the doubled-Y AG laser used in the experiment. 

We cannot be sure of the actual thickness of the inner layer. so we always cite the 

amount indicated on the XTC thickness monit.or after deposition. The actual 

thickness deposited depends on the substrate temperature and is extremely difficult 

to measure. It is also hard to determine if indeed the layers contain individual 
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Figure 4.11 Widely spaced xtals of CdSe. 7 nm CdS-Se deposited onto 117°C 

substrate. 
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Figure 4.12 Closely spaced xtals of CdSe. 20 nm CdS-Se deposited onto 117°C 

substrate. 
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crystallites. We estimate the inner layer to contain roughly 6 nm particles spaced 

10 to 100 nm apart. though we cannot be sure. 

O. Assanto performed the nonlinear optical experiment. By coupling in and 

out of the film with two different prisms and monitoring the output power as a 

function of input power. lOS he observed a significant departure from linearity. The 

power impinging on the first prism ranged up to 90 mW. though we did not 

calibrate the coupling efficiency to establish the actual power going into the 

waveguide. Nor did we determine the output coupling efficiency to estimate the 

amount of absorption in the waveguide. While we did not quantify the 

nonlinearity precisely. we observed it to be weaker than that of the bulk doped

glass. though much stronger than undoped glass. IS as shown in figure (4.13). 

Furthermore. the sandwich film appeared to be much less absorbing than the ion

exchanged waveguide. indicating that a thicker layer or several layers could be 

deposited to enhance the effect. 

Further experiments would quantify the nonlinearity and optimize the 

number and thickness of the semiconductor layers to maximize the effect. In 

addition. one could probe films grown with various S/Se ratios at different 

wavelengths rather than at the fixed 532 nm doubled-Y AO employed here. The 

continued work would establish the speed of the nonlinearity. whether it is 

absorption or index related. and whether it changes sign through 'the band edge. 
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Figure 4.13 Nonlinear coupling in single layer CdS! A120 3 film compared to ion-

exchanged waveguides in doped and undoped Corning glass. 
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Chapter V .. 

Optical Response of a Composite Medium Consisting of Metal Particles 

in a Nonlinear Dielectric Host 

In this chapter we describe the optical behavior of a composite medium 

consisting of metal particles in a nonlinear dielectric host. We use the strong field 

enhancement near the resonating particles to drive the nonlinear host material. This 

could be a Kerr type nonlinearity driven by the strong local field enhancement. or a 

thermal nonlinearity driven by localized heating. Either way. the nonlinearity 

produces a coating around the particle with index slightly different from that of the 

host. thereby creating a new three-component medium with an effective dielectric 

function slightly perturbed from that of the undriven two-component medium. We 

calculate this change in dielectric function as a function of material and topological 

parameters and show that for small particles a very thin coating can indeed alter 

the optical properties of the medium significantly. There follows a simple model 

for the temperature gradient around the particles induced by a strong pump beam. 

We calculate the change in optical properties of the material due to local heating 

around the particles. Finally we discuss experiments which could measure this 

effect with the greatest sensitivity. 
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Historical background 

A composite medium consisting of small metallic particles in a dielectric host 

exhibits strong absorption at the so-called "surface plasmon resonance". This 

resonance represents a shift of the bulk metallic plasma resonance into the visible 

by the electromagnetic coupling of the particles in the host. The deep red color of 

gold colloids is a striking example of this resonance and it is responsible for 

motivating several models of the optical properties of composite media. 50 The 

Maxwell-Garnett20 theory is one of the earliest and simplest of these models. and it 

remains an excellent approximation to the dielectric function of composite media for 

small (much less than one wavelength) particles and fill-fractions up to "'1/3. 

In the Maxwell-Garnett model. small m~tallic particles in a dielectric host 

will resonate with an applied field. resulting in a strong field enhancement inside 

and immediately surrounding the particles. Experiments in surface enhanced 

Raman spectroscopy (SERS) showed strong effects of this field enhancement near 

metal particles21.106 which led to studies of dye -coated metal particles. 107 Craighead 

and Glass108 observed splitting and broadening in the resonance absorption peak. 

which they attributed to the enhanced field near the metal/dye interface. Since the 

dye coating was thin (E!! I monolayer) and strongly absorptive. the resonance of the 

particles was suppressed by a damping effect of the dye. This produced anomalies 

in the absorption spectra near the surface plasmon resonance. 

Craighead and Glass produced the dye coated particles by vacuum 

depositing silver onto glass substrates and then spin coating ethanol solutions of 

rhodamine B and nile blue. They first investigated the linear optical properties of 

--_ ....... ,. __ ..... ---- .... --. '. --. . . 
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the composite and demonstrated that even the very thin (0.1 nm) dye coating 

produced a double peak in the transmittance spectrum of the films near resonance. 

Using a Drude model for the dielectric function of the silver particles and a coated 

particle effective medium model (described later in this chapter) they found good 

agreement between the observed splitting and that predicted by theory. 

