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Abstract 

The glancing angle deposition (GLAD) process produces films with highly porous 

micro- and nano-structures. Resultant films of suitable materials have many 

useful optical properties. To optimize these properties, a full characterization of 

optical GLAD films was performed in this work using spectroscopic and Mueller 

matrix ellipsometry. GLAD films composed of dielectric, organic, and 

semiconductor materials were examined first by using spectroscopic ellipsometry 

to characterize the material itself, followed by an examination of the porous 

GLAD films. Since these films are composed of a mixture of air and material, 

they must be described using effective medium approximations. By applying 

appropriate effective medium approximations, film parameters such as the 

indices of refraction, the birefringence, and film density as a function of 

deposition angle could be examined for a variety of materials in a number of 

GLAD film structures. These characterization techniques were then used to 

examine index of refraction gradients within GLAD films composed of vertical 

columns using dynamic effective medium theory that accounts for finite 

wavelength effects. Further studies using these techniques were applied to an 

examination of the effect that periodic arrangement of the columns in the 

substrate plane has on the overall index of refraction of the films. Finally, the 

aforementioned optical characterization techniques were used to successfully 

predict the photoluminescent behavior of periodically layered GLAD films 

composed of photoluminescent Y203:Eu. 
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1 - Introduction and Background 

Thin films produced by glancing angle deposition (GLAD) have been 

shown by numerous researchers to have interesting and useful physical 

properties [1-18]. Among these many physical properties is an assortment of 

optical properties [19-36], such as chiral optical filters, Bragg resonances, and 

polarized luminescent emission. To optimize the optical properties of GLAD 

films, studies must be performed on their optical constants, leading to optical 

descriptions of GLAD-produced films. 

Variable angle spectroscopic ellipsometry (VASE) provides highly precise 

optical data [37-45] on the polarization state changes introduced by an optical 

system. This can be used for analyzing key parameters of thin films such as index 

of refraction, extinction coefficient, and thickness, as well as more complicated 

parameters such as optical dispersion of the film, birefringence, and film 

structure [23, 46-50]. The key to this technique is that it relies on the acquisition 

of data for many different wavelengths of light, and for many angles of light 

incidence, which overcomes many of the problems associated with single 

wavelength, single incidence angle ellipsometry [38-40]. 

In this study, spectroscopic ellipsometry techniques were used to 

characterize GLAD-produced films. The theoretical framework for the 

description of these films arises from effective medium approximations (EMA) 

[51-56] and the usage of Berreman's method [57-61] to describe optical film 

systems. Also examined is the theory behind optical constant dispersion and the 

usage of various dispersion relations to describe optical media. 
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This framework is then applied to both inorganic and organic columnar 

films produced by GLAD, as well as an examination of the subtle properties of 

index gradients within GLAD columns. An extension to this work allows the 

study of the effect that periodically arranging GLAD columns on a substrate has 

on the global optical constants. Application of the ellipsometric models was 

demonstrated in the prediction of the photoluminescent emission patterns of 

periodically layered photoluminescent GLAD films. 

1.1 - GLAD Films 

The following section will discuss the basics of GLAD films, briefly 

describing the underlying basis for growth of GLAD films in the formalism of the 

structure zone model, and, as well, will highlight the basic technique and provide 

examples of some of the types of structures that can be fabricated. 

In the GLAD technique, the substrate is mounted such that the incoming 

particle flux arrives at the substrate at an angle a, typically between 750 and 850 

with respect to substrate normal, as illustrated in Fig. i(a). The fundamentals 

behind the growth of GLAD films can be broken into two regimes. The first 

regime is the nucleation and seeding regime, which typically occurs within the 

first 100 nm of vertical film growth. In this regime, adatoms from the source 

impinge and condense on the surface of the substrate and form nuclei. Since the 

substrate is "cold" with respect to the melting or sublimation point of the source 

material, the adatoms "stick" to the surface and have low mobility in the plane of 

the substrate, with the initial seed sizes relating to the adatom mobility [17]. As 

the film continues to grow, the oblique angle of flux incidence results in 
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shadowed regions adjacent the nuclei opposite the direction of the incoming flux. 

This atomic shadowing cause any additional flux to impinge preferentially onto 

the existing nuclei and due to limited adatom mobility the added flux remains on 

the initial nuclei, causing column growth. As the initial nucleation layer reaches 

its final stages of growth, the overall film density reaches a quasi-equilibrium 

value [17], which occurs through the extinction of columns. The end result of 

these growth mechanisms is that the films become highly porous, and are 

composed of posts that grow towards the vapor source at an angle p with respect 

to substrate normal, illustrated in Fig. i(b). 

tp rotation , r> 

(a) Cb) 

Figure 1 - (a) Schematic of the technique used for GLAD deposition, (b) 
Illustration of the columnar film structure with a vapour source at angle a, and 
the post growth at angle p. 

It is important to note here that a * p and, specifically, p > a. This inequality at 

first appears counter-intuitive, however, if a were equal to p, then no atomic 

shadowing would occur, and thus the individual pillars would not form. 

The deposition resulting in individual columns is characteristic of Zone 1 

growth in the structure zone model [62, 63] for physical vapor deposition. 

Briefly, there are three zones for deposition by evaporation, shown in Fig. 2, with 
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film structure dependent on ratio T/Tm, where T is the substrate temperature, 

and Tm is the temperature at which the source material melts (or sublimes). Zone 

l is characterized by tapered columns with domed tops and separated by voids. 

The crystal structure of the material is poorly defined. Zone l structure occurs 

when adatom diffusion is insufficient to overcome the effects of shadowing. 

Further, the shadowing causes voids to form in the film since the domed tops of 

the films receive more material flux than the adjacent areas near the column 

does, especially when depositing at oblique angles of incidence. Zone 1 film 

growth occurs when T/Tm £ 0.3, which has been determined empirically [62]. 

Films grown in Zone 2, occurring when 0.3 £ T/Tm & 0.5, are 

characterized by having columnar grains separated by distinct intercrystalline 

boundaries. The surface of the film is smooth, unlike those grown in Zone 1, as 

surface diffusion has a significant role in film growth within this regime. Finally, 

for films grown in Zone 3, which occurs when T/Tm £ 0.5, film growth is 

characterized by equiaxed grains, and is dominated by bulk surface diffusion. 

=1/3 =1/2 

Substrate to Melt Temperature Ratio (T/TM) 

Figure 2 - Structure zone model for evaporated film growth. Adapted from [62]. 
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Historically, growing films in Zone l was not desirable since it resulted in 

poor crystallinity, low density, and a large degree of surface roughness inherent 

in its growth. However, the GLAD technique takes advantage of the perceived 

non-idealities present in Zone l growth. To do this, one aligns the deposition 

angle, a, at angles that are oblique with respect to the source material. In the 

first few nanometres of growth, nuclei of the evaporant are formed on the 

substrate at random locations. Since adatom diffusion is very low, the nuclei 

'stick' to the surface and tend not to coalesce with their neighbours. This creates 

regions on the substrate where no film material is present. As more material is 

added, the material preferentially collects on the nuclei that were formed at the 

beginning of the film growth, while the voids are shadowed by the original nuclei. 

By varying a, the range of porosity in the film is very controllable [64]. 

Also, as was implied in Fig. l(a), by introducing a rotation of the substrate, which 

was illustrated by the <p rotation, one can tailor-make the overall structure of the 

posts by a careful selection of the substrate rotation dcpjdt. For example, by using 

a smoothly varying and continuous dcp/dt the posts grow vertically outward from 

the substrate with a rapid rotation (Fig. 3(a) [65, 66]), or one can fabricate helices 

by a slow, constant slow rotation in <p (Fig. 3(b) [31, 66]). By using a stepped 

rotation in <p, one can fabricate chevrons by intermittent, rapid rotation in cp by 

1800 (Fig. 3(c) [66]), or tetragonal square spirals by rapid, intermittent 900 

rotations in <p (Fig. 3(d) [12]). 

Some advanced deposition techniques for GLAD were also used 

throughout this work: 
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• The first of these is substrate seeding [6, 7, 67, 68] in which the 

substrate is patterned with a periodic array of photoresist using 

lithographic techniques so that during film deposition the columns 

preferentially grow on desired nucleation sites. 

• The second is the called the PhiSweep technique [11] in which <j> is 

precessed about some fixed angle rather than simply being held fixed at 

said angle. This technique involves sweeping the substrate rotation 

angle back and forth about a central axis so that the average position of 

(j) remains constant, though the actual </> precesses around that value. 

Since the substrate is repeatedly rotating back and forth across the 

central axis, the incident vapor only impinges upon the substrate along 

the central axis momentarily during each oscillation. However, the 

columnar film growth averages out and extends along the central axis. 

The PhiSweep method has successfully produced slanted post films, as 

well as polygonal spiral films [11, 22]. Investigating the effects of this 

technique on GLAD film structure has revealed more uniform 

structures, with significantly less inter-seed growth on periodically 

patterned substrates. 

• The third is the capping layer technique [69] in which the deposition 

angle a is slowly reduced so that the resultant film is composed 

columns with a solid layer of film material on top. 
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(a) (c) 

(b) (d) 

Figure 3 - (a) Vertical pillar microstructure by rapid rotation in <p [65], (b) 
Helical structures formed by a slow rotation in <p [66], (c) Zigzag microstructure 
by intermittent, rapid rotation in cp [66], and (d) Periodic tetragonal square 
spirals formed by rapid, intermittent 900 rotations, grown on a "seeded" 
substrate for controlled spacing of the posts [12].1 

The ability to tailor the morphology of GLAD films leads to a wide range of 

interesting optical properties. Some examples include circular polarization filters 

[28, 29, 34, 70-73], graded index films for anti-reflection coatings [27], rugate 

1 Figures 3(b) and (c) used with permission from K. Robbie and M. J. Brett, "Sculptured thin films 
and glancing angle deposition: Growth mechanics and applications," J. Vac. Sci. Technol. A, vol. 
15, pp. 1460-1465,1997. Copyright 1997, American Institute of Physics. Figure 3(d) is reprinted 
with permission from S. R. Kennedy, M. J. Brett, O. Toader, and S. John, "Fabrication of 
tetragonal square spiral photonic crystals," Nano Lett, vol. 2, pp. 59-62, 2002. Copyright 2002, 
American Chemical Society. 
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filters [74], or spectral hole filters [19, 35, 75], or producing silicon square spirals 

for photonic band structures [12, 22]. The purpose of this work was to use 

variable angle spectroscopic ellipsometry to characterize various structures 

produced by the GLAD technique to describe and model their optical properties. 

1.2 - The Basics of Ellipsometry 

Variable angle spectroscopic ellipsometry (VASE) is useful in determining 

optical parameters for many different types of thin films [39, 76]. The key reason 

for this is in the very definition of VASE - the fact that the angle of incidence of a 

light beam is variable, and the fact that the light source is broadband, thus 

optimizing the sensitivity to unknown parameters [39] and negating the 

limitations of single wavelength ellipsometry. A common example of the 

limitations of single wave ellipsometry is the "period" problem in thickness 

measurement of thick films, caused by multiple reflections within the film [39]). 

The basic principle behind all ellipsometry is Fresnel reflection or 

transmission of polarized light. An ellipsometric measurement is generally a 

measurement in terms of the ellipsometric parameters ¥ and A, as given by the 

following ratio [37-39, 76]: 

t<m(w)exp(iA) = p s ^ (1.2.1) 
s 

where rp and rs are the complex Fresnel reflection coefficients for p- and s-

polarized light with respect to the plane of light incidence, respectively. We can 

note at this point that the physical meaning of tan(if) is the ratio of the 

magnitude of the p- to s-reflection coefficient, or |rp | / | r s | while A is the phase 
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difference between the p- and s-polarization state, or A = dp - <%. This analysis 

yields highly accurate measurement since the ratio of two values is determined; 

thus, no reference sample is needed. The importance of this is that factors such 

as long term fluctuations in the light source are factored out of the equation. 

VASE can measure many different material parameters, such as the film 

thickness (in principle, down to the sub-A scale, since !Pand A can be measured 

for mid-range values to better than 0.020 and 0.10, respectively), surface 

roughness [77], and optical constants n and k [39, 76]. More relevant to this 

study, one can also measure optical anisotropy with VASE by using the 

appropriate best-fit regression analysis on the ellipsometric data, based on the 

microstructure of the real film. 

There are several possible VASE measurement schemes, such as the 

rotating analyzer ellipsometry (RAE) and rotating polarizer ellipsometry (RPE). 

Some of these different configurations are highlighted the block diagram in Fig. 4 

[39]. 

4> 

Rotating Analyzer Ellipsometer 

Polarizer Sample Rotating Analyzer 

Rotating Polarizer Ellipsometer 

Rotating Polarizer Sample Analyzer 

Rotating Compensator Ellipsometer 

Polarizer Rotating C o mp ens ator Sample Analyzer 

Phase Modulat ion Ellipsometer 
' 1 1 * 1 

Polarizer Modulator Sample Analyzer 

Null Ellipsometer 

* I Polarizer H Compensator Sample Analyzer 

Figure 4 - Schematic for various ellipsometer configurations. Adapted from [39]. 

9 



Each of these configurations has its own advantages and disadvantages [39], 

which are beyond the scope of this work, and there have been other 

configurations developed, which are each used for specific reasons, depending on 

the measurement sought, and the type of film used. For example, a more recent 

technique using dual rotating compensators has been developed to optimize 

certain measurements of anisotropic films [44, 78, 79]. 

Ellipsometry measures the two quantities W and A; therefore, fitting 

algorithms must be used to acquire useful data from the raw data. The fitting 

algorithms used must be relevant to the film in question; therefore a film with a 

complex structure can make for a complicated analysis procedure, as will be seen 

in §2.2. Furthermore, due to the nature of GLAD films, the parameters !Pand A 

are not always sufficient to describe the film medium; we must rather measure 

the Mueller matrix, which provides a more complete polarization state 

description of the light that interacts with GLAD films. 

1.3 - The Mueller Matrix 

Often, a two-element Jones vector is used to describe the polarization state 

of light, while a 2 by 2 matrix called the Jones matrix describes the effect of an 

optical element on the polarization state of light. Thus, the Jones matrix 

multiplied by the Jones vector for an input polarization of light gives the Jones 

vector for the output polarization state [80]. The Jones formalism is that which 

is used in equation 1.2.1. It works well in situations where there is no 

depolarization of light occurring within the sample; for instance, in the case of a 

dense film. The limitation of the Jones formalism is that the light must be 
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completely polarized, that is, there exists no random component to the 

polarization state of the light. 

Stokes vector formalism is a generalization of the degree of polarization in 

addition to the polarization state of light, i.e. systems involving non-completely 

polarized light can be described. It is important to note that a Jones vector can 

always be described by some Stokes vector equivalent; however the inverse is not 

true. In this chapter, we will examine the Stokes vector formalism [81], since 

ellipsometry, in essence, is the measurement of the Stokes vector of light that 

reflects off of or transmits through a sample. 

As was stated earlier, the Jones formalism is comprised of a Jones vector 

describing the polarization state of light, and the Jones matrix which describes 

the effect that an optical element (such as a thin film) has on the Jones vector. 

Analogously, the Stokes vector formalism is a useful mathematical tool for 

describing the polarization state of a beam of light, while the Mueller matrix 

method expresses the change in degree and/or state of a beam of light by a given 

optical element [81, 82]. 

The most general mathematical form for the polarization state of a plane 

wave is elliptical; thus, the electric field vectors for light propagating in the z-

direction can be written generally as: 

Ex = Eox cos(wf - kz + 8X) (1.3.1a) 

Ey=Eoycos(o)t-kz + 8y) (i-3-ib) 
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where Ex and Ey are the x- and y-components of the electric field vector, 

respectively, Eox and Eoy describe the magnitude of the oscillation, and 8x and Sy 

are phase factors for the x- and y- electric field oscillations, respectively.2 

To describe the polarization state of light, one can define the following 

time-averaged quantities (assuming that Eox and Eoy can be written as time-

varying quantities), which are known as the Stokes parameters: 

S0=((Eox
2+Eoy

2)) (1.3.2a) 

S 1 = « E M
2 - £ o y

2 » (1.3.2b) 

S2=2((EoxEoycos8)) (1.3.2c) 

S3=2((EoxEoysm8)) (i.3.2d) 

where 8= Sy - Sx and the double brackets denote time averaging over given time 

period (i.e., one that is characteristic of the time constant of a detection process). 

These four Stokes parameters comprise the elements of the Stokes vector (So, Si, 

S2, S3). It can be shown that the Stokes parameters obey the following relation: 

s0
2>s;+s2

2+s3
2 d.3.3) 

where the equality occurs only for completely polarized light. For randomly 

polarized light, there is no preference between Eox and Eoy, therefore (Eox
2 + Eoy

2) 

reduces to 2.(Eox
2) while (Eox

2 - Eoy
2) reduces to o. The other quantities also 

reduce to o since 8 is a random function of time. Therefore, when the field is 

normalized such that So = 1, the Stokes vector for unpolarized light can be written 

as (1,0,0,0). One can also derive the normalized Stokes vector for x-polarized 

2 As an example, for circularly polarized light: Eox = Eoy and 5 = 8y - 5* = ± 71/2 
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light as (1,1,0,0), y-polarized light as (1,-1,0,0), left-circularly polarized (LCP) 

light (i.e., when 8 = n/2) as (1,0,0,1) and right-circularly polarized (RCP) light 

(i.e., when 8 = -zr/2) a s (i>o,o,-i). The Stokes parameters can also describe other 

properties of the polarization state of the light, such as the degree of polarization 

(1.3.4), the inclination angle of the ellipse, ^(1.3.5), or the ellipticity, e (1.3.6). 

3-^~ d-3-4) 

tan 2$ = -2- (1.3.5) 

( 
e = tan arcsin in(-S3)s 

v 2 
(1-3-6) 

The degree of polarization, given in (1.3.4), ranges from o to 1, where a value of o 

indicates that the light is completely depolarized, while a value of 1 indicates that 

the light is completely polarized and thus the Stokes parameters could be reduced 

to the Jones formalism, which yields the following vector to describe the 

polarization state of light: 

J = 
rEoxe^ 

(1-3-7) 

Since, in general, any optical element (such as a linear polarizer or wave 

plate) can perturb the polarization state of an incident light beam, we may now 

define the Mueller matrix as a 4 x 4 matrix that describes how an optical element 

affects the Stokes vector for a beam of light upon transmission or reflection [82]. 

The utility of this matrix is that it applies itself to any arbitrary Stokes vector and 

is independent of the Stokes parameters. Furthermore, if we have a system 
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whereby light passes through several elements, by using matrix multiplication, 

several cascaded optical elements can be reduced to one 4 x 4 matrix3, and thus a 

Mueller matrix, Mij for an optical system. The following table lists Mueller 

matrices for transmitted light for a few typical optical elements, assuming no 

depolarization effects occur within the optical element: 

Optical Element 
Linear Horizontal (x-axis) Polarizer 

Linear Vertical (y-axis) Polarizer 

Quarter-Wave Plate (fast-axis along y) 

Quarter-Wave Plate (fast-axis along x) 

Mueller Matrix 

] 

'1 1 0 cP 

L 1 1 0 0 

2 0 0 0 0 

1 

2 

/ 

v 

^0 0 0 0 , 
r 1 - 1 0 0 

- 1 1 0 0 

0 0 0 0 

Ko 0 0 0 

1 0 0 o N 

0 1 0 0 

0 0 0 - 1 

0 0 1 0 , 

1 0 0 0^ 

0 1 0 0 

0 0 0 1 

0 0 - 1 0 , 

^ 

J 

Table 1 - Mueller matrices for some typical optical elements. 

The Mueller matrix formalism as it pertains to GLAD films has much 

utility. Since the Mueller matrix can be used to obtain information on the degree 

of polarization, one can compute the depolarization metric [83] for a given GLAD 

3 For a series of optical elements, where Mi is the first optical element with which the incident 
Stokes vector, Si, interacts, and M„ is the final optical element with which the light interacts, 
before an output Stokes vector, S0 is obtained, the matrix multiplication must be applied as 
follows: So = MnMn-i M^i2MxSi 
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film. Another example of its usefulness extends to obtaining useful parameters 

such as the difference in transmission or reflection of left-circularly polarized 

(LCP) versus right-circularly polarized light (RCP) for helical films. This 

difference is precisely the MH component of the Mueller matrix [33]. An 

extensive study on the usage of the full Mueller matrix to characterize one class of 

GLAD films was performed by Collins et al at Penn State University [41, 84, 85]. 

In their works, they examined a helically structured MgF2 GLAD film produced at 

the University of Alberta by Robbie et al [29]. Though their study is of some 

relevance to this work, their study involved the use of a Mueller matrix 

ellipsometer to measure the characteristics of a helical GLAD film, and was more 

principally focused on the construction of the ellipsometer itself, and continued 

to rely on estimates of film index of refraction. This work, however was 

principally focused on using ellipsometry to acquire fundamental optical 

constants for GLAD films, as well as provide a recipe for analysis of GLAD films 

in general. 

1.4 - Effective Medium Approximation 

Since GLAD films are a mixture of film material and air (commonly 

expressed as void), we must examine the manner in which the indices of 

refraction in GLAD films are described. Thus, this section provides an overview 

of effective medium approximations (EMA), including a discussion of the 

foundations of the theory leading to the Bruggeman effective medium 

approximation (BEMA). The extension of the BEMA that is used to deal with 

anisotropically shaped inclusions within a mixture will then be discussed, 
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followed by a discussion on the limitations of effective medium approximations. 

