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Abstract

Photonic microstructures are a class of periodic dielectric structures which could lead
to a significant evolution in optoelectronic devices. There are, however, several
problems with photonic crystals, not least of which is the fabrication of these artificial
structures. The fabrication of these artificial crystals in III-V semiconductor materials,
specifically optical waveguide heterostructures, have been investigated. Improvements
in the fabrication of GaAs/AlGaAs photonic bandgap structures have been made and
the development of an AlAs epitaxial layer as a pattern transfer mask has been
demonstrated. Two-dimensional photonic bandgap structures have been characterised
and good agreement has been obtained between theory and experimental
measurements. Subsequently, semiconductor microcavities incorporating photonic
bandgap mirrors have been fabricated with mirror reflectivities higher than 90% and
high mode Q factors, Q=500. The results indicate that photonic bandgap technology
has the potential to provide the desired engineering of the environment of a light emitter
which will allow control of the emission process. The microstructuring of the material,
however, creates significant obstacles to electroluminescence and much research in this

area is required if any benefit of photonic microstructures are to be seen.
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1. Introduction

1. Introduction

The invention of the laser in 1960 [1] and the optical fibre in 1966 [2]
revolutionised the world in many ways: they enabled the realisation of transatlantic
fibre optic cables, which allow thousands of transatlantic telephone conversation
simultaneously; CDs allow the storage of megabytes of information and rely on
laser diodes to read and write information; the Internet and the World Wide Web’
would have been impossible without the means of transmitting data over large
distances in a matter of seconds; many modern biological methods rely on the
optical investigation and characterisation of molecules. These two basic inventions
and the devices that they have spawned affect everyone in everyday life and mark a
tremendous achievement of engineering. These great advances, however, have
been made with individual devices or with a combination of a few devices
integrated together. The integrated optoelectronics revolution, the arrival of
"optoelectronic VLSI", as first suggested 20 years ago [3], has still to take place.
The two main reasons why there is not an equivalent of Moore’s Law for
integrated optoelectronics are perhaps two-fold: firstly, optical devices are more
difficult to scale as there is not an optical equivalent of Coulombic interactions and,
secondly, high current densities are required for many devices, which creates

temperature dissipation and power handling problems.

The problem of device size is difficult because in certain applications, for given
properties, specific device dimensions are required. As an example, in Fabry-
Perot cavities, the length of the cavity defines many of the important properties of
the resonator, such as the free-spectral range, the mode spacing and the full-width
at half maximum of the resonant mode [4]. Also, the Fabry-Perot cavities used for
semiconductor lasers are frequently defined by cleaved facets and so, without high
reflection coatings, the maximum reflectivity is 30% - leading to high threshold

current densities [S]. Moreover, cleaving stripe lasers into the desired dimensions
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becomes increasingly difficult as the length of the cavity is reduced. Even in
purely passive devices, there is the important issue of steering the optical signal
around the chip: as there is no optical equivalent of a Coulombic potential, sharp
bends typically lead to substantial propagation losses as the optical confinement is
not strong enough to prevent the guided light from radiating out of the waveguide.
This design consideration means that the radius of curvature on devices is limited

to greater than about 100 um, which in turn affects the level of integration.

The level of integration is also limited by the low external quantum efficiency of
many light emitting devices. As an example, in a light emitting diode, only 3% of
the generated photons actually lead to visible external radiation [5]. This low
figure of light extraction results from the low internal critical angle for light
extraction and also the reabsorption that occurs in active devices. Many attempts
have been made to improve this figure by clever design of the packaging [6], by
texturing the surfaces [7] and by engineering the emitter structure itself to have a
higher internal quantum efficiency, for example by the use of quantum well [8] and
quantum dot active layers [9]. The highest external quantum efficiency achieved to
date in a microcavity LED, however, is only 23% [10]. The use of quantum wells
and quantum dot layers increases the external quantum efficiency by increasing the
internal quantum efficiency of the emitters [5]. In order to increase the internal
quantum efficiency further, it will be necessary to have more control over the

spontaneous emission process.