Recently. Ricard et al,22.23 used the surface plasmon field enhancement to 

estimate the third-order nonlinear susceptibility of gold by measuring phase 

conjugate reflection from a gold/water colloid. The conjugate signal resulted from 

the X(3) of gold being driven by the resonantly magnified pump beam within the 

particles. Since the field enhancement dropped off quickly with distance from the 

particle. Ricard assumed that the nonlinear effects he observed were only due to the 

X(3) of the gold and. using Maxwell-Garnett theory. derived the change in dielectric 

function of the metal required to produce the conjugate signal. Thus changes in the 

properties of the medium as a whole allowed an estimate of the nonlinearity of the 

particle material in response to the resonant pump beam. with the assumption that 

the host dielectric (water) was optically inert during the pump pulse. 

Phase conjugation is well-suited to the detection of the gold nonlinearity 

since it is background free: 22 if the gold (and water) do not exhibit nonlinearity. 

there is no phase conjugate signal. In addition. the local-field factor due to the 

surface plasmon resonance enters as a factor to the fourth power in the expression 

for the cubic nonlinear polarization:22 

Here I is the fill-fraction of the metal particles. a is proportional to the field 
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enhancement within the particles. Xm (3) is the third order nonlinear susceptibility of 

the metal particle. and Eo is the applied field. Since the phase conjugate intensity 

goes as the square of PNLS ' the reflected signal will actually be proportional to the 

local-field enhancement factor to the eighth power.22 Thus as long as the 

nonlinearity of the colloid host liquid is negligible. phase conjugation provides an 

excellent means to extract X(3) of the metallic particles. 

In this chapter we model a system different from the gold/water colloids. in 

which the particles are optically linear while the host material has an intensity or 

temperature dependent dielectric function. We assume the local-field enhancement 

drives the host nonlinear near the surface of the particle. producing a thin coating 

around the particle with dielectric function slightly different from that of the host. 

as illustrated in figures (5.1) and (5.2). We derive an expression for the change in 

dielectric function of the composite given the thickness of the induced coating and 

the magnitude of the index change within the coating. This expression does not 

directly address the nature of the coupling of the host nonlinearity to the resonant 

particles; the effects of the host nonlinearity are simply parameters to be derived 

by other means. In the end of the chapter we do model the dynamics of a 

thermally induced coating on the particles. concluding with a complete expression 

for the nonlinearity of the medium as a function of the pump intensity. Regardless 

of the specific manner in which the coating is induced. the optical properties of the 

medium are due mainly to the interplay of the particle material with the host. and a 

slight change in the host dielectric function near the surface of the particle has an 

enhanced effect on the properties of the medium as a whole. 
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Figure 5.1 Metal particles in a host medium. 

Figure 5.2 Metal particles with coating induced by the nonlinear response of the 

host material to an applied pump beam. 
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Coated particle effective medium theory 

To describe the optical properties of coated particles in a host we apply an 

extension to the Maxwell-Garnett theory proposed by Wood and Aschcroft.24 They 

approximated the coated particle dielectric function by the theoretical dielectric 

function. derived by van de Hulst.25 of a sphere of one material (the metal) 

surrounded by a shell of another (the coating). The dielectric function of this 

effective-particle replaces that of the metal in the expression for the dielctric 

function of the composite. providing an effective medium of effective-particles in a 

host. We are interested in the change in the dielectric function due to a slight 

departure of the coating dielectric function from that of the host. Thus we 

compare two systems: one containing particles coated with the host material. and the 

other containing particles coated with the coating dielectric function fc - (1 +8)fh 

where fh is the host dielectric function and 8 is small. The difference in dielectric 

function between the two systems then approximates the change due to an induced 

coating on the particles. For small 8 and a thin coating. the induced change 

requires terms only to first order in 8. allowing a simpler expression which provides 

insight into the parameters that yield a large optical nonlinearity. 

Van de Hulst's model characterizes the thickness of the coating through the 

dimensionless parameter Q - R/(R+t). where R is the radius of the metal particle 

and t is the actual thickness of the coating (see figure (5.3». We let fp denote the 

effective particle dielectric function of a sphere of metal (f-Em) coated with the host 

(f-Eh) to a thickness parameter. Q. 
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Figure 5.3 Illustration of the definition of the particle thickness parameter. Q. 

Note that Q ~ 1. 
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In its original form. van de Hulst's expression for fp is 

As with many of the expressions derived in effective medium theory. this 

one shows an annoying near-symmetry that makes it look as though we can reduce 

it to a more insightful form. even thou~h we cannot. We can. however. extract a 

common term that appears in the family of expressions to follow and then greatly 

simplify the resulting equations by giving that term an appropriate symbol. We 

thus convert the expression for fp to the following equivalent form: 

where 

~mh contains the effect of the surface plasmon resonance and depends only 

on the two materials involved. When the (negative) real part of Em cancels the 

(positive) real part of 2fh' ~mh becomes very large. We chose the ~ symbol to 

because of its connection with the ~esonance of the metal in the host. using the 

script notation to distinguish it from Reflectance. We emphasize that ~mh does not 

depend on the coating thickness or fill-fraction or any other extensive property of 

the composite; it is strictly an intensive parameter that depends on the choice of 
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host and particle materials. and. of course. on wavelength. Thus the expressions 

that follow allow greater focus on the extensive parameters that maximize the 

nonlinear behavior of a candidate particle/host material pair. 