These approximations typically assume that the sizes of the inclusions are much 

smaller than the wavelengths of the light. Though for our case, this is true for 

most wavelengths and generally these approximations work well due to minimal 

scattering in films examined in this study by limiting the film thickness, we will 

also examine the wavelength correction effects in §5.4. 

We begin our examination of EMAs by starting with the Clausius-Mossotti 

relation, which can be found in most upper-level undergraduate electromagnetics 

textbooks (see for example [86]), and is often expressed as: 

— = - 2 > , < * , (1.4.D 
s + 2 3 j 

where s is the dielectric constant for a medium with Nj molecules or inclusions of 

the same material per unit volume with a microscopic (or molecular) 

polarizability ay This expression contains the link between the microscopic 

properties of a system and the macroscopic observable e (or the index of 

refraction, n, and the extinction coefficient, A:). The development on Clausius-

Mossotti which was credited to Maxwell-Garnett was to first assume that there is 

a link between the microscopic polarizability of an inclusion and its macroscopic 

counterpart, in other words, we can say that the dielectric constant of the 

inclusion is £i, which yields: 

a = 
v £ x + 2 y 

a 3 (1.4.2) 

for a spherical particle of radius a. In this case of oriented ellipsoidal particles of 

semi-axes a, b, and c, we can write this as: 
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au = 
£, - 1 abc (1.4.3) 

,1 + fe-lfe 

where the depolarization factors qi are given using elliptical integrals [51] and 

describe the shapes of the inclusions. Often the shapes of the inclusions are 

assumed to be spherical, leading to a = b = c and the solution to the elliptical 

integrals for spherical inclusions is qi = 1/3, thus reducing (1.4.3) to the 

expression given in (1.4.2). If we now substitute (1.4.2) into (1.4.1), we obtain: 

8 - 1 

e + 2 
Hi 
3 

£ 1 - 1 

V £ 1 + 2 y 

(1-4-4) 

where 771 is the volume fraction of the inclusions, and similarly, for ellipsoidal 

inclusions, we obtain: 

s-i 
,£ + 2y 

Vx 
£,-1 

(1-4-5) 
,1 + k-lfe. 

As before, for spherically shaped inclusions, qi = 1/3, in which case (1.4.5) 

becomes (1.4.4). Also, of relevance to GLAD films (which are columns), the qi for 

rods approaches o. At this point, we would like to factor out the vacuum 

permittivity £0, which is the host medium, from (1.4.4). This yields the well 

known form of Maxwell-Garnett: 

e-e„ ^ 

S + 2S o) 

:rh 
f £, - e „ ^ 

v e i + 2 £
0 y 

(1.4.6) 

As can be shown, an immediate problem arises with the use of Maxwell-Garnett 

in that if we choose the vacuum or void as the host medium, the formula follows 

(1.4.6), however, if we choose the inclusions as the host medium, we obtain 

(1-4-7): 
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r8-Q 
v 8 + 2 S i y 

:rlo 
£ o - g i 

v S 0 + 2 S i y 
(1-4-7) 

which we can immediately see yields a different result for e. In other words, the 

choice of which medium is the host affects the results, which is not acceptable. 

Furthermore, Maxwell-Garnett suffers problems when it comes to generalizing to 

multiple types of inclusions: 

£ - s 0 

vS + 2 £ o y 
& ; 

V £ ( + 2 £ o y 
(1-4-8) 

It can immediately be seen that the result here depends on the void medium (on 

the left hand side of the equation), even when the host has been replaced (i.e. 

when £71 = 1). Furthermore, (1.4.5) yields the incorrect result when 771 

approaches 1, which is not acceptable. 

We will now examine the improvements that Bruggeman made to the 

theory, which justifies the choice of Bruggeman EMA for the purpose of this 

study. Bruggeman began his approximation by treating the constituents within a 

mixture in a symmetric fashion. Thus, we consider a two-material system with 

fractions 771 and TJ2 with dielectric constants sx and s2, respectively, which 

comprises a homogeneous system of dielectric constant s. Without loss of 

generality, we now assume that s\ is spherical particles of radius, a within the 

host, s. From electrostatics, we would evaluate the field outside and inside of the 

spherical particle to be: 

•'outside 
c ̂  ( C A 

cos0r + E0+-^ sin 00 (1-4-9) 

18 



E™lde=-4cosef+4sinee (14.10) 

where G and Ai are given by: 

V £ x + 2 £ y 
a 3 ^ 

A=-
f 3s N 

En 

(1.4.11) 

(1.4.12) 
^e x +22 y 

Now, we can calculate the electric flux deviations due to the polarization by the 

inclusions for a disc of surface area ;za2 (or 9 = TT/2), A (ft, given by the following 

[51]: 

A<P, = 271 
''a a 

\dr rD - \dr reE0 
Vo o 

= 2.7ia2£E„ C - e 

A + 2 e / 
(1.4.13) 

with D being the displacement current for the field near the sphere. If we then 

assume that the average flux deviations are zero, then we can write: 

rX^^^Q^o (1.4-14) 

with A&z is obtain equivalently using (1.4.13). In other words, the flux deviations 

are due to single particle polarizations in the effective medium, s. Using this 

hypothesis in (1.4.14), we arrive at the well know form of the BEMA: 

Tli 
e, - s A ( 

v8i + 2 £ y 
+^ 

£ 2 - £ 

v £ 2 + 2 £ . 
o (1.4.15) 

Immediately recognizable is that this form can easily be generalized to any 

arbitrary number of components forming an effective medium: 

Ei, s,--s 

v£ ! .+28y 
= 0 (14 . I6) 
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The important thing to note about the BEMA is that, unlike MG, the choice of 

host is self-consistent [52], meaning that the effective medium is the host, rather 

than requiring one of the constituent media to be the host, which leads to 

difficulties already seen. The above section has discussed the BEMA for the 

simple case of spherical inclusions. Generalizing to the case of ellipsoidal 

inclusions, we obtain [51,52]: 

Vx 
( \ f \ 

s,—s 
v * 

= 0 (1.4-17) 
J 51+(qi~

1-l)ej \e2+(qi-
1-l)et 

This description relates to GLAD columns in that we now have a means to 

describe the percentage concentration of a given film, ryu-m, using the optical 

constants of the film material, Smatenai, using the appropriate factor qi which 

describes the inclusion shapes along our principal axes within a film. It should be 

stressed at this time that the qi values represent the index along a given principal 

index of refraction; for instance, with a biaxial medium, we would evaluate 

(1.4.17) for each principal index, where the 7 values are fixed for each axis, and 

the values for qx, qy, and qz give the index of refraction along each principal axis. 

Given now a general description of GLAD films as a mixture of film 

material and void whose effects on light polarization can be expressed by the 

Mueller matrix, we must now examine the theoretical basis by which a film of 

effective medium, e, produces a characteristic Mueller matrix, M. This will be 

examined in the following section. 
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1.5 - Description of an Anisotropic Stratified Film 
System 

This section will discuss the theoretical formalism used to generate the 

theoretical description that is used when modeling films to obtain the 

spectroscopic ellipsometry parameters iK/t), A(X), and Mi,{X). The theoretical 

formalism used follows the well-known and commonly-used Berreman's method 

[57-61] for calculating reflection and transmission coefficients in stratified media. 

In general, our film system will be composed of a substrate with anisotropic 

layers or slabs. This problem has been dealt with in great detail by Schubert [61] 

in order to be applied to the specific problem of generating ellipsometric 

parameters for film systems, and this section will cover the calculation and will 

extend the calculation for the point of this work to include the calculation of the 

Mueller matrix. 

We first consider a layered system with plane parallel interfaces, as in Fig. 

5-

z = 0 

entrance 
medium 

exit 
medium 

Figure 5 - Incident, reflected and transmitted p- and s-modes of a plane wave 
with wavevectors ka, ka', kf, and kf', respectively. Adapted from [61]. 
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where we have an incident light wave vector ka coming from our light source 

traveling in ambient medium (air na = l, ka = o), at an angle of incidence Oa, and 

ka' is the reflected wave vector. As shown in Fig. 5, Ap, As, Bp, and J5S are the 

complex wave amplitudes of the p- and s-modes of the incident and reflected 

waves, respectively. If we also assume in this analysis that the substrate (i.e., exit 

medium) is infinitely extending (or practically speaking the substrate has a 

roughened backside), thus we can neglect the back-traveling wave amplitudes Dp 

and Ds. Thus, we can define a general transfer matrix for the wave amplitudes for 

a given layered structure as: 

(1-5-1) 

where the Ttj allow us to obtain parameters of interest such as the Jones 

transmission and reflection coefficients as follows: 

(As) 
Bs 

AP 

\BPJ 

(T 

T 
T 

31 
T 

T 
-*12 
T 

22 
T 

32 
T 

T 
13 

T 
23 

T 
33 

T 
43 

T } 
J 1 4 
T 
T 
-^34 
T 

44 J 

(Cs) 
0 

cP 

I 0 J 

T T -T T 
O _ 2 1 ^ 3 3 23-^31 

33 1 1 — 13 31 

T T -T T 
J? — 4 i 13 u 43 

J 1 3 31 33 ix 

T T -T T 
Tf " l21- l13 - t 2 3 ' 1 l l 

pi> ry% rr* nrt m 
13 31 _ 33 " 

T T -T T 
n _ 41 33 31 43 

i»p rri rwi rri rri 
J l l - ' 3 3 ~ -* 13 31 

(i.5-2a) 

(1.5.2b) 

(1.5.2c) 

(i.5-2d) 

By using this analysis, we can describe the propagation of light in a given layered 

system by solving for the Ti/ elements and now must examine the method for 
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doing so. We now define di as the thickness of the Ith layer in the film system, 

with a partial transfer matrix Tip which connects its wave amplitude components 

to the (f-i)th and the (i+i)th layers in our film, with the ordered product of the 

partial transfer matrices for all N layers yielding the 4 x 4 matrix as seen in 

(1.5.1). We also at this point define the incident and exit matrices as La, L/ as 

given by the following [61]: 

O 1 

o 1 

/cos®„ ° 

- 1 / 
n„cosd> 

nacosO>a 

- 1 / 
cosO„ o 

o 

0 

o 

o 

1 / 
' "« 
1 / 

(1-5-3) 

aj 

L / = 

o 
1 

o cosO / o^ 

o 
- n / c o s O / o 

o 

o 
o 

o n f 

(1-5-4) 

where n/ and na are the complex indices of refraction of the substrate material 

and ambient material, respectively, and the angle O/ can be obtained by using 

Snell's Law: 

cos«D/ = J i -
( Y 

sin2 O. (1-5-5) 

Now, with the general description for all layers in our film system, we can obtain 

our transfer matrix, T using the following expression [61]: 

T = L a ^ n T 4 , ( - ^ ) L J (1-5-6) 
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where the thickness di of the Ith layer connects the wave components at the 

interface z = z\ with the next interface at z = Zi + di. If we now consider the case of 

a biaxial film with the principle a x e s £xy £y, and £z oriented in a general direction, 

we can write its general dielectric tensor as follows: 

£ = A 

rzx o oA 

O ey o 

V° ° £*y 

(1.5-7) 

where A is an orthogonal rotation matrix which describes the Euler angle 

rotations about the lab frame of reference^ and is given by (see for example 

[87]): 

A = 

cos(() sin(() o 
-sin(|) cos<)) o 

v 

o o 

1 0 0 

o cos0 sin0 
o -sinG cos6 

^ cos 9 sincp o^ 
-sincp coscp o 

o o 

(1.5-8) 

From first-order Maxwell equations, Berreman [58] derived a set of four 

differential equations for the in-plane components of the sinusoidally varying 

electric and magnetic fields in Gaussian units and Cartesian coordinates as [61]: 

dzV{z) = ik0A{z)¥{z) (1.5.9) 

V(z) = (Ex,Ey,Hx,HyY(z) (1.5.10) 

where k0 = co/c0 and co is the angular frequency of the wave and c0 is the speed of 

light in vacuum, and the matrix A depends on the dielectric tensor and the x-

component of wavevector ka, which is denoted as kx (= nasinOa). The matrix A is 

thus given by: 

4 We note here that GLAD produced columns only have a rotation in the Euler angles <9and </>. 
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31 

33 
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Kx 

£ 33 

o 
2 _ g + £ ^ 2 1 

£ 33 

O 1 - -

'33 

£ l l £ 1 3 
'31 

33 

£ 1 2 £ 1 3 
'32 

'33 

- 1 

0 

o 

o 

£33 

£33j 

(1.5.11) 

and finally, the partial transfer matrix for the film is given by: 

exp (1.5.12) 

and the partial transfer matrix can be evaluated by using the Cayley-Hamilton 

theorem stating that this matrix function can be expressed by a series expansion 

up to the rank of the matrix minus one (so in this case 3), which is given by the 

following identities: 

T =exp . co 

V C o 

j—Ad, =P0I + P1A + paA»+P3Aa (1.5-13) 

where the scalars p0 through p3 obey the following set of equations: 

( Q, ^ 3 

exp j—qkdi = ]TpjV 
V C o 

(1-5-14) 
J=o 

for k = 1..4, and the q/ are the eigenvalues of the matrix A. 

Now that the partial matrices for our film layer system are solved using 

(1.5.7) to (1.5.14), the complete transfer matrix for a given air-film-substrate 

system can now be solved by substituting the layer matrices into (1.5.6), and 

finally solve for our Jones reflection matrix coefficients using the expressions 

given in (1.5.2). It is important to note at this point that one could also have 

evaluated similar expressions to those shown in (1.5.2) for the Jones 
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transmission matrix (herein denoted by J) coefficients by applying the proper 

formulae. 

Now that we have the Jones reflection coefficients, we can finally solve for 

the Mueller reflection matrix using the following expression [88]: 

M = B(J®J*)B~1 (1.5-15) 

where J* is the conjugate transpose of the Jones matrix, the symbol <8> represents 

the Direct (or Kronecker) matrix product operation, and the matrix B is given by: 

B = 

^ 1 0 0 1 ^ 

1 0 0 - 1 

0 1 1 0 

V 0 I - 2 Oy 

(1.5.16) 

For the Maple code of a calculation performed using this technique as it applies 

to studies contained in this work, please see Appendix 1. Other applications of 

this technique have been used in other studies for the evaluation of the 

transmission modes for GLAD films such as rugate filters and spectral hole filters 

[19], and helical thin films [89]. 

Now that we have arrived at a theory to describe an effective medium, s, 

with film layers that give us a Mueller matrix, we must now examine the theory 

behind optical properties of film materials, as will be seen in the following 

section. 

1.6 - Optical Constant Dispersion 

The optical properties of the film materials were described using various 

optical dispersion functions, depending on the material itself. This section will 

cover the basics and physical principles behind optical dispersion. 

26 



One of the most basic, and probably the most well-known and used 

dispersion equation was proposed by Cauchy in 1830 [38], known as the Cauchy 

dispersion equation. Together with the Urbach absorption model [38], the two 

equations are used to obtain the index of refraction and extinction coefficient, n 

and k, as functions of wavelength, A: 

n(x) = A + ̂ - + ̂ - (1.6.1a) 
w A 2 A,4 

fc(A,) = Dexp 
^1240 1240^ 

(1.6.1b) 
A 7 ;_ 

where A, B, C, D, and F, are constants which depend on the material, and y is a 

parameter that is set to a convenient value, and is a "fudge factor" generally set to 

the lowest wavelength used experimentally since the Urbach expression (1.6.lb) 

is in reality a two-parameter expression. Two things to note about (1.6.1b) are 

that when X = 7, k = D, and the value of 1240 is for the sake of converting F from 

units of [eV] to [nm]. This set of equations is commonly used to describe the 

optical dispersion for transparent media, or media with very weak optical 

absorption in the wavelengths of interest, with this work being no exception. 

To obtain a better understanding of the origin of the Cauchy formula and 

justification for its use here, it is important to examine more general optical 

dispersion functions. Another commonly used and well understood dispersion 

function is the Lorentz oscillator, and can be found in most electromagnetics 

textbooks. The physical principle behind the Lorentz oscillator is that an 

oscillating electric field (i.e., electromagnetic radiation) drives the motion of an 

electron bound to a nucleus. The motion of an electron with time-dependent 
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position, r, can thus be described using a damped simple harmonic oscillator 

with an external driving force, given by the following: 

mg +mer— + mea)0
zr = -eE (1.6.2) 

where E is the applied electric field, r describes the damping of the system, me is 

the mass of an electron with charge, e, and coo is the resonant frequency of 

oscillation. If we assume that E and r vary in time as e-l'Wf, then a solution to 

(1.6.2) is: 

r = — r ~ i — 2 \ ^ ( L 6 -3) 

me [co0 -co2J-iTco 

if we now solve for the polarizability of the atom, a, we obtain: 
a(co) = — -f—2—\ (1.6.4) 

me (co0
2-(o2)-irco 

and since the dielectric constant relates to the polarizability as s = 1 + 4̂ ATa, we 

can obtain the dielectric constant to be: 

e = i + - 1—2 a\ ^ (1.6.5) 
me [&0 -co2)-iTco 

and finally, if we separate the real and imaginary parts of the dielectric constant 

such that s= £1+ is2, we obtain: 

4nNe2 (co 2-co2) f , , . 
s = i+^t ? \ ° / (l.6.6a) 

"*e (co0
2-co2f+r2co2 

s 2 = - 7 c (1.6.6b) 

me ( a ) / -CO2)2 +r 2C0 2 
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If we now plot these for illustrative purposes as a function of co, we would obtain 

an example that roughly illustrates UV absorption using Lorentz dispersion with 

a line centered at 200 nm (or coo = 942 x 10^ rad/s), and an oscillator width r = 1 

x 10^ rad/s (say for instance, Ti02): 

^ 

10 12 14 16 

co (1015 rad/s) 

Figure 6 - Example of Lorentzian dispersion in the dielectric constants ex (solid) 
and &i (dashed) as given by (1.6.6) 

We can see that except for a region near coo, Si increases with co; this is known as 

normal dispersion. Anomalous dispersion is the region in which £1 decreases 

with increasing co. Note also regarding (1.6.6), that when the wavelength range of 

interest is far removed from m, the optical dispersion is often approximated by 

expressions such as (1.6.1) by using the following relationship relating the 

dielectric function to the index of refraction: 

s = {n + ikf (1.6.7) 
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Many of the materials examined in this study (such as MgF2, Si02, Al203) were 

modeled quite effectively using the simple Cauchy and Urbach dispersion models 

seen in (1.6.1). However, describing dispersion in other materials required the 

use of oscillators such as the Gaussian (to describe, for example, Ti02), the Drude 

oscillator in the case of metals, and the Tauc-Lorentz oscillator [90, 91] (to 

describe, for example, Alq3). Furthermore, some materials require the use of 

more than one oscillator function due to complex electronic structures in 

compounds (for instance), where the dielectric constant for multiple oscillators 

can be written using the superposition principle. The methods used to determine 

which oscillators are appropriate to a given material are by consulting the 

literature regarding the optical properties of the material in question, and by trial 

and error. We can also often get a good idea of the nature of the dispersion by 

examining the transmission or reflection spectrum of the film in question. 

In general, once we obtain optical constants for a film, we need to ensure 

that they are consistent with the Kramers-Kronig relations (see for example [92]), 

as given by the following Principal Value integrals: 

e i ( m ) = 1 + V p i f c V (1.6.8a) 
71 ^ C O - C O 

«.(„)-^pUfeldtf (1.6.8b) 
% *co - c o 

These expressions relate the real and imaginary components of the dielectric 

constants with each other. The key point about these relations is that they arise 

from the causal and linear nature of optical constants and must hold true for a set 

of optical constants to be considered physically realistic. An example of Kramers-
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Kronig consistency applied to the aforementioned Lorentz oscillator can be found 

in Appendix 2. We may also apply Kramers-Kronig to our Cauchy and Urbach 

relations and find that they are in fact not Kramers-Kronig consistent. This is 

forgiven, however, by the fact that these relations are long wavelength 

approximations to oscillators which are Kramers-Kronig consistent. The point 

here is that we must not forget Kramers-Kronig and must be careful when 

applying formulae which do not hold. Another important point to mention here 

is that with some oscillators (the Gaussian and the Tauc-Lorentz oscillators, for 

example) have real components of their dielectric constants that are expressly 

determined by applying Kramers-Kronig to their imaginary parts. Typically for a 

given material of interest we do not have a means to measure the material's 

properties over the entire electromagnetic spectrum, and need to assume that 

there is an offset from l for the real part of the dielectric constant, £i,offset. This 

offset can be viewed as the real part of the dielectric constant at a wavelength 

corresponding to Might = °o. Thus, in general, we write the dielectric constants for 

any given system as the sum of all oscillators and offsets as: 

£ = ei,Offset + ^Oscillators U-O-9.) 

In summary, a complete description of films produced by GLAD can be 

obtained by first measuring its characteristic Mueller matrix, which is then 

compared with a theoretical Mueller matrix obtained using Berreman's matrix 

method, where the film system is composed of an EMA composed of a mixture of 

void and material, whose optical constants are governed by oscillator theory. 

This is useful in examining GLAD films since we need not assume material 
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constants using standard tables, and thus can evaluate parameters such as GLAD 

film density compared to bulk film density. 
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2 - Experimental Details 

2.1 - The Variable Angle Spectroscopic Ellipsometer 
Hardware 

Ellipsometry and Mueller matrix measurements within this work were 

performed using a commercially available spectroscopic ellipsometer (V-VASE 

model, J. A. Woollam Co. Inc.). The V-VASE instrument can be broken down 

into three distinct components: the optical system stage (Fig. 7a), and the 

computer controller/controller hardware (Fig. 7b), and the light 

source/monochromator (Fig. 7b). 
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Figure 7 - Images of the variable angle spectroscopic ellipsometer (a) and the 
controller computer and light source/monochromator (b). 