In effect, these two problems could be considered two sides of the same coin: the
need to move to a regime in which there are stronger light-matter interactions,
which can confine the light in smaller structures and which can control the
emission process itself. One candidate to perform these tasks that was first
suggested in 1987 was Photonic Bandgap (PBG) Materials [11] - a field which has

been actively researched in the last decade [12-15].



1. Introduction

1.1 Photonic bandgap materials

Photonic bandgap materials is the term which describes a class of 1-, 2- and 3-D
artifical structures in which there is a large modulation of the electric permittivity
on the length-scale of the photon wavelength. These periodic structures will
satisfy the Bragg condition at specific wavelengths [4], which in turn leads to
coherent back reflection of the incident electromagnetic radiation, and to stop- and
pass-bands in the electromagnetic spectrum. The position and width of these
bands is controlled by the periodicity of the structure and also the difference in the
propagation constants of the different media contained in the structure. Periodic
structures and, in particular gratings, have been used in optical devices for many
years, e.g. distributed feedback lasers [16], distributed Bragg reflector lasers [17]
and fibre elements for pulse shaping and dispersion compensation [18-21].
Therefore, the general concepts of periodic optical structures are well established
and are successfully used in the design of current optical devices. The difference
between gratings and PBG structures is, however, both subtle and very important,
particularly for many of the applications to which this technology will be applied.
Gratings are often characterised by their coupling coefficient, k, a term which is
used in coupled mode theory [22]. In gratings, K is typically on the order of tens
of inverse centimetres, whereas its value in PBG structures would be of the order
of several inverse micrometres.' These values of k give a quantification of the
strength of the Bragg reflection and give an indication of the distance over which
complete reflection of the incident wave occurs. PBG structures could, therefore,
be considered a limiting case of conventional gratings, but there is more. PBG
structures, as well as producing stop- and pass-bands, also alter the photonic

density of states (DOS) [11]. This alteration in the photonic DOS is another key

' In coupled mode theory one of the key assumptions is a weak refractive index modulation, so
that only the first principal backard and forward travelling waves need be considered. In PBG
structures, this condition is not fulfilled and so the theory cannot be rigorously applied. However,
the nomenclature of coupled mode theory is still useful in describing PBG structures as the theory
is well understood.
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1. Introduction

It is the alteration of the propagation of electromagnetic waves through these
periodic structures, caused by the modulation of the bulk material properties, that
produces all these interesting effects. Similar phenomena are also observed for the
propagation of electrons in crystals, where the atomic lattice sites produce a
periodic modulation of the electrical potential [23]. In fact, many of the ideas
associated with the electronic analogy are directly transferrable into the photonic
case and terms such as Brillouin zones, reciprocal space and Bloch wave functions
are used in the discussion of PBG structures [11]. More closely analagous is the
propagation of X-rays in crystals [23], for which the Bragg resonance is used to
analyse the crystalline structure of different materials. The theories for all of these
cases are very similar and, therefore, there is a great depth of knowledge from
which to draw. Moreover, the fact that the electromagnetic wave equation, which
describes the propagation of an electromagnetic wave through any medium, is
scalable from one wavelength to another means that many theoretical results are
expressed in terms of normalised frequency, usually wavelength normalised

against the period [12].

Indeed, it was the scalability of the electromagnetic wave equation that led
Yablonovitch and his group at Bellcore to be the first to demonstrate a true
photonic crystal (a 3-D PBG structure) [24]. They were able to manufacture a
photonic crystal in a high dielectric constant material (stycast) that gave a PBG at
microwave frequencies, 13 to 16 GHz, and by doing so, proved the initial
concept. It was far easier to fabricate a photonic crystal for these frequencies as
the periods are large, of the order of several millimetres, and so could be
manufactured by conventional mechanical drilling. This first experimental
demonstration followed shortly after theoretical calculations by several groups
predicted that a diamond structure would yield a full 3-dimensional bandgap [25-
27]. The good agreement between theory and experiment showed that photonic

bandgaps could be produced at all electromagnetic wavelengths, if only suitable
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materials could be found and if the fabrication problems associated with smaller

periods could be overcome.