The Maxwell-Garnett expression for the dielectric function of a composite 

material appears in many forms. one of which is26 

for metal particles in a host with volume fill-fraction. /. We convert this to a form 

very similar to that of Ep given above: 

A quick calculation shows that at / - O. EMO - Eh and at / - 1. EMO - Em as we· 

would expect since these two / values correspond to a medium of only the host and 

metal material respectively. 

At this point we replace Em by Ep. thereby coating the particles with the 

host material itself. as illustrated in figure (5.4). The fill-fraction increases to f/Q3 

due to the increase in volume of the new coated particle and corresponding decrease 

in the amount of the host. The new expression for the dielectric function of the 

medium is 
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Figure 5.4 Illustration of the two types of coated particles: metal coated with host. 

and metal coated with host driven nonlinear. 

It may seem strange to coat the particles with the host at this point. After 

all. if this model is accurate. there should be no difference in the results since. with 

the adjustment for coating volume. the coated and uncoated systems are physically 

the same. Indeed. this is the case since the resonance of the uncoated particles is 

reduced in proportion to the coating volume when the particles are "coated" with 

the host. This is simply expressed through: 
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As long as we increase the fill-fraction to f/Q3 to accomodate this imposed 

coating. the dielectric function of the system remains exactly the same. Note that 

~ph does depend on the system geometry. unlike ~mh' since ~ph depends on the 

coating thickness through Q. By comparing two systems: particles coated with the 

host. and particles coated with the host driven nonlinear. the difference in the 

dielectric functions then corresponds to the change we expect to observe in an 

actual system reacting to an optical pump. The mathematics of the derivation is 

simplified because ther~ is no geometrical difference between the two systems. The 

only difference between the two systems is the slight departure of the nonlinear 

coating dielectric function from that of the host. expressed as: 

with 6 a small. possibly complex number. 

While the magnitude of 6 depends on the nonlinearity of the host medium 

and the strength of the pump field. we stress that it results from the strong field 

near the particles. and that field is greatly enhanced by the surface plasmon 

resonance of the particles in the host. The induced /) is thus the product of two 

factors: the nonlinearity of the host and the field enhancement in a thin shell 

surrounding the particles. For a thermal nonlinearity. 6 depends on the thermal 

conductivity of the host and the extent of the local temperature gradient induced by 

heating. Obviously a larger host nonlinearity will yield a greater 6. but how can 

we select the other material parameters to maximize the net effect? It is the 
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purpose of the following derivation to express the net change in dielectric function 

in a simplified form which provides some answers to that question. But first we 

examine the predictions of the Maxwell-Garn~tt theory applied to the linear 

behavior of metal particles in a host dielectric. Specifically we examine the factors 

that govern the location and size of the absorption peak in such a system. 

Maxwell-Garnett model of Drude metal in a perfect dielectric. illustrating 

factors that determine location and width of resonance absorption 

Figure (5.5) shows fMO for a composite of silver in zinc sulfide using 

experimentally derived optical properties of silver in bulk109 and zinc sulfide in thin 

film form."o We use silver and zinc sulphide as canonical particle/host materials 

because. as we will discuss. silver is an excellent metal and zinc sulphide has a 

large index of refraction. We have not actually deposited such a composite. though 

we have made films of a related composite: gold in zinc sulphide. Later we will 

compare these two composites. Note in figure (5.5) the characteristic surface 

plasmon resonance responsible for the coloring of· metal colloids. The location of 

the absorption peak is. again. determined by the point at which Re(fp) - -2Re(fh)' 

The sharpness of the peak is determined by how quickly Re(fp) is changing there. 

Using the Drude model for the dielectric function of a metal we may approximate: 
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Figure 5.5 Maxwell-Garnett dielectric function of silver in zinc sulphide with fill-

fraction. f - 0.01. Material optical data are from (109) and (110). 
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where 

is the plasma frequency of the bulk metal. n is the volume density of electrons in 

the metal. and T is the scattering lifetime. Genzel and Martin investigated the 

relationship between the resonance peak and the constituent materials. With the 

resonance in EMO written in the form of a Lorentzian. 

they found the half-width of the peak to be: 

In these expressions wR is the resonance frequency. and EX • EX are the 
o 00 

dielectric functions of medium X at W - 0.00 respectively. Note that r is 

proportional to wR' implying that a sharper resonance will occur at small w. 

Figure (5.6) shows the dependence of the resonance in EMO on choice of particle 

and host for an ideal Drude metal in a perfect dielectric of index 1.5. 2.0. and 2.5. 

We use the values W - I.38x1016 S-1 and T - 31x10-15 s from Johnson and 
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Christy's investigation of silver. 109 A perfect conductor would have E - I. but 
00 

interband transitions cause real metals to depart significantly from the Drude model 

at short wavelengths. From Johnson and Christy's data the best value for silver is 

E :!! 3.37. Figure (5.7) allows a comparison of the Drude prediction with the 
00 

measured dielectric function of bulk silver. The comparison is adequate down to 

h :!! 500 nm. For convenience we show the results in the frequency and wavelength 

domain since the equations are best expressed in terms of w. while most thin film 

material spectra are plotted versus wavelength. We see that the width of the 

resonance does not change as dramatically as its magnitude with different host 

index; it is the magnitude of the resonance that is most significant in inducing a 

large nonlinearity in a material. though a sharp resonance is easier to study 

experimentally. 