The computer controller contains the hardware cards, embodied within 

the VB-250 module, that are used to control the motors within the HS-190 high 

speed monochromator, and motion and position of the optics and motor arms in 

the optical system stage. This is interfaced with a Microsoft Windows-based 

computer, running the WVASE32 software which was included with the 

ellipsometer. The operation of the ellipsometer system is done by using the 

"Hardware" window located within the WVASE32 software, where the user can 

set up and define the types of scans desired, as well as the averaging schemes for 

light detection, monochromator settings, and which optics are to be enabled or 

disabled during the measurement scheme. The user also inputs the angles of 

incidence desired for the measurement, and the light wavelength range of 
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interest. The user may also control the beam spot location on the sample being 

examined using the substrate stepper motor. 

The light source used in the HS-190 module is a 75 W Xe arc lamp (model 

L2174-01, Hamamatsu Photonics). The light output from the xenon lamp is 

focused using concave mirrors. This light is then passed to a series of computer-

controlled grating mirrors and slits to select individual wavelengths from the 

light source (Fig. 7b). The precision of this monochromator is 0.1 nm and the 

bandwidth of the light output is no more than 3.9 nm (based on a grating 

dispersion of 2.3 nm/mm and a maximum slit width used in the experiments of 

1.7 mm). The range of the light output for this particular model of light source is 

300 nm to 1700 nm. The speed at which the light output switches from one 

wavelength to the next during a scan is on the order of a few seconds to a few 

minutes, depending on the complexity of the data acquisition mode. 

The light output from the HS-190 module is then coupled to an optical 

fibre. The V-VASE was supplied with two types of fibres that are available for 

use, depending on the application. One type of these fibres has a nominal 

wavelength range, when used with this instrument, of 400 nm to 1700 nm (the 

so-called "IR Fibre"); the other type of fibre has a nominal wavelength range of 

300 nm to 1350 nm, and 1450 nm to 1700 nm (the so-called "UV Fibre"). If the 

user wishes to obtain the full available spectrum (300 nm to 1700 nm), two 

measurements are necessary: one with the UV Fibre in place, and another with 

the IR Fibre in place. 

The light coming from the fibre then reaches the optical system stage of 

the V-VASE. The light first passes through a computer controlled linear 
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polarizer, and then optionally through a computer controlled MgF2 Berek wave 

plate which is used to introduce a known retardation to the optical beam, and 

thus a known degree of elliptical polarization. The input wave plate (known as 

the Autoretarder) has many purposes. The most commonly quoted purpose for 

the Autoretarder in this system is to allow the user to obtain A to a better degree 

of precision. Since the measurement configuration that the V-VASE uses is the 

rotating analyzer scheme (seen in Fig 4), in actuality the system measures cos(A), 

rather than A, leading to two limitations: if the physical, Areai corresponding to a 

given film system is 1800 < Areai < 3600, the system will give a result Aresuit 

corresponding to Aresuit = 3600 - Areai The other difficulty associated is that if 

Areai is near 1800 or 3600, then the precision of the measurement becomes poor, 

since small errors in the measured cosGd) near those angles results in large errors 

when applying an arccosine to obtain A. More relevant to this work is that usage 

of the Autoretarder is necessary to obtain the fourth column of the Mueller 

matrix, since S3 (see (1.3.2(d))) of our input light polarization must be known, as 

it relates to the ellipticity of the light polarization as given in (1.3.6). 

With the input light beam having a known polarization and incident on the 

sample, we can now define the lab frame of reference for the polarization states 

such that p- and s-polarized light correspond to electric field oscillations in the 

horizontal and vertical, respectively. This definition is consistent with the fact 

that the sample is mounted vertically using the vacuum stage on the V-VASE and 

the angle of light incidence is controlled by arms that swing in the horizontal 

plane. After interacting with the sample in question, the light then passes 
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through a continuously rotating analyzer Qinear polarizer), and is finally detected 

by one of two detectors: a silicon photodiode for wavelengths in the 300 nm to 

1100 nm range, and an InGaAs stack for wavelengths in the range of 1100 nm to 

1700 nm. The acquired data at this point is then analyzed and plotted by the 

WVASE32 software, where any regression algorithms depend on the choice of the 

scan type that the user has defined for a particular scan. 

The V-VASE, as supplied, was not equipped with a means for obtaining the 

complete Mueller matrix, as there is no retarding element at the output of the 

detection system. As part of this work, a means was developed to deal with this 

limitation. To explain the procedure, we first must examine the conditions by 

which the fourth row of the Mueller matrix for a film can be obtained. In general, 

a film system has a Mueller matrix given by Mjiim, and interacts with a Stokes 

vector Sinput, producing an output Stokes vector Soutput. This can be expressed as: 

^output = ™filmS input ( 2 . 1 . 1 ) 

Addition of a wave plate with a Mueller matrix MwavePiate, which interacts with the 

light after interacting with the film, yields: 

^output = ^waveplate***- film^ input 1.2.1.2./ 

where we can define M as being the product MwavepiateMjiim. From the matrix 

product, that the third row of M can be expressed as: 

4 

^™3J ~ / ,-M-ujquen;ate.sfc-M- film.ki ( 2 . 1 . 3 . ) 
k=i 

Since the goal is to obtain the M/?/m,4j elements, we must rewrite (2.1.3) as: 

f 3 \ 
M fibn,4j M 

waveplate,34 V k=i 

M - VlW M 
3} / ."'•wavenlate.ik"*-

waveplate,3k film,kj ( 2 . 1 . 4 ) 
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As was seen in Table l, an important characteristic of a quarter-wave plate is that 

its (3,4)th element is l. Unfortunately, due to dispersion, the matrix seen in Table 

l is only true for a certain wavelength; more generally, the wavelength dependent 

Mueller matrix for a wave plate is given by [82]: 

"^•waveplateV^)~ 

^ 1 0 0 O ^ 

0 C2+S2cos(8(X)) SC(i-cos(5(k))) -Ssin(8(x)) 
o SC(i-cos(5(x))) S2+C2cos(5(x)) Csin(s(x)) 
o Ssin(6(A.)) -Csin(8(A,)) cos(8(x)) y 

(2.1.5a) 

C = cos(2§) (2.1.5b) 

S=sin(2(()) (2.1.5c) 

where d(X) is the retardation of the wave plate for a given wavelength, A, and 0 is 

the fast axis orientation angle measured from the horizontal. A zero-order 

quarter wave plate at 633 nm (WPQ05M-633, Thor Labs, Inc.) with its fast axis 

aligned horizontally (i.e., M24 = O and <p - o) was found to be sufficient for 

wavelengths in the range of 400 to 1700 nm, since the M34 component was 

approximately 0.5 or greater in this band. By calculating the (3,4)th element of 

the Mueller matrix for the wave plate using the dispersion relations for crystalline 

quartz found in [93], and assuming that the fast axis is aligned along the 

horizontal, we can then plot this as a function of wavelength as for comparison 

against the experimentally measured (3,4)th element of the wave plate as follows: 
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Figure 8 - Experimental (dashed) and theoretical (solid) spectrum for the (3,4)th 
element of the Mueller matrix for a zero-order quarter-wave plate designed with 
a quarter wave retardation at 633 nm. 

Thus, from this analysis, the fourth row of the Mueller matrix was measured 

using the following procedure: 1) measuring the first three rows of the 

normalized Mueller matrix of the sample in reflection mode, 2) measuring Mn to 

calculate the non-normalized Mueller matrix for the sample (based on the 

reflectivity of two orthogonal polarization states), 3) inserting the wave plate on 

the detector arm of the ellipsometer and measuring the first three rows of the 

normalized Mueller matrix of the film/wave plate combination, 4) using 

previously measured elements of the first three rows of the non-normalized 
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transmission Mueller matrix for the wave plate (same procedure as in step l and 

2) to calculate the fourth row of the non-normalized sample Mueller matrix. For 

this procedure, an ideal wave plate would have the M34 component of its Mueller 

matrix be unity for all wavelengths. 

2.2 - The Modeling Software and Analysis of Films 

The first step necessary in the theoretical modeling of any film system first 

involves knowledge of the substrate. In this work, the substrates used were one-

side polished silicon test wafers (p-type Boron, 3" or 4" diameter, Evergreen 

Semiconductor), fused silica glass, 0211 Corning glass, and 7059 Corning glass. 

Substrates models throughout the course of this study were produced as needed. 

Thus, whenever a new substrate was used, a scan was performed over the full 

wavelength range for the bare substrate, and its ellipsometric data could then be 

used in film-substrate systems. 

In the first example, we examine the modeling of the ellipsometric data for 

a bare silicon wafer. We obtained the optical constants using a standard 

procedure (WVASE32 Manual). In this procedure, the first step is to acquire the 

f^and A data for the silicon over the full spectrum, with two angles of incidence 

being sufficient. Since the backside of the silicon wafer is unpolished, any 

transmitted light in the infrared is diffusely scattered and thus does not affect the 

measured results. Since the thickness of the substrate can be treated as being 

infinite, there is a one-to-one mapping between !Pand A, and n and k (or sx and e2 

for that matter), as given by the following expression [38]: 

40 



n +ik -n t a n A i ^ o m W™> (oo<\ 
"•substrate^ ln*substrate ~'lair Laxl rinc •\lx i \ 2 K^-^-^J 

V [P+V 

where nair is assumed to be l, #W is the angle of light incidence with respect to 

substrate normal, and p is that given in (1.2.1). The modeling software is then 

used to convert the IPand A pair into an risubstrate and hubstrate pair. 

The procedure used to obtain the optical constants for glass substrates is 

based on the same physical principle as above, except that the light reflection 

contribution from the back side of the substrate must be accounted for, and can 

be done so in the modeling software. All of the glass optical constants were 

obtained using a standard recipe (WVASE32 Manual). 

Having obtained the substrate optical constants from the "baseline" scans, 

we could then proceed with modeling the ellipsometric parameters or Mueller 

matrices for the thin films to be examined. The first step was to define film layers 

using standard layers available in performing the analysis, and by using a number 

of layers relevant to the film system being studied. 

The first type of layer was the Cauchy layer (Fig. 9) which was used to 

describe transparent films examined throughout this study. The layer model 

looks like as follows: The fit parameters An, Bn, Cn, k Amplitude, Exponent, and 

Band Edge in Fig. 9 correspond to the constants A, B, C, D, F and y, respectively, 

given in (1.6.1). 
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Cauchy Layer, with Urbach Absorption 

Layer Name: cauchf 

Comment: Cauchy material 

Thickness: 500| 

An: 

Bn: 

Cn: 

1.45 

0.01 

0 

k Amplitude: 

Exponent: 

Band Edge: 

1.5 

300 

Fit 

HFit 

HFit 

I -Fit 

r.Fit 

HFit 

nm 

Ok 

Dulore Layei 

Ropkicn l.aycti 

jpucai 

Opt Const Fit 

Hn 
Hk 

Figure 9 - Parameter window for evaluating films using Cauchy dispersion. 

The second example is the General Oscillator Layer (Fig. 10). There are a number 

of interesting features within this model layer. The first, denoted by (a) in Fig. 10 

is a pull-down menu in which we can define the type of Oscillator that we wish to 

use to describe our film. The second, denoted by (b), is an area in which we can 

define parameters such as the S\ offset (or the value of sx at E = 00). The third, 

denoted by (c), is where we can include our initial guesses, and fit our oscillator 

parameters. 
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General Oscillator Layer 

Comment: Gaussian Model for evaporated Ti02 

nm f-fn 

Positron (eV): Magnitude: 

Pole #1:11 r « 

Pote#2:|MM_|r 

el Offset |i^T0«~|r~ 

Ip^ljgp^ Replace Layer 

•^rtjpt Const Fit 
Optical Constants >* 

(a) 

"^1| - Graphing and Fitting Options 

Ref. Material 1 FittoRef. j 

(none loaded) 

"I -1« I ay P i I 
<?Fite2on|y 

|eV _vj| T Fit Both 

f" Fit e1 only 

f~ Restrict Partus to Graph Range 

OscUp_J 

OscDown 
Add Oscillator 

Figure 10 - Parameter window for evaluating general oscillators to describe film 
dispersion. 

To analyze GLAD films, two layer types were used: the biaxial EMA, and 

the biaxial layer used to define the Euler rotations (like those discussed in §1.5). 

Examples of these are shown as follows: 

Biaxial Bruggeman Effective Media Approximation - Anisotropic 

Comment: Biaxial Bruggeman Effective Medium Approximation I aye 

1 - 20000 nm Spectral range of optical constants: 

nm P" Fit # of Constituents: 2 *_ Thickness: 

r Mat. Name 

Material #1 void 

Material #2 ' mgf2_evap 

Fraction: 

70 
Ok 

30 

Depolarization factor, qz: 

Depolarization X-Y split: 0.3 

F F i t 

PF i t 

F F i t 

PF i t 

ReplflLi; Layer 

Delete Layer 

Save 

qz=0.00000, qx=0.30000, qy=0.70000 

_ 
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Biaxial Anisotropic Layer coupled to Anisotropic Layer 

Comment: Biaxial material 

Spectral range of optical constants: 

nm 17 Fit 

1 •••• 2CHMJ!'.! n m 

Thickness: \mmm 
-Anisotropy Type 

r Mat. Name 

<?• Isotropic (Ex): Mat. # 1 ; I (brugbiaxial) 

r Uniaxial (Ez): 

f Biaxial (Ey): r.-|-

- Euler Angles 

Phi: 

Theta: 

Psi: 

0 

-50 

0 r 

Ok Delete Layer Save 

(b) 

Figure n - Parameter window used to evaluate the film using the BEMA (a) and 
the column tilt using Euler rotations (b). 

As highlighted by Fig. n(a), the depolarization factors (as in equation (1.4.17)) 

are evaluated as fit parameters. Furthermore, we note that the depolarization 

factor along the columns (qz) is approaching a value of o, consistent with the 

theory in §1.4. Also shown is that the percentage of material can also be 

evaluated by fitting it. In the case of tilted columns, we must apply the Euler 

angle rotations, as highlighted in Fig. 11b. 

Best fits of the fit parameters are obtained within the software package 

using the Marquardt-Levenberg algorithm [94]. This algorithm is used to fit 

parameters and minimize the Mean Squared Error (MSE) between the 

experimental and theoretical observables (such as !Pand A). The expression for 

the MSE for N data points with experimental error given by a and M fit 

parameters is given by: 
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MSE 
1 N 

2N-Mti 

i iff Model _ iff Exp \ ( A Model _ \Exp \ 

a 
Exp + 

a 
Exp 

(2.2.2) 

To minimize the MSE, a physically reasonable model must be developed to 

represent the experimental data. Furthermore, one must provide a guess on the 

initial parameters to generate good agreement to the experimental data. 

Generally speaking, for a given parameter there are fit results to the parameter 

that are close to the guess. Thus, the fitting algorithm must be able to fit the 

parameter in a global sense, rather than finding a local minimum to the MSE, as 

illustrated in Fig. 12: 

MSE 
Global 
Minimum 

Local 
Minimum 

Parameter 

Figure 12 - Illustration of guess values for a given parameter of a film illustrating 
local and global minima to the MSE. Adapted from [39]. 

Generally, one wants to assume the simplest possible model that best fits the 

data, and then add more levels of complexity to the model to further reduce MSE 

until either there are no further improvements to be made, or parameter 

correlation begins to occur. Unfortunately there are instances in which 

parameter correlation occurs even for the most physically realistic model. When 
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parameters are correlated there are several results for the two parameters which 

would yield the same MSE. In those cases, other data may be required to justify 

the correlation. For example, by obtaining the non-optical data to confirm some 

of the physical parameters of the film (for example SEM images), or by obtaining 

multiple optical data sets for the film and simultaneously fitting the desired 

parameters, parameter correlation may be improved or eliminated. In practice, 

whenever parameter fits were performed in this study, the correlation matrix was 

examined to see if and which parameters were correlated. 

By combining the concepts that were covered throughout this background 

section, we can describe our GLAD films using material using oscillator theory 

and effective medium theory, and Berreman's matrix technique to use 

ellipsometry techniques to obtain parameters of interest in our films. 
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3 - Fundamental Film Examination 

Our examination of GLAD films begins with simple columnar thin films of 

optically transparent materials and composed of columns tilted with respect to 

substrate normal. These morphologies form the basis for all GLAD structures, 

and as such, it is necessary to study their properties first. This is followed by an 

examination of materials with more complicated optical properties such as Ti02. 

This analysis is used as a basis for advanced analyses including organic Alq3, an 

examination on the subtle optical properties regarding Si02, and films with 

periodic structure in the plane of the substrate or along substrate normal. These 

advanced analysis topics will be covered in subsequent chapters of this work. 

3.1 - Examination of Slanted MgF2 and Si02 Columns5 

Thin films of MgF2 and Si02 were grown by thermal and electron beam 

evaporation, respectively, at base pressures below 2 x io-6 Torr (3 x io_4 Pa) and 

evaporant throw distances of approximately 30 cm and 40 cm, respectively onto 

single-side polished silicon substrates. Films were grown at various flux 

incidence angles a resulting in film morphologies ranging from solid (a = o°) to 

solid tilted columnar (o° < a s 700) to porous tilted columnar (a s 700). Films 

grown at normal flux incidence were first characterized using variable angle 

spectroscopic ellipsometry in order to obtain !Pand A The solid MgF2 and Si02 

films were grown to thicknesses of 620 nm, and 380 nm, respectively. The 

5 This section has been largely extracted from: J. Gospodyn and J. C. Sit, "Characterization of 
dielectric columnar thin films by variable angle Mueller matrix and spectroscopic ellipsometry," 
Optical Materials, vol. 29, pp. 318-325, 2006. 
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thickness of the solid films was found not to affect appreciably the optical 

properties of the films, since they were both much thicker than the nucleation 

layer (sub-50 to 100 nm regime). The optical dispersion relations for the solid 

films grown at normal flux incidence were found by evaluating the *F(/Q and A(A) 

ellipsometry data as a medium obeying Cauchy dispersion with a surface 

roughness layer6 on top consisting of a Bruggeman effective medium 

approximation between 50% film material and 50% void with a depolarization 

factor of 1/3 [39]. The experimental and best-fit models for these solid films are 

shown in Fig. 13. The additional surface roughness layer had a thickness on the 

order of only a few nanometres but produced better results with a lower MSE and 

was more physically realistic as the film growth in the Zone 1 regime [62, 63], due 

to atomic shadowing effects, results in solid, but domed columns that cannot be 

filled in due to low adatom mobility resulting from low substrate temperature. 

The refractive index dispersion of the films was described using a two-term 

Cauchy relation shown in (1.6.1a) 

For the MgF2 film, the constants were found to be A = 1.3745 ± 0.0003 and 

B = (2.31 + 0.02) x io-3 j^m2, and for Si02, A = 1.4428 ± 0.0004 and B = (4.36 + 

0.04) x 10-3 jam2 and are plotted in Fig. 14. As with all plots of this nature 

throughout this work, error bars arising from the precision of the instrument 

measurements have been left off the graph, as they are of insufficient size as to be 

6 The term "surface roughness layer" is rather misleading, despite its use throughout the literature 
and this work. More accurately, it should be referred to as an "interfacial layer" that physically 
represents the fact that the film does not have a perfectly smooth surface, and thus an interfacial 
layer would be an effective mixture of air and film. The 1/3 depolarization factor is used since the 
mixture is assumed to be composed of random surface features, and the 50% factor is an arbitrary 
mixing concentration. 

48 



noticeable, as the measurement errors are typically well within a degree for *¥ and 

A. Note here that the stated uncertainties denote 90% confidence limits arising 

from deviation from the best fit in the least squares fitting algorithm. Using these 

dispersion relations, it was then assumed that the individual columns of films 

grown at oblique flux incidence obeyed the same optical dispersion as the films 

grown at normal incidence. The index of refraction values quoted here for MgF2 

and Si02 compare well with literature values of 1.3838 [95] and 1.4655 [96] at a 

wavelength of 500 nm and 546 nm, respectively. It should be noted at this time 

that whenever optical constants for bulk films were obtained for any material, 

said values were always compared with literature values, or standard tables of 

optical constants such as those found in the works of Palik [97]. 

^ 

700 900 1100 1300 

Wavelength (nm) 

(a) 

1500 

49 



200 400 600 800 1000 1200 1400 1600 1800 

Wavelength (nm) 

(b) 
Figure 13 - Typical model fits (solid and dashed) to the experimental !f (•) and A 
(•) using the Cauchy dispersion for the solid films composed of MgF2 (a) and 
Si02 (b). For the sake of clarity, only every 5th experimental data point is shown, 
and only one angle of incidence is shown (6o° for (a) and 650 for (b)). 
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Figure 14 - Resultant optical constants for the solid films composed of MgF2 (a) 
and Si02 (b) using the evaluation template in Figure 9. 
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Figure 15 - Scanning electron microscope image of a 1000 nm thick MgF2 
columnar thin film grown at a deposition angle of 840 with respect to substrate 
normal (a) and an illustration of the directions of the principal indices of 
refraction (b). 

Having obtained the optical dispersion of the film material, obliquely 

deposited films could subsequently be examined. To evaluate the Mueller matrix 

data for the columnar thin films (an example of which is shown in Fig. 15 along 

with a schematic illustrating the orientation of the principal indices of refraction) 

the Bruggeman EMA in the evaluation software was employed, where the two 

constituent media used were void (i.e., the real and imaginary components of the 

index of refraction are n = 1 and k = o, respectively) and the appropriate Cauchy 

relation that represented each film material as described above. Since the films 

are biaxial media, the model was composed of directionally dependent 

Bruggeman EMA, where the percentage of material in the model was constrained 

to be equal in all directions for a given point in the film. The birefringence in this 

case arises due to the shape of the inclusions along each principal axis, leading to 

anisotropic depolarization factors as seen in (1.4.17). It was also found that 

including a symmetric index gradient in the evaluation of the Si02 columnar thin 
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films significantly improved the quality of the model fit. Including an index 

gradient for the MgF2 films was also attempted but was found not to significantly 

improve the quality of the fit. It also caused significant parameter correlation in 

the model after fitting. The index gradient in Si02 will be discussed in further 

detail later. 

The MgF2 films could thus be modeled as a two-layer film structure. The 

layer closest to the substrate could be described as a biaxial film with tilted 

principal axes with respect to the silicon substrate. Additionally, since this layer 

is a mixture of material columns and void, the anisotropic Bruggeman EMA was 

used to obtain the biaxial nature of this film layer. Finally, a top film layer on the 

order of a few nanometres thick in the model describes a decreased density of 

columns, which physically represents the fact that the columns grow to different 

heights. Thus, in the film evaluation template for MgF2 films, as shown in Fig. 

16(a), the MgF2 films were evaluated as a tilted biaxial Bruggeman layer medium 

(labeled BrugBiaxial_Tilt) on a silicon substrate (labeled Si_Substrate), with a 

Bruggeman EMA mixture of 50% void and 50% of the previous layer to describe 

the post height variation (labeled Surface_Rough). A similar procedure was used 

for the evaluation of the Si02 films, with the exception that it was found that 

there was an index of refraction gradient through the thickness of the Si02 films, 

the possible source of which will be discussed later. Thus, a symmetric index 

gradient was included for the Si02 films, where the layer describing the biaxially 

tilted columns was coupled into a layer describing the index of refraction profile 

(labeled SimpleGraded). An example of this evaluation template is shown in Fig. 

16(b). By using this modeling technique, we can fit for the film density with 
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respect to those grown at normal incidence, the depolarization factors which 

describe the shape of the inclusions along each optical axis, the Euler angles 0 

and <j>, where 9 is the angle of nz (along the columns) with respect to substrate 

normal, and ^is the azimuthal angle describing the orientation of the posts in the 

plane of the substrate, and the index gradient (where applicable). In the case of 

the Si02 films, the index of refraction predicted by the model corresponds to the 

density in the vertical center of the film, and thus the density predicted optically 

also corresponds to this point in the film. For these experiments, although ^was 

fit, it was known to within a few degrees, and the <j> predicted by the model 

corresponded to within a few degrees of the known estimate. The alignment of ^ 

was done by careful alignment of the substrate with respect to the incoming flux 

during deposition, and then by a careful alignment of the sample on the 

ellipsometer sample stage (the major flats of the silicon wafer substrates made 

this alignment convenient). 

2 

1 

0 

Surface_Rough 

BrugBiaxial_Tilt Void/36.2% MgF2 

Si_Substrate 

3.982 nm 

1197.969 nm 

0.25 mm 

(a) 

2 Surface_Rough 

1 SimpleGraded (BrugBiaxial_Tilt) 

0 Si_Substrate 

14.809 nm 

808.161 nm 

0.25 mm 

(b) 
Figure 16 — Example of the evaluation templates used to describe (a) MgF2 films 
and (b) Si02 films. The BrugBiaxial_Tilt layers describe the tilted columns using 
the anisotropic Bruggemann EMA, the Surface_Rough layer represents the 
variation in column height, and the SimpleGraded represents the index of 
refraction gradient in Si02. The thickness, percent material, Euler angles, and 
index gradient (for Si02 films) were set as fit parameters. 
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An example of the resultant model and experimental curves for the 

Mueller matrix data are shown in Fig. 17, where the global mean squared error 

(MSE) in this particular example was 3.072 in the case of a MgF2 film grown at a 

= 820 (Fig. 17a) and 6.336 in the case of Si02 film also grown at a = 820 (Fig. 

17b). In Fig. 17, both results were acquired using the V-VASE at an angle of 

incidence of 500 with respect to substrate normal and were only a subset of the 

full data set acquired in each case, which included other angles of incidence. For 

the sake of clarity, the data shown in Fig. 17 was restricted to one angle of 

incidence and only every few data points. The generated data and the 

experimental result compare well for both film materials studied here. 
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Figure vj - Comparison between the experimental (•) and generated (-) first 3 
rows of the normalized reflection Mueller matrix elements for light incident at an 
angle of 500 on a MgF2 GLAD film grown at a = 820 (a) and an Si02 film also 
grown at a = 820 (b). Only every few experimental data points are shown for the 
sake of clarity. 

It is also important to note that the fourth row of the Mueller matrices was not 

needed to evaluate these films. It was found that the evaluation software with no 

data directly measured on the fourth row could accurately predict the normalized 

fourth row of the Mueller matrix from the model given. This was confirmed by 

measuring the fourth row of the Mueller matrix afterwards using the technique 

described in §2.1 and comparing with the fourth row predicted by the model. 

Though the fourth row of the Mueller matrix may be superfluous information for 

these simple structures, it may not be for more complicated structures. As was 

seen in §1.3, the fourth row of the Mueller matrix pertains to circular polarization 
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rotations. Thus, were one to examine helical film structures, the fourth row of 

the Mueller matrix would contain vital information for the characterization of 

those structures. The closeness of the comparison suggested that film 

parameters determining the fourth row for these films also appear independently 

in other rows of the Mueller matrix. It was also found that when <f> ^ o° or 900 

(which was the geometry chosen for these measurements), the matrix elements in 

the fourth row had the properties M33 = M44, and M/4 s -M4/ for j = 1, 2, 3. 

Though the complete Mueller matrix was not needed for a complete model 

analysis of these films, by obtaining the complete Mueller matrix, we were able to 

calculate the depolarization index [83] for these films and found that for films in 

this thickness range, the index was in the range of 0.97 to 1 for all wavelengths, 

indicating that the light reflected from the samples was polarized. 

The resultant MSE in evaluating the first three rows of the Mueller matrix data 

for all of the films ranged from 3.07 to 8.8. The good quality of the fit suggests 

that there is only a small amount of scattering occurring in some of these films, 

since the model does not account for scattering. However, by not including the 

index gradient in the Si02 films, the MSE values were as high as 19.2. As will be 

discussed later, this gradient is attributable to scattering of light in the lower 

wavelengths. The perceived scattering is worse in Si02 due to its higher index of 

refraction. The film thickness and Euler angle 6 predicted by the evaluation 

software were confirmed for a sampling of the films by cross sectional SEM 

images such as that shown in Fig. 15. Furthermore, not including a gradient for 

the Si02 data often yielded a discrepancy in the Euler angle 6. 

57 



The principal indices of refraction for both MgF2 and Si02 columnar thin 

films were found to decrease as the deposition angle, a, increased. This was to be 

expected due to a decrease in the film density with a according to simulation 

predictions [64] as a increases, which is also consistent with other studies 

performed on titanium oxide, tantalum oxide, and zirconium oxide [46, 47], 

which demonstrated that for films grown with a < 700, the indices of refraction 

follow empirical formulae expressible in the form of m = d + Did2, where the 

constants C and D describe the indices of refraction for a fixed wavelength as a 

function of the deposition angle, a for i = x, y, z. However, this form was found to 

be insufficient to describe our data. This may be due to differences in materials 

deposited. An example of this is the fact that the same works also found uniaxial 

birefringence for films grown at a = o° for their materials of interest. However, 

this was not found to be the case for the tilted columnar GLAD films studied here. 

To better describe the functional form of the indices of refraction as a function of 

deposition angle, we used a semi-empirical expression. To arrive at this 

expression, we first used an analytical expression that describes the normalized 

film density, p, as a function of deposition angle, a [64]: 

By using (3.1.1), we can then solve the Bruggeman equation [51, 52] for a 

fixed wavelength as a function of the deposition angle, where the Bruggeman 

equation for a these films is given by: 

0 = p - * + ( l - p ) - 3 (3-1.2) 
Cj + 2£ 82+ 2£ 
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In this case: s, si} and e2 are the dielectric constants for the effective medium, the 

film material (i.e. MgF2 or Si02), and air respectively. By combining (3.1.1) and 

(3.1.2), assuming that nair = 1, and that the imaginary component of the complex 

index of refraction k = o, and solving for the index of refraction as a function of 

deposition angle, we obtain: 

|£,cos(a)+i 
n, i^cos(a)+i 

(3-1-3) 

where Ei and Fi are the constants relating to each principal index. The 

experimental data for the principal indices of refraction for MgF2 and Si02 films 

as a function of the deposition angle is shown in Fig. 18. The least-squares best-

fit are given by the semi-empirical expression (3.1.3). The E and F parameters 

are highlighted in Table 2 for the MgF2 and Si02 films. The R2 values for these 

fits were found to be 0.9999 or greater. 
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Figure 18 - Magnitude of the principal indices of refraction for MgF2 columnar 
thin films (a) and at the 50% growth point for Si02 columnar thin films (b) as a 
function of deposition angle. The curves are fits to the semi-empirical law. 

MgF2 

Si02 

Ex 

5369 
(0.451) 

4.029 
(0.238) 

Fx 

2-339 
(0.268) 

1365 
(0.131) 

Ey 

4.257 
(0.361) 

2.669 
(0.151) 

Fy 

1-754 
(0.214) 

O.720 
(0.083) 

Ez 

6.447 
(0.547) 

4-705 
(0.304) 

Fz 

2.918 
(0.325) 

1.686 
(0.168) 

Table 2 - Semi-empirical parameters for the best-fit least squares fit for the 
principal indices of refraction as a function of deposition angle. The numbers in 
parentheses are the la standard deviation for the parameter. 

Since the biaxial optical properties of the columnar thin films arise from the 

shapes of the inclusions, the values of the index of refraction are determined by 

the fitting depolarization factors, qi, for each optical axis. Note here that the 

value of nz is the highest in both cases. This is due to the fact that the structure 

in this direction can be viewed as laminar [52] with the electric field of the light 

being parallel to the material layer. Thus the measured depolarization factor 
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along this axis is qz = o, with the sum of qx and qy being the difference of qz from 

l. Thus in the model, qz was one fit parameter, was typically between o.oi and 

O.i, and the ratio of qx to qy was another fit parameter, which was typically 0.3 

after fitting. As a result, the hierarchy of the values of the indices of refraction 

was nz > nx > ny (Fig. 15(b)). If we now focus primarily on the index values 

obtained for films grown in the GLAD regime 8o° < a < 86°, the relations 

describing the values of the principal indices at a wavelength of 500 nm as a 

function of deposition angle are approximately linear. This result is shown in Fig. 

19 along with the lines corresponding to a least squares fit to the relations of the 

following form: 

tit = Hi + ha (3-1-4) 

where the parameters H and J are summarized in Table 3. 
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Figure 19 - Magnitude of the principal indices of refractionfor MgF2 columnar 
thin films (a) and at the 50% growth point for Si02 columnar thin films (b) as a 
function of deposition angle for deposition angles s 8o°. The lines are empirical 
linear fits. 

MgF2 

Si02 

Hx 

2.237 
(0.160) 

1.970 
(0.030) 

Mdeg-0 

-0.013 
(0.002) 

- 0 . 0 1 0 1 
(0.0004) 

Hy 

2.085 
(0.166) 

1.813 
(0.025) 

Iy (deg-0 

- 0 . 0 1 2 
(0.002) 

-0.0085 
(0.0003) 

Hz 

2.260 
(0.169) 

2 . 0 2 2 
(0.045) 

h (deg-i) 

-0.013 
(0.002) 

- 0 . 0 1 0 6 
(0.0005) 

Table 3 - Empirical parameters to the linear fit for the indices of refraction at 
deposition angles of 8o° and higher. The numbers in parentheses are the la 
standard deviation for the parameter. 

Using the Bruggeman EMA, the density of the films with respect to films grown at 

normal incidence was also found using the evaluation software. These values are 

plotted for both the MgF2 films and Si02 films at the 50% growth point in Fig. 20 
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along with previously reported values predicted by a ballistic deposition 

simulation and a geometric analysis [64], shown for comparison. 
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Figure 20 - Film density in percentage as a function of deposition angle for MgF2 
films (T), the 50% growth point for SiOz films (O), and plotted for comparison 
are simulated result (see Fig. 8 in reference [64]) for o diameter diffusion length 
( • ) and 4 diameter diffusion length ( • ) . Also shown is the curve given by (3.1.1). 

The results obtained here are in good agreement with those predicted 

theoretically as they lie within the range of theoretically predicted results. The 

data points shown by • and • correspond to those predicted by a ballistic 

simulation SIMBAD [98], which simulates the film growth of two-dimensional 

hard discs of user-defined diffusion lengths and provides density information. In 

this particular simulation, surface diffusion of the particles in the ballistic 

simulation was considered, but diffusion between columns was neglected, as is 
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consistent with Zone l films. For these particular data points, the film particles 

upon deposition were represented by discs that were assumed to have either a o 

disc diameter diffusion length or a 4 disc diameter diffusion length (see Fig. 8 in 

reference [64]). Although the results simulated for the o and 4 diameter 

diffusion length do not show that the resultant density is much different, the fact 

that the Si02 density found optically was consistently lower than that of the MgF2 

density found optically was attributed to the fact that the MgF2 molecules were 

more mobile along the substrate, thus the columns themselves are more densely 

packed than the Si02 posts, resulting in a higher MgF2 density. A higher MgF2 

density may also be attributed to a small amount of inter-column diffusion 

during film growth. Also shown in Fig. 20 is the normalized density (in %) 

predicted by (3.1.1). It is important to note here that the values of p from (3.1.1) 

are consistently lower than measured values. This has been attributed to the fact 

that (3.1.1) is based on an assumption that the film is composed of perfect 

uniform parallel columns [64]. As seen in Fig. 15(a), this assumption is clearly 

not true for the films studied here, since the columns tend to broaden as the film 

gets thicker, especially during the first micrometre of film growth. Furthermore, 

expression (3.1.1) also assumes a point source and thus would predict that the 

film density approaches zero as a approaches 900. Whereas, the experimental 

source subtends a parallax angle of approximately 2° and thus would lead to 

another source of discrepancy, particularly as the experimental a approaches 900. 

Although the density predicted by (3.1.1) does not agree as well with our densities 

and it was used to derive expression (3.1.3), this was done solely to approximate 
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the dependence of the index of refraction as a function of deposition angle, or, 

that is, it was used to derive a semi-empirical relation. Further study is needed to 

evaluate the exact functional dependence. If it could be shown that the packing 

density of the columns is the same as that for films grown at normal incidence, 

then expression given by (3.1.1) likely sets a lower bound on film density, and 

should hold true for films that approach the assumption that the columns are 

uniform and parallel; however, if the packing density of the columns is lower than 

that of films grown at normal incidence, then this is not necessarily true. 

Nevertheless, the shape of the column tips directly affects the film density as 

atomic shadowing is a determining factor for the film density. A possible source 

of discrepancy between the actual film density and that measured optically is 

based on the assumption that the refractive index of the pores is nVOid = 1. 

Although this is approximately the case, the adsorption of water in the pores 

would serve to increase the overall refractive index in the films, which would in 

turn increase the apparent density. The optical measurements were performed in 

a cleanroom environment where both the temperature and humidity were 

controlled, so any discrepancy arising here would arise in all cases. The 

broadening of the films may imply that the density of a slice of the film in the 

plane of the substrate near the substrate would have a different density than that 

of a slice of film in the plane of the substrate near the top of the film. In the case 

of Si02 films, using a gradient index model the index of refraction was found to 

decrease monotonically as the film grows thicker suggesting that the density of 

the film near the substrate is at its highest value. This gradient however, may 

also be attributed to other possible causes. One of these could be oxygen 
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disassociation during the deposition. Another possible cause of the index 

gradient observed could be capillary condensation in the hydrophilic Si02 [99]. 

That is, since the pore size increases with film thickness, and capillary 

condensation at a given humidity and temperature will occur in pores with radii 

smaller than the Kelvin radius [100], more water will be present in the film near 

the substrate than at the surface of the film. It is important to note that either of 

these possible causes is consistent with no gradient being observed in the case of 

MgF2 films. The cause of the index gradient in the Si02 films and the exact 

functional dependence of the gradient with film thickness are currently under 

investigation. The existence of an index gradient in the case of the MgF2 films was 

not found however, as is demonstrated in Fig. 21. The percentage of MgF2 

compared to films grown at normal incidence, and consequently the index of 

refraction, was found using the Bruggeman EMA as a function of film thickness 

for films grown at a = 79.50, 8o°, and 80.50 with respect to substrate normal. 

This demonstrates that although the columns broaden as the films become 

thicker, the film density remains constant. The broadening mechanism has been 

attributed to column competition and extinction in various stages of growth [17]. 

The results here in Fig. 21 may not be true for films in the early stages of growth 

for films with thickness in the sub-100 nm regime, since in the early stages of 

column growth, nucleation and seeding are factors that determine the density. 

Further study is under way to quantify the film characteristics in the early stages 

of growth. It should be noted however, that all films used in this study were 

approximately 500 nm or thicker, and should obey the trend in Fig. 21. That is, 

due to column competition, some of the columns that formed in the initial 
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seeding stage of film growth become extinct, and as a result, columns that persist 

become broader in the later stages of growth. This result is confirmed by other 

simulation work, in which the mechanisms of column competition has been 

examined [101]. 

0 500 1000 1500 2000 2500 3000 3500 

Film Thickness (nm) 

Figure 21- Percentage of MgF2 with respect to films grown at normal incidence 
as a function of film thickness as measured by the Bruggeman EMA for films 
grown at a s 79.50 (•), a = 8o° (O), and a = 80.50 (T) with respect to substrate 
normal. 

The power of this technique is revealed in its ability to calibrate films in 

terms of index of refraction and in obtaining estimates of film density. This 

technique was found to be very useful in computing the densities for AI2O3 GLAD 

films composed of columns oriented along the substrate normal, with application 

towards GLAD films used for humidity sensing. Using this technique, we are able 
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to evaluate the film density of A1203 as a function of the deposition angle as [16], 

and is shown in Fig. 22: 

Figure 22 - Thin film density approximations from Tait's rule (—), thickness 
ratios (•), and Bruggemann's effective medium theory (A). From reference [16] 
©2006 IEEE. 

As can be seen, there is a good agreement between the BEMA model used to 

obtain the film density and that examined by evaluating the density using 

resultant film thickness measurements obtained by SEM images, and also by 

comparing Tait's Rule [64]. 

3.2 - Examination of Ti02 

The analysis technique described in the previous section was subsequently 

be applied to evaluate a more complex material such as Ti02. The difficulty with 

Ti02 is that it has been observed to have an index of refraction that is dependent 

on the stoichiometry [102], which has been observed to change over time under 
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atmospheric conditions [103]. Furthermore, it has been suspected that oxygen 

depletion of the Ti02 source material during electron beam evaporation can cause 

optical constant change throughout the thickness of a Ti02 film. It has been 

observed that Ti02 films that are freshly deposited have different optical 

constants than those that have been exposed to ambient conditions for some 

period of time. Empirical studies undertaken within the research group have 

shown that baking Ti02 films in atmosphere at a temperature of ioo°C for 

approximately 24 hours stabilizes the optical constants to a final value that is 

consistent with exposure to normal ambient conditions for several days or weeks 

[103]. In this section, the as-deposited optical properties of Ti02 solid films with 

thicknesses on the order of that of GLAD columns is examined, along with the 

effect of the baking on the optical properties of the film. This result is then 

applied to obtaining the film density of Ti02 GLAD films as a function of the 

deposition angle. 

In the experiment, a total of 1250 nm of Ti02 was deposited all in one 

deposition, but serially onto eight substrates at normal flux incidence, with only 

one substrate being exposed to the vapor flux at any given moment during the 

deposition. The ellipsometric parameters IP and A were then measured angles of 

incidence of 500 to 700 over the wavelength range of 300 nm to 1700 nm 

immediately following the deposition, with all scans made within approximately 

30 minutes of removal of samples from the vacuum chamber, which was limited 

only by the data acquisition speed. The solid Ti02 films were found to follow a 

dispersion related to a Gaussian oscillator centered in the region of 4.75 eV to 

4.8117 eV. An example of the best fit for one of the films is given in Fig. 23: 
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Figure 23 - Best model fits (solid and dashed) to experimental !P(») and A (•) 
for a solid Ti02 film using a Gaussian oscillator function. For the sake of clarity, 
only an angle of incidence of 700 is shown, and only every 5th experimental point 
is shown. 

The optical constants for this fit were found using the Gaussian oscillator as it 

yielded the best agreement with the data as compared with other oscillators. The 

Gaussian oscillator is defined with an imaginary component of the dielectric 

constant as follows: 

e2(E) = Aexp 
E-En 

B 
+ vlexp 

E + En 

B 
(3-2.ia) 

where for this particular result A = 10.338, En = 4-7477 eV, B = 1.0604 eV. For 

the Gaussian oscillator, the real component of the dielectric constant is 

determined by using the Kramers-Kronig expression (1.6.8a). An E\ offset was 
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also used (see (1.6.9)) with a value of £i,0ffset = 2.7103. Use of this oscillator 

resulted in an optical dispersion as shown in Fig. 24: 

300 500 700 900 1100 1300 1500 1700 

Wavelength (nm) 

Figure 24 -Index of refraction, n (solid), and extinction coefficient, k (dashed), 
for a solid Ti02 film based on the Gaussian Oscillator given in (3.2.1). 