This first photonic crystal was investigated further and similarities between the
photonic and the electronic cases became ever clearer: photonic donor and acceptor
states associated with intentionally introduced lattice defects were
demonstrated [28]. Other structures, based on the diamond lattice configuration,
were investigated in the microwave regime, particularly the "woodpile" structure
[29-32], which was easier to fabricate. Furthermore, it had the ability to be more
easily scaled, as these woodpile structures were fabricated using standard silicon
micromachining processes [33, 34]. In fact, this structure pushed the spectral
position of the PBG into the millimetre range (94 GHz) [29] in the first instance
and then at higher, sub-Terahertz frequencies (450 GHz) [30] and most recently
at 10 um (30 Thz) [35]. Subsequent to the early demonstration of these effects,
many applications of photonic crystals at microwave frequencies have been
demonstrated, including antenae with increased efficiency and directionality [32,

36-49] and filters [50, 51].

The fabrication of these structures involved ingenious use of existing technologies
and required pain-staking attention. It was not until 1993 and 1994 that the first
attempts were made to fabricate PBG structures at optical wavelengths, due to the
sub-micron periods that were required [52-54]. These initial attempts were carried
out in III-V semiconductors, this being essentially market driven due to the
extensive use of these materials in light-generation, the telecommunications
industry and high-speed electronics. Moreover, the existence of well-established
micro— and nano-lithography fabrication technology in these materials was readily
applicable to the fabrication of 1- and 2-D PBG structures [55]. Photonic bandgap
structures have been fabricated in other materials such as synthetic opal [56-71],

macroporous silicon [72-75], PbO glasses [76-78], silica fibre [79-83], colloids
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[84-87] and also in metals [88-92]. A great deal of effort is currently being
focussed on semiconductors, however, as they offer the greatest potential for

optoelectronic integration and control of emission processes.

One-dimensional photonic bandgap structures are easier to understand, due to the
limited number of variables, and so the first successful measurements were made
on 1D semiconductor PBG structures [93]. The added complexity of 2D
structures meant that an exhaustive characterisation took another year or two. 2-D
structures have the added complication over 1-D structures in that the lattice type
and shape of the features is also important. Theoretical results have mapped out
the bandgaps for triangular, square and graphite lattice configurations for both
holes and pillars and experimental results have characterised the important cases
for device applications [12]. In particular, arguably the most important case in
semiconductor integrated optics is that of a triangular lattice of holes, as this
produces the largest normalised bandgap [12]. Most of the work, therefore, has
focussed on this configuration, although some groups have looked at graphite
pillars [94-97], but pillars do not lend themselves well to integration as they
require free-space propagation. Waveguide photonic microstructures in constrast
to pillar microstructures, suffer from diffractive loss primarily into the substrate at
the multiple semiconductor / air interfaces. These losses can be minimised by the
. use of optical mebrane waveguides and by careful choice of the lattice
parameters [98]. The majority of PBG structures that have been investigated,
however, have overcome this problem by using smaller etched features to
minimise the out-of-plane diffraction, which means these structures do not posses
a complete bandgap for both polarisations [99]. Transmission measurements of a
2-D triangular lattice of holes have demonstrated the presence of 2-D PBGs [99]
and high Q cavities associated with defects in 1-D [100-102] and 2-D PBG

structures [103]. Recently, an integral set of transmission, reflection and in-plane
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diffraction measurements was made on 2-D PBG structures, which clearly
demonstrated most of the effects expected of a 2-D PBG structure {104]. 1In
particular, the full characterisation highlighted the need to consider reflection,
transmission and in-plane diffraction when discussing the properties of 2-D PBG
structures. Three-dimensional PBG structures have been investigated but due to
the difficulties of fabrication at optical wavelengths only a few semiconductor
photonic crystals have been made [105-108]. The principle of fabrication was
similar to that used to manufacture the first photonic crystal, namely 'drilling'
holes in the material, but in this case reactive-ion beam etching was used, as
opposed to mechanical drilling. Unfortunately, the difficulty of fabrication meant
that only four periods of this photonic crystal were produced and, therefore, the
optical results were not as impressive as for the millimetre-wave photonic crystals

[106].

More recent results have demonstrated the use of the technology in initial device
structures: the first attempt to use 2-D PBG structures as mirrors for laser cavities
did not result in a clear reduction in the threshold current density, as would be
expected from the reduction in the. photon DOS [109]; a 1-D PBG structure has
been used as one of the mirrors in a Fabry-Perot laser cavity and high reflectivities,
short cavity length laser and milliampere threshold currents were obtained [110].
More recent results have also shown the application of 1D PBG technology to
circular microresonators producing increased confinement and high Q factor modes
[111]. These results show that investigations of the application of PBG
technology in the field of microcavities is well advanced, but much work still
remains to be done to fully understand the physics of light-emitting structures in
which there is interaction between the light and the surrounding structure. It may
be possible eventually that either semiconductor microcavities or PBG structures
will produce sufficiently strong light-matter interactions that quantum optical

effects, such as spontaneous emission modification, will be observed.
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1.2 Photonic bandgap project highlights

The fabrication processes available in the department at Glasgow at the start of the
research in this field in 1993 were satisfactory [53], but there was little process
latitude and so the properties could vary from one set of structures to another. A
major part of my work has been focused on improving the fabrication processes
for the GaAs/AlGaAs material system and on establishing a process for the InP-
based material system also. The second part of the project has been to fabricate
and characterise device-like structures which utilise PBG technology, particularly

in the area of GaAs-based microcavities.

1.2.1 Initial pattern transfer

Polymethylmethacrylate (PMMA) is still the most commonly used resist for
electron-beam lithography. In part, this is due to its moderate sensitivity and to the
high aspect-ratio, nanometre-scale features that can be produced. However,
PMMA has long been known to be a poor masking material for subsequent pattern
transfer processes, especially those involving plasmas. My work has highlighted
some of the critical issues involved in improving the performance of PMMA
during reactive-ion etching (RIE) [112]. Specifically, the role of the oxygen
background level in the RIE machine is found to be critical in obtaining good
selectivities and low RIE lag.> The combination of both good selectivity and low
RIE lag has allowed the improved pattern transfer of sub-micron features from
PMMA to dielectrics (SiO, and SiN,), metals (Ti) and semiconductors
(GaAs/AlGaAs).

The transfer of patterns from PMMA to other materials, particularly silica and

silicon nitride, is very important to the fabrication of PBG structures. The

2 RIE lag is the term used to describe the observed reduction in material etch rate for features with
smaller dimensions.
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1. Introduction

1.3 Outline

The remainder of the thesis is laid out as follows:

In chapter two, the basic theory relating to photonic bandgap structures is
discussed, as well as the necessary theory relating to Fabry-Perot resonators. The
third chapter details the fabrication processes and the fourth chapter expands on
various developments in the fabrication processes made during this project. The
design strategy for PBG structures, the characterisation method used in this project
and the results obtained are discussed in Chapter 5. Chapter 6 describes the results
for different types of planar microcavities with PBG boundaries. The future work

is outlined in Chapter 7 and the project conclusions are given in Chapter 8.
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2. Theory

2. Theory

The field of photonic bandgap structures is an amalgamation of many ideas from
different areas of physics, such as solid-state [23], electromagnetism [115, 116]
and X-ray diffraction [23]. Therefore, much of the theory and methods of
calculation already established in these fields could be readily applied to this new
area of research. The basic theory relating to photonic bandgap structures will be
detailed here and the possible methods of calculation alluded to briefly. More
emphasis will be placed on simpler 1D models which allow the basic properties to

be explored and which can be applied with care to the more complex cases.

One of the key considerations in PBG structures is the interaction of the
electromagnetic wave and its environment. In the case of semiconductor based
PBG structures, there is not just an interaction with the periodic structure, but the
optical wave is in many instances confined in an optical waveguide. The optical
waveguide is very important, as it provides additional confinement in the vertical
dimension, but one which is relatively weak compared with the effect of strong
periodic index modulation. The design of waveguides in which PBG structures
will be realised is complicated by several factors, however, such as the limits of
the fabrication process and the material properties themselves. It will be shown

that these variables must be fully considered in the design.

The optical waveguide provides one degree of optical confinement, and PBG
structures can provide a further two degrees of in-plane confinement. In
particular, PBG structures can be used as mirrors for defining Fabry-Perot cavities
and Fabry-Perot theory can be used to determine the resonant wavelength, even for

these complex structures, if the appropriate boundary conditions are used.

16



2. Theory

2.1 Electromagnetic waves in periodic structures

2.1.1 Electromagnetic wave propagation

The properties of electromagnetic waves travelling through dielectric media can be

obtained from Maxwell's equations, which are given by:

VD=p (2.1)
VB=0 (2.2)
V=B @
o
VxH=J+ @ (2.4)
o

where D is the electric flux density, B is the magnetic flux density, E is the electric
field strength, H is the magnetic field strength, p is the charge density and J is the
conduction current density. In the media under discussion all the usual
assumptions are made, namely that there is no surface charge and the dielectric
conductivity and losses are ignored (p = J = 0). Two other relationships that
apply in a linear, isotropic and homogeneous media are :

D=¢E , where € is the electric permittivity (F/m);

B=pH , where p is the magnetic permeability (H/m).
The electromagnetic wave equation, which is the basis for the analysis of
electromagnetic wave propagation in any medium, is obtained from Maxwell's

equations. If the electric field is a plane wave with a time variation given by:
E = Eoej w (25 )

where @=2nf is the angular frequency, then the electromagnetic wave equation in
a medium with a relative permittivity, €, and a relative permeability, \;, in

Cartesian coordinates is:

17



2. Theory

VZE+Kk’E=0 (2.6)

where k=k0n=0)n/c=(o\/(£oaruou,), n being the refractive index. It should be noted
that € is a function of frequency, so the refractive index is more correctly written

n(w). This is an eigenvalue equation and has a general plane wave solution :
E(r) = Eyexp(—jk.r) (2.7)

where k=ak +ak +ak, and r=a x+ay+az.

It can be shown that the electric and magnetic fields are perpendicular to each other
and transverse to the direction of propagation and so these waves are known as

Transverse Electromagnetic (TEM) waves [115].

2.1.2 Periodic dielectric structures

In a periodic dielectric structure, either the electric permittivity or the magnetic
permeability is modulated. It is more common in semiconductors for the electric
permittivity to be modulated as the semiconductors of interest do not possess
diverse values of magnetic permeability. If €(x) denotes the electric permittivity in
a one-dimensionally periodic system with period a, then the electric permittivity is

invariant under a one-period translation (lattice translation)

g(x)=¢€(x+a) (2.8)
where
1 i=p;x=a
S(JC) = — ZSix,- (29)
a.
i=1;x=0

p being the integer number of different, homogeneous and isotropic media in one
period, € being the dielectric permittivity in the ith medium and x; being the

corresponding length of the ith medium.

18



2. Theory

Alternatively, the periodic function can be expanded as a Fourier series summed

over the reciprocal lattice vectors, G :
e(x) = ZSG exp(iGx) (2.10)
G

where G = 2nm/a is the reciprocal lattice vector and m is an integer that can take

any positive and negative value including zero.

The two expressions for the periodic nature of the electric permittivity (2.8 and
2.10) indicate that there are two methods for examining periodic structures, the
first in real space and the second in reciprocal space. The two different

implementations will be discussed in more detail in later sections.

2.1.3 Wave propagation in periodic structures

The electromagnetic wave equation in a periodic structure is very similar to that in
free-space. The only difference is that account must be taken of the periodic nature
of the electric permittivity, as described in the previous section. In a periodic
system the electric field can also be expressed as a Fourier series summed over all

the wavevector values, k, permitted by the boundary conditions, so that

E(x) =Y, C(k)exp(ikx) (2.11)
k

Substitution of equations 2.10 and 2.11 in the wave equation, (2.6), leads to the

eigenvalue equation
Clkk? = 0*Y eGClk - G) (2.12)
G
The permitted solutions of this eigenvalue equation correspond to the propagating
modes, whereas the forbidden solutions correspond to the photonic bandgaps.

This equation can be solved by two different methods, but only one of these, the

modal approach, gives a physical insight because the propagation is described in

19



2. Theory

terms of the elementary waves (Bloch waves) of the periodic structure [117].2
These waves have a well defined, constant direction of propagation (that of the
group velocity) which represents the direction of energy transfer. It has been
predicted that future applications will use the interference of these Bloch waves
with each other to produce novel devices, such as for beam-steering or for filtering

[118, 119].

Another instructive manner in which to consider the propagation of an
electromagnetic wave through a periodic structure is to view the structure as a
series of dielectric interfaces. In this instance, is is necessary to consider the
interfaces between the different media of the structure. Let us consider a dielectric
interface with an incident, reflected and transmitted wave as shown (Fig. 2.1). At
the boundary between the two media, two conditions must be fulfilled: firstly, the
tangential component of the electric fields in both media must be equal at the
interface (from Gauss' law) and secondly, the tangential component of the
magnetic fields in both media must also be equal at the interface. In one-
dimensional structures, the second continuity equation is often written in terms of
the first spatial derivative of the electric field, which is proportional to the magnetic
field. The application of these boundary conditions leads to Fresnel's law of
reflection, Snell's law and the definition of the Brewster angle. Moreover, the
amount of light transmitted and reflectivity can be calculated, which in the case of
normal incidence is found to be a simple ratio involving the two different refractive

indices :
. (ny —n2)2 (2.13)
(nl +ny )2

and in the lossless case the transmission coefficient, T, is related to the reflection

coefficient, R, by :

3 The other method of calculation is coupled mode theory.

20
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2. Theory

If one now considers a 1-D periodic structure (Fig. 2.2), it can be seen that the
periodic structure is simply a series of dielectric interfaces. In order to determine
the properties of the whole periodic structure, a summation is made of all the
effects at each interface. In the periodic case there will be many counterpropagating
waves due to multiple reflection and transmission and these waves will interfere
with each other. Under certain circumstances, the forward and backward
propagating waves will interfere to produce a standing wave, namely a region in
which there are no propagating waves. The theory of multiple layer films can be
used to describe the propagation of the field through these structures [4]. The
simplest possible structure is that of Fig. 2.3, where there is a single dielectric
layer of length [ and refractive index n, between two infinte media of index n, and
n,. After the application of the boundary conditions, the following matrix equation

for the electric and magnetic fields respectively are obtained at normal incidence :

1 1 |E, coskl  —sinkl |1 E,
+ —_— = n e
o] LMo ]Eo —insinkl  coski |"1Eo

A simplified version of this matrix equation is :

MEBSCH

where r is the amplitude reflection coefficient, t is the amplitude transmission

(2.15)

coefficient and M is known as the transfer matrix. It can be shown that a similar
matrix equation can be derived for a periodic structure (Fig. 2.2), but this time the

transfer matrix is the product of the individual transfer matrices, that is

A B (2.17)
MMoM;.. M, = M =

C D

Equation 2.16 can then be solved for r and t in terms of these elements to give :
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e Ang + Bnyng — C— Dn, (2.18)
Ang + Bnyng + C + Dn,
2ny (2.19)

=
Ang + Bryng + C + Dny

Alternatively, in many periodic structures, such as Bragg stacks, anti- and high-

reflection coatings, the Bragg condition is applicable [4]:

) A (2.20)
asin®*=m—
2n

where a is the period, 6 is the angle from the interface normal, m is an integer
number, A is the free—space wavelength and n is the refractive index. This
condition is particularly true when the grating has a small refractive index
modulation (An~0.1). The Bragg condition corresponds to a phase shift of 27 on
reflection, which means that the reflected waