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Design, Fabrication, and Testing of Inhomogeneous

Dielectrics

Chapter 1. Introduction

Until recently almost all optical coatings have been
designed and fabricated using homogeneous, single or
multiple-layer structures[1-5]. The potential advantage of
employing inhomogeneous films, whose refractive index
varies continuously as a function of position, for optical
coating applications has been recognized for a long time
since, in principle, they may be used to realize optical
thin films with superior spectral properties[6-14]. The
primary advantage of inhomogeneous films, compared to
conventional multiple layer coatings, is the additional
degree of design freedom available because the refractive
index can be varied in a continuous fashion. Additionally,
the absence of distinct interfaces in an inhomogeneous
film suggests that such a coating should be more durable
and less chemically sensitive to the environment.

The primary problem with inhomogeneous thin films is
that they have been very difficult to fabricate. Even
though the growth of inhomogeneous films is very
difficult, theoretical analysis of inhomogeneous optical

coatings has been undertaken by many authors, and recent



developments of computer technologies have enabled the
theorist to calculate the inhomogeneous index profile
required for an optical filter[15-24].

It is also possible to control the rates of coating
sources by a computer. The codeposition[12,13] and ion
assisted deposition (IAD) [14] methods have been the
standard techniques used to grow inhomogeneous dielectric
layers by controlling the deposition time and other
parameters of each source. It is not easy to control the
conditions for these compositional deposition methods. It
is also difficult to achieve thickness and compositional
uniformity using these deposition methods. These problems
make it very difficult to apply the above-mentioned
methods to mass production.

The principal purpose of the research presented in
this thesis is to demonstrate, for the first time, the
growth of inhomogeneous thin films by plasma-enhanced
chemical vapor deposition (PECVD) using computer-control
of the flow rates of the reactant gases. The PECVD
technique has several advantages over the codeposition and
IAD techniques; these include fast deposition rates,
compositional and thickness uniformity, ease of
compositional control via a mass flowmeter, and less
physical impact damage due to ion bombardment during
deposition. The compositionally inhomogeneous dielectric

layers realized by PECVD are silicon-oxynitride (SiON)



films. The gases used for growing the inhomogeneous SiON
layers are SiH,, N,, and N,0. While the flowrates of SiH,
and N, are kept constant ,real-time control of the N,O
flowrate is achieved using a Techware PAL-68000 process
controller. Linearly-graded and superlattice-like SiON
layers are fabricated by computer-controlled PECVD with
refractive indices varying from 1.48 to 2.05. The
compositional profile of the inhomogeneous layers is
analyzed by Auger electron spectroscopy(AES) sputter
profiling[25]. As an additional proof of the viability of
these inhomogeneous films, rugate filters([11,13,18,19,22,
23] are designed, fabricated, and tested.

The second purpose of the research presented herein
is to provide examples of possible applications of
inhomogeneous films grown by PECVD. Antireflection (AR)
coatings[6,7,9,10,13,26-32] and rugate filters with the
inhomogeneous refractive index profiles are designed and
fabricated. Alternating-current thin-film
electroluminescent (ACTFEL) devices[33-38] are designed
and fabricated for improved optical characteristics by
employing multiple dielectric layers.

An outline of the thesis is as follows. A review of
the literature of the analysis, synthesis, and fabrication
of single-, multiple-layer, and inhomogeneous optical
filters is presented in Chapter 2. Experimental procedures

used for the fabrication and characterization of PECVD



thin films are described in Chapter 3. Theoretical and
experimental results of inhomogeneous AR coatings and
rugate filters are presented in Chapter 4. Subsequently,
the design and fabrication of ACTFEL devices with PECVD
SiON dielectrics is presented in Chapter 5. Finally,
Chapter 6 includes conclusions of this research and

recommendations for future research.



Chapter 2. Literature Review

Layered optical media play a very important role in
many applications of optics. When a light wave propagates
through a single, multiple or inhomogeneous layer
dielectric, such as shown in Fig. 2.1, the incident wave may
interfere with one or more of the waves that are reflected
from the interfaces formed by the thin film and the
substrate, and reflection, absorption, and transmission take
place as a result. The incident wave may vary in wavelength;
in general, reflection, absorption, and transmission are
wavelength-dependent. By varying the indices of refraction,
thicknesses, and the order of layers, different optical
performance can be obtained. Specially designed stacks of
dielectric layers are called 'optical filters'. The
characteristics of various kinds of optical filters are
shown in Fig. 2.2. The three basic issues in optical thin
films are analysis, synthesis, and fabrication. Analysis of
thin films involves computation of the spectral
characteristics of a multilayer with known optical constants
and thicknesses. The calculation is quite straightforward
using the characteristic matrix of each layer([4,39-42]. The

synthesis of optical thin films poses a formidable task.
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It consists of determining the refractive index and
thickness profile of the film so that a specified spectral
response is obtained. Due to the development of computers,
analytical techniques for designing filters have been
replaced by sophisticated computer synthesis programs [43,
44]1. However, the limited number of available filter
materials makes synthesis more complicated. The development
of new techniques for growing inhomogeneous optical thin
films in recent years[11-14,25], however, relaxes these
constraints so that synthesis and fabrication of optical

filters can be achieved.

2.1 The Matrix Method of Thin Film Analysis
When a light wave is incident on a thin film embedded

between incident and exit media, reflection and transmission
of the light take place. Using the resultant electric and
magnetic fields and their boundary conditions, the
reflection and transmission of a light wave at the interface
of a single or multiple layer film can be derived
theoretically and the relationships between incident,
reflected, and transmitted waves can be represented as a 2x2
matrix[4,39-42]. It is possible to analyze any thin film
structure using this matrix method; a derivation of the
matrix method is as follows.

Assume that each layer is nonabsorbing, homogeneous,

and isotropic with refractive index n, and assume also that



a linearly polarized electromagnetic wave impinges on a
single layer thin film with refractive index n, as shown in
Fig. 2.3, between the two surrounding media with refractive

indices of ng, and ng, respectively.

s-polarization

Fig. 2.3 Electromagnetic fields at boundaries. The electric
field is perpendicular to the plane of incidence.

Let E(z;) and H(z;) be the total electric and magnetic field
at z = z;, and E(z,) and H(z,) be the total electric and
magnetic fields at z = z,. The relationship between the two

electromagnetic fields is represented as

|: E(z1) ]_ cos ¢ jsin¢ [ E(z2) :| (2.1)
Zo H(z1) jnsin ¢ cog(b Zo H(zz) .




where ¢ = (2mn/A,)ndcos

A= wavelength of free space

d =2, - 2z

0 = angle of transmission determined by Snell's law

(nysin®, = nsin®)

Z,= characteristic impedance of free space
and n should be replaced by ncos® for s polarization and by
n/cos® for p polarization. The characteristic matrix M in

Egn. (2.2) contains only parameters of the film and does not

contain those of the surrounding media, i.e.

.sin ¢
M= | S95¢ I ) (2.2)

jnsin¢ cos¢

When ndcos® = ko/4 (i.e. a quater wave thickness), the

characteristic matrix M becomes

(2.3)

o |w.

Mlo/4 =

When ndcos® = A,/2 (i.e. a half wave thickness, then M

becomes

-1 0
My, /2 =[O _1] . (2.4)
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Egns. (2.3) and (2.4), are very important for optical filter
design.

If there are a number of layers, then the
characteristic matrix can be used to find the relationship
between the electric and magnetic fields of adjacent layers.
For example, if there is a layer between z=z, and z=2zj,

then,
E(z2) E(z3)
= . 29
[on(zz)] Mz[zo H(23):| -

In general, if there are m layers then the relationship of

the first and last boundary can be described as

E(z) R M E(zm+1) - E(zZm+1) (2.6)
ZoH(Zl) PRz e ZOH(Zm+1) ZoH(Zm+1) )

where M = M;M,...M;. Because the characteristic matrix of a
single layer has real elements in the principal diagonal and
pure imaginary elements in the off diagonal, the product of
each characteristic matrix of the multiple layer structure

can be represented as

M M
M=[_11 12] i (2.7)
My M2z

The electromagnetic wave in the film in Fig. 2.1 is

composed of incident, reflected, and transmitted waves which
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can be represented as E*(z;-8), E (2z,-8), and E*(zy,;+3),

respectively, where 8 is very small positive number. The

relationship between them is described as

EY (z1 = 8)| _ [Qu le] E" (zms1 + O)
E (zz — 0) Q21 Q22 0

Mi11 + I Ma1/, +3 ns M1z + ns Moo/,

where 011 = >
_ Mix + 3Ma1/, ~3ns Miz = ns Moo/,

Q12 = >
_ M1 — JMa1/pt3ns Miz — ns M2p/y,

Q1 = >
_ Mi1 — JM21/,,~3ns Miz + ns Maa/,,,

Q22 = >

(2.8)

From Eqgn. (2.8) the reflection and transmission coefficients,

r and t, may be derived as follows:

Q1 _ Mi1— IM21/p +InsMi2 — ns M2/,

Q11 Mi1 + JM21/ +Ins M1z + ns Maa/y,,

and

1 2

Qi1 M1+ JM21/p tIns Miz + ns Maa/p,

From Egns. (2.9) and (2.10), reflectance R

T are described as

R = rr* and T=—=tt"=1~-R

(2.10)

and transmittance

(2.11)



1.2

where r* and t* are the complex conjugates of r and t.
Consequently T can be derived from Eqgns. (2.9), (2.10), and

(2.11) and is given by

4
T=1-R = o Ils ) (2.12)

(noM11+nsMa2) + (nonsMiz+Mz1)

The equations (2.11) and (2.12) derived above form the basis
for analysis and synthesis of multiple layer optical
filters. Thus, the transmittance and reflectance of an

optical thin film can be calculated using the matrix method.

2.2 Synthesis of Optical Coatings

There are various kinds of optical coatings; e.g. AR
coatings, high reflectors, beam splitters, edge filters,
band pass filters, and band rejection filters. The spectral
characteristics of these are shown schematically in Fig.
2.1. Methods of synthesis of these filters are described

briefly in the following.

2.2.1 Antireflection (AR) Coatings
AR coatings are used to reduce the reflection from an
optical component when light is incident from air, to reduce
the reflectance of an interface between two optical media,
and to match a coating design optimized for one optical

medium into another. Applications of AR coatings include
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cathode-ray tubes, solar cells[45-47], photodetectors,
semiconductor lasers[48], and so on.

AR coatings can be realized by a simple single layer
coating or a multiple layer system[26-32]. However, the
ideal AR coating is an inhomogeneous layer with a continuous
transition of the refractive index from one medium to
another([6,7-9,13]. Because there are few practical optical
coating materials with a limited range of refractive
indices, and because it is very difficult to grow
inhomogeneous layers , normally single or multiple layer
structures are used for AR coatings and other optical thin
film applications. A list of coating materials with their
refractive indices of is given in Table 2.1[4].

The refractive index n of a single layer AR coating on
a glass substrate (ng,=1.52) requires that n=(n,n/)'? =1.26
with a quarter wavelength thickness for zero reflectance at
a specified frequency. Such a material is not available in
Table 2.1. Therefore multiple layer AR coatings have been
developed in order to obtain minimum reflectance over a wide
bandwidth. Muchmore[26] used a network analysis method to
design AR coatings with optimum bandwidths. Young[28]
modeled AR coating as a multisection quarter-wave matching
network to minimize reflection over a prescribed frequency
band. Cox, Hass and Thelen[30] found that quarter-half-
quarter triple layer structures provide a broader bandwidth

of low reflection than single and double layer structures
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for many combinations of indices and thicknesses for a glass

substrate.

Table 2.1 Ranges of transparency and refractive indices of
some coating materials([4].

Refractive index at the A below(in pum) Range of
Transparency
Material 0.35 0.55 1.0 1-8 10 (in Hm)
Ge 4.2 4.2 1.7-25
Si 3.9 3.42 1.0-9
Tio2 2.32 2.20 0.4-6
ZnS 2.36 2.27 2.24 0.4-14
Z2r02 2.15 2:09% 2.0 0.3—
Ta203 2.31 2:16 209 0 3=
Sio 2.0 1.9 1.85 0.5-8
Al1203 1.66 1.63 1.60 0.15-9
51203 1.57 1:55 0.3-8
Si02 1.48 1.46 1.45 0.16-8
MgF2 1.39 1.38 1.36 0.13-1
Cryolite 1.30-1,35 0.13=9

2.2.2 Periodic Multiple Layer Structures
Different approaches are employed for the design of
optical interference filters. According to Herpin[39] a
symmetrical thin film combination is equivalent to a single
layer characterized by an equivalent index of refraction and
thickness. Epstein[49] showed that the equivalent index of
refraction N and thickness I' of a symmetric film could be

represented as
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N = (M1 (2.13)
Mi12
and
cosT' = Mj; = Mgy (2.14)

because the resultant characteristic matrix of a symmetrical
layer has the same diagonal elements. The particular
structures of interest are three layer combinations of the
form ABA where the two outer layers have the same refractive
index and thickness. When there are p periodic ABA layers,
the characteristic matrix, M, with an equivalent index, Npg,,
and an equivalent thickness, I,5,, of the layer depends on
whether N,,, is real or imaginary. When N, is real M is
written as

. 8in plap,

cos pI’
M = Plasa 7 " (2.15)

Jnasa Sin plaga  cos pliaga

and when Npz, is imaginary M becomes

sinh pI’
cosh pI' j = —_ABA
ABA _— (2.16)

Jnapa sinh pI'aga  cosh plaga

For example, the equivalent index, N, and the equivalent

thickness, I', of the (L/2)H(L/2) and (H/2)L(H/2) structure
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with n,=1.45 and n,=2.25 are shown in Figs. 2.4 and 2.5.

From these figures it is evident that multiple periodic
structure display band pass or band stop characteristics
according to whether N,;, is real or imaginary. These
periodic multilayer structures may be imployed to realize
band rejection filters, bandpass filters, edge filters, beam
splitters, and so on.

The use of non-symmetric periodic multilayer structures
is sometimes desirable. Herpin[39] showed that non-symmetric
layers are equivalent to two films. By adding and removing
H/2 or L/2 layers, a non-symmetrical periodic multiple layer
can be changed into a symmetric multilayer structure[4].

Southwell[32] showed that a very thin two dielectric layer

(L/2)H(L/2)

N (Effective Index of
Refraction)

1
(H/2)L(H/2
0 1 2 3 4
AO/A

Fig. 2.4 Equivalent index of symmetrical thin-film
combinations[49].
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nL=1.45, n, = 2.25

6.28
0
0
a T
Ad
3]
-
f‘

3.14
0]
>
.S
3] (L/2)H(L/2) or (H/2)L(H/2)
e
W
=

0
0 1 2

AO/A

Fig. 2.5 Equivalent thickness of symmetrical thin-film
combinations[49].

is equivalent to a single layer structure. Therefore,
symmetric periodic multiple layer structures are the basic
building block for the realization of various kinds of
optical filters[1-5,50-58].

The problem of designing multiple layer filters with
specified reflectance or transmittance properties is very
complex and there is no simple method of solution applicable
to all kinds of filters, even though there are some basic
structures which are useful as building-blocks for optical
filter synthesis. Typically, severe restrictions such as
equal optical thickness, periodicity, symmetry, and the
refractive index of each layer are imposed on the filter

design in order to reduce the complexity.
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The development of digital computers has enabled the
filter designers to lift some of restrictions discussed
above so that filters with improved performance may be
designed. The performance of an optical filter may be
evaluated by simulating the spectral response of a filter
and comparing it to the desired spectral response so that a
suitable "merit function" may be designated.

Baumeister[43] used a successive approximation method
for the design of optical filters. Small changes were made
iteratively in the design variables in order to produce a
better approximation to the desired result from an initial
design. The change in reflectance, ARj, or transmittance,

AT of an N layer filter at a specified frequency by

jl
changing the layer thickness by Ad; is given by
0

N R+
ARy = -ATy = X ——2Adg; +0(Ag) (2.17)
i=10 di

if the refractive indices remain constant. However,
Baumeister's refinement process always requires the designer
to begin with an original structure whose spectral response
is a reasonable approximation to that desired. Dobrowolski
[44] used an exhaustive search method in which the designer
does not have to specify an original design. Heavens and
Liddel[2] improved Dobrowolski's method by reducing the

computer time for finding the optimized merit function.
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2.2.3 Fourier Transform Method of Synthesis
Certain design procedures require restrictions such as
equal optical thickness, periodicity, or symmetry of the
refractive index of the layers in the synthesis of multiple
layer filters. If these restrictions are removed, the
optical filter designer would have more degrees of design
freedom.

Sossi[15,16] developed a Fourier transform method for the
design of interference coatings having a given transmittance
function, T (k), where k is the wave number. In contrast to
the above mentioned methods, there are no required
assumptions about the number of layers, thicknesses, or
refractive indices. The starting point is the
transmittance, T(k), of an inhomogeneous film in terms of
the refractive index, n(x), where x is twice the optical
path inside the film. A refractive index profile as a
function of position can be obtained for an inhomogeneous
layer of infinite extent which may then be approximated by a
finite system of discrete homogeneous layers.

Sossi proved that the spectral transmittance of an
inhomogeneous layer is related to its refractive index

profile by the following approximate expression

'[_:%iejkx dx = 0(k) 0 = £(k) (2.18)
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where k=2n/A, Q(k) is an even function of the desired

transmittance, x is the twice the optical path,

x = 2[in(u)du , (2.19)
and ¢(x) is the phase factor. From Egn. (2.18), n(x) can be

derived as

n(x) = exp(g e QLk) sin(¢(k) — kx)dx) . (2.20)

The success of this method depends on obtaining a good
approximation for Q(k), an even function of the desired
transmittance. Dobrowolski[17], following Sossi, defined

Q(k) as

o) = [ y-100)] (2.21)

and he showed several examples of filters designed using
Egqn. (2.21). He also combined the Fourier transform method
with his completely automatic synthesis method[44] to
convert the inhomogeneous index profile to a multiple layer
structure, using a limited range of refractive indices.
Biovin and St.-Germain[21] designed band rejection filters
of narrow bandwidth using Eqn. (2.21). Because of

discrepancies of the spectral response between the results
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of the Fourier transform method and the matrix method,
Bovard[22] modified the Fourier transformation method to
reduce the error in designing band rejection filters with
narrow bandwidth.

In order to reduce the errors inherent to the Fourier
transform method, including the inaccuracy of the spectral
function Q(k), Verly and Dobrowolski[24] applied a numerical
compensation method by successive approximation. They showed
that the complex phase of Q(k) is the key parameter which
can be exploited to reduce significantly the thickness of
the synthesized film and to control the shape of the
refractive index profile without affecting the spectral

performance.

2.3 Fabrication of Inhomogeneous Optical Coatings

There are numerous synthesis techniques for the design
of inhomogeneous optical coatings[15-18,21-24] which have
been developed for over a period of 30 years [6,8]. However,
the realization of inhomogeneous optical coating has been
hampered by the lack of fabrication technologies. Recently
the development of computer-controlled fabrication
technologies has allowed continuous control of process
parameters so that inhomogeneous optical coatings may be
realized([7,10,13,14,21,25].

Jacobsson[6,7,9] proposed the use of inhomogeneous

optical coatings to reduce the reflectance of AR coatings.
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He used vacuum co-deposition in order to generate a film
with an intermediate refractive index. This is a very
difficult process to implement because it is very hard to
control simultaneously the necessary process parameters such
as the temperature and deposition rate of all of the
sources.

Boivin and St.-Germain[21] used the coevaporation
method in which the rate of deposition of the low index
material is kept constant while the rate of the high-index
material is controlled by an automatic shutter that delivers
a rate of deposition proportional to a preset reference
function. The reference function, corresponding to a desired
index profile, is stored in memory and as the deposition
progresses the rate controller delivers the appropriate
amount of material in the mixture so as to produce the
desired refractive index. However, the range of refractive
index available is very small because it is limited by the
constant evaporation rate.

Electron-beam evaporation using two computer-
controlled electron-beam sources has been used to grow
inhomogeneous layers[12,13]. Ion beam cosputtering was
aléo used to grow inhomogeneous films of TiO, and SiO, by
reactive sputtering of titanium and silicon targets[13].
However, oxides formed on the target surface significantly
reduced the sputtering rates, particularly that of

titanium. The most recent method reported for the growth
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of inhomogeneous layers is ion assisted deposition[14].
The compositional variation of the film was realized by
reactive ion beams through control of the relative gas
fluxes.

Compared to the above mentioned physical vapor
deposition (PVD) methods chemical vapor deposition (CVD)
method has not been used for growing inhomogeneous
dielectric layers. PECVD is one such CVD technique and it
has advantages over PVD methods. The thickness of the film
is more uniform and the physical damage on the film surface
due to the collision of accelerated ions can be minimized in
film grown by PECVD. It is also possible to obtain
compositional variation of the film by controlling the flow

rates of gases in the PECVD process.

2.4 Rugate filters

One possible application of the inhomogeneous thin
films discussed above is a rugate filter which reflects
incident light waves over a certain band of wavelengths. A
rugate filter[13,19,22,59,60] is an optical coating in which
the refractive index varies sinusoidally throughout its
thickness. Baumeister simulated a rugate filter via a
stepped-index dielectric multilayer[19]. Bovard also derived
a matrix describing a rugate thin film([22]. Instead of using
the stepped index approximation, Southwell[59] and Yeh[60]

calculated the spectral response of the rugate filter using
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coupled-mode wave theory. By modulating the envelope of the
sinusoidally varying refractive index, almost ideal band
rejection characteristics were achieved theoreticallyl[22,23,
61]. Therefore, the fabrication of rugate filters is one of
the more complex applications of inhomogeneous optical
coatings and is considered to be a proof of the growth of an
inhomogeneous dielectric layer. The theoretical analysis of
a rugate is described as follows[59,60].

The propagation of a light wave along the z axis in an
inhomogeneous layer with a refractive index n = n(z) 1is

given by

2
d"E(z) | [Qn(z)]zﬁz(z) = (2.22)

where wis the angular frequency and c is the velocity of
light in free space. The exact solution of Egn. (2.22) can
be given when n(z) is a linear, exponential, or hyperbolic
function. When the closed form solution of Egn. (2.22) is not
available, the inhomogeneous layer can be replaced by a
large number of homogeneous layer films and the reflectance
and transmittance can always be obtained using the matrix
method, as described in section 2.1.

Consider a rugate filter in which the refractive index
varies sinusoidally as a function of position. The
refractive index profile of a rugate filter is shown in Fig.

2.6. The refractive index of Fig. 2.6 is expressed as
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n(z) = n, + n,cos (Kz) (2.23)
where
g = 2% (2.24)
A

and A is the thickness of one sinusoidal layer.

Refractive Index

Physical Thickness

Fig. 2.6 Refractive index profile of a rugate filter.

Using the assumption that n;<<n, and neglecting the

small second order term,

filter reduces to

the wave equation for the rugate
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ZE 2
dd—(ZZ) + %(ni + 21, ny cos Kz)E(z) = 0 (2.25)
Z e

Using coupled-mode analysis, the solution of Eqgn. (2.25) can

be written as

E(z) = A(z) ¢ JkoZ 4 B(z) glkoZ (2.26)

where e JkZ and el%? are normal modes of the unperturbed

structure with k, given by

2
Trne _ 9O ) (2.27)

= — o

k:
° A &

Substituting Egn. (2.26) into the wave equation and using the

parabolic approximation with spatial average, we have

(] v (0 1
A = —j 2nlB€§Qm—Kﬂ (2.28)
e
and
] = (.0 1
B = i 2nlAe—j(2ko—K)z . (2.29)
c

The condition for having Egns. (2.28) and (2.29) is

2k, 2.K (2.30)
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By defining a coupling constant k as

K = = — (2-31)

and

Ak = 2k, — K (2.32)
and from the coupled equations Egns. (2.28) and (2.29)
A" - JAkn - k*A =0 . (2.33)
The solution of Egn. (2.33) can be written as
A(z) = [c;cosh sz + ¢ sinh sz] (Ak/2)z (2.34)

where C; and C, are constants and s is given by

2
Ax
Sz=K2_(_) , (2.35)
2
B(z) is obtained by the same procedure.
Now let a light wave be incident normally on the film
at z=0, then the reflection coefficient r is given by
B(0)

F = = (2.30)
A(0)
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Since the light is incident from the left at z=0, the

boundary condition for the reflected light at z=L is
B(L) = 0 . (Z.37)

Using the above boundary conditions A(z) and B(z) are

expressed as

scoshs(L — z) + j(&) sinh(L - 2z)
Az) = Akz A(0) ej(Ak/Z)z (2.38)
scoshIJ+j(?;)sinhsL

and

—jK sinh sL -
B(z) = Jks s A(0) o~ i(AK/2)z (2.39)

Ak
scosh1,+j(7;)sinhsL

From Egns. (2.36), (2.37), and (2.39) the reflection

coefficient becomes
—jK sinh sL

r = _ (2.40)
s cosh sL + j(Ak / 2) sinh sL

Also the reflectance R = r*r and can be expressed as

i 2 T,
B = k% sinh® s (2.41)

2 cosh? L + (Ak/2)? sinh® sL
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From Egn. (2.41) the reflectance maximum can be obtained

when Ak = 0 and it is expressed as

R = tanh? kL . (2.42)

The reflectance R in Eqgn. (2.42) approaches unity when kL is
large. The bandwidth of the main peak is given approximately
by

Ak = 4x (2.43)

and the calculated bandwidth AA is given by

(2.44)

Thus, the closed-form solution to the wave equation for
a fugate filter is derived on the basis of coupled-mode
theory. The design of a rugate filter can be accomplished
using Egns. (2.24), (2.30), and (2.44); an example of a
rugate filter design using these equations is presented in

section 4.3.1.



Chapter 3. Experimental Procedure

In this chapter the PECVD and PAL-68000 systems used
to grow multiple and inhomogeneous dielectric SiON layers
are described. Additionally, ellipsometry, Auger electron
spectroscopy (AES), and transmission measurements using a
spectrophotometer are described, which are used to
characterize the physical and optical properties of the
SiON films grown by PECVD. Finally, the methods of
electrical characterization of SiON films and ACTFEL

devices are presented.

3.1. PECVD system with a PAL-68000 Process Controller
3.1.1 PECVD

PECVD differs from conventional pyrolitic chemical
vapor deposition (CVD) which uses purely thermal
activation of the deposition reaction at very high
temperatures, typically in excess 800°C. Instead, PECVD
uses a plasma to activate or enhance the deposition
reactions to produce thin films from flowing reactant
gases[62-68] (A plasma is a partially ionized gas
consisting of equal number of positive and negative
charges as well as including a large number of netural
particles[69]). Therefore, PECVD can be accomplished at a

reduced substrate temperature, typically about 300°C. The

30



31

physical properties of plasma-deposited films depend on
process parameters which modify the plasma properties such
as pressure, substrate temperature, power, plasma
excitation frequency, and gas flow rates.

A schematic diagram of the Semigroup 1000 PECVD
system, which is used to grow SiON layers, is shown in
Fig. 3.1. The PECVD reactor has a capacitively coupled,
parallel plate configuration in which the top electrode is
powered, while the bottom electrode is grounded and
heated. The reaction chamber, made of aluminum, is 43 cm

in diameter and

RF Power Matching Mass Flow Controllers
3.56MHz Network
@-— — Gas Sources
I i ]
Heater Substrate

I l | |
l |
X

® Vacuum Valve

Cr P
vopume [ ] .

Mechanical and
Root Blower Pump

Servo Valve

O0il Filtration Pump

Fig. 3.1 A schematic diagram of the PECVD system
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the distance between the top and the bottom electrodes is
10.2 cm. A steady state glow discharge plasma is achieved
between the two electrodes by RF excitation while the
reactant gases flow through the PECVD chamber. The RF
power is coupled to the top electrode via an impedance
matching network and the forward and reflected RF powers
are monitored with a built-in power meter. The system has
a built-in microprocessor for semi-automatic control of
process parameters so that the pressure, RF power, gas
flowrates, substrate temperature can be maintained
constant during the operation of the system.

The SemiGroup 1000 PECVD system is used to grow SiON
layers. An excitation frequency of 13.56 MHz, substrate
temperature of 300°C, chamber pressure of 500 mTorr, and
power density of about 165mW/cm? is used. Silane (SiH,)
diluted in helium (2.01% SiH, in He), nitrogen (N,),
nitrous oxide (N,0) diluted in helium (5% N,0 in He) are
the process gases employed for the growth of SiON layers.
It is reported that high quality SiON films can be grown
by using helium-diluted reactant gases in PECVD[78-80]. N,O
is exceedingly reactive, compared to N,, so that small
variations of the N,0 flow rate result in large variations
in the refractive index of the film. For this reason, the
flow rates of SiH, and N, (as well as other deposition
parameters such as RF. power, chamber pressure, and

substrate temperature) are kept constant using the
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SemiGroup programmable microprocessor; only the N,0 flow
rate is subject to real time control via a Techware PAL-

68000 process controller.

3.1.2 PAL-68000

The physical properties of a PECVD grown dielectric
layer can be varied by changing the values of the process
parameters. It is possible to grow inhomogeneous
dielectric layers if the gas flow rate is varied
continuously as a function of time. A Techware PAL-68000
[70] process automation controller is connected to the
PECVD system in order to control the flow rate of N,O
continuously as a function of time. The PAL-68000 is a
real-time, multi-tasking process control system used for
the automation of thin film deposition and etching
processes. The PAL-68000 uses PAL, a specially designed
language for programming process equipment. A PAL program
is written to create a process sequence and parameter
setpoints according to user-defined requirements.

The PAL-68000 system is a very flexible controller
with 12 analog and 12 digital input and output channels.
PECVD process parameters such as chamber pressure, gas
flow rates, and RF power can be connected to analog
channels, while valves and switches can be controlled by
digital channels of the PAL-68000 system. Each channel is

preassigned for a prescribed function using a
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configuration file of the system. Channels are used to
define the state of a particular input/output point. All
channels are defined as bi-directional. That is , they may
contain a "value" or a "setpoint." A value is defined as a
state which originates at a component in the PECVD system
and is supplied to the PAL-68000 system. A setpoint is
defined as a state which originates from the PAL-68000
system and is supplied to the process equipment. A
schematic diagram of the PAL-68000 controller is shown in

Fig. 3.3.

Configuration File

Analog
P —Output
v I Digital
—Output
PAL
——Relay
PAL-68000

Custom Interface

Fig. 3.2 Block diagram of the PAL-68000 automatic process
controller.
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3.1.3 Coupling of the PECVD to the PAL-68000

In order to utilize the PAL-68000 system to control
the PECVD system, a mass flow controller (MFC) for N,O0 with
maximum flow rate of 500 sccm is chosen as an analog
output channel for the PAL-68000 system. An MFC is a
device which controls the flow rate of a reactant gas of
the PECVD process. The model number of the MFCs used are
MKS 2259B[71]. The model 2259B MFC accepts a 0-5 V (DC)
setpoint signal and the flow rate of a gas flowing through
this MFC is proportional to the setpoint voltage. The
response time of the 2259B MFC is less than 2 seconds and
is accurate to within *2% of a setpoint value. The setpoint
voltage for the 2259B MFC is kept constant for the growth
of homogeneous SiON layers.

It is possible to change the flow rate of a certain
gas during thin film deposition by controlling the
setpoint voltage applied to the 2259B MFC. Real time
control of the setpoint voltage of the 2259B MFC 1is
achieved using the PAL-68000 system. An analog output
channel is assigned to the PAL-68000 to generate a
setpoint voltage for the 2259B MFC for N,0 gas. A PAL
program is created for the required flow rates and
deposition time to grow multilayer or inhomogeneous
dielectric films. The poll period, during which the PAL-
68000 system reads or writes the value of each channel,

varies from 1/8 to 8 seconds and is taken into account in
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creating the process program. A schematic diagram of PECVD
with PAL-68000 is shown in Fig. 3.3.

An example of a PAL program for the growth of an AR
coating is shown in Table 3.1. In this example, three
analog channels and one digital channel are selected to be

controlled by the PAL-68000 system. The analog channels

HW-Processor for

PECVD
Configuration File I !
Mass Flow Controller
MKS 2259B
-« > [ |
Analog
v e — |Output
BAT, Digital PECVD Chamber
— |Output
[ Egiay | |
L_ RF Power Supply

PAL-68000

Custom Interface

Fig. 3.3 MKS 2259B MFC of the PECVD system is connected to
the PAL-68000 automatic process controller.

are the N,0 flow rate and RF power defined as flow-setpt
and power, respectively. A digital channel defined as

"Valve" is for the opening and closing of the 2259B MFC.



< i)

The other process parameters of the PECVD system are
assumed constant. In this table, seconds and flow.setpt

are chosen from the experimental calibration chart

Table 3.1 An example of a PAL program for a multiple layer

AR coating.
EVENT ACTION

Sequence /AR None
Always Valve = Op
Always **Comment** AR coating
When d:seconds > 10 sec flow.sept = 294.74 sccm
When d:seconds > 60 sec Power = 70 W
When d:seconds > 250 sec flow.sept = 0.00 sccm
When d:seconds > 873 sec flow.sept = 9.01 sccm
When d:seconds > 30 sec flow.sept = 12.28 sccm
When d:seconds > 525 sec flow.sept = 18.83 sccm
When d:seconds > 570 sec flow.sept = 26.20 sccm
When d:seconds > 12 sec flow.sept = 34.39 sccm
When d:seconds > 263 sec flow.sept = 43.39 sccm
When d:seconds > 276 sec flow.sept = 54.04 sccm
When d:seconds > 469 sec flow.sept = ©67.14 sccm
When d:seconds > 154 sec flow.sept = 83.51 sccm
When d:seconds > 239 sec flow.sept = 103.16 sccm
When d:seconds > 197 sec flow.sept = 124.45 sccm
When d:seconds > 457 sec flow.sept = 152.29 sccm
When d:seconds > 363 sec flow.sept = 0.00 sccm
Always Power = 0 W
Always Valve = Cl
Always End of /AR
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discussed in Chapter 4. The expected refractive index

profile and thickness are shown in Fig. 4.10 (a).

3.2. Characterization Techniques

The three major techniques used for the physical and
optical characterization of inhomogeneous SiON films grown
by computer-controlled PECVD are ellipsometry([72,73],
Auger electron spectroscopy (ARES) [72,74,75], and optical
transmission using a spectrophotometer([72]. The ACTFEL
characterization techniques used in this experiments are
capacitance-voltage (C-V)[38,76,77,78], internal charge-
phosphor electric field (Q—Fp)[79,80], and luminance-
voltage (L-V)[81] measurement. The principles of operation

of each technique are described as follows.

3.2.1. Ellipsometry

Ellipsometry[81] is used to generate the calibration
chart of the SiON films. Homogeneous SiON films under
different gas flow rate are grown on silicon substrates.
Their thicknesses and refractive indices are measured by
ellipsometry. Ellipsometry[81] is based on measuring the
state of polarization of polarized light. Ellipsometric
measurements[83] involve illuminating the surface of a
sample with monochromatic light having a known,
controllable state of polarization and then analyzing the

polarization state of the reflected light. When light is
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reflected from a single surface, it is generally reduced
in amplitude and shifted in phase. For a multiple
reflecting surface, the various reflecting beams interfere
with one another which results in an amplitude variation
as a function of wavelength and incident angle. Therefore
it is possible to deduce optical variables such as
refractive index and thickness from an ellipsometric
measurement.

Assume that plane-polarized light is incident on a
flat surface. The electric field of the linearly polarized

light can be resolved into p and s components as

E=ED+EsS (3.1)

where the p component, E_, is parallel to the plane of

incidence and the s component, E,, is vertical to the plane
of incidence and where p and § are unit vectors parallel
and vertical to the plane of incidence, respectively. The

reflection coefficients, R, and R, of each p and s

component can be written as

E,(reflected) E_(reflected)
= , and R, =

E (incident) E,(incident)

P
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Rp and R, are not measurable, but the complex reflection
ratio p can be defined in terms of ellipsometric angles ¥

(0°<W¥<90°) and A (0°<A<360°) as follows.

p = L2 = tan(y)eId (3.3)
Rs
¥ = tan™ (-2) (3.4)
where
A = A, - A, = differential phase change, (3.5)

and ¥ and A are the most commonly employed ellipsometer
variables and are used to determine the sample optical
parameters. The most important application of ellipsometry
is to measure the refractive index, n,, of a nonabsorbing
insulator film deposited on a highly absorbing substrate
with a known complex refractive index of n, - jk,. n;, and
the film thickness can be calculated from the results of
single ¥ and A measurement[83]. Because of the complexity
of equations involved in the computation of the refractive
index and thickness, these parameters are evaluated
numerically.

A schematic diagram of a rotating analyzer

ellipsometer used to measure ¥ and A is shown in Fig. 3.4.
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The light from the laser source is depolarized to achieve
a circular polarization of the beam. After it passes
through the polarizer, the circularly polarized light is
converted to a linearly polarized beam. The reflected
light subsequently becomes elliptically polarized because
its polarization is altered by the optical properties of
the sample. The reflected light then passes through a
rotating analyzer prism and is sensed by a photodetector
which, in turn, converts the light power into an electric
current proportional to the intensity of the reflected
light passing through the analyzer. An optical

interference filter between the analyzer and photodetector

Depolarizer To
cirenlarly Photodetector
Polarized Enalyger /"(
// /Light Drumy b
Laser \<:) //Polarizer -
Drum Filter
Analyzer
) Prism
go}arlzer S:l\Elliptically
rism 7 Polarized
Light
Linearly Thin Film

Polarized
Light

Substrate

Fig. 3.4 Optical system functional diagram of rotating
analyzer ellipsometer.
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blocks out all wavelengths other than that of the laser
beam, eliminating the effects of ambient illumination.
Finally, the refractive index and thickness of the film
are calculated numerically via a desktop calculator using

Y and A as input data.

3.2.2. Auger Electron Spectroscopy (AES)

AES is used to verify the compositionally graded SiON
films by sputter profiling. AES([81,82,86] is a surface
analytical technique useful for the study of the chemical
composition of thin films. All elements except hydrogen
and helium can be detected using AES. Although the basic
Auger technique samples a depth of typically 5 to 50 A, it
is possible to obtain depth information by sputter etching
the samples.

AES detects emitted Auger electrons for analysis. The
process of Auger electron emission is illustrated in Fig.
3.5. Auger electrons are emitted from the atom as the
result of the ionization of an inner shell electron and
the coupling of deionization energy associated with the
filling of this inner core state to an electron in an
outer shell. Auger electrons in AES arise from electron
beam ionization and provide a distinctive signature which
allows chemical interpretation to be accomplished. The
energy spectrum of Auger electrons is characteristic of

each atom and is independent of the incident electron
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Fig. 3.5 Electronic process in AES.

energy. Emitted Auger electrons are detected and analyzed
by an electron energy analyzer. The energies of Auger
electrons vary typically from 30 to 3000 eV. A schematic
diagram of an AES system is shown in Fig. 3.6.

An AES system basically consists of an electron gun,
an electron energy analyzer, a sputter ion gun for depth-
profiling, and control circuits. A 1-5 KeV electron beam
is incident on the surface of the sample under very high
vacuum conditions. The high energy electron beam produces

Auger electrons which are detected by the electron energy
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analyzer. Auger electrons enter the inlet aperture between
two concentric cylinders and arrive at the electron
multiplier detector. Final results of the analysis are the
Auger electron spectra as a function of the electron
energy.

A depth profile of a thin film can be achieved by AES
sputter profiling. The sample to be analyzed 1is bombarded
with ions from an ion gun at a typical energy of 1 KeV. A
small fraction of the ion energy is transferred to surface
atoms and causes them to be sputtered away as Auger
electrons being analyzed. The final result of an AES depth

profile is a plot of the atomic concentration as a

Controller
Circuit

» L

iéfElectron ’1 Electron
. |Gun J Multiplier

Holder

\ Magnetic Shield

(:::XSputter Ion Gun

Fig. 3.6 Schematic diagram of an Auger electron
spectroscopy system.
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function of sputtering time which then can be converted to
thickness.

One problem associated with AES depth profiling,
relevant to the work presented herein, involves knock-on
effects[82] caused by sputtering ions such as Ar* which
result in atomic mixing so that depth profiles are smeared
and appear continuous even at abrupt junctions. The
sputtering ion pushes a fraction of the surface species
into the sample rather than sputtering them away; thus,
the compositional profile is appears broader in an AES

depth profile than it is actually.

3.2.3 Optical Transmission

Optical transmission measurements are used to
determine the spectral response of AR coatings, ACTFEL
devices, and rugate filters. During transmission
measurements light is incident on the sample, and the
transmitted light is measured as a function of wavelength.

A Hewlett-Packard (HP) 8452A diode array
spectrophotometer[87] is used for optical transmission
measurements. A schematic diagram of the HP 8452A system
is shown in Fig. 3.7. A source generates light over the
190 nm to 820 nm wavelength range. The source lens
receives the light from the lamp and collimates it so that
the beam passes through the sample. A spectrograph lens

refocuses the light beam after it passes through the
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sample. The slit is a narrow aperture in a plate located
at the focus of the spectrograph lens. After passing
through the slit, light is incident on the grating which
separates the light beam into its component wavelengths
and reflects the light onto a diode array. The diode array
is a series of 328 individual photodiodes and control
circuits etched onto a semiconductor chip. Each photodiode
monitors a certain wavelength so that the spectral

response of a thin optical film can be constructed.

Diode Array

Grating

Spectrographic
Lens

sample

Thin Film
Source Lens

Lamp

Fig. 3.7 Schematic diagram of a diode array
spectrophotometer.
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3.2.4 Resistivity and Breakdown Field Measurements

For resistivity and breakdown field measurements of
PECVD-grown dielectric layers, a SiON film with a
thickness of 1000 A is deposited onto a silicon (Si)
substrate. And 1000 A thick aluminum (Al) dots with an
area of about 11.06x10°3 cm? are formed on the top of the
SiON film by thermal evaporation.

The resistivity of the SiON film is calculated from
Ohm's law by measuring the current at a field of 1 MV/cm
using a Hewlett-Packard (HP) 4240B pico-Ammerter with DC
voltage source. The current is measured 60 seconds after
applying the DC bias voltage in order to avoid transient
effects. The resistivity, p, of the SiON layer is
calculated from

p=2-
dI

where A is the area, d is the thickness, V is the applied
voltage, and I is the measured current flowing through the
film.

The breakdown field is assessed from current-voltage
(I-V) characteristics measured using a Hewlett-Packard
4145B Semiconductor Parameter Analyzer. From the I-V
characteristic curve, a very small current increases
linearly and slowly because of the very high resistivity

of the SiON film. As soon as the electric field of the
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dielectric layer exceeds the electric breakdown strength
the current increases suddenly, and usually very sharp
slope increase occurs due to the breakdown of the thin
film. The breakdown voltage is defined as the voltage
extrapolated from the I-V curve at the point where the
slope of the current changes abruptly. The breakdown field

is the breakdown voltage divided by the film thickness.

3.2.5 Characterization Techniques for ACTFEL Devices

The ACTFEL characterization techniques used in this
thesis are capacitance-voltage (C-V) [38,76-78], internal
charge-phosphor electric field (Q—Fp)[79,80], and
luminance-voltage (L-V) [81] measurements. The experimental
set-up for the C-V, and Q-F, measurement is shown in Fig.
3.8. As shown, the ACTFEL device is connected in series

with a series resistor (R.), and a sense resistor (R

S sense)

for the C-V measurement or a sense capacitance (C for

sense)
the Q-F, measurement. R, is used for the current limiting
and helps to prevent the ACTFEL device from breaking down
catastrophically. By measuring v,(t), v,(t), and vs(t), C-V
and Q-F, curves can be obtained.

When R is used, the current through the sense

sense

resistor, i(t), is written as

i(t) = " (3.7)
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vy (t) V,(t)
RS
ACTFEL
Device
I\ V3(t)
Applied
Voltage sense

or

sense

Fig. 3.8 Basic circuit for ACTFEL characterization.

By differentiating q(t) = C v(t) with respect to time, the
ACTFEL capacitance, C, as a function of the voltage across
the ACTFEL device, v,-v, can be described as

i(t)
dlv,(t) — v,(t)] / dt

C(v, —v;) =

C-V plot is then obtained by plotting C(v,-v;) versus
v, (t)-v,(t).

If R is replaced by C then , the internal

sense sense/’

charge, q(t), is written as



C,+C
q(t) = == C Vs (£) = Co v, (E) = v, (t)] (3.9)

sense
I
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where C; and C, are the insulator and phosphor capacitances

of the ACTFEL device, respectively. The phosphor electric

field, Fp(t), can also be calculated as

F(t) = —L[Mi—(vz(t)—vs(t))] (3.10)

where d, is the thickness of phosphor layer of the ACTFEL
device. By plotting q(t) versus F (t), a Q-F, curve is
obtained.

The circuit used for L-V measurement is similar to
that shown in Fig. 3.8 except that the ACTFEL device is
operated without a sense resistor or capacitor. A
photometer is placed in front of the ACTFEL device for
measuring the luminance. By plotting the voltage across
the ACTFEL device versus the luminance read from the
photometer, a L-V curve is obtained.

From the C-V, Q-F,, and L-V curves, valuable
information about the ACTFEL device such as various
threshold voltages, the insulator and phosphor
capacitance, the interface charge density, the conduction
charge, and the conversion efficiency, can be obtained;

this is discussed in more detail in chapter 5.
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Chapter 4. Inhomogeneous SiON Layers

4.1 Inhomogeneous SiON Layers Grown by PECVD

4.1.1 Generation of a Calibration Chart

Generation of a calibration chart is a first

requirement for the fabrication of inhomogeneous
dielectric layers. A large number of homogeneous SiON
layers with different compositions are grown on Si
substrates by varying the N,0/N, flow rate ratio; then the
refractive indices and thicknesses of these SiON films are
measured by ellipsometry. A calibration chart is
constructed by plotting the refractive indices and
deposition rates as a function of the N,0/N, flow rate

ratio as shown in Fig. 4.1 (a) and (b), respectively. The

Refractive Index
[ =
[e)} (o0}

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
N20/N2

(a)
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Fig. 4.1 SiON calibration chart. (a) Refractive index, and
(b) deposition rate as a function of N,0/N, flow rate
ratio.

dynamic range of the index of refraction of a SiON layer
varies from approximately 1.48 for SiO, to 2.05 for Si;N,.
The minimum deposition rate of SiON films varies from
about 93 A/min. for Si,N4 growth to 214 A/min. for Sio,
growth. The flow rate ratios and deposition rates are
selected according to the desired composition and
thickness of the dielectric layer. The optical thin film
is then synthesized by specifying the flow rate of the N,O
and the deposition time by writing a process control
program using the PAL-68000 process automation system

which controls the deposition in real-time.
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4.1.2 Auger Electron Spectroscopy Analysis of
Inhomogeneous Dielectric Layers
The results of Auger analysis of four dielectric

layers grown by PECVD are shown in Figures. 4.2-4.5.
Figs 4.2 and 4.3 are depth profiles of homogeneous SiO, and
Si,N, layers, respectively, deposited on silicon
substrates. Note that the Si, 0, and N atomic
concentrations are almost constant as a function of

sputtering time for these homogeneous layers.

)
N
o

(a.u
N

Auger Yield
=

0 200 400 600 800 1000

Sputtering Time (sec)

Fig. 4.2 Auger depth profile of a homogeneous SiO, layer.

Fig 4.4 displays the compositional variation of oxygen and

nitrogen as a function of sputtering time for a linearly

graded SiON layer. The depth profile shown in
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Fig. 4.5 Auger depth profile of a dielectric superlattice
structure.

Fig. 4.5 is of a dielectric superlattice structure
consisting of 8 SiO, and 7 Si;N, layers. Much of the slow
rise in the O and N signals found in Figs. 4.2 and 4.3 and
the lack of abrupt interfaces observed in all four
figures, as manifest by the rather long tails at
interfaces, may be attributed to atomic remixing via
knock-on effects associated with Ar* sputtering([74]. Thus,
the Auger analysis results shown in Figs. 4.4 and 4.5
indicate that a high degree of compositional control has
been achieved by computer-controlled PECVD growth of SiON

layers.
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4.1.3 Discussion
AES is used to analyze the homogeneous,
compositionally graded, and superlattice-like SiON layers
grown by computer-controlled PECVD by sputter profiling.
It is demonstrated that the compositional variation of
SiON thin films is possible by changing the gas flow rate

using computer-controlled PECVD.

4.2 Antireflection (AR) Coatings
4.2.1 Transmission Line Modeling of a Thin Film
Transmission line theory can be used for the analysis
of the propagation of electromagnetic waves in dielectric
media. For example, a homogeneous dielectric layer grown on
a glass substrate can be modeled as a transmission line with

source and load impedances as shown in Fig. 4.6 , where 1 is

Zi 1
1 | o]
-~ |
ZO
24
air SiN glass 4
7 7 7 v() Z,
[0} 1 S
(a) (b)

Fig. 4.6 (a) Air/SiN/glass structure and (b) its
transmission line equivalent circuit.
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the thickness of the dielectric layer, Z, is the source
impedance of free space, Z, is the load impedance of the
glass substrate, and Z, is the characteristic impedance of
the SiN dielectric layer.

Assume that the dielectric layer is homogeneous,

isotropic, and nonmagnetic; then the characteristic

impedance Z. is given by

where U and U, are the relative permeability and the
permeability of free space, respectively, and € and €, are
the relative permittivity of the dielectric material and
permittivity of free space, respectively. The relative
permeability, W, is unity in non-magnetic dielectric
materials. The relative permittivity, €&, or dielectric
constant, differs from material to material. Therefore,
different dielectric materials have different characteristic
impedances. In free space, the dielectric constant, €, is
unity so that the characteristic impedance of free space,

Z,, becomes Z_=(u,/e,)1/?. Thus, Z. can be written as

/uo 1 1
T = |52 =7 = (4.2
c . o )
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where n=¢l/?2, and is denoted the refractive index of the
dielectric material.

The reflection coefficient, r, at the interface of two
semi-infinite materials with characteristic impedances of Z;

and Z, is expressed by

Z, =2, _n —-n
Z, + 7, n, +n,

r =

where n;, and n, are refractive indices of the two materials.

From electromagnetics, the input impedance[82], Z.

ir

of a
dielectric layer with thickness 1 with characteristic

impedance of Z_, = Z,, as shown in Fig. 4.6, is described as

Z, + 3jz, tan Bl

Z, =12
"7, + 32, tanpl

1

where B, a propagation constant of the dielectric medium, is
given by P = on/c. Replacing %, and %, by Z, and Z; in Egn.
(4.3), it is possible to calculate the reflection
coefficient at the surface of a film of thickness 1 on a
glass substrate. Any multiple layer dielectric can be
represented as a transmission line, as shown in Fig. 4.7.
Therefore, the reflection coefficient of any multiple layer

can be expressed in the same way; transmission line modeling
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is useful for the analysis of multiple dielectric layer

structures.
Z
n
* o ERONRES—
air glass Lo

(a) (b)

Fig. 4.7 (a) Multiple dielectric layer and (b) its
transmission line equivalent circuit.

4.2.2 Touchstone Microwave Simulation and Optimization
Program

Analysis of a multilayer dielectric film is quite
straightforward if the multilayer structure is modeled as a
transmission line structure shown in Fig. 4.7 as explained
above. Synthesis of a multilayer structure, however, is a
much more difficult problem than analysis. Young[28] applied
a synthesis method in which multiple quarter-wave sections
are used to design a multilayer AR coating with a desired
spectral response. In order to simplify the synthesis

problem he constrained the optical thickness to be the same
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for each layer. Removal of this restriction allows the
synthesis of a multilayer optical film with a spectral
response closer to that of the desired specification.
Touchstone[83], developed by EEsof, is a microwave
software program which can be used for the analysis and
synthesis of transmission lines. No restrictions on the
thickness and characteristic impedance are necessary using
Touchstone and it can be directly applied to the analysis
and design of AR coatings and impedance matching layers. An
optimizing routine in the Touchstone makes the design of
optimal multilayer dielectric films possible. The Touchstone
optimizer first compares the computed transmission line
circuit response with a desired response, and then adjusts
the transmission line circuit parameter values (thickness
and impedance or refractive index) to minimize the
difference between the computed and desired responses. The
subsequent analysis and design of AR coatings are calculated

by the Touchstone.

4.2.3 Analysis and Optimization of AR Coatings

An ideal AR coating has a gradually changing refractive
index profile between the incident medium and exit medium in
order to transmit 100% power to the exit medium. However,
the gradual change of refractive index from air (n=1) to
glass substrate (n=1.52) is not possible because of

refractive index limitations. The minimum refractive index
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of a dielectric material such as MgF, in the visible
frequency range is 1.38. The minimum refractive index of a
SiON film grown by PECVD is 1.48. An ideal, single layer AR
coating has an index of refraction, n, related to that of
the glass substrate, 1.52, and air, 1, by n=(1x1.52)%2=1.23;
however, there is no suitable coating material available. By
placing a quaterwave-thick homogenous dielectric layer with
a high refractive index between air and a linearly graded
inhomogeneous dielectric layer on a glass substrate it is
possible to reduce the reflectance over the design
wavelength. A first-cut design of the refractive index
profile is shown in Figs. 4.8.

In order to calculate the spectral response of such a

linearly graded AC coating using Touchstone, it should be

—
@

Refractive Index
= =
- o

=
N

1 L " L L L 1
0 1 2 3 ) 5 6 7 8

Quater-Wave Optical Thickness

Fig. 4.8 Refractive index profile of a linearly graded AR
coating on a glass substrate.
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Fig. 4.9 (a) Discretization of the linearly graded AR
coating in Fig. 4.8, and (b) calculated reflectance response
of the discretized structure in (a).
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divided into a thin multiple layer structure as shown in
Fig. 4.9 (a) which can be represented as a transmission
line. It is divided into 14 layers for convenience. (For the
transmission line analysis using the Touchstone, an AR
coating can be divided into as many as 2500 layers. But the
maximum number of layers the Touchstone optimizer can handle
is limited to 25.) The spectral response, thus calculated,
is shown Fig. 4.9 (b). The Touchstone optimizer is used to
find the optimum design parameters and the resulting design
and its reflectance spectrum is shown in Figs. 4.10 (a) and
(b) . From a comparison of the spectral response of the two
structures in Figs 4.9 (b) and 4.10 (b), the latter shows

better spectral response in the visible range.

4.2.4 Experimental Results of AR Coatings

Fourteen layers of SiON thin films, as shown in Fig.
4.10 (a), are deposited on a Corning 7059 glass substrate
(n = 1.52) by computer-controlled PECVD. The total
thickness of the AR coating is approximately 1000 nm. The
measured spectral response of the multiple layer AR
coating is indicated in Fig. 4.10 (b), shows good
agreement with the simulated result.

Even though the dynamic range of the refractive index
of SiON films grown by PECVD is limited from 1.48 to 2.05, a

reflectance of less than 0.5% over the visible wavelength
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Fig. 4.10 Multilayer AR coating structure on a glass
substrate (n,=1.52): (a)refractive index profile, (b)spectral
response of calculated and measured AR coatings. The
straight line shows the glass reflectance without a coating.
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range is realized by the deposition of 14 SiON layers on a

glass substrate.

4.3 Rugate Filters
4.3.1 Design of Rugate Filters

Using the analytical solution described in Chapter 2,
two rugate filters with bandwidths of around 100 nm at
central wavelengths of 500 nm and 570 nm are designed. The
design parameters A and n, can be calculated from the
equations derived in Chapter 2.

From Egns. (2.24), (2.27), and (2.29), A can be

written as

where A is the thickness of a period of the sinusoidal
layer, A, is the central wavelength, and n, is the average

refractive index of the rugate filter. The amplitude of

modulation, n,, is derived from Egn. (2.43) and is given by

AL

A rugate filter with a central wavelength A, = 500 nm
and a bandwidth AAM = 100 nm is designed using Egns. (4.5)

and (4.6). An average value of refractive index n, = 1.66 is
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chosen as a quiescent point for the full swing of the
sinusoidal refractive index. (It is not easy to control the
N,0 flow rate for a SiON film with high refractive index
because the MFC cannot control the N,0 flow rate in a range
less than 2 % of the maximum flow rate; the lower the N,0
flow rate is , the higher the refractive index of a SiON
film grown by a computer-controlled PECVD.) The calculated
values of A and n, are 150.6 nm and 0.166, respectively.
Another rugate filter with central wavelength A, of 570 nm

is designed. The average index of refraction, n and the

of
amplitude of modulation, n,, are chosen to be the same as
those of the A, = 500 nm rugate filter. The calculated
values of A and AA are A = 171.6 nm and AA = 114 nm,
respectively for this case. The specification of the two
rugate filters, including the number of sinusoidal periods
to be grown, is shown in Table 4.1. Theoretically calculated
reflectance spectra of the two rugate filters are shown in

Figs. 4.11 and 4.12. These spectra are calculated using the

matrix method.

4.3.2 Experimental Results
Rugate filters with 10 and 20 sinusoidal periods are
fabricated by computer-controlled PECVD. The measured
spectral characteristics of 10 and 20 sinusoidal period
rugate filters are compared to simulated results and are

shown in Figs. 4.11 and 4.12, respectively.
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Table 4.1 Parameters of rugate filters fabricated by

computer-controlled PECVD.

A, A n, AL # of
periods
Rugate 500 nm [ 150.6nm| 1.66 0.166 100 nm | 10
Filter #1
Rugate 570 nm |[171.6nm| 1.66 0.166 | 114 nm |20
Filter #2

It took approximately two hours to grow the 10

sinusoidal periods on a glass substrate.

The thickness is

approximately 1.5 pm for the 10 sinusoidal period rugate

filter. Compared to the 107 hours of deposition time taken

to grow a 30 um thick rugate filter by Oullette et al.[13],

it would take less than 30 hours to grow a rugate filter

with the same characteristics by PECVD. Figure 4.11 displays

good agreement between the theoretical simulation and the

experimental assessment of the two rugate filters grown

under the identical conditions. Note that the experimental

spectra are quite similar; this is indicative of the

reproducibility of the present PECVD process.

It took approximately four hours to grow a 20

sinusoidal period rugate filter on a glass substrate. The

thickness is approximately 3.4 um for the 20 sinusoidal
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Fig. 4.11 Theoretical and experimental reflectance spectra
for 10 sinusoidal period rugate filters on a glass substrate

with A, = 500 nm.

1
—’_> Theory
0.8 |
> Experiment

[}
£
£ 0.6
i)
6}
[}
o 0.4
(]
o

0.2 Ny

350 450 550 650
Wavelength (nm)

Fig. 4.12 Theoretical and experimental reflectance spectra
for a 20 sinusoidal period rugate filter on a glass

substrate with A, = 570 nm.



69

period rugate filter. The measured spectral response of
the rugate filter with 20 sinusoidal periods varied from
point to point due to the nonuniformity of the thickness
of the film. (The present PECVD process has not been
optimized for thickness uniformity.) The spectral response
shown in Fig. 4.12 is chosen because it is most similar to
the simulated spectra. The main deviation between the
experimental and simulated spectra of Fig. 4.12 for the 20
period rugate filter is with respect to differences in the
sidelobes.

In order to investigate possible sources of the
origin of differences between the simulated and
experimental sidelobes, a sensitivity analysis is
undertaken in which several reflectance spectra are
generated as a function of variations in the refractive
index profile. For example, Fig. 4.13 shows reflectance
spectra in which n, and n, are increased by 5 % compared to
that of an original design. Note that a 5 % variation in n,
changes the spectral response insignificantly whereas a 5
% variation in n_ changes the central wavelength of the
filter dramatically. Fig. 4.14 illustrates that a 5 %
increase in A yields a large change in the central
wavelength of the filter and that the number of layers
determine the steepness of the band edge rejection

transition. However, note the none of the variations
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Fig. 4.13 Reflectance spectra of a rugate filter due to
the variation of n_, and n,.
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Fig. 4. 14 Reflectance spectra of a 20 period rugate
filter due to the variation of A and the number of
sinusoidal periods.
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considered in Figs. 4.13 or 4.14 can allow for the

sidelobe deviations encountered in Fig. 4.12.

The variation of spectral response a 20 period rugate
filter is investigated on the assumption that phase shift
may occur in the refractive index profile; i.e. the
thickness of the rugate filter is a non-integral number of

periods. The refractive index of a rugate filter as a

function of position and phase is given by

n(z) = n, + n, sin(z%z + ¢) (4.7)

where ¢ is the phase, the value of which may be process-

dependent. ¢ is assumed zero in the original design and

simulation. The simulated spectral response for ¢ = 0, wm/4,

1.00

0.80 {/f
) j
0 i Phase Shift :
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) .
O 1o
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V2% § ST N 'J,’, \ 0 ,'
RGN /J‘ ";/\ .-"j//\ 4"!/ A /I / "S;I -
0.00 . - \
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Wavelength (nm)

Fig. 4.15 Reflectance spectra of a 20 period rugate filter
as a function of phase shift.
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and n/2 is shown in Fig. 4.15. Fig. 4.15 shows changes in
the sidelobes as a function of phase. When ¢ = 0, the
magnitude of the amplitudes of the sidelobes in the long-
and short-wavelength regions is very similar. However, as ¢
increases to m/2, the sidelobe amplitude in the short-
wavelength region is more pronounced than that in the
long-wavelength region. In Fig. 4.16, the simulated
spectral response at ¢ = ®/2 is compared with experiment.
This simulation is more in keeping with the sidelobe
structure observed for the rugate filter of Fig. 4.12.
Thus, the phase shift of the refractive index profile is

one of the major sources which can account for the

Experiment

Reflectance

350 450 550 650
Wavelength (nm)

Fig. 4.16 Simulated spectral response of a 20 layer rugate

filter with a phase shift of ®/2 compared to the
experimental spectrum.
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sidelobe disagreement observed in Fig. 4.12.

The physical mechanism responsible for the phase
shift of the refractive index profile may be changes in
the refractive index of SiON film at air/SiON/glass
interface due to a contamination (due to oxidation, for
example) or simply due to the nonuniform thickness of the
film which appears to manifest itself as a phase
shift[96]; further work is required to establish this
conclusively. Sensitivity analysis, such as that
demonstrated in the preceding, is a valuable approach for
establishing the limits of design sensitivity for rugate
filters.

Another possible source of deviation between the
experimental and simulated spectra for the 20 sinusoidal
period rugate filter is likely to be tiny particulates
which have fallen onto the substrate from the surface of
the top electrode during the long period of deposition;
there is a large number of tiny particulates on the
surface of the 20 period rugate filter, as observed under
the microscope. This is an ever-present problem for
horizontal chamber configurations[96]. These particles
cause scattering of the light which can also give rise to

deviations from the simulated spectra.
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4.3.3 Summary

10 and 20 sinusoidal period rugate filters are
realized on glass substrates. Excellent agreement between
the measured and simulated spectral responses of 10
sinusoidal period rugate filters demonstrates the
effectiveness of computer-controlled PECVD for the growth
of inhomogeneous SiON dielectric layers.

The deviation of the sidelobes of the measured
spectral response of the 20 sinusoidal period rugate
filter may be attributed to the phase shift of the
refractive index profile of the rugate filter. It is
likely that the phase shift of the refractive index
profile is due to changes in the refractive index at the
air/SiON or SiON/glass interface or due to the nonuniform
thickness of the film, but further investigation is needed
to prove this. Thickness nonuniformities and problems with
particulates may be resolved by employing a reactor in
which the substrate temperature is maintained constant and

the substrates sit vertically.
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Chapter 5. ACTFEL Devices with Inhomogeneous Dielectrics

5.1 Design of ACTFEL Devices with SiON Dielectric Layers
5.1.1 The Role of Insulating Layers in ACTFEL Devices
A conventional ACTFEL device structure (metal
electrode/first insulator/phosphor layer/second insulator
/indium tinoxide (ITO)/glass) is shown in Fig. 5.1. When

an external voltage is applied between the metal and ITO

\ Applied Voltage

Insulators

N

iON ZnS:Mn |SiON ITO Glass

Phosphor Layer

Transparent Conductor
Metal Electrode

Fig. 5.1 Structure of a conventional ACTFEL device.
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electrode, light is generated in the phosphor layer and is
transmitted through the insulator, ITO, and glass
substrate. The role of the dielectric layer in an ACTFEL
device is to prevent catastrophic breakdown by the flow of
DC current and, thus, to secure the stability of the
device, to confine electrical conduction to the phosphor
layer, and to prevent moisture from penetrating into the
phosphor layer. The ACTFEL device is operated at very high
electric fields of greater than 1 MV/cm so that the
dielectric layer must have a high dielectric breakdown
strength; it also needs to satisfy mechanical strength
requirements. A frequently used material for ACTFEL
dielectric layers is SiON films deposited by sputtering.

An ACTFEL device can also be considered as an optical
interference filter because it is composed of several
layers of thin films with thicknesses comparable to that
of the wavelength of light. The thicknesses of the ITO and
phosphor layers are fixed for production convenience.
Therefore, it may be possible to adjust the dielectric
layer thicknesses to achieve maximum light output from the
ACTFEL device. A single, homogeneous dielectric layer on
both sides of the phosphor layer is the conventional
ACTFEL structure. The purpose of this portion of the
thesis is to attempt to improve the efficiency of an
ACTFEL device by using a multiple layer insulating

structure for maximum optical transmittance through the
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Fig. 5.2 ACTFEL device refractive index profiles for (a) a
conventional single-layer dielectric structure previously
used by Planar Systems, (b) a conventional single-layer
dielectric structure used currently by Planar Systems, and
(c) a multiple dielectric layer structure optimized for
maximum transmittance of light through the entire stack.
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device.

5.1.2 Design of Dielectric Layers in ACTFEL Devices

In this chapter multiple dielectric layer structures
are employed as the first and second insulating layers. It
is assumed that external light is incident on the ACTFEL
device from the Al electrode side (without the Al metal
present) in Fig. 5.1 and is transmitted to the right. The
insulating layers are divided into 8 homogeneous SiON layers
with different refractive indices. Using the transmission
line equivalent circuit approach discussed in Chapter 4, the
spectral response of an ACTFEL device is calculated. The
Touchstone optimizer is used to obtain optimized parameters
for the maximum transmittance. The thicknesses and indices
of refraction are chosen to have the optimum optical
transmittance in an attempt to increase the optical
efficiency of an ACTFEL device.

Two conventional ZnS:Mn ACTFEL structures with
different dielectric layer thicknesses which have been used
by Planar System for production are selected as references.
The refractive index profile for the two conventional ACTFEL
structures and for one multiple layer SiON ACTFEL structure
are shown in Figs. 5.2. Fiqures 5.2 (a) and (b) are Planar's
old and new ACTFEL structures, respectively. The refractive
index profile for the ACTFEL device, optimized for maximum

optical transmittance, is shown in Fig. 5.2 (c). The three
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samples shown in Fig. 5.2 are referred to as samples a, b,
and ¢ throughout the remainder of this chapter. The

calculated transmittance spectra in the visible range for
the three structures shown in Fig. 5.2 is given in Fig. 5.3.

From Fig. 5.3 it is shown that the transmittance of the

multiple dielectric layer structure is the highest at A,

585 nm, as well as over most of the visible spectrum.

5.2 Experimental Results

Three ACTFEL devices, whose structures are shown in
Figs. 5.2 (a), (b), and (c), are fabricated. Dielectric
layers are grown on a Corning 7059 glass substrate.
Because the cleanliness of the substrate is very
important, the 7059 substrates are ultrasonically cleaned
in DI water, methanol, and DI water for 5 min. each, and
then blown dry with nitrogen. After the bottom dielectric
layers were grown by computer-controlled PECVD, they were
placed in a vacuum desiccator and sent to Planar Systems
for deposition of the ZnS:Mn phosphor layer. After the
phosphor layer deposition, all samples were annealed for
one hour at 460°C. They were then placed in the vacuum
desiccator and returned to OSU where the top dielectric
layers were grown by computer-controlled PECVD. Finally,
1000A thick Al electrodes were deposited by vacuum
evaporation. From L-V, C-V, and Q—F} measurement, several

ACTFEL parameters are deduced to calculate the ACTFEL



80

Transmittance

400 500 600 700
Wavelength (nm)

Fig. 5.3 Calculated spectral responses of ACTFEL devices
a, b and c shown in Fig. 5.2.

efficiency and are compared to the measured transmittance

characteristics.

5.2.1 Optical Transmittance
The optical transmittances T,, T,, and T_ of samples

a, b, and c as a function of wavelength are measured in
the visible range and are shown in Fig. 5.4. Over most of
the visible spectrum the trend is T, > T, > T,. Note that
the measured transmittance spectra of these three samples
a, b, and c differs from those calculated and shown in
Fig. 5.3. These differences are possibly due to deviations
of the refractive index and thickness of the multiple
SiON, ZnS, or ITO layers from that of their target values.

Alternatively, it is possible that the 460°C anneal for one
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Fig. 5.4 Measured transmittance spectra of samples a, b,
and c.

hour could be responsible for the differences between the
calculated and measured transmittance spectra since the
anneal could presumably lead to changes in the indices of
refraction of the stack of ACTFEL materials due to
interdiffusion, hydrogenation, evaporation, etc.; more
work is necessary to resolve the details responsible for
deviations between the simulated and experimental spectra.
Even though there are differences between the calculated
and measured transmittance spectra, the transmittance

spectra trend is the same for both sets of spectra.

5.2.2 Luminance-Voltage (L-V) Characteristics

Figure 5.5 shows the L-V characteristics of the three
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samples a, b, and c. The frequency of the applied waveform
is 1 KHz and the voltage waveform has a 30 pusec duration
at the maximum voltage. The threshold voltage, V., , shown
in Fig. 5.5 for sample a, is one of the important

parameters for assessing the ACTFEL efficiency. From Fig.

700
600 +
500 i
400 :

300 +

Luminance (fL)

200 ¢t

100

120 140 160 180 200 220 240
Voltage (V)

Fig. 5.5 L-V characteristics for samples a, b, and c.

5.5, the threshold voltages for samples a, b, and c are
179 v, 162 V, and 164 V, respectively. The differences of
the threshold voltages are due to the differences of
insulating layer thicknesses. Also the luminance is one of
the important ACTFEL parameters for assessing ACTFEL
efficiency; the luminances measured at 40 V above the
threshold voltage are 480 fL, 635 fL, and 606 fL for

samples a, b, and c, respectively.
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5.2.3. Capacitance-Voltage (C-V) Characteristics
Figure 5.6 shows the C-V curves of samples a, b, and

c. The insulator capacitance, C.,, and the total

1

capacitance, C,, which is a series combination of C; and

phosphor capacitance, C,, can be estimated from the C-V

curve shown in Fig. 5.6. Using the C; and C, values

Capacitance (nF)
=
o

O-o T T T T T T T T T T T
0 20 40 60 80 100 120 140 160 180 200 220 240

Voltage (V)

Fig. 5.6 C-V characteristics of ACTFEL devices a, b,
and c.

obtained from Fig. 5.6, the phosphor threshold voltage can
be calculated. C; and C, are important parameters for

constructing a Q-F, curve. The values for C,, Cor and C, are
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collected in Table 5.1, along with various other
parameters discussed in the following.

The turn-on voltage, V., at which electrons in
shallow interface traps at the phosphor-insulator
interface start being emitted, the mid-point turn-on
voltage, V. ,, which corresponds to the turn-on voltage
measured in charge-voltage (Q-V) analysis, and the upper
turn-on voltage, V., 5, at which field-clamping occurs, are
found as shown in Fig. 5.5. These values are useful for
the estimation of the interface state density at the

. —C, AC

phosphor/insulator interface. The slopes ——————;—— = T of

to3 tol

the C-V curves in Fig. 5.5 in the transition region, are
found to be almost the same for all three ACTFEL devices;
this implies that the interface state density is
relatively constant and independent of which dielectric
material is adjacent to the phosphor. The interface state
density is obtained as[76,77]

Ci G Ac

= =L L[ —711 | 5.1)
Ve 2chp[Av] (

5.2.4 Charge-Phosphor Field (Q-F,) Characteristics
Figure 5.7 shows the Q-F, characteristics for samples
a, b, and c. Various ACTFEL device physics parameters are
assessed from these Q-F, curves obtained at 40V above the

turn-on voltage and are tabulated in Table 5.2. The
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Table 5.1 ACTFEL device parameters deduced from C-V

characteristics.

ACTFEL a ACTFEL b ACTFEL c
A (V] 123 107 115
Vios (V] 139 127 135
V.., [V] 131 117 125
C, (nF] 1.5 1.75 1.65
= [nF] 1.0 1.034 0.993
C, [nF] 0.6 0.65 0.62
Qqe [/cm?] |4.75x10% 6.92x10"" 6.53x10""
AC/AV  [nF/V] | 0.056 0.057 0.052

conduction charge, Q.. is the amount of charge
transported across the phosphor layer which gives rise to
light emission and is used to calculate the ACTFEL
efficiency. The applied voltage waveform and a Q-F, curve
for sample a is shown in Fig. 5.8 for convenience in
explaining how Q-F, parameters are assessed and what they
correspond to physically([79,80]; this is done as follows.
F,, is the phosphor electric field at which steady-

state or field-clamping occurs. Q is the relaxation

relax
charge which flows through the phosphor layer when the
applied voltage is at its maximum value. Q,.,, is the
leakage charge emitted from the shallow interface states

during the portion of the waveform in which the applied

voltage is zero. Qpo1 1s the polarization charge which
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Fig. 5.7 Q-F, characteristics of ACTFEL devices a, b, and
&

remains at the phosphor-insulator interface when the
applied voltage changes its polarity. + and - superscripts
correspond to a positive or negative applied voltage
pulse.

Of the Q-F, parameters collected in Table 5.2, Q.4
and Q,.,, are most important parameters for assessment of
the ACTFEL performance. A large value of Q_,, 1s desirable
since this is the transported charge giving rise to impact
excitation and, ultimately, light. Q_,,, of sample c is

smaller than that of a or b. A better ACTFEL performance
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index is the ratio of leakage to conduction charge, which
is also included in Table 5.2. This ratio should be as
small as possible for optimal ACTFEL performance. A large
leakage charge, Q,.,., corresponding to a reduction in the
polarization field which aids the subsequent voltage
pulse, is known to degrade the electrical performance of
ACTFEL devices. Ultimately, electrical performance indexes
such as the leakage to conduction charge ratio cannot be
expected to provide a reliable measure of the ACTFEL
performance. Rather, an ACTFEL device is an optoelectrical
device whose performance must be evaluated from an
efficiency defined in terms of an optical output and an
electrical input; such an assessment is performed in the
following section.

Finally, note from Table 5.2 that the electrical
properties of these ACTFEL devices with SiON dielectrics
are relatively symmetric (i.e. independent of the applied
voltage polarity). Additionally, the steady-state phosphor
field, Fss, is the same, to within experimental error, for

all three of the ACTFEL devices studied.

5.2.5 Discussion
The ACTFEL device efficiency, mM, is calculated as

follows [84].

L X 10°

; 1m/W 5l
2VE£AQ [1m/W] ( )
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Fig. 5.8 (a) Applied voltage waveform and (b) Q-F, curve
of an ACTFEL device with labels A-J indicating a
correspondence between the applied voltage waveform and
the Q-F, curve.
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Table 5.2 ACTFEL parameters deduced from Q-F_

characteristics.

Measured a b C
Parameters + - + - + =
F.. [MV/cm] 1.73 [1.73 1.7 |1.68 |1.73 |1.7
Qouk [nC/cm?] 418 | 418 532 | 468 342 |291
Q... [nC/cm?] 759 | 722 975 | 797 759 | 671
Qs [nC/cm?] 2278 |2278 |[2633 [2570 |2203 | 2152
Q.. [nC/cm?] 924 937 1051 | 1051 |924 |937
Q1 ea/Qong (%] 18.3 |18.3 |20.2 [18.2 |15.5 |13.5
Q1 eak/ Qeona (%]
Average per Cycle 18.3 19.2 14.5
where L[Cd/m?] : luminance

f[Hz] : frequency

AQ[uC/cm?] : conduction charge density

Vi, : threshold voltage of the phosphor

layer (V§ = ——EL——VE).
C, +C,

The threshold voltage, V., and the luminance, L, at V, +
40V are deduced from the L-V curve shown in Fig. 5.5. The

threshold voltage of the phosphor layer, v, (i.e. internal

threshold voltage), is calculated from V§ = E——LE—\Qh,
o+

1 p

where C; and C, are measured from the C-V curves indicated
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in Fig. 5.6. Finally, the conduction charge density, AQ,

which is the same as Q

conasr 1S measured from the Q-F, curve

shown in Fig. 5.7. The parameters needed to calculate the
ACTFEL efficiency are tabulated in Table 5.3.

As shown in Table 5.3, sample c has the highest
efficiency and the efficiency trend is mn. > n, > n,. The
efficiency of the sample c is improved by approximately
35.5 % compared to that of sample a, and approximately

13.5 % compared to that of sample b. Note that the

Table 5.3 ACTFEL parameters related to efficiencies.

ACTFEL Parameter | Sample a | sample b | sample c | Comments

Thickness (I) [A] [3600 2900 3418 PECVD

Thickness (P) [A] | 6200 6200 6200 Thermal
Evaporation

2 [nF] 1.5 1.75 1.65

C, [nF] (1.0 1.034 0.993 C-V graph

C, [nF] 0.6 0.65 0.62

V,,, (vl [179 162 164 L-V

VE [V] |107.4 101.8 102.4 Vo C /(C. *+C)

L(V,, +40vV) [fL] | 481 635 606 L-V

N (V,,+40V) 1.062 1.268 1.439 L=V, Q-F

[1lm/W]
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efficiency trend, m. >mnM, > N,, 1is the same as that of
the transmittance, T. > T, > T,, discussed in section 5.2.1.
Thus, this improvement of the ACTFEL efficiency 1is
attributed to the optically-engineered multiple dielectric

layer designed for the maximum optical transmittance.

5.3 Summary

In this chapter, an ACTFEL device with inhomogeneous
SiON insulating layers is designed to have maximum optical
transmittance, fabricated, and tested in an attempt to
increase the ACTFEL efficiency compared to that of
conventional ACTFEL structures. From L-V, C-V and Q—Fp
analysis it is found that the efficiency of the ACTFEL
device can be improved by optical engineering using

multiple SiON insulators.
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Chapter 6. Conclusions and Recommendations for Future Work

6.1 Conclusions

In this thesis, computer-controlled plasma-enhanced
chemical deposition (PECVD) is employed to grow
inhomogeneous silicon oxynitride (SiON) layers with
refractive indices ranging from 1.46 to 2.05.
Compositional control of the inhomogeneous SiON layers is
achieved using a Techware PAL-68000 process automation
system to control flow rates of reactant gases in real-
time. Several optical coatings and devices are designed,
fabricated, and tested in order to demonstrate a proof-of-
concept of inhomogeneous dielectrics grown by PECVD.

The major accomplishments achieved by computer-

controlled PECVD are:

1. A SiON calibration chart is constructed, in which
the relationships between refractive index and
deposition rate as a function of N,0/N, flow rate ratio

is established.

2. Linearly graded and superlattice-like SiON layers
with a refractive index variation of 1.46 to 2.05 are
grown on a silicon substrate. Compositional profiles
for these devices are obtained by AES sputter

profiling.
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3. AR coatings with a continuously varying refractive
index are fabricated on glass substrates. Good
agreement is obtained between the simulated and

measured optical reflectance spectra.

4. ACTFEL devices employing PECVD-grown SiON multilayer
insulators are realized in order to demonstrate an
improvement in the optical outcoupling efficiency. It
is found that the efficiency of the multiple layer SiON
ACTFEL device increases by approximately 14% compared

to that of the conventional ACTFEL device structure.

5. Rugate filters with a sinusoidally varying index of
refraction profile are grown on glass substrates. The
excellent agreement obtained between simulated and
measured optical reflectance characteristics
demonstrates the effectiveness of computer-controlled
PECVD for the growth of inhomogeneous SiON dielectric

layers.

6.2 Recommendations for Future Work

The viability of growing high-quality inhomogeneous
SiON films by computer-controlled PECVD is demonstrated in
this thesis. There are various areas of application in

which this work can be extended.
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Planar optical waveguides:

-PECVD grown SiON optical waveguides are considered
very important for opto-electronic integrated circuits
(OEIC) applications[85-89]. By employing an
inhomogeneous SiON layer it may be possible to reduce
the tail of the electric field distribution[90] which
exists outside the planar waveguide and, hence, achieve

superior optical guiding.

Dielectric superlattice:

-Si0, and Si;N, are known to have wide bandgaps of
approximately 8 eV and 5 eV, respectively. Therefore,
very deep potential wells may be formed by growing a
$i0,/8i,N, dielectric superlattice structure.
Quantization of energy may occur in the potential
wells. Although such dielectric superlattices were
grown as a part of this thesis research, measurements
such as synchrotron absorption or cathodoluminescence
are needed to verify the existence of quantum
mechanical effects in the dielectric superlattice

structures.

. More advanced applications of rugate filters:

-The sidelobes of conventional rugate filters may be
eliminated by modulation of the envelope of the

sinusoidally varying SiON index profile. Thus, the



performance of a rugate filter may be significantly
-improved if the sinusoidally varying composition

profile is appropriately modulated.

Different material systems:

-The SiON material system is used exclusively in the
research presented herein for the realization of
inhomogeneous dielectrics. Other material systems
should be explored. In particular, for rugate filter
applications it is desirable to have a larger dynamic
range of refractive index variation (e.g. 1.46-2.3);
this may be achieved using other material systems
[91,92]. one promising candidate is the Si0,-TiO,

(SiTi0) ternary system.

Improvements in the control of PECVD dielectrics:
-There is a transient response time characteristic of
the PECVD system due to the capacitive nature of the
chamber and the response time of the MFC. Upon

receiving a control signal from the PAL-68000

controller, it takes approximately two seconds for the

MFC of the PECVD system to reach a constant gas flow
rate. If the transfer function of the PECVD system

(specifically, the MFC) is evaluated, then it may be
possible to design an input voltage waveform for the

PAL-68000 to achieve more precise compositional

95
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control.

Inhomogeneous dielectrics by other technologies:

-Other deposition technologies besides PECVD should be
employed for the growth of inhomogeneous dielectrics. A
prime candidate is electron cyclotron resonance
chemical vapor deposition (ECRCVD) [93,94] since high
quality SiO, and Si;N, films have been grown at room

temperature using this technology.
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