Using the above descriptions of Ti02, the resultant index of refraction at 500 nm 

as a function of the cumulative thickness was found (Fig. 25). For the freshly 

deposited films, the index of refraction shows a steady increase (•). After baking 

the films at ioo°C for 24 hours in air, the index of refraction was constant over 

the set of eight films, with discrepancies on the end films (•). The source of this 

discrepancy of these two data points is unknown. However, it is clear from this 

data that the post-deposition treatment on the films acted to stabilize the index of 

refraction. The index of refraction of the Ti02 after treatment was 2.2, while in 

the case of the as-deposited films, the index of refraction increased over the 
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course of the deposition. This increase is attributed to oxygen depletion in the 

source leading to a higher metallic content within the film. 

2.30 

2.10 
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Figure 25 - Index of refraction at a wavelength of 500 nm of the as-deposited 
solid Ti02 films (•) and treated films (•) as a function of the cumulative 
thickness deposited. 

Thus, the optical constants for the aged solid Ti02 films could then be used 

as the basis for the columns within an aged GLAD film. If we also use the BEMA 

technique discussed in detail throughout this section, the density of the GLAD 

films relative to those deposited at a = o° as a function of the a may be obtained, 

as shown in Fig. 26: 
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Figure 26 - Density of Ti02 as a function of a. 
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4 - Examination of Organic GLAD Films7 

Having studied inorganic materials typically used for optical GLAD films, 

we now turn our attention to the characterization of organic tris(8-

hydroxyquinoline) aluminum (Alq3), an organic photoluminescent material 

having complicated optical constants in both the visible and near UV. Optical 

characterization of this material is of particular interest due to its unique growth 

morphology as compared with inorganic materials. These unique growth 

characteristics include an absence of column broadening, a more circular column 

cross-section, and the presence of a "wetting layer" in the nucleation phase of 

film growth [104-106]. 

In this study, Alq3 powder (99+% purity from Gelest Inc.) was heated to 

150°C for several hours under rough vacuum in order to remove water vapor and 

potential solvents. Alq3 films were then deposited by thermal evaporation of the 

heat treated source material onto as-supplied silicon (100) wafers at a base 

pressure < 8 x 10"5 Pa. 

Analysis began by examining the solid Alq3 film grown at a = 0°. The 

ellipsometric parameters IPand A were obtained over the wavelength range of 

400 to 1300 nm for angles of light incidence from 500 to 700 with respect to 

substrate normal. The normally deposited film was then modelled optically using 

a Lorentz and Tauc-Lorentz oscillator system, which produced optical constant 

7 This section has been adapted to highlight the my contribution to the optical characterization of 
Alq3 in the following work: B. Szeto, P. C. P. Hrudey, J. Gospodyn, J. C. Sit, and M. J. Brett, 
"Obliquely deposited tris(8-hydroxyquinoline) aluminium (Alqfe)) biaxial thin films with 
negative in-plane birefringence," J. Opt. A-Pure Appl. Op., vol. 9, pp. 457-462, 2007. Journal of 
Optics A webpage can be found at: www.iop.org/journals/jopa 
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profiles comparable to previous studies [107, 108], yielding n = 1.7343 and k = 

0.0026 at a wavelength of 525 nm, which corresponds well with a values of n = 

1.7 and k = o from at the same wavelength as per Figure 2 in reference [108]). 

The resultant fit for the solid Alq3 film and the optical constants are shown in Fig. 

27 and 28 with the oscillators being given by the following expressions: 

( * ) - „ ,ABE," • - - (4.1a) e Lorentz \ I j - , 2 7^2 

S 

EN-E2-iBE 

AE0C(E-Egy 1 
2,Tauc-Lorentz \~) 7 ~ ^ „ ^ g 

(E2-E0
2}+C2E*E

 9 (4.1b) 

= 0 E<Eg 

where parameters for the Lorentz in (4.1a) are A = 36.455, EN = 5.1014 eV, and B 

= 0.091929 eV, and the parameters for the Tauc-Lorentz in (4.1b) are A = 36.455, 

E0 = 2.9193 eV, EG = 2.6524 eV, and C = 0.52233 eV. The real part of the 

dielectric constant has &\,0ffset = 1.9456, and for (4.1b) the real part of the dielectric 

constant is found by applying the Kramers-Kronig relations (1.6.8a). 
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Figure 27 - Best model fits (solid and dashed) to experimental y ( » ) and A (•) 
for a solid Alq3 film using a Lorentz and Tauc-Lorentz oscillator function. For the 
sake of clarity, only an angle of incidence of 500 is shown, and only every 5th 

experimental point is shown. 
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Figure 28 - The index of refraction, n (solid), and the extinction coefficient, k 
(dashed), for a solid Alq3 film resultant from the Lorentz and Tauc-Lorentz 
oscillators given in (4.1). 
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The obliquely deposited Alq3 films were modelled using three layers on top 

of a silicon substrate (Fig. 29). Examples of these films can be seen in Fig. 30. 

The first layer modelled a solid wetting layer of Alq3 that forms prior to the 

growth of individual structures [104]. The second layer described the biaxial 

slanted posts using the BEMA, where the two constituent media consisted of Alq3 

and void (i.e., nvoid = 1, kVOid = o). Since the effective medium mixture was 

anisotropic, we used a BEMA that can account for the cylindrical shaped 

inclusions [52], as was done previously. The third layer consisted of a surface 

roughness layer, which was included to compensate for the slight variation in 

column heights between individual posts. The parameters that were 

simultaneously fit using the modelling software were the thicknesses of each of 

the three layers, the film density in the tilted column layer, the screening 

parameters describing the cylindrical inclusions, and the Euler angles 6 (which in 

our case is synonymous with p) and <f> which describe the column orientation with 

respect to the lab coordinate system. The Euler angle, 0, is the azimuthal angle 

that describes the orientation of the columns in the substrate plane. Although the 

angle 0 was defined as a fit parameter, it was known to within a few degrees due 

to careful alignment of the substrates on the deposition system and ellipsometer 

sample stages. Correspondingly, the model fit for <f> was always within a few 

degrees of our estimate. 

3 
2 

1 

0 

Surface Roughness 
Biaxial BEMA, Alq3 83.5% / Void 16.5% 

Alq3 (wetting layer) 

Silicon Substrate 

29.2 nm 

612 nm 
269.5 nm 

0.25 mm 

Figure 29 - Multilayer model of columnar thin film deposited at a = 710 
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Figure 30 - Cross sectional SEM images of tilted columnar thin films deposited 
at a) a = 71° and b) a = 85°. 

From the optical model, we obtained the three principal indices of refraction for 

the biaxial films, which were defined in the same fashion as in previous chapters 

and previous studies [46, 47, 50]. By determining the principal indices of 

refraction, the in-plane birefringence can be calculated using (4.2) and (4.3). 

The normalized density of the GLAD layer of the models is shown in Fig. 

31 (density compared to the film grown at a = o°) of the biaxial post layer as a 
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function of deposition angle with the predicted density using Tait's rule [64] 

included as a guideline. As expected, the film density decreases as the deposition 

angle is increased due to increased self-shadowing that occurs at higher 

deposition angles, thus increasing the average spacing between nucleation sites. 

The result is an increase in the ratio of void to film, which decreases the effective 

index of refraction of the tilted column layer. The computed values for the three 

principal indices at a wavelength of A = 525 nm are given in Fig. 32, and as 

expected, the values of the principal indices of refraction decrease with 

deposition angle. Furthermore, if we contrast this with the result in Fig. 20, we 

note that there is a large difference in the density of these films as compared with 

inorganic columns. 
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Figure 31 - Normalized film density of the biaxial layer as a function of the 
deposition angle a. The density predicted based on Tait's rule (solid line) is 
shown as a guideline. 
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Figure 32 - The principal indices of refraction for the biaxial layer of Alq3 at a 
wavelength of 525 nm. 

The optical characterization of Alq3 also yielded useful information 

pertaining to the morphology of the GLAD produced Alq3 films as a function of 

deposition angle. The Alq3 films deposited at oblique angles of incidence have 

been shown to exhibit a significant lack of column broadening during film growth 

and secondary structural anisotropy [104, 105]. The optical properties of chiral 

Alq3 films have been studied previously and it was shown that the magnitude of 

the circular Bragg effects exhibited by such films increased with deposition angle 

[105]. Given the relationship between in-plane birefringence and the magnitude 

of the circular Bragg effects of chiral thin films demonstrated previously [71], this 

trend of stronger circular Bragg effects at higher deposition angles suggests that 

the in-plane birefringence of tilted columnar Alq3 films should increase with 
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deposition angle. Such a trend would be in direct contrast to the situation 

observed for inorganic titled columnar films, which exhibit peak values of in-

plane birefringence at deposition angles 6o° < a < 700 [47]. 

This is in contrast to films composed of inorganic tilted columnar films, 

which grow with characteristic elliptical cross-sections [109]. An example of an 

inorganic silica slanted columnar thin film deposited at a = 88° is shown in Fig. 

33. Column broadening occurs in the individual columns while growth 

competition effects are visible as the smaller diameter columns in the background 

which are shadowed by the neighbouring columns and cease to receive any 

additional incoming vapour flux. When viewed at normal incidence to the 

substrate plane, the secondary structural anisotropy of inorganic tilted columnar 

films gives rise to positive in-plane birefringence values according to (4.2), which 

defines the in-plane birefringence, An, as: 

An = nx-np (4.2) 

where the index of refraction in the deposition plane parallel to the substrate, np, 

is given by: 

nP = 

f \ /2 

sin2 (3 cos2 (3 
2 2 

v nz ny j 

(4-3) 

and as before, nx is in the substrate plane perpendicular to the deposition plane, 

ny is in the deposition plane and perpendicular to the column posts, and nz is 

aligned in the direction of the posts. The in-plane birefringence for the Alq3 films 

is shown in Fig. 34. 

81 



100 nm 

. ,„,f.,,,% 

Figure 33 - SEM image of silica slanted columnar thin film deposited at a = 88° 
as viewed along the direction of the columns. The white arrow indicates the 
direction of the incoming vapor flux. Broadening occurs for individual columns 
while growth competition is observed as smaller diameter columns are visible in 
the background. 
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Figure 34 - In-plane birefringence, An, shown as a function of deposition angle a. 
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At deposition angles a > 70°, a larger index of refraction in the direction 

parallel to the deposition plane is measured than perpendicular to the deposition 

plane (np > nx). This negative in-plane birefringence is opposite to the values 

previously seen in biaxial film studies of inorganic thin films [47,110,111] and as 

discussed earlier in this work. The magnitude of the birefringence showed a 

generally increasing trend as the deposition angle a increased, with a maximum 

negative birefringence of -0.073 ± 0.002 obtained for the film deposited at 850. 

The negative value of the in-plane birefringence is due to the predominantly 

circular cross-section of individual Alq3 columns. The Alq3 columns have 

diameters in the approximate range of 40 to 70 nm which remain constant 

throughout the thickness of the biaxial film layer. This is combined with the fact 

that the columns do not exhibit the common broadening. The circular cross-

sections cause the variation of the post cross-sectional geometry in the substrate 

plane to vary as a function of the column tilt angle j6. A greater column tilt causes 

an increase in the length of the major elliptical axis of the columns in the 

substrate plane whereas the length of the minor elliptical axis perpendicular to 

the deposition plane remains unchanged and equal to the post diameter. The in-

plane anisotropy varies due to the form birefringence of the column cross-

sections. As the deposition angle decreases and the overall film density increases, 

the individual post morphology deteriorates as the individual columnar posts 

begin to chain together with their neighbouring posts and coalesce, causing the 

circular cross-sections to merge and a secondary anisotropy to occur in the film 

perpendicular to the deposition plane (Fig. 36). This phenomenon causes a 

83 



change in the form birefringence which is optically similar to column broadening 

seen in inorganic GLAD films. This results in a decrease in the number of voids 

between columns and thus an increase in the refractive index perpendicular to 

the deposition plane, leading to the positive in-plane birefringence values 

observed in Fig. 34 for a < 700. The column melding effect was more prevalent at 

lower deposition angles (due to film densification and anisotropic shadowing 

effects) and coupled with the smaller column tilt angle reduced the negative in-

plane birefringence. This was observed to be largest in the films deposited at 670 

and 700 which measured the largest positive birefringence values. 

Figure 35 - SEM of the film deposited at a = 85° as viewed along the direction of 
the columns. The white arrow indicates the direction of the incoming vapour flux. 
As can be seen, the column cross-sections are predominantly circular in shape. 
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100 nm 

Figure 36 - SEM of the film deposited at a = 67° along the direction of the post 
growth. The white arrow indicates the direction of the incoming vapour flux. 
Individual columns have merged together modifying the cross-section of the 
columns and decreasing the number of voids. 
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5 - Examination of the Index Gradient 

Columns composed of Si02 were fabricated at deposition pressures in the 

range of 4 x io_4 Pa to 1 x io-3 Pa onto silicon substrates at a deposition angle of a 

- 850. During the deposition, the 0 motor was continuously rotated so as to 

produce columns aligned along the substrate normal. Several series of Si02 films 

were examined using the spectroscopic ellipsometer. Because the films were 

composed of columns aligned along the substrate normal, for the sake of optical 

analysis, we used the Bruggeman effective medium approximation, which 

allowed us to obtain the film density compared with that grown at normal 

incidence and the screening parameters describing the shapes of the inclusion, as 

described previously. Because these films were composed of columns aligned 

along substrate normal, the principal indices denoted previously by nx and ny 

degenerate to the same value, and we obtain a uniaxial medium with one 

principal axis along the columns, and the other in the substrate plane. 

Examining the quality of the model fits without the inclusion of a gradient index 

layer; one feature common to all of the results is large discrepancy between 

experimental and generated data at the lower wavelengths. An example of this 

can be seen in difference between the experimental and model Mueller matrix 

elements, shown in Fig. 37 for an 843 nm thick film. 
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Figure 37 - Difference between the generated and experimental data for a 843 
nm thick film. 

Including a gradient index layer in the model fits reduced MSE from 19 to values 

ranging between 3 and 8. In this study, the index variation was given by the 

following function: 

n(d) = noffset+adb (5.1) 

where riqffset is the shift from the tabulated index value for a given material and a 

and b are constants describing the power-law scaling with thickness d. We can 

see an example of the oxide gradient for the indices at the top and bottom of the 

film in Fig. 38. 

87 



c 
o 
u 

oL 1 

CD 

"5 1 

15 

14 

13 

12 

11 

10 

09 

08 

_ _ / 

/ 

ne at bottom 
of film 

rie at bottom 
/ o f film 

• n0 at bottom 
of film 

/ 

( n0 at bottom 
of film 

1 1 1 1 1 1 1 1.07 
200 400 600 800 1000 1200 1400 1600 1800 

Wavelength (nm) 
Figure 38 - Index of refraction along the columns at the bottom of the film 
(solid) and at the top of the film (dash-dot), and the index of refraction in the 
plane of the substrate at the bottom of the film (dotted) and top of the film 
(dashed). 

Initially, it was thought that the apparent index of refraction gradient in 

these films was caused by a monotonic increase in the average column size as the 

film grows due to column broadening. To reduce the column size increase within 

the film, we also examined the optical properties of a Si02 film that was deposited 

using the PhiSweep GLAD technique, which has been described briefly in Chapter 

1 and detailed in the literature [11]. A characteristic feature of films grown using 

the PhiSweep technique is a significant reduction in column broadening. This 

can be seen for the Si02 film examined in this study, shown in Fig. 39. 
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Figure 39 - Si02 film produced using the PhiSweep method. 

One of the limitations regarding the PhiSweep technique as far as this study is 

concerned is that it is not possible to orient the columns along substrate normal 

using the PhiSweep technique, making a direct comparison impossible. The 

measured index gradient in the PhiSweep produced film was no greater than -

0.67%, whereas a film grown using the standard GLAD technique and of similar 

thickness showed an index gradient of -2.5%. Though this result may suggest 

that the column size has an impact on the index gradient, there are several other 

hypotheses for the cause of the index gradient apparent in these films: 1) there is 

a larger amount of water adsorption in the smaller pores near the substrate due 
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to the smaller column size, 2) a difference in the amount of light scattering in the 

various strata of the films, or 3) a depletion or change in the source material 

during the course of a given deposition. These hypotheses are discussed below. 

Changes in the column size throughout the films were also examined using FFT 

image processing of SEM images to obtain quantitative results. 

5.1 - Adsorption of Water 

The first hypothesis tested was whether or not adsorption of water would 

affect the apparent gradient. In an attempt to isolate water adsorption in the 

films as a potential cause of the apparent index gradient, two control tests were 

performed. 

In the first test, films were scanned using the VASE first in an 

environment of 40% relative humidity (RH). The same measurement was then 

repeated dry nitrogen blowing on the sample during the measurement. The 

resultant differences between these two measurements proved to be inconclusive 

or immeasurable. This result is not inconsistent with other works which studied 

extensively the effect of relative humidity on the capacitance and properties of 

GLAD-produced oxide films [16, 112]. It has been shown that for vertical 

columns composed of Al203 at a = 850, the capacitance undergoes a minimal 

change in the range of 0% RH to 40% RH [16]. It has also been shown that by 

constructing a spectral hole filter of Ti02, the wavelength that the spectral hole 

occurs at is dependent on the RH. However, the total shift in the central 

wavelength of the spectral hole is 14 nm, or 2%, for an RH from 0.3% to 42.3% 

[112]. This suggests that the average index of refraction in the spectral hole filter 
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changes by at most 2%, suggesting that any index gradient change would likely be 

immeasurable using this technique. 

In a second test, films were scanned using VASE before and after 

chemically functionalizing them using self-assembly of hydrophobic siloxanes 

[99]. This chemical treatment rendered the typically hydrophilic Si02 films 

hydrophobic. Unfortunately, the addition of the functionalization polymer 

significantly perturbed the overall index of refraction of the films, thus making a 

direct comparison questionable. 

5.2 - Oxygen Depletion of the Si02 Source Material 

Another potential cause of the index gradient was attributed to an oxygen 

depletion of the Si02 source material during deposition. It was hypothesised that 

a shift in the refractive index of the source material over the course of a 

deposition would cause a gradient in the index of refraction within the GLAD 

deposited films. To rule out this as a potential cause of the index gradient, Si02 

was deposited at a = o° onto a silicon substrate, where most of the substrate was 

covered by a deposition flux mask. In the experiment, some material was 

deposited onto part of the silicon substrate, and then the substrate was rotated to 

expose a new part of the substrate, in a similar fashion as was done previously for 

Ti02 in §3.2. The resultant films would thus be representative of incremental 

strata in a thick solid Si02 film and would reveal changes in the source material 

over the course of a deposition. The indices of refraction of each of these films 

were then acquired using the spectroscopic ellipsometer using a Cauchy 

dispersion equation. As shown in Fig. 40, the refractive index of the films as a 
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function of the total thickness deposited shows little change in the index of 

refraction. 
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Figure 40 - Index of refraction versus cumulative thickness for normally grown 
Si02. 

5.3 - Scanning Electron Micrograph Image Analysis 

A series of the vertical post Si02 films (having thicknesses of 197 nm, 424 nm, 

662 nm, 845 nm, 1032 nm, and 1236 nm) were analyzed using a Fast Fourier 

Transform (FFT) analysis of top-down SEM images, which can be seen in Fig. 

41(a) —(f), respectively. 
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Figure 41 - Top-down SEM images of Si02 GLAD films composed of vertically 
aligned with a thickness of (a) 197 nm, (b) 424 nm, (c) 662 nm, (d) 845 nm, (e) 
1032 nm, and (f) 1236 nm. 
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This technique allows for an estimation of the average column spacing in the 

films by computing the spatial frequency of the columns. One limitation of this 

technique is that when viewing the top-down SEM images, some of the shorter 

columns that appear in the images have already become extinct, and appear as 

darker columns within the images, while taller columns of the film that have not 

yet, or only recently, become extinct appear as brighter spots. To isolate the 

columns which have not yet become extinct, we first analyzed the pixel value 

histogram (Fig. 42). 
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Figure 42 - Histogram of pixel intensity for a top down SEM image shown in the 
previous figure (Fig. 41a). 

As can be seen, there are two maxima within the histogram, which is typical for 

these top-down SEM images, with the high-valued pixel intensity maxima 

corresponding to columns that are at the top of the film. After obtaining the 
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histogram, we then set bounds (illustrated as the region of interest in Fig. 42) on 

the image by setting all pixels outside of the bounds to a pixel value of o, thus 

removing all spots except the columns that have not yet become extinct. An FFT 

was then applied to the resultant image, producing a 2D image with a doughnut 

like shape in the center of the image (Fig. 43a). Finally, a radial average of the 

FFT image yields the spatial frequency of the column separations, or by inverting 

this, the average column spacing (Fig. 43b). 

(a) 

97 



200 

150 -' 
E 
ZJ 
1_ 

g. 100-

t 
50 -

0 -I 1 1 1 1 1 

0.00 0.02 0.04 0.06 0.08 0.10 

Spatial Frequency (1/nm) 
(b) 

Figure 43 - (a) FFT of the top down image for the film in Fig. 41(a), and (b) the 
radial average of the FFT, with the spatial frequency calculated. 

By analyzing the full series of the films, we obtained an average column spacing 

of 142 nm, 228 nm, 325 nm, 325 nm, 379 nm, and 455 nm for increasing film 

thickness for the films shown in Fig. 41. At first glance, this may suggest that the 

films are less dense at the upper strata of the film than at the lower strata. 

However this was contradicted by examining the optical model at the 

wavelengths of 1000 nm and longer, wherein film densities obtained using the 

Bruggeman EMA were 24.24%, 23.34%, 22.07%, 22.66%, 23.97%, and 21.38% for 

the thinnest to thickest films, respectively. This lack of significant density change 

for the increasing thickness suggests that the columns are broadening into the 

areas left by extinct columns. We can thus compute the average column 

diameters by multiplying the average column spacing by the film density to be 32 
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nm, 49 nm, 63 nm, 72 nm, 91 nm, and 97 nm for the films of increasing 

thickness. 

5.4 - Optical Modeling Using Finite Wavelength Effects 

As was pointed out in regards to Fig. 37, the correspondence between 

experimental and model ellipsometry data was substantially worse at lower 

wavelengths than at higher wavelengths. This may have been caused by column 

broadening, which is suggested by the result in the case of the PhiSweep grown 

Si02 film. In the analysis presented here, we used the theoretical basis for 

generating Mueller matrices for multiple film layers, as was discussed in §1.5. To 

account for finite wavelength effects (i.e., non-zero column sizes), we used theory 

presented by several authors based on a dynamic EMA, which attempts to 

account for effects of particle size on the effective medium. In general, a finite 

wavelength approximation to the effective medium, SFW, can be written as [113, 

114]: 

SFW ~ SBEMA + of P of c K.5A-^J 
O J airair . O J material material 

( £ a , r+2e) 2 (S m a t e n a ( +2S) 2 

where SBEMA is the effective medium found using BEMA, and /; is the volume 

fraction of particles with a dielectric constant 3 and a diameter of du This 

expression provided a perturbation in the effective dielectric constant on the 

order of a few percent. 

We now assume that the density, film thickness, and depolarization 

parameters that were obtained using long wavelengths for the films in Fig. 41 are 
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true to the infinite wavelength assumption; we can then apply the particle size 

contributions to each successive film. That is, using the multiple layer analysis 

for generating Mueller matrices presented in §1.5, we can analyze each film in 

Fig. 41 as being composed of multiple layers with increasing particle sizes. An 

example of this is as follows: the film shown in Fig. 41c would be theoretically 

comprised of three layers. The bottom layer has the particle size characteristics 

and thickness of the film shown in Fig. 41a, the second layer has the particle size 

characteristics and thickness of the film shown in Fig. 41b minus the thickness of 

the film in Fig. 41a, and the third layer has the particle size characteristics of that 

shown in Fig. 41c with a thickness of the film shown in Fig. 41c minus the 

thickness of the film shown in Fig. 41b. This analysis is then used to generate the 

model Mueller matrices using a similar Maple code as seen in Appendix 1. The 

use of Maple here was necessary due to limitations in the inputs that could be 

provided into the VASE analysis software, though both the VASE software 

analysis and the theory presented here is based on that seen in §1.5. As can be 

seen in Fig. 44, by including the finite wavelength effects, the difference between 

the experimental and theoretical became worse than not including any finite 

wavelength effects at all. Furthermore, the expression shown in (5.4.1) suggests 

that the effective index of the film should increase with increasing thickness due 

to increasing particle size, whereas the observed index gradient decreased with 

film thickness. 
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Figure 44 - Comparison of the difference between experimental and theoretical 
Mueller matrix elements using the standard EMA (a), and a finite wavelength 
EMA (b) for the film shown in Fig. 41c. 
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Though this analysis has yielded important information about the growth of the 

film columns by using the Bruggeman EMA and using SEM image processing, it 

is clear that there are improvements required for a complete optical description 

of the GLAD film characteristics. Though this study focused on thicker films, 

another hypothesis could be made to account for the index gradient is that it 

appears due to the nucleation phase occurring in the first approximately 100 nm 

of film growth before the density reaches a stable value. Further studies on the 

index gradient may reveal important information about the growth mechanics of 

the nucleation process. 
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6 - Applications to Structured Media 

6.1 - Periodically Arranged Columnar Thin Films8 

The study and development of photonic crystals continues to be an 

exciting area of research in the photonics industry. It is believed that photonic 

crystal devices may pave the way to optical computing, optical transistors, 

integrated circuit-like optical circuits, and perhaps new devices that have yet to 

be conceptualized. There have been many proposed architectures for photonic 

crystals, such as wood-pile structures [115,116], inverse opal structures [117] and 

tetragonally arranged square spirals [118,119]. 

In this section, a comparison of the optical properties for patterned 

amorphous silicon posts and unpatterned amorphous silicon posts grown using 

the GLAD technique is presented. This is done to acquire further information 

about the posts for use as square spiral photonic crystals, as well as to assess the 

feasibility of Mueller matrix ellipsometry as a characterization tool for evaluating 

the square spiral structure. 

The fabrication of photonic crystals via GLAD requires three-dimensional 

periodicity in the thin film microstructure [6, 67, 120, 121]. Periodicity in the 

vertical thin film growth direction can be introduced through periodic rotations 

of the substrate in (p. However, nucleation in the early stages of thin film 

deposition occurs randomly, prohibiting periodicity in the substrate plane. To 

8 This section has been largely extracted from: J. Gospodyn, M. A. Summers, M. J. Brett, and J. C. 
Sit, "Mueller matrix ellipsometry of multilayer porous columnar thin films with applications to 
square spiral photonic crystals," presented at Photonics West, San Jose, CA, 2005. 
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bypass this hindrance, pre-patterned substrates consisting of a two-dimensional 

array of relief structures can be used to selectively shadow the substrate, resulting 

in preferential nucleation and growth at the seed sites. 

The fabrication of three-dimensional photonic crystals via GLAD was 

initially demonstrated using a tetragonal lattice of substrate seeds patterned with 

photolithography [12]. However, periodic arrays of sub-micron features can be 

fabricated using a variety of techniques, including laser interferometric 

lithography [122], embossing techniques [120], electron beam lithography [121], 

and laser direct-write lithography[i2i]. Photolithography is highly reproducible 

and amenable to economical mass production. However, direct-write 

lithography techniques such as laser direct-write lithography and electron-beam 

lithography offer the significant advantage of easy parameter modification, since 

no master is required. EBL was chosen for this experiment on account of its 

superior resolution capabilities. 

The experimental process began with pre-patterning 1.5 cm silicon dies 

with a periodic structure. Each die was cleaned in a piranha cleaning solution 

(1:3 H202:H2S04) and spin coated with a loonm ± lonm layer of SU-8 2000.1 

(MicroChem) epoxy novolak negative tone resist formulation. Pattern exposure 

was performed with a commercial EBL system (RAITH150, Raith GmbH). The 

resist was developed in SU-8 Developer solution (MicroChem). 

Undoped silicon metal (99.999%, Cerac) was deposited onto the silicon 

dies using electron-beam evaporation with a vapor incidence of a = 850. During 

each film growth, the evaporation chamber was first brought to a base pressure of 

approximately 9 x io~5 Pa, and the deposition pressure did not exceed 4 x 10-4 Pa. 
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Directly preceding each structured thin film deposition, a seed enhancement 

layer was deposited to minimize the inter-seed growth. This was accomplished 

by depositing a thin silicon layer at the same incidence angle as the films of 

interest, while continuously turning the substrate rotational motor at a rate of 

approximately 60 RPM. 

Thin films were deposited in slanted post configurations to a thickness of 

600 nm ± 50 nm. Slanted post films were deposited both with and without 

utilizing the PhiSweep algorithm. For the non-PhiSweep films, the ^-motor was 

held constant throughout the entire deposition. For the PhiSweep films, the 

rotational angle <f> was swept between angles of <j> = ±30° from the central line 

defining the column growth. 

The Mueller matrices and ellipsometry data for the films were measured 

using the VASE. This was done systematically for the series of films, beginning 

with the seed enhancement layer. First, the seeded area was examined with the 

ellipsometer, with the focusing probes equipped, so as to reduce the spot size of 

the light on the sample to approximately 0.5 mm wide, and some length 

depending on the angle of incidence of the incoming light. This was done to 

accommodate for the fact that the patterned area was 1 mm by 3 mm. Then, the 

unseeded area adjacent to the seeded area was examined, with the focusing 

probes still in place. The separation distance between the two areas examined 

was typically 0.8 mm. This level of positional accuracy was achieved using the 

sample translation stage equipped with the ellipsometer. This was considered to 

be a good configuration for measurement purposes, so that any variations in the 

film itself over varying positions in the plane of the substrate could be neglected 
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due to the close proximity of the two measurement spots on the substrate. Thus, 

any differences could be attributed to the difference between seeded versus 

unseeded film material. Next, films with a layer of slanted posts, or the first 

quarter-turn of a square spiral, grown on top of the seed enhancement layer were 

evaluated by the same procedure. Mueller matrix and spectroscopic ellipsometry 

of both the patterned and unpatterned areas was performed in reflection mode 

with a wavelength range of 1000 nm to 1700 nm, and angles of incidences of 550 

to 750 with respect to substrate normal. The Mueller matrix data for the slanted 

post layers for the V4-turn films were then modeled by either a uniaxial or biaxial 

material (which depends on whether or not the layer is a vertical or slanted post, 

respectively) with dispersion relations along the principal indices of refraction 

defined by Cauchy dispersion in the index of refraction and by Urbach absorption 

in the extinction coefficient [38]. 

The seed enhancement layer was first deposited onto the samples with the 

pre-patterned area using silicon. The seed enhancement layer is deposited in an 

effort to increase the effective diameter of the seeds produced by electron beam 

lithography in the plane of the substrate. This layer was grown as vertical posts 

using a rapid rotation about ^to nominal thicknesses of about 150 nm. The SEM 

image for the resultant film for the patterned area is shown in Fig. 45. As is 

evident due to the structural shape of the film, the optical properties of the film in 

both the patterned and unpatterned case can be described as a uniaxial material, 

with the extraordinary optical axis lying along the substrate normal, and the 

ordinary optical axis lying in the plane of the substrate, which has been discussed 

by other authors [46, 47,123]. Thus, the seed enhancement layer can be modeled 
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using the WVASE32 software as a uniaxial material. In the infrared region from 

1000 nm to 1700 nm, both of the principal indices can be modeled using Cauchy 

dispersion with an Urbach absorption tail at the lower wavelength region. This is 

a common dispersion relation for dielectric materials [38], and is used because in 

this wavelength regime, silicon is a transparent medium. 

Figure 45 - SEM image of the seed enhancement layer. 

An example of the optical model for the seed enhancement layer is shown in Fig. 

46. Note that in the model, as will also occur in layer models described later, the 

layers denoted by "cauchy" and "cauchy2" have thicknesses which are fixed to o 

nm, thus are set as "dummy" layers in the model template so that the optical 

properties of the film can be determined, where the "cauchy" is the medium 

defined in the "biaxial" layer as the extraordinary optical axis, and the "cauchy2" 

is the medium defined in the "biaxial" layer as the ordinary optical axis. 
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3 biaxial 
2 cauchy2 

245.31 nm 
0 nm 

1 cauchy 0 nm 
0 Si_substrate 0.25 mm 

Figure 46 - An example of the layer modeling of the seed enhancement layer. 

An example of the experimental and generated Mueller matrix data is shown in 

Fig. 47 for comparison. The resultant thicknesses for the seed enhancement 

layers were 245 nm and 230 nm for the patterned and unpatterned areas, 

respectively. The extra thickness in the patterned region was attributed to the 

presence of the SU8 seeds. The index of refraction for the patterned or 

unpatterned regions is shown in Fig. 48 (a) and (b), respectively. It appears that 

the indices are slightly higher in the patterned areas as compared with the indices 

in the unpatterned areas. 

-1 ol • i • 1 > 1 1 I 
1000 1200 1400 1600 1800 

Wavelength (nm) 

Figure 47— An example of the experimental (dashed) and theoretical (solid) 
Mueller matrix elements. This example is for the unpatterned region. The 
matrix element labels are left off for the sake of clarity. 
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Figure 48 - The indices of refraction ne (dashed) and n0 (solid) for the seed 
enhancement layer for (a) the patterned section and (b) the unpatterned section. 

With the seed enhancement layer (seen in Fig. 49 as the columns adjacent the 

substrate which are aligned along substrate normal) deposited and characterized, 

a slanted post layer, or quarter-turn of a square spiral, could then be deposited on 
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top of the seed enhancement layer. The SEM images for the resultant films for 

both the unpatterned and patterned areas for the PhiSweep GLAD deposition 

techniques are shown in Fig. 49. There are several things to note about the 

PhiSweep deposited film, compared with that of traditional GLAD. First, in the 

unpatterned areas, the PhiSweep film looks dense, although it is the same density 

of that of the traditional GLAD, which has been determined by comparing the 

thickness of PhiSweep GLAD films and traditional GLAD films and finding that 

they are approximately equal. More importantly, by comparing the top-down 

images of the patterned area, it can be seen that for the PhiSweep GLAD, the 

pillars are shaped more like ideal cylinders, while for the traditional GLAD, the 

pillars are almost crescent shaped, with the bend pointing toward the direction of 

incoming flux. These analyses, as well as the possible growth mechanisms, have 

been described elsewhere [11,121]. 

(a) (b) 

Figure 49 - SEM images of the unpatterned (a) and patterned (b) areas of the 
first quarter turn of a square spiral using the PhiSweep method. Note that the 
small chevron-like features are a result of the PhiSweep method. 
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An example of the optical model is shown in Fig. 50. In these cases, the "cauchy" 

layers for the seed enhancement layer have simply been renamed to their 

respective "normal" and "in-plane" descriptions. To evaluate the optical 

properties of the slanted post layers, we have now defined the slanted post layer 

as a biaxial medium. As can be seen from the geometry of the slanted posts, one 

of the principal indices, nz, lies along the direction of the posts, the second, ny, 

being perpendicular to the deposition plane, and the third, nx, in the deposition 

plane perpendicular to the columns [46, 47,123]. The tilt angle of the posts with 

respect to substrate normal, 0, was also required to be a fit parameter in the 

model in order to determine the values of the principal indices. The generated 

and experimental Mueller matrix data for both the patterned and unpatterned 

areas are also shown in Fig. 51(a) and (b) grown with the traditional GLAD 

deposition method. The index of refraction for both the patterned and 

unpatterned areas are shown in Fig. 52, and the angles 0 for the data sets were 

found to be in the range of 540 to 580 with respect to substrate normal, according 

to the best model fit. These angles are comparable to the angles found in the 

SEM images. 

7 biaxial2 

6 cauchy3 
5 cauchy2 

4 cauchy 
3 biaxial 
2 inplane 

1 normal 
0 Si_substrate 

644.88 nm 

0 nm 

0 nm 

0 nm 
230.5 nm 
0 nm 

0 nm 
0.25 mm 

Figure 50 - Example of the layer modeling for the seed enhancement layer plus a 
V4-turn square spiral. 
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Figure 51 - Example of the experimental (dashed) and theoretical (solid) Mueller 
matrix elements at a 75° angle of incidence for the (a) unpatterned and (b) 
patterned regions of the PhiSweep grown film. The matrix element labels are left 
off for the sake of clarity. 
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Figure 52 - Optical constants for the unpatterned (a) and patterned (b) sections 
of the traditional GLAD film and for the unpatterned (c) and patterned (d) 
regions of the PhiSweep GLAD film. 

It has been shown in previous sections that for various other materials [46, 

47, 123] that nz > nx > ny and has was found to also be true here. Again, it 
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appears that the indices in the patterned areas are slightly higher than those in 

the unpatterned regions. This trend has been attributed to a few different 

possible causes. The first possibility is the posts are more dense and robust due 

to lower bifurcation of the posts. The other possibility is that due to the larger 

size of the posts in the patterned region, the surface area would be smaller, thus 

the presence of oxide in the sample would therefore be lower overall. 

The Mueller matrix data for the unpatterned area fit well with the model 

over the entire spectrum, while the generated Mueller matrix data for the model 

diverged from the experimental data below approximately 1350 nm. This 

behavior has been attributed to the size scale of the periodicity of the posts 

themselves, which likely behaves similarly to a diffraction grating. 

6.2 - Periodically Layered Luminescent Media9 

Films composed of Y203:Eu (source material: 6.5% wt doping 

concentration, Phosphor Type 2342, OSRAM Sylvania Inc.) were grown by GLAD 

using electron beam evaporation onto silicon and fused silica substrates. The 

deposition pressures were maintained from 3 x 10-4 Pa to 5 x 10-4 Pa by control of 

the electron beam current and addition of 0 2 gas as necessary. The first layer of 

the film was formed of Y203:Eu vertical columns deposited with a constant a = 

850 and continuous, rapid rotation in <j>. After the desired film thickness was 

achieved, a was decreased exponentially as a function of thickness added [69] 

9 This section has been largely extracted from: J. Gospodyn, M. T. Taschuk, P. C. P. Hrudey, Y. Y. 
Tsui, R. Fedosejevs, M. J. Brett, and J. C. Sit, "Emission profiles of Y203:Eu films composed of 
high-low density stacks produced by glancing angle deposition", submitted to Appl. Optics, 2007. 
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causing a gradual increase in film density. The deposition angle was then held at 

a = 300 for several nanometers of film growth. This procedure resulted in a low 

density layer with a high density cap. After a cap layer of the desired thickness 

was grown, the deposition angle a was rapidly switched back to 850. This process 

generated a unit layer with a large region of low density and a capping layer of 

high density Y203:Eu, and was repeated to produce four unit layers. This profile 

was chosen to produce a high-low dielectric stack of an index profile similar to 

previous studies on ITO [124]. A final low-density surface layer was added to 

reduce the interface refractive index. The physical periodicities were varied for 

different sets of films, herein referred to as sample sets A and B. A summary of 

the physical and optical parameters from the film sets is given in Table 4, with 

the resonance wavelengths being averaged for all annealing conditions. An 

example of each film set can be seen in the scanning electron micrographs in Fig. 

53 (a) and (b). The Bragg resonances of the films were designed such that in the 

case of films in set A, the PL emission at normal incidence would occur between 

the primary and second harmonic Bragg resonances for the as-deposited films, 

and in set B the primary Bragg resonance would occur at the PL emission 

wavelength for the as-deposited films. 
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100 nm 

Figure 53 - Cross sectional SEM image of a film from set A (a) and set B (b). 
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Film Set 

A 
B 

Physical 
Periodicity as-

deposited 
261 nm 
199 nm 

2nd harmonic Bragg 
resonance 

as-deposited 

414 nm 
321 nm 

annealed 

349 nm 
278 nm 

Primary Bragg resonance 

as-
deposited 
822 nm 
653 nm 

annealed 

673 nm 
543 nm 

Table 4 - Summary of the physical and optical parameters for the films. 

To activate intense PL emission intensities [20, 21, 125], a sample in each 

set was annealed at a temperature of 6oo°C, 700°C, 750°C, 8oo°C, 8so0C, 900°C, 

or iooo°C in atmospheric air. The temperature was increased from room 

temperature to the annealing temperature at a rate of 5°C/min, held at the 

annealing temperature for one hour, and then allowed to cool passively. 

The films were optically characterized by spectroscopic Mueller matrix 

ellipsometry using the VASE in the wavelength range from 300 nm to 1700 nm. 

The films grown on silicon substrates were measured in reflection mode at angles 

between 500 and 700, while the films grown on fused silica substrates were 

measured in normal incidence transmission mode. The resultant data were then 

analyzed and modeled. 

The experimental setup used to characterize the angular distribution of the 

PL was similar to that used in previous studies [126]. Briefly, a frequency-

quadrupled Nd:YAG (Big Sky Ultra CFR) generates ~ 7 ns pulses at 266 nm with 

~ 130 \\J delivered to the sample film. The resulting photoluminescence was 

measured using a 0.25 m, f/3.9 spectrometer (Oriel MS26oi) which had been 

calibrated for absolute intensity measurements. The emission from the films was 

measured at angles from normal to the substrate to an angle parallel to the 
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substrate in io° steps, with the angle of the irradiation beam changing 

correspondingly as the sample was turned. The specular reflection of the laser 

light from the films was monitored with a calibrated photodiode, allowing a 

precise estimate of the total amount of energy coupled into the film. Combined 

with the angularly resolved emission measurements, this allowed for an estimate 

of the total photoluminescent conversion efficiency. 

An example PL emission spectra for Y203:Eu observed in these films is 

shown in Fig. 54 with an emission line at 611 nm, which is characteristic of this 

material [127]. The emission intensity at several emission angles was measured 

for films annealed at 8oo°C on both silicon and fused silica substrates. As shown 

in Fig. 55, the angular emission profile of these films did not follow a Lambertian 

emission pattern, contrary to previous studies on Y203:Eu GLAD films [20, 21]. 

There was an observed maximum in emission at an angle of approximately 6o° 

for films from both sets. It is expected that the emission in the normal direction 

was suppressed due to the primary Bragg resonance transmission minimum near 

600 nm. At higher emission angles the transmission minima should shift to 

lower wavelengths, reducing the effect of the transmission minima on the 

Y203:Eu PL. 
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Figure 54 - Example of the PL emission spectra, taken from film set A annealed 
at 8oo°C. 
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Figure 55 - Angular emission profile of film set A (•) and film set B (O) annealed 
at 8oo°C on fused silica substrates. The dashed line is an example of a 
Lambertian emission profile given in arbitrary units. 

120 



The transmittance of the films was measured using the ellipsometer and is 

shown in Fig. 56. Two principle minima in the transmission spectra were 

observed. The lower wavelength minimum was consistent with the first 

harmonic Bragg resonance expected from the periodic structure of the film, while 

the higher wavelength minimum was consistent with the second harmonic of the 

Bragg wavelength. It was found that the ratio of the high wavelength minima to 

the low wavelength minima ranged from 1.93 to 2.03 (this ratio being consistent 

with the two harmonics if one accounts for optical constant dispersion) for all of 

the available measurements for films from set A and B, and it was found that the 

Bragg resonances appeared within a few percent of the design wavelength. 

Annealing was found to cause a blue shift in the locations of the transmission 

minima for all samples. Similarly, blue-shifts due to annealing of Bragg 

phenomena have been observed for other materials [128]. Since it was found that 

the final spectral locations of the transmission minima for all annealing 

conditions were within 9 nm of each other for any given film set, we then used 

films annealed at 8oo°C for PL analysis, while simultaneously performing 

ellipsometry analysis on films annealed at 6oo°C. For samples annealed at 

6oo°C, in film set A, the high X blue shift was 149 nm (18.1%) while the low X blue 

shift was 65 nm (15.7%), seen in Fig. 56(a). For film set B the high A blue shift 

was 110 nm (16.8%), while the low X blue shift was 43 nm (13.4%), seen in Fig. 

56(b). These blue-shifts were consistent with an observed film thickness 

decrease of 9% to 10% from the SEM images, and an approximate 2% reduction 

in the effective index of refraction of the film due to annealing, as was obtained 
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from the ellipsometry models. Also note that the primary Bragg resonance in 

film set A was found to be near the emission wavelength, and that for film set B 

the second harmonic Bragg resonance occurs at 278 nm, which is quite close to 

the laser excitation wavelength. Since the laser was incident at off-normal angles, 

we expect that the second harmonic resonance would coincide with the laser 

wavelength for film set B due to the blue shift in the transmission spectra at off-

normal angles, causing a high reflectance at the laser wavelength. This was 

confirmed by monitoring the reflected laser energy during PL excitation, and is 

consistent with the lowered emission intensity of films from this set. It was 

found that the final spectral locations of the transmission minima for all 

annealing conditions were within 9 nm of each other for any given film set. 
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Figure 56 - Transmittance of film (a) set A and (b) set B on fused silica substrates 
as-deposited (dashed) and annealed at 6oo°C for 1 hour (solid). The arrows 
indicate the transmission minima. The data for the wavelength range from 200 
nm to 300 nm was measured using a spectrophotometer (Lambda 900 
Spectrophotometer, Perkin-Elmer Inc.) 

An estimate of the film reflectivity at the laser wavelength was made by 

measuring the specularly reflected laser energy at -15° with respect to substrate 

normal, and was found to be 8% and 72% for films from set A and B, respectively. 

As was seen by the blue shift in Bragg resonances from post deposition annealing, 

it was expected that the reflectivity at the laser wavelength of 266 nm for films 

from set B was quite high compared to films from the other set, as suggested by 

the transmission spectra for the films before and after the annealing process, as 

in Fig. 56. The estimated reflectivity in turn allows for an estimate of the total 

absorbed energy for each set of measurements. To calculate the conversion 

efficiency, the total emission was numerically integrated for all angles. For the 
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films grown on fused silica substrates, the conversion efficiencies were in the 

range of 2.6 x icr4 to 4.3 x 10-4, which is approximately 50% smaller than the 

conversion efficiencies of vertical column Y203:Eu films, and approximately the 

same as solid Y203:Eu grown using our methods [126]. 

The Mueller matrix of the films was characterized using ellipsometry. The 

normalized Mueller matrices of the films were measured in reflection mode at 

angles of incidence between 500 and 700 with respect to substrate normal. The 

data was then modeled using nine film layers in the modeling software, with each 

layer corresponding to a layer of the films. The layers were described as uniaxial 

BEMA of void and film material [23, 50], where the optical constants of Y203:Eu 

were found by characterizing a solid Y203:Eu film grown at a = o° which resulted 

in optical constants at a wavelength of 610 nm of n = 1.7404 and k = 0.0021. An 

example of the model template with the best fit results for the density and 

thickness of the layers is shown in Fig. 57. The densities obtained were consistent 

with previous studies of other inorganic materials [16, 64], and has been shown 

in previous chapters. 

9 BEMA Void/32.7% Y203:Eu 

8 BEMA Void/89.4% Y203:Eu 

7 BEMA Void/36.7% Y203:Eu 

6 BEMA Void/89.4% Ya03:Eu 

5 BEMA Void/36.7% Y203:Eu 

4 BEMA Void/89.4% Y203:Eu 

3 BEMA Void/36.7% Y203:Eu 

2 BEMA Void/89.4% Y203:Eu 

1 BEMA Void/36.7% Y203:Eu 

0 Si Substrate or Fused Silica Substrate 

207 nm 

57 nm 

233 nm 

83 nm 

219 nm 

104 nm 

177 nm 

102 nm 

210 nm 

0.25 mm 
or 0.8 mm 

Figure 57- Optical model layers to describe a film from set A as-deposited. 
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The normalized Mueller matrix and the transmittance data were fit 

simultaneously in the modeling software. The thicknesses and the film densities 

of all of the layers were defined as fit parameters in the model. Since the 

densities of the layers grown at a = 850 (odd-numbered film layers) were 

expected to be equivalent, the density values were constrained to be equal and a 

similar approach was used for the capping layers (even-numbered film layers). 

The only exception to this was that the density of the topmost layer was fit 

independently from the others as its density appeared to be different from all the 

other layers as seen in the SEM images. The resulting fit for the case of non-

annealed film from set A has a mean squared error of 23.6, and is shown in Fig. 

58. Most of the discrepancy arose at lower wavelengths, which was due to an 

increase in scattering in the films at such wavelengths. Inconsistencies in the 

layer thicknesses that are found between the model and SEM images are 

attributed to the simplification of the model into discrete layers of a specific 

density, whereas in the SEM images there it can be seen that there is no clear 

demarcation defining each individual layer. Furthermore, the sum total of the 

thickness given by the optical model is within 10% of that of the SEM. Using this 

approach, we can use the theoretically generated model to predict the 

transmissivity behavior of the films for varying angles of incidence. 
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Figure 58 - Experimental ( • , • , • , •0 and model (solid line) curves for (a) 
normalized Mueller matrix data of the as-deposited film from set A on a silicon 
substrate measured at a reflectance angle of 500, and (b) the normal incidence 
transmissivity for the as-deposited film from set A on a fused silica substrate. For 
the sake of clarity, the My elements near zero were not shown, and only every 
second experimental data point is shown. 
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To apply this approach to the annealed films, we characterized the large 

change in the optical constants caused by the annealing process by studying a 

Y203:Eu film grown at a = o° to produce a solid film of approximate thickness of 

70 nm. We then obtained the optical constants for the material both as-

deposited and annealed. The resultant model fit for a sample annealed at 6oo°C, 

along with its optical constants using Cauchy and Urbach dispersion (with a 

band-edge set to 200 nm) are shown in Fig. 59. These resultant optical constants 

were then applied to the model transmittance for film set A annealed at 6oo°C, 

which is shown in Fig. 60. Initial attempts to better describe the optical 

constants were made by fitting previously published charge transitions for micro-

crystalline and nano-crystalline Y203:Eu [129] to Tauc-Lorentz oscillator shapes 

[90, 91] (Fig. 61). The nanocrystalline fit is shown as the solid line in the inset of 

Fig. 61. It is also important to note at this point that although the oscillator peak 

in reference [129] occurs at a wavelength of 254 nm for the nano-crystalline case 

(which would more accurately represent our films), the laser wavelength of 266 

nm is significantly enough removed from this peak that the use of Urbach 

absorption is not an unreasonable approximation, as can be seen in Fig. 61. It 

was found that although the electron transitions worked well with a Tauc-Lorentz 

description, these results did not apply well to our films. Further investigation is 

required to account for this inconsistency. 
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Figure 59 - Experimental Psi ( • ) and Delta (O) and with best model fits (solid 
and dashed lines) for a 69 nm thick Y203:Eu film deposited at a = o° annealed at 
6oo°C. Only every 5th experimental point and only an angle of incidence of 70° is 
shown for the sake of clarity. Also shown (inset) is the resultant n (solid) and k 
(dashed) using Cauchy and Urbach dispersion. 
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Figure 6o - Model (-) and experimental (•) transmission of film set A on fused 
silica after annealing at 6oo°C. 
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Figure 6i - Charge transfer band intensity for nano-crystalline Y203:Eu as a 
function of wavelength as quoted by Igarishi et aZ[i29]. The inset is the complete 
band as a function of energy (•) with a Tauc-Lorentz oscillator functionfgo, 91] 
applied to it (solid). 
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By using the previous model result for films from set A annealed at 6oo°C, 

we then predicted the emission profile, EP, for films from set A for angles of 

incidence from o° to 8o°, by multiplying a weighted average of the p- and s-

transmission (which accounts for preferential emission of p-polarized light) at a 

wavelength of 611 nm by the p-polarized transmission at the linearly polarized 

laser wavelength of 266 nm as a function of detector angle (accounting for the 

angular difference between the viewing angle and the laser incidence angle) to 

generate the expected emission profile (in arbitrary units). This expression is 

given in (6.2.1): 

T 
j - rp _ p,266nm 

( 
T 

p,6unm 

T 
p,6nnm 

V̂  p,6nnm s,6uron J 
+ T 

s,6nnm 

T 
s, 611 nm 

w 

y J p,6linm ' s,6ixnm J 

(6.2.1) 

By applying (6.2.1), we obtain a comparison between the measured 

emission and predicted profile, as can be seen in Fig. 62 with the result in Fig. 55 

overlaid for comparison. Although the agreement is not exact, the general trend 

is quite similar in that the emission decreases slightly at off-normal viewing 

angles, and then increases with viewing angle, peaking around 6o° to 700 with 

respect to substrate normal. The most probable reason for the discrepancy is that 

the model's primary Bragg resonance does not occur at precisely the same 

wavelength as the experimental one (shown in Fig. 60), and that there is an 

artificially high level of transmission in the model. Other sources of discrepancy 

between the model and experimental data are: uncertainty in the accuracy of the 

optical constants to describe this particular film; cracking and delamination of 
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the film after annealing not accounted for in the optical model; and increased 

scattering in the annealed films. 

Although Fig. 62 accounted for the changing angle at which the laser light 

was incident on the surface of the sample at the various emission angles, the 

angular emission profile for the case of normally incident excitation laser light for 

all emission angles is of more interest. Using the model, we can predict the 

emission profile for normal incidence excitation light was developed by 

calculating the weighted average of the p- and s-polarized light transmission for 

the emission wavelength as a function of emission angle. This result is shown in 

Fig. 63. As can be seen, this suggests that by tailoring the periodicity as well as 

tailoring the excitation wavelength angle of incidence, it is possible to tune the 

angular distribution of the emission. 

60 70 80 90 

Emission Angle (°) 
Figure 62 - Angular emission pattern for films from set A (•) along with the 
predicted angular emission pattern from the model (solid) with a correction 
factor accounting for the laser incidence angle. 
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Figure 63 - Predicted angular emission pattern for films from set A using the 
model assuming the excitation source is normally incident for all emission angles. 
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7 - Summary and Conclusions 

7.1 - Summary 

Thin films produced by glancing angle deposition (GLAD) have been 

shown by numerous authors to have interesting and useful physical properties. 

GLAD-grown films of optical materials can be characterized using ellipsometry 

leading eventually to optimization of the optical properties. 

In this study, spectroscopic ellipsometry techniques were used to 

characterize GLAD produced films. The theoretical framework for the optical 

description of GLAD produced films was examined using effective medium 

approximations and Berreman's method. Also examined was the theory behind 

optical constant dispersion and various dispersion relations to describe optical 

media. 

This framework was then applied to both inorganic and organic columnar 

films produced by GLAD. Inorganic films composed of MgF2, Si02, Al203, and 

Ti02 were found to have biaxial or uniaxial optical anisotropy, which depended 

on the morphology of the film. The index of refraction and density in these 

materials were characterized as function of deposition angle, and were found to 

be in agreement with previous works. This framework was then applied to 

organic Alq3 revealing properties distinct from the inorganic metal oxides and 

fluorides typically used in GLAD. The index of refraction gradient for Si02 was 

examined by characterizing the index change in solid films throughout long 
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depositions, as well as through experiments on eliminating water in the pores, 

and by examining finite wavelength EMAs. 

An extension to this work was then applied to examining the effect of 

periodic arrangement of GLAD columns on the global film properties. It was 

found that periodically arranged silicon posts had a higher overall index of 

refraction in the IR as compared with the same film with random column growth. 

Also examined was the usage of ellipsometry models to predict the 

photoluminescent emission patterns of periodically layered GLAD films 

composed of a photoluminescent material. Periodic high-low stacks of Y203:Eu 

were found to have a non-Lambertian emission profile, which was predicted by 

using ellipsometry models. 

7.2 - Impact of this Work 

Ellipsometry was found to be a powerful tool for characterizing GLAD 

films. Through the flexibility of the tool, as demonstrated throughout this work, 

we can examine GLAD films at the most basic level by starting with a simple solid 

film and model it using various dispersion relations, which can then be extended 

to a simple GLAD structure such as tilted or vertical columns. This yields much 

information about the fundamental nature of the material, such as the indices of 

refraction, the film density, and the optical dispersion relations. Alternatively, we 

can use the fundamental properties of the aforementioned simple films, and 

apply the information to the study of GLAD films with complex morphologies. In 

this case, we can use the model to predict complicated optical properties of these 
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complex film morphologies. From this, we can use other characterization 

techniques to further enhance the body of knowledge for a given film. 

At the onset of this work, any discussion involving the fundamental optical 

properties of GLAD films was limited to a handful of measurements related to 

chiral Bragg resonances, and approximate calculations of the average index based 

on rough estimates of the film density. As this work first began development, it 

yielded much information on the most basic GLAD film structures such as the 

index of refraction and packing fraction. Since then, the technique has been used 

to evaluate complex materials and structures, and is now routinely used by many 

within the research group. Over the course of this study, ellipsometry data on 

GLAD films has provided useful wavelength resolved calibration data for studies 

from sensor applications for GLAD, to the development of Bragg optical filters, 

and has further provided useful information on the growth of various materials. 

This work extended the body of knowledge of GLAD films. In that, this 

work has yielded the optical constants for inorganic and organic GLAD columns. 

It has yielded information about the density of GLAD produced films, as well as 

the structural orientation of the columns in the films. Further, this work has 

demonstrated the applicability of the technique to the characterization of 

complicated GLAD structures. More importantly, this work has provided a recipe 

for the characterization of future GLAD films through the use of the methods and 

techniques examined throughout this thesis. 
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7.3 - Future Work 

This work has provided the back-bone for many possible future studies 

using ellipsometric characterization of GLAD films. One possible examination 

would be to study GLAD films which have been infiltrated with a liquid, polymer 

or liquid crystal material. This may be used as a powerful measurement to 

understanding the effects of liquid adsorption within the porous GLAD structure, 

as well as possible information about the alignment of the molecules within the 

liquid. Another possible study could be to examine the optical properties of 

GLAD films during the early stages of growth, since ellipsometry is, in principle, 

sensitive to the presence of very thin films. This may lead to important 

information about the film growth evolution. Another study could be to examine 

the morphological changes in GLAD films during variable a depositions to 

examine the effect that the change in effective shadowing due to the changing a, 

as compared with depositions at a fixed a. Another examination that could be 

performed is the examination of the optical properties of films deposited using 

the PhiSweep technique, as the resultant films can be produced with varying 

degrees of porosity. These are but a few ideas that could be examined using the 

ellipsometry technique; it is certain that there is many more that the reader could 

dream up. 
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Appendices 

Appendix 1 - Maple Calculation for an Anisotropic Film 
Layer 

The following is a Maple calculation given as an example to the theory presented 

in §1.4 and 1.5, which applies a solution to the Bruggeman EMA for a GLAD film 

and then calculates the Mueller matrices for the system using Berreman's 

method. 

> r e s t a r t : 
> w i t h ( p l o t s ) ; 
Warning, the name changecoords has been redefined 
> w i t h ( l i n a l g ) : 
Warning, the protected names norm and t race have been redefined and 
unprotected 
Enter the density of the layer 
>rho :=24 .24 /100 : 
Enter the thickness of the layer in nanometers 
> d : = 1 8 4 . 0 9 1 : 
Enter the depolarization factor for principal index along the posts, qz 
> q [ 3 ] : = 0 . 0 4 0 2 8 : 
Enter the depolarization split factor between x and y 
> x y _ s p l i t s = 0 . 4 9 1 5 7 : 
Enter the Euler angle Phi 
> p h i : = 0 * P i / 1 8 0 : 
Enter the Euler angle Theta 
> t h e t a : = 0 * P i / 1 8 0 : 
Enter the Euler angle Psi 
> p s i : = 0: 
Enter the light angle of incidence 
>Pa:=60 * P i / 1 8 0 : 
Enter the Wavelength array to be used 
> l a m b d a : = l m p o r t V e c t o r ( " H : \ \ C a l c u l a t i o n s \ \ M u e l l e r Matr ix 
B i a x i a l Film I s o t r o p Subs t ra teXWave leng th Array 10 
n m . t x t , ' , t r a n s p o s e = t r u e ) : 
Enter the film material dielectric constant array (no absorption material) 
> e_mat:=ImportVector("H:\\Calculations\\Mueller Matrix 
Biaxial Film Isotrop Substrate\\Si02 epsilon Array 10 
nm.txt",transpose=true): 
Enter the index of refraction for substrate 
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> n _ S i ! = I m p o r t V e c t o r ( " H : \ \ C a l c u l a t i o n s \ \ M u e l l e r Matr ix 
B i a x i a l Film I s o t r o p S u b s t r a t e W S i n Array 10 
n m . t x t " , t r a n s p o s e s t r u e ) : 
Enter the extinction coefficient array for the substrate 
> k_Si :=lmportVector("H: WCalcu l a t i onsWMuel l e r Matr ix 
B i a x i a l Film I s o t r o p S u b s t r a t e W S i k Array 10 
n m . t x t " , t r a n s p o s e s t r u e ) : 
> a :=vectd im(conver t ( lambda, * a r r a y ' ) ) : 
Calculation for the x-depolarization factor, qx 
> q [13 j = ( l - g [ 3 ] ) * x y _ s p l i t : 
Calculation for the y-depolarization factor, qy 
>q[2] : = l - q [ 3 ] - q [ l ] : 
And we define the dielectric constant of ambient, which is air (epsilon_a = na = 
1) 
> e_vo ids= l : 
We must first compute the dielectric tensor for my film, we must start with the 
rotation in Euler angle Phi 
> P : = m a t r i x ( 3 , 3 , [ c o s ( p h i ) , s i n ( p h i ) , 0 , - s i n ( p h i ) , c o s ( p h i ) , 0, 
0 , 0 , 1 ] ) : 
And now the rotation in Theta 
> Q : = m a t r i x ( 3 , 3 , [ 1 , 0 , 0 , 0 , c o s ( t h e t a ) , s i n ( t h e t a ) , 0 , -
s i n ( t h e t a ) , c o s ( t h e t a ) 3 ) : 
And finally, psi 
> R s = m a t r i x ( 3 , 3 , [ c o s ( p s i ) , s i n ( p s i ) , 0 , - s i n ( p s i ) , c o s ( p s i ) , 0 , 
0 , 0 , 1 ] ) : 
Finally, we have the general rotation matrix that can be applied to our dielectric 
tensor (see Goldstein Classical Mechanics, 1980) 
> A:=mul t ip ly (P ,Q,R) : 
We now define arrays for the Mueller matrix elements 
> M12: = [ 3 : 
> M13: = [ 3 : 
>M14: = [] : 
>M21: = [] : 
>M22: = [] : 
>M23: = [3 : 
>M24: = [] : 
>M31: = [] : 
>M32: = [] : 
>M33: = [] t 
>M34: = [] : 
Here is where we must start the For-Loop Process, starting with the Bruggeman 
EMA for the indices 
> for i from 1 to a do 
> for j from 1 to 3 do 
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> e [ j ] [ i j : = l / 2 / ( - l + q [ j ] ) * ( -
rho*e_mat [ i ]+e_vo id*q[ j ]+e_mat [ i ]*q[ j ] -e_void+rho*e_void-
sqr t ( -2*rho A 2*e_mat [ i ]*e_void+ 2*rho*e_mat[i]*e_void+ 
rhoA2* (e_mat [ i ] ) A2+e_voidA2- 2*rho*e__voidA2+ 
rhoA2*e_voidA2+2*e_voidA2*q[j]*rho-
2*e_void*q[ j ] A 2*e_mat[ i ]~ 2*rho*<e_mat[ i ] ) A 2*q[ j ]+ 
2*e_mat[ i ]*e_void*q[ j ] + (e_aiat[ i ] ) A 2 * q [ j ] A 2 -
2*e_void A 2*q[ j ]+e_void A 2*q[ j ] A 2) ) : 
> od: 
> e x [ i ] : = e [ l ] [ i j : 
> e y [ i ] :=e[2] [ i ] : 
> e z [ i ] : = e [ 3 ] [ i ] : 
We now define the principal axes of the dielectric function 
> e O [ i ] : = m a t r i x ( 3 , 3 , [ e x [ i ] , 0 , Q , 0 , e y [ i ] , 0 , 0 , 0 , e z [ i ] ] ) : 
And we can now apply a general rotation in the dielectric tensor (eg. tilted 
columns) 
> epsilonti]s=multiply(A,eO[i],inverse(A)): 
Now we must compute the matrix Delta (eq. 13 from Schubert), we start by 
getting kx using the ambient index e_void and the angle of incidence P 
> kx:=e_void* s i n ( P a ) : 
Now we compute the matrix Delta, which we will need later to get the Transfer 
matrix for this layer 
> Delta[i]s=matrix(4,4,[-kx*epsilon[i][3,1]/epsilon[i][3,3], 
-kx*epsilon[i][3,2]/epsilon[i][3,3], 0, 1-
kxA2/epsilon[i][3,3], 0, 0, -1, 0, 
epsilon[i][2,3]*epsilon[i][3,1]/epsilon[i][3,3]-
epsilon[i][2,1], kxA2-
epsilon[i][2,2]+epsilon[i][2,3]*epsilon[i][3,2]/epsilon[i][ 
3,3], 0, kx*epsilon[i][2,3]/epsilon[i][3,3], 
epsilon[i][1,13-
epsilon[i][1,3]*epsilon[i][3,1]/epsilon[i][3,3], 
epsilon[i][1,2]-
epsilon[i][1,3]*epsilon[i][3,2]/epsilon[i][3,3], 0, -
kx*epsilon[i][1,3]/epsilon[i][3,3]]): 
In order to do get the Partial Transfer Matrix for the film, we need to solve the 
eigenvalues for Delta 
> r [ i ] : = a r r a y { [ e i g e n v a l u e s ( D e l t a [ i ] ) ] ) : 
Now we must compute the Beta terms so that we use the Cayley-Hamilton 
expansion to get the Partial Transfer matrix for the film 
> 
eqns[i]:={exp(2*Pi*r[i][1]*d*I/lambda[i3)=sum(x[k][i]*r[i][ 
l]A(k-l),k=1..4), 
exp(2*Pi*r[i][2]*d*1/lambda[i])=sum(x[k][i]*r[i][2]A(k-
l),k=1..4), 
e x p ( 2 * P i * r [ i ] [ 3 ] * d * 1 / l a m b d a [ i ] ) = s u m ( x [ k ] [ i ] * r [ i ] [ 3 ] A ( k -
l ) , k = 1 . . 4 ) , 
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e x p ( 2 * P i * r [ i ] [4] *d* 1/ lambda[i] )=sum(x[k] [ i ] * r [ i ] [4 ] A (k -
l ) , k = 1 . . 4 ) } : 
> s o l s [ i ] : = s o l v e ( e q n s [ i ] ) : 
And now, using the solutions, we can get the necessary Beta terms 
> b e t a _ l [ i ] : = s u b s ( s o l s [ i ] , x [ l ] [ i ] ) : 
> b e t a _ 2 [ i ] : = s u b s ( s o l s [ i ] , x [ 2 ] [ i ] > : 
> b e t a _ 3 [ i ] : = s u b s ( s o l s [ i ] , x [ 3 ] [ i ] ) : 
> b e t a _ 4 [ i ] : = s u b s ( s o l s [ i ] , x [ 4 ] [ i ] ) : 
> E : = M a t r i x ( 4 , 4 , s h a p e = i d e n t i t y ) : 
Which allow us to compute the Film Partial Transfer Matrix, Tp 
>Tp[i]:=evalm(beta_l[i]*E + beta_2[i]*Delta[i] + 
beta_3[i]*(Delta[i])A2 + beta_4[i]*(Delta[i])A3): 
Now we must enter the equations for the air (ambient) and substrate matrices, 
La_inv and Lf respectively. We first need to define the angle Pf for the substrate 
angle of light entry, using the ambient index and the substrate complex index 
> n f [ i ] : = n _ S i [ i ] - I * k _ S i [ i ] : 
> Pf [ i ] : = a r c c o s ( s q r t ( l - ( ( e _ v o i d / n f [ i ] ) * s i n ( P a ) ) A 2 ) ) : 
Now we can obtain the partial matrix corresponding to air (ambient), La_inv 
> La_ inv :=0 .5*mat r ix (4 ,4 , [ 0 , 1 , - 1 / ( e _ v o i d * c o s ( P a ) ) , 0 , 
0 , l , l / ( e _ v o i d * c o s ( P a ) ) , 0 , l / c o s ( P a ) ,0 ,0 , l / e__void , -
l / c o s ( P a ) , 0 , 0 , 1 / e _ v o i d ] ) : 
And we also define the substrate partial matrix, Lf 
> L f [ i ] : = m a t r i x ( 4 , 4 , [ 0 , 0 , c o s ( P f [ i ] ) , 0 , 1 , 0 , 0 , 0 , -
n f [ i ] * c o s ( P f [ i ] ) , 0 , 0 , Q , 0 , 0 , n f [ i ] , 0 ] ) : 
Finally, we can now compute the Transfer matrix for the air-film-substrate 
medium: 
> T[i]:=scalarmul(multiply(La_inv,Tp[i],Lf[i]),-d): 
Now, we must obtain from this the Jones reflection coefficients from the Transfer 
matrix, T 
>Rss [ i J : = (T[ i ] [ 2 , l ] * T [ i ] [ 3 , 3 ] -
T [ i ] [ 2 ,3 ]*T[ i ] [ 3 , l ] ) / ( T [ i ] [3 ,3J*T[ i ] [ 1 , 1 ] -
T [ i ] [ l , 3 ] * T [ i ] [ 3 , 1 ] ) : 
>Rpp[i ] : = ( T [ i ] [ 4 , l ] * T [ i ] [ 1 , 3 ] -
T [ i ] [ l , l ] * T [ i ] [ 4 , 3 ] ) / ( T [ i ] [ l , 3 ] * T [ i ] [ 3 , 1 ] -
T [ i ] [ 3 ,3 ]*T[ i ] [ 1 , 1 ] ) : 
> R p s [ i ] : = ( T [ i ] [ 2 , l ] * T [ i ] [ 1 , 3 ] -
T [ i ] [ 2 , 3 ] * T [ i ] [ l , l ] ) / ( T [ i ] [ l , 3 ] * T [ i ] [ 3 , 1 ] -
T [ i ] [ 3 ,3 ]*T[ i ] [ 1 , 1 ] ) : 
>Rsp[ i ] : = (T[ i ] [ 4 , l ] * T [ i ] [ 3 , 3 ] -
T [ i ] [ 3 , l ] * T [ i ] [ 4 , 3 ] ) / ( T [ i ] [ l , l ] * T [ i ] [ 3 , 3 ] -
T [ i ] [ l , 3 ] * T [ i ] [ 3 , 1 ] ) : 
Thus the Jones reflection matrix is 
> J [ i ] : = e v a l f ( m a t r i x ( 2 , 2 , [ R p p [ i ] , R p s [ i ] , R s p [ i ] , R s s [ i ] ] ) ) : 
Now in order to get the Mueller matrix of this Jones matrix, we must first define 
one necessary matrix B (used as a conversion matrix), see Jellison, Thin Solid 
Films 313-314 (1998) 33-39 
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> B : = m a t r i x ( 4 , 4 , [ l f 0 , 0 , 1 , 1 , 0 , 0 , - 1 , 0 , 1 , 1 , 0 , 0 , 1 , - 1 , 0 ] ) : 
And now we must take the conjugate transpose of the Jones matrix 
> K [ i ] : = h t r a n s p o s e ( J [ i ] ) : 
Compute the Direct (Kronecker) Product of Jones matrix and its adjoint 
> 
L [ i ] : = m a t r i x ( 4 , 4 , [ J [ ± ] [ 1 , 1 ] * K [ ± ] [ 1 , 1 ] , J [ i ] [ 1 , 1 ] * K [ ± ] [ 1 , 2 ] , J 
[ i ] [ l , 2 ] * K [ i ] [ 1 , 1 ] , J [ i ] [ l , 2 ] * K [ i ] [ 1 , 2 ] , 
J [ i ] [ l , U * K [ i ] [ 2 , l ] , J [ i ] [ l , l ] * K [ i ] [ 2 , 2 ] , J [ i ] [ l , 2 ] * K [ i ] [ 2 , 1 ] 
, J [ i ] [ l , 2 ] * K [ i ] [ 2 , 2 ] , 
J [ i ] [ 2 , l ] * K [ i ] [ 1 , 1 ] , J [ i ] [ 2 , l ] * K [ i ] [ 1 , 2 ] , J [ i ] [ 2 , 2 ] * K [ i ] [ 1 , 1 ] 
, J [ i ] [ 2 , 2 ] * K [ i ] [ 1 , 2 ] , 
J [ i ] [ 2 , l ] * K [ i ] [ 2 , l ] , J [ i ] [ 2 , l ] * K [ i ] [ 2 , 2 ] , J [ 1 ] [ 2 , 2 ] * K [ i ] [ 2 , 1 ] 
, J [ i ] [ 2 , 2 ] * K [ i ] [ 2 , 2 ] ] ) : 
Now, we finally obtain the Mueller matrix, M, using the previous matrices: 
> m [ i ] : = s i m p l i f y ( m u l t i p l y ( B , L [ i ] , i n v e r s e ( B ) ) ) : 
> M [ i ] : = s c a l a r m u l ( m [ i ] , l / n t [ i ] [ 1 , 1 ] ) : 
>M12 
>M13 
>M14 
>M21 
>M22 
>M23 
>M24 
>M31 
>M32 
>M33 
>M34 

= [ o p ( M l 2 ) , M [ i ] [ 1 , 2 ] ] 
= [ o p ( M l 3 ) , M [ i ] [ 1 , 3 ] ] 
= [ o p ( M l 4 ) , M [ i ] [ 1 , 4 ] ] 
= [ o p ( M 2 1 ) , M [ i ] [ 2 , 1 ] ] 
= [ o p ( M 2 2 ) , M [ i ] [ 2 , 2 ] ] 
= [op{M23),M[i] [ 2 , 3 ] ] 
= [ o p ( M 2 4 ) , M [ i ] [ 2 , 4 ] ] 
= [ o p ( M 3 1 ) , M [ i ] [ 3 , 1 ] ] 
= [ o p ( M 3 2 ) , M [ i ] [ 3 , 2 ] ] 
=[op(M33) 
=[op(M34) 

,M[i] [ 3 , 3 ] ] 
r M [ i ] [ 3 , 4 ] ] : 

) : 

> o d : 
> l a m b d a _ c o n v e r t : = c o n v e r t ( l a m b d a , " l i s t 
We now import experimental data to compare to 
> M l 2 _ p o i n t s : = { l a m b d a _ c o n v e r t , M 1 2 } : 
> M l 2 _ p a i r : = ( l a m b d a _ c o n v e r t , M 1 2 ) -
> [ e v a l ( l a m b d a _ c o n v e r t ) , M 1 2 ] : 
> M 1 2 _ z i p : = z i p ( M l 2 _ p a i r , l a m b d a _ c o n v e r t ,M12) : 
> M l 3 _ p o i n t s : = {lanLbda_conver t ,Ml3} : 
> M l 3 _ p a i r : = ( lambda__conver t ,M13)-
> [ e v a l ( l a m b d a _ c o n v e r t ) , M 1 3 ] : 
> Ml3_zip:=zip(Ml3_pair,lambda__convert,Ml3) : 
> M14_points: = {lambda_convert,M14 >: 
> Ml4_pair: = (lambda_convert,M14)-
>[eval{lambda_convert),M14]: 
> Ml4_zip:=zip(Ml4_jpair,lambda_convert,M14) : 
> M21_points: = {lambda_convert,M21}: 
> M2 l_pair: = (lambda_.con.vert, M21) -
>[eval(lambda_convert),M21]: 
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> M2l_z i p : = zip(M2l_pai r,1ambda._con.vert,M21): 
> M22_points: = {lambda_convert,M22}: 
> M22_pair: = (lainbda_convert,M22)~ 
>[eval ( lambda_conver t ) # M22]: 
>M22_zip:=zip(M22_jpair,lambda_convert,M22) : 
>M23_points:={lambda_convert,M23}s 
> M23_pair: = (lambda_convert ,M23)-
>[eval(lamfoda_convert)#M233: 
> M23_zip:=zip(M23_pair iPlambda_convert /M23) : 
> M24_jpoints: = {lambda_convert,M24} : 
> M24_pair: = (lambda_convert ,M24)-
>[eval( lambda_convert) ,M24 3 : 
> M24_zip:=zip(M24_pair,lanibda_convert,M24) : 
> M3l_points: = {lambda_convert,M31}: 
> M3l_pair: = (lambda_convert,M31)-
>[eval(lambda_convert),M313: 
> M31_zip:=zip(M31_pair , lambda_convert ,M31): 
> M32_jpoints: = {lambda_convert#M32} : 
> M32_pair: = (lambda_convert ,M32)-
>[eval(lambda_convert),M3 2 3 : 
> M32_zip:=zip(M32_pair,lambda_coiavert#M32) : 
>M33_points:={lambda_convert,M33>: 
> M33_pair: = (lambda_convert ,M33)-
>[eval( lambda_convert) #M333: 
>M33_zip:=zip(M33_pair / lambda_convert ,M33): 
>M34_points:={lambda_convert#M34}: 
> M34jpair : = (lambda_convert ,M34)-
>[eval( lambda_convert) #M343: 
> M34_zip:=zip(M34_pair , lambda_convert ,M34): 
We now plot the theoretical curves generated above as a function of wavelength 
> p l o t ( M l 2 _ z i p / t i t l e = " M 1 2 v s . Wavelength") ; 
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M12 vs. Wavelength 
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>plot{Ml3_zip,ti t le="Ml3 v s . Wavelength"); 

M13 vs. Wavelength 
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-H 
>plot(Ml4_zip,title="Ml4 vs. Wavelength"ftitle="Ml4 vs. 
Wavelength(nm)"); 
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M14 vs. Wavelength(nm) 
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> plot(M21__zip,title="M21 vs. Wavelength", title="M21 vs, 
Wavelength(nm)"); 
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>plot(M22_zip,title="M22 vs. Wavelength"#title="M22 vs. 
Wavelength(nm)"); 

M22 vs. Wavelength(nm) 
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>plot(M23_zip,title="M23 vs. Wavelength",title="M23 vs, 
Wavelength(nm)"); 
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M23 vs. Wavelength(nm) 

H 

0.5 

0 

-0.5H 

400 ' ' 600' ' ' 800 ' ' 1000 ' ' 1200 ' ' 1400 ' ' 1600 

-H 
> plot(M24_zip,title=,,M24 vs. Wavelength",title=nM24 vs. 
Wavelength(nm)"); 
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>plot(M31„_zip,title="M31 vs. Wavelength",title="M31 vs, 
Wavelength(nm)"); 

M31 vs. Wavelength(nm) 
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>plot(M32_zip,title="M32 vs. Wavelength",title="M32 vs. 
Wavelength(nm)"); 
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M32 vs. Wavelength(nm) 
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>plot(M33_zip,title="M33 vs. Wavelength",title="M33 vs, 
Wavelength(nm)"); 

M33 vs. Wavelength(nm) 

-0.65 -1 _ -

-0.7H 

-0.75 

-0.6-1 

-0.85 

-0.9i 

-0.95 

/ 

/ 

/ 

/ 

/ 

: \ 

400 600 800 ' ' 1000 ' ' 1200 ' ' 1400 ' ' 1600 

157 



>plot(M34_zip,title="M34 v s . Wavelength",title="M34 vs. 
Wavelength(nm)"); 

M34 vs. Wavelength(nm) 

0.5-1 

0.4: 

0.3: 

0.2-1 

0.1 

0-

-0.1: 

U00/ 600 800 1000 1200 1400 1600 

> Ml2_expt:=ImportVector("H:\\Calculations\\Mueller Matrix 
Biaxial Film Isotrop SubstrateWMultilayer FFT BEMA 
Corrections\\Raw Data\\20050623-1 M12 60 
deg.txt",transposestrue): 
> M2l_expt:=ImportVector("H:\\Calculations\\Mueller Matrix 
Biaxial Film Isotrop SubstrateWMultilayer FFT BEMA 
CorrectionsWRaw Data\\20050623-1 M21 60 
deg.txt",transpose=true): 
>M33_expt:=ImportVector("H: WCalculationsWMueller Matrix 
Biaxial Film Isotrop SubstrateWMultilayer FFT BEMA 
CorrectionsWRaw DataW20050623-l M33 60 
deg.txt",transpose=true): 
> M34_expt:=ImportVector("H: WCalculationsWMueller Matrix 
Biaxial Film Isotrop SubstrateWMultilayer FFT BEMA 
CorrectionsWRaw DataW20050623-l M34 60 
deg.txt",transpose=true): 
> Ml2_expt_convert:=convert(M12_expt,•list•): 
> Ml2_diff:=M12-Ml2_expt_convert s 
> Ml2_diff_points: = {lambda_convert#M12_diff}: 
> Ml2_diff_pair: = (lambda_convert,Ml2_diff)-
>[lambda_convert,M12_diff]: 
> Ml2_diff_zip:=zip(Ml2_diff_jpair,lambda_convert,Ml2_diff)s 
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We now plot the differences between the theoretical and experimental curves 
> p l o t ( M l 2 _ d i f f _ z i p , t i t l e = " M l 2 e x p t . t h e o r y d i f f e r e n c e v s . 
Wavelength") ; 

M12 expt. theory difference vs. Wavelength 
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> M21_expt_convert:^convert(M21_expt, "list'): 
> M2l_diff:=M21-M2l_expt_convert: 
> M21_dif f_jpoints: = {lambda_convert#M21_diff } : 
> M2l_diff_pair: = (lambda_convert,M2l_diff)-
>[lambda_convert#M21_diff]: 
> M21_diff_zip:=zip(M21_diff_pair,lambda_convert#M21_diff) 
>plot(M21_diff_zip,title="M21 expt. theory difference vs. 
Wavelength"); 
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> M33_expt_convert s =convert (M33_expt, ' l i s t *) : 
> M33_diff:=M33-M33_expt_convert: 
> M33_<aiff_points: = {lambda_convert f M33_diff } : 
> M33_dif£_pair: = ( lambda_convert ,M33_diff)-
>[ lambda_convert ,M33_diff] : 
> M33_diff_zip: =zip(M33_diff_pair , lanibda_convert,M33_diff) 
>p lo t (M33_di f f_z ip , t i t l e="M33 e x p t . t h e o r y d i f f e r e n c e v s . 
Wavelength") ; 
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M33 expt. theory difference vs. Wavelength 
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> M34_ea*pt_convert:=convert(M34_expt,'list'): 
> M34_diff:=M34-M34_expt_convert: 
> M34_dif f_points: = {lambda__convert,M34_diff } : 
>M34_diff_pair:=(lambda_convert,M34_diff)-
>[lambda_convert,M34_diff]: 
>M34_diff_zip:=zip(M34_diff_j>air,lambda_convert#M34__diff) 
>plot(M34_di£f_zip,title="M34 expt. theory difference vs. 
Wavelength"); 
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M34 expt. theory difference vs. Wavelength 

-0.04-1 i 

-0.061 

-0.08- / 

And calculate the total percent difference between the theoretical and 
experimental curves for the non-zero elements 
> (sum('abs(Ml2_diff[i])/abs(Ml2_expt_convert[i]),,,i,=l..a) 
+ sum( 'abs(M21_diff [i])/abs(M21_expt_convert[i]) *, ' i«=:L. .a) 
+ sum('abs(M33_diff[i])/abs(M33_expt_convert[i])','i*=l..a) 
+ 
sum('abs(M34_diff[i])/abs(M34_expt_convert[i])*, 'i'=l..a))/ 
(4*a); 

.04685730120 

Appendix 2 - Kramers-Kronig Analysis for a Lorentz 
Oscillator 

The following calculation demonstrates the Kramers-Kroning consistency for a 

Lorentz Oscillator using Maple, as discussed in §1.6: 

First I will compute the predicted value for Chi double prime by using the 
Kramers-Kronig Relations, by plugging our Chi prime into the integral. Note 
here that I have labelled x as w prime as in the notes, and solved for w, using 
Maple's Cauchy Principal Value scheme, so using a polar distance of 0.0001 was 
unnecessary, and I have plugged in the appropriate values for wo and Gamma. 
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>Chi2:=(l/Pi)*int((l-xA2)/(5*(((l-xA2)A2)+4*0.01*xA2)*(w-
x)),x=-in£inity..infinity,'CauchyPrincipalValue'); 

Chi2 := 3.141592654 =-^ . 
TI(-49.W2 + 25.W4 + 25.) 

Now, I will plot the result from w=-2 to 2 rad/s 
> p l o t ( C h i 2 , w = - 2 . . 2 ) ; 
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Now let us compare this result by plotting the actual value for Chi double prime. 
>plot(0.2*w/(5*((l-wA2)A2+4*0.01*wA2)),w=-2..2); 
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Similarly, let's compute using Kramers-Kronig, the value for Chi prime, by 
plugging the known Chi double prime into the relation. 
> C h i l : = ( - l / ( 5 * P i ) ) * i n t ( ( 2 * x * 0 . 1 ) / ( ( ( ( l -
x A 2 ) A 2 ) + 4 * 0 . 0 1 * x A 2 ) * ( w - x ) ) , x = -
i n f i n i t y . . i n f i n i t y , ' C a u c h y P r i n c i p a l V a l u e ) ; 

Chil :=-15.70796327 
w 2 - l . 

7r(-49.w2 + 25.w4 + 25.) 

Now let's plot the result from w=-2 to 2 rad/s 
> p l o t ( C h i l # w = - 2 . . 2 ) ; 
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And now let's compare this result to the known value for Chi 1, by plotting for 
w=-2 to 2 rad/s 
> p l o t ( ( l ~ w A 2 ) / ( 5 * ( ( ( ( l - w A 2 ) A 2 ) + 4 * 0 . 0 1 * w A 2 ) ) ) , w = - 2 . . 2 ) ; 
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