Unfortunately. metals do not vary a great deal in their Drude parameters: 

Wplsm • T. and E 00 • An ideal metal would have a dielectric function of which the 

real part dropped very quickly with w. as this would provide the desired large and 

sharp resonance needed to drive a nonlinearity. But such a dielectric function 

corresponds to a metal with high wplsm ' while the good metal conductors do not 

differ significantly in this parameter. Metals only have one electron per atom to 

contribute to the conduction band. and the atomic density and electron mass (the 

other two material parameters in Wplsm ) do not cover a large range of values. 

However. metals do differ significantly in the non-Drude contributions from 

inter band effects that produce a large imaginary part of the dielectric function. 

The imaginary part of the metal dielectric function is what determines the size of 

the ~mh term at the surface plasmon resonance; hence we should choose a metal 

with a dielectric function of which the imaginary part is as small as possible near 
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of the Drude model. plotted versus wavelength and frequency. Experimental data 

are from (109). 
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the resonance. 

The yellowish color of gold is a manifestation of the interband transitions 

that produce the undesired large imaginary part of the dielectric function. Figure 

(5.8) shows EMO for a composite system of gold in zinc sulphide with the same fill

fraction as the silver/zinc sulphide composite shown in figure (5.5). Note how 

much sharper and stronger the resonance is for the composite containing silver 

particles. The resonance has shifted slightly in wavelength due to differences in the 

real part of Em for gold and silver, but the size and strength of the resonance is 

determined by the imaginary part. Clearly silver is superior to gold for its 

resonance properties, though gold is more chemically inert and may nucleate in a 

greater variety of nonlinear hosts than silver. 

Metal particles cab depart significantly from bulk behavior due mainly to 

enhanced screening from the surface boundary. One can compensate for this effect 

by reducing the scattering time constant in the Drude expression7,111,1l2 or even 

using the optical properties of liquid metals instead of solid. 7,113 Cohen et al.114 

found no significant size effect for silver and gold particles as small as 2 nm, and 

any error in the metal optical properties may be negligible considering the 

simplifying assumptions of our model. But any experimental test of our model for 

this nonlinear composite should consider possible departure of the metal optical 

properties due to the small size of the particles. 
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Figure 5.8 . Maxwell-Garnett dielectric function of gold in zinc sulphide with fill-

fraction. 1-0.01. for comparison with Ag/ZnS system. Material optical data are 

from (109) and (110). 
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Derivation of change in effective medium dielectric function due to pump 

induced coating to first order in I) 

Returning to the derivation of the nonlinear eMO' we note that since ep is 

nearly em for a thin coating (Q El! 1). the resonance factor ~ph is very similar to 

otmh • Hence it is convenient to write fp as a departure from em: 

3eh ~mh(I-Q3) 
(l-Rmh)(l-Q3~mh) . 

In this form we can see immediately that for Q = I (no coating). em will equal ep • as 

we would expect. For Q < I. the departure of ep from em is just the built up 

fraction in the above expression for ep • and this fraction provides the difference 

between ~mh and ~ph caused by the coating on the particles. Figure (5.9) 

compares ~ph with a mh for silver in zinc sulphide with Q = 0.9 (corresponding to 

a coating thickness one tenth the coated particle radius). The coating reduces the 

resonance of the particles in the host since the coated particles have a dielectric 

function between that of the metal and that of the host. For comparison. figure 

(5.10) shows the same calculation for gold in zinc sulphide. Note how much 

weaker and broader the resonance is due to the imaginary part of the dielectric 

function of gold. 

We now calculate the equations for ep and eMO when the coating is slightly 

different from the host by directly substituting ec (the coating dielectric function) 

for fh in the expression for f p • and then substituting the new ep into the expression 
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Figure 5.9 Comparison of a mh with a ph for silver particles in zinc sulphide 

coated to a thickness parameter Q = 0.9. 
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Figure 5.10 Comparison of ~mh with ~ph for gold particles in zinc sulphide 

coated to a thickness parameter Q = 0.9. The resonance is much weaker than that 

of the Ag/ZnS composite. 
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We denote these new nonlinearly driven terms by e'p and e'MO 

respectively. With the assumption ec ... (1 +8)eh we get 

&' & 
~ P .. ~c 

where 

The dielectric function of the driven medium is then 

with 

These are all the equations necessary to calculate the optical properties of 

the two systems: the undriven medium with particles coated by the host. and the 

pumped medium with particles coated by material slightly different from the host. 

In order to see the effect of the small 8 and thin coating that the optical pump 

would produce. we calculate AfMO = f'MO - fMO' the induced change in dielectric 

function due to the coating. to first order in 8. This involves the cascaded 
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calculations of arne. f'p' flep'h and f'MO to first order in O. where we insert the 

results of each term into the next one and drop high order terms in o. The algebra 

is very involved at times. particularly when the a terms must be expanded into 

their complete form. We leave out these detailed steps in the following derivation 

in order to maintain the logical flow of the calculation. Keep in mind that some of 

the steps involve a page of algebra. 

We start with our first order expression for the induced coating dielectric 

function: 

Using this we can calculate f1f. rne to first order in 0: 

We now express f p'. the dielectric function of the metal particle coated with f e • to 

first order in 0: 



This result allows us to approximate ~p'h to first order in 0: 

(Ep +~Ep)-Eh 

(Ep+~Ep)+2Eh • 
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Finally we calculate the expected change in dielectric function of the 

medium due to the induced coating on the particles: 
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] 
- £h [1 + --L ]. 

1 I~ 1 
ph 

This is the complete expression for A€MG to first order in I). Note that we 

applied no restrictions to the thickness parameter. Q. though we assume the coating 

to be thin. In this case Q E:!: 1 and I - Q3 is small. We see immediately that A€MG 

is proportional to I) and involves the square of the resonance parameter. ~mh' 

There is an additional resonance due to the denominator. l-/~mh' However. for 

very low fill-fraction materials ~mh would have to be unrealistically large in order 

for this denominator to be small. i.e. in order for the condition: 

to hold. If we assume 1« lamh I « 1/1 and €h = n~ then we can further 

approximate A€MG near resonance as: 
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Discussion of final approximation to AfMG 

Figure (5.11) shows a comparison of AfMG based on the complete calculation 

and our final simplified expression, using the parameters f = 0.0 I, 5 ... 0.00 I, and 

Q = 0.9. The agreement is adequate considering the relative simplicity of our final 

approximation, in which the importance of each term is more apparent. The 

resonance enhancement of AfMG is visible through the square of a mh and the 

square of the host index. However, these terms are reduced by the product of the 

three small terms: f, (I_Q3) and 5. The magnitude of the actual change will 

certainly be small, but the values in figure (5.11) represent measurable effects, 

assuming a 5 of 0.001 can be induced in a shell of thickness 10% of the particle 

radius. Gold colloids are commercially available with particles only 5 nm in 

diameter;ll5 for such particles the 10% thickness corresponds to a mere 0.25 nm, 

amounting to about a monolayer, and a very small volume of the host required to 

exhibit nonlinearity. The denominator in AfMG contains terms which could become 

small, producing a resonance away from the surface plasmon resonance. This is an 

artifact of the approximation process, indicating that the approximation is accurate 

near resonance only, where the denominator is slowly varying. Regardless of the 

error far from resonance, the large factors in the numerator do reflect a significant 

enhancement of the change in the bulk optical properties of the effective medium 

due to a slight perturbation in the host index near the particles. 

An interesting consequence of the induced coating is the mixture of 

absorptive and dispersive effects caused by a purely dispersive nonlinear host. 
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Since a mh is in general complex. the change in the Maxwell-Garnett effective 

dielectric function will itself have a real and imaginary component. Thus a change 
9) 

in absorption of the medium can serve as a probe of the nonlinear index of the host 

material. This is different from the simple change in output intensity observed in 

an etalon containing a nonlinear dielectric; here the medium itself absorbs more due 

to the change in index of the host. 

We see from the form of ~fMG that to maximize the change in optical 

properties we should choose a medium with the following characteristics: I) Large 

host index. 2) Large host nonlinearity. 3) Metal with small imaginary component of 

its dielectric function near the surface plasmon resonance. We can optimize the 

first two characteristics through a careful selection of a host material. while the 

third is fixed by the intrinsic properties of metals. The composite material could be 

a thin film cermet. in which the materials encourage particle nucleation. or a colloid 

in which the particles can be grown pure. small. and without aggregation in a 

nonlinear liquid. A thin film has the advantages of a large I without aggregation. 

and the ability to use interference to magnify further the small change in f. 

Colloids have small I. but one may probe a larger volume than is available in a thin 

film. and there are a number of liquids that exhibit a large nonlinear coefficient. 

Both colloid and cermet have advantages and disadvantages. and the one that 

exhibits the largest nonlinear effect can be found only through a survey of 

candidate materials. 



127 

Estimate of thermally induced index change near metal particles 

Thermal effects are common in high power laser investigations of optical 

materials. Local heating can induce a thermal nonlinearity in a dielectric which. 

can then be measured with great sensitivity using an etalon configuration.75 Such 

nonlinearities are typically slow (on the order of milliseconds) and are often seen as 

the "steady state" result of picosecond or faster pulsed experiments. To calculate 

the nonlinearity as a function of temperature, the change in temperature of the 

material with pulse intensity and duration must be estimated. This temperature rise 

due to an applied Gaussian beam has been calculated for a general homogeneous 

material,lI6 but our inhomogeneous composite requires special treatment. For the 

system of coated particles we assume the metal particles heat rapidly and dissipate 

energy into the surrounding host dielectric. Since the thermal conductivity of the 

host is much less than that of the particles, the outflow of heat produces a 

temperature gradient decaying radially from the particles. This is shown 

schematically in figure (5.12). 

We approximate the temperature distribution in the composite by calculating 

T(r) for a single particle in an infinite dielectric medium of thermal conductivity /G. 

If the sphere absorbs cP watts, in steady state it will dissipate this power through an 

enclosing sphere of any radius, r. The heat flux density through the surface is: 

and since 

cP 
l(r)=-4 2' rrr /G 
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Figure 5.12 Schematic of pump induced index gradient around the particles due to 

outflow of heat. The radial drop in index away from the particle is approximated 

as a step function. corresponding to a pump induced "coating" around the particles. 
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we get 

The solution for T is 

I=-I(.VT, 

~ vr"'--4 2' TTr I(. 

~ T ... -4-+ Too· TTl(.r 

We are only interested in the local change in temperature, hence we may say 

~ 
AT .. 4TTI<.R' 

where R is the radius of the particle. 
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If Q! is the absorption coefficient of the particle and f3 is the local field 

enhancement factor, then 

From the Lorentz model of a metal particle in a dielectric,25 the field inside 

the particle will be enhanced by the local field factor: 
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Substituting for f3 we get 

Note the resonance denominator again. 

We now use the thermal nonlinearity and field enhancement to calculate the 

o parameter for the induced coating. If 

then 

To first order. 
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Since l) is defined through €c={l +l»)€h we see that 

We can now write the complete approximation for ~€MG by substituting the 

intensity-dependent expression for l) into our value for ~€MG: 

If we are near resonance we may assume amh»l to get the final result: 

This simple expression sums up the interaction of many physical processes: 

I . The resonance enhanced field heats up the particles 

2. The particles dissipate the heat into the host medium 

3. A temperature gradient develops around the particles 
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4. The temperature drives the host nonlinear 

5. We approximate the induced index gradient around the particles as a thin 

shell 

6. The coated particles act as new "effective particles" in the host 

7. The effect of the coating is enhanced by the surface plasma resonance 

8. We calculate the enhanced effect of the coating with a Maxwell-Garnett 

model of the effective medium 

It is very convenient that we can summarize all these effects in such a 

compact form. We see immediately that the change in dielectric function of the 

composite medium is proportional to the intensity of the applied beam. but is 

enhanced by Gemh to the fourth power: potentially a huge enhancement. Unusual 

for Maxwell-Garnett media is the incorporation of particle size in the optical 

properties of the composite. This is due to the dependence of the temperature 

gradient on the size of the sphere: smaller spheres will absorb less power 

individually. producing a more shallow temperature gradient. 

term: 

To view the importance of the different material parameters we isolate the 

R2C1.n' 
-1(.-. 

which is in units of W-l. Length and temperature dimensions cancel in this term. 

making it a figure of merit by which to compare different host/particle 

combinations. Clearly we want large (but much smaller than a wavelength). highly 

absorbing particles in a nonlinear host which has poor thermal conductivity. The 
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low thermal conductivity allows a large thermal gradient to develop around the 

particles which then strongly drives the nonlinearity of the host. We do not include 

the elusive parameter Q, which describes how far out the thermal gradient extends. 

This is not only because Q is difficult to define, but its effect on the composite 

nonlinearity is small compared to the R2 and a~h terms. As long as (l_Q3) is 

somewhere around 0.1 to 0.9 we can estimate it to be 0.3 and be within a factor of 

3 of the correct value. This is acceptable given the simplicity of the model and 

very strong dependence of the nonlinearity on R2 and a~h' 

We can now substitute actual values for the material parameters and 

estimate the change in dielectric function of the nonlinear host due to the heating of 

the host near the particle. For the dielectric we choose ZnS which has no=2.3S, 

n'=SxlO- 4/oC, and /G=0.2 W/cmoC.l17 We choose silver as the particle material, for 

which ctf:!:.8xl05 cm- I , 109 and we assume a fill-fraction 1=0.01, Q=0.9 (which yields 

l-Q3f:!:.O.3), and R=S nm. Figure (S.13) shows a plot of fMG for such a system, along 

with the induced AfMG assuming an applied pump of 1 kW/cm2
• 

Since this approximation to AfMG assumes steady state heating, it should be 

an overestimate to the observed value in a pulsed laser experiment. Nevertheless, 

we see a dramatic change in the absorptive and dispersive properties of the medium 

due to the pump. While we have not narrowed down the value for Q, we have 

chosen a compromise value which should be representative of the actual induced 

coating thickness. Most importantly, our equation for AfMG allows the direct 

comparison of different composite systems with respect to the parameters which 

maximize the optical nonlinearity of the medium. 
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Figure 5.13 Change in fMG for Ag/ZnS composite due to thermally induced 

nonlinear coaling on lhe particles. 
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Concurrent work on similar composite systems 

Our work on modelling the optical properties of particles in a nonlinear host 

started in the summer of 1986. shortly after Ricard et al. published their 

measurement of X(3) for gold in colloid form using phase conjugation. To our 

knowledge no work was reported prior to the summer of 1988 on composites of 

resonant particles in a nonlinear host. though there have been numerous pUblications 

on probing the nonlinearity of the particles themselves using effective-media theory 

and the resonance field enhancement. It was not until we presented our model at 

the Optical Society of America's August. 1988 conference on the Nonlinear Optical 

Properties of Materials in Troy. New York that other workers came forward with 

similar studies. A. E. Neeves et al. llS performed detailed calculations of the optical 

properties of a medium in which the particles are surrounded by a radially 

dependent dielectric function. This is a more detailed calculation than we present. 

but it does not allow a simple expression for the change in dielectric function of the 

medium. 

This same group described an additional mechanism for nonlinearity that we 

did not consider: the thermal or electronic constriction of the particle material. If 

the particle contracts under the influence of the pump it will create a shell of lower 

index material around it. which could have a dramatic effect on the optical 

properties of the medium. 

Haus at al}l<J performed a numerical study on particles in a nonlinear host. 

showing that a distribution of particles sizes would not wash out the nonlinear 

effects. This is consistent with our model. since the location of the surface plasmon 
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resonance is independent of particles size. If the coating thickness varies somehow 

with the particle size then each particle will contribute a different amount to the 

nonlinear effect. but there is no broadening of the resonance as a result. 

We expect more work to emerge on this topic of metal particles in a 

nonlinear host. Most importantly we seek experimental confirmation of effects that 

thus far have only been modelled theoretically. This could result in a whole new 

class of candidate materials for nonlinear optical devices. But even if no material 

becomes practical for a device. the insight into the dynamics of nonlinear effective 

media should be considerable. 120 

Summary 

We have shown that when particles in a composite medium resonate. 

possibly inducing a nonlinear change of index in a layer surrounding them. the 

medium as a whole will exhibit nonlinear effects. A first order extension of Wood 

and Ashcroft's model of coated spheres in a Maxwell-Garnett medium yielded an 

expression providing insight into the magnitude of the induced change in bulk 

optical properties. and the material parameters which intensify this change. The 

effect of heating is incorporated into a model of metal particles in a thermally 

nonlinear host. providing a direct expression of ~€MG as a function of pump 

intensity. With suitable materials in colloid or cermet form. the nonlinearity can 

provide information on the strong field behavior of the host. and the role of the 

surface plasmon resonance in the optical properties of composite media. 
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Chapter VI 

Conclusion 

The work described in this dissertation encompasses many topics of current 

interest to those searching for a versatile nonlinear optical material. We have 

shown the SHG is a very sensitive probe of the microstructure of thin films. Since 

thin films generally have a structure significantly different from that of the bulk 

material. this can be of interest to thin film research in general; not just to those 

trying to make a strongly nonlinear material. As workers become more interested 

in composite systems. the need to understand basic nonlinear processes in simple 

heterogeneous films is enhanced. Thus our study of the SHG from composite films 

of gold in aluminum-oxide provides insight into the dependence of fill-fraction on 

the SHG signal generated. While we do not yet fully understand the mechanism for 

SHG in these films. the SHG anisotropy does show a quadratic dependence on f. in 

accordance with a simple model. 

The theoretical model of metal particles in a nonlinear host turns out to be a 

system of considerable interest. Though our model is rather simple. it provides a 

simple analytic expression for the nonlinearity one would expect to observe. 

Further. it evokes the material parameters which could maximize this nonlinearity. 

Thus far there have been no experiments to observe the J.lonlinearity induced by 

resonant metal particles in a nonlinear dielectric host. When such experiments are 

performed. it will be enlightening to compare observed effects with those predicted 
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by our model. 

Our attempts at growing a waveguide of a semiconductor-doped dielectric 

did not immediately meet with success. While we did not succeed in growing a 

film by an annealing process and co-deposition, we did grow such a film. by a 

similar process of alternate deposition of layers. The enormous control over the size 

and stoichiometry of crystallites provided by this process allows the direct growth 

of tailored semiconductor-doped waveguides. We have observed evidence of 

nonlinear optical behavior in one of these waveguides through nonlinear prism 

coupling, and we anticipate further results in systems grown with more layers. 

different S/Se ratios, and different host. This technique can provide a variety of 

topologies not available in the strictly random bulk doped glasses. Results from 

investigations of these new films may provide insight into the nature of the 

nonlinear effects observed in bulk glasses, and perhaps allow the optimization of 

material an optical parameters that would result in a commercial nonlinear material. 
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Appendix A 

Hazards of cadmium compounds 

Many of the materials routinely used in thin film work are highly toxic. 

The very nature of the deposition process, in which solid materials are heated to a 

vapor, poses a particular health hazard through the inhalation of fumes. With 

simple precautions, particularly the use of disposable gloves and a filtered breathing 

mask, dangerous materials can be used with relative safety. However. some 

materials are so toxic that their handling demands particular care, as is the case for 

a material of interest here: cadmium. 

While cadmium is used as a common plating on metal parts, it ranks as one 

of the most toxic elements in the periodic table. Either by inhalation of fumes or 

direct contact with skin, cadmium can cause edema, the build-up of fluid in body 

tissue, which may lead to cardiac arrest and death. People have suffered fatal 

poisoning as a consequence of improper ventilation while brazing with cadmium-

doped silver rods. Others have died from ingestion of foods stored in cadmium 

plated containers. 121 

Fortunately cadmium is much less dangerous in the form of a compound. 121 

We have had discussions with workers who treat CdS just as they do ZnS when 

depositing a film. But CdS tends to produce films that are cadmium rich,122 

implying that the sulfur is pumped away and much of what accumulates in the 

vacuum system will contain elemental cadmium. 
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A vacuum system coated with a cadmium rich layer deserves special 

treatment. A very simple precaution we took. one which makes sense for any 

vacuum deposition system. was to enclose it in a vented fume hood. The bell jar 

was behind a transparent vinyl screen which served as a chimney leading to a vent. 

The constant updraft greatly reduced the backstreaming of fumes. and the screen 

served to delimit the safe area from the toxic region. We could do all the vacuum 

manipulations necessary to load the substrates and source materials without ever 

coming in direct contact with fumes from the chamber. This greatly enhanced the 

safety of the depositions without making the operation cumbersome. When 

extensive, work was needed on the vacuum system. we wore face masks as an added 

precaution. 
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Appendix B 

E-gun/crystal monitor rate-control electronics 

The XTC contains an elaborate feedback control system for controlling a 

deposition source. It communicates to the source through a 0-9V. 30mA signal 

from the back of the console. Normally one would have to construct an elaborate 

interface circuit so that this signal could drive the evaporant source directly. 

Fortunately. our e-gun had some of the necessary circuitry depicted in a schematic. 

though the parts themselves did not exist on the actual circuit board. The parts we 

installed amounted to a resistor (Rl). a transistor (Q1). and a potentiometer (R2). 

We also had to construct the necessary bulkhead connector which serves as a 

jumper to override manual rate control. and also to feed in the control signal from 

the XTC. The relevant part of the e-gun power supply schematic appears in figure 

(B. I ). and the additional components are labelled. 

In the schematic. Q2 controls the current to the e-gun. With the local-

control shunt connected. the coarse and local control pots determine the current 

through Q2. When the shunt is removed and the XTC rate signal attached at 

jumpers i and j. current through Q2 is determined by Q I. R2 sets the gain on the 

XTC remote signal and can be changed for materials that require different amounts 

of power. 

------ ._--_.---_.-. -- .-
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Figure B.l Schematic of rate control system which uses feedback from the XTC 

crystal monitor to maintain a constant deposition rate from the Thermionics e-gun. 

The rate signal from the XTC interfaces to the e-gun circuitry at the bulkhead 

connector on the right. 
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Appendix C 

ESCA of CdS-Se film and 

CdS. CdS-Se source material 

ESCA studies of samples containing CdS-Se were difficult to interpret 

because of the allignment of the sulfur and selenium peaks. Selenium has a peak 

near 57 eV which is not near any sulfur peak. but all the sulfur peaks appear near 

or on top of selenium peaks. It was therefore useful to study the CdS-Se and CdS 

source materials directly. allowing direct determination of peaks corresponding to 

sulfur and selenium individually. We loaded small chunks of the sintered source 

material directly into the ESCA and ignored the large carbon peak thereby 

introduced. Multi-component peaks in the CdS-Se material could then be split into 

Sand Se contributions by removing the corresponding peaks in the CdS material. 

The cadmium peak never showed structure indicative of multiple bonding 

with slightly different energies. Its strong doublet peak differed from sample to 

sample only in the slight charging which shifted slightly all the peaks in the 

spectrum. 

We also show ESCA spectra of the individual peaks in a CdS-Se film. 

Results from the source material investigation allow conclusive identification of 

individual peaks. Again there is no evidence of mUltiple bonding. indicating a 

uniform alloy of the CdS and CdSe. 
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Figure C.l Close-up of ESCA survey of the CdS and CdS-Se source material. 

With this low resolution many of the Sand Se peaks are blended together. At 

extreme left is the shoulder of the carbon peak. 

-------------- --
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Figure C.2 Close-up of the very strong cadmium doublet peaks from the CdS and 

CdS-Se source material. The CdS peaks are shifted to slightly higher binding 

energy due to different charging between the two samples. 
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Figure C.3 Selenium peak in CdS-Se and CdS source material. Note that no 

corresponding peak appears in the CdS curve except very faintly, due probably to 

Se contamination rather than sulfur. 
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Figure C.4 Sand Se doublets in CdS-Se and CdS source material. Note that the 

wide Se doublet does not appear in the CdS spectrum. though the narrow S doublet 

appears in both spectra. Also notice that the charging shift of the CdS peak is 

comparable to that observed in the Cd peak. 
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Figure C.S Sand Se singlet peaks in CdS-Se and CdS source material. The sulfur 

peak appears in both spectra. while the Se peak is only visible in the CdS-Se curve. 
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Figure C.6 ESCA survey spectra of CdS-Se thin film before and after 5 minute 

sputter cleaning with 4 ke V argon. Note the reduction in oxygen and carbon after 

sputtering. 
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Figure C.7 Cd doublet in CdS-Se thin film. 
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Figure C.S Se singlet in CdS-Se thin film. 
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Figure C.9 Superimposed Sand Se doublets in CdS-Se thin film. We identified the 

peaks based on our previous analysis of the source material. 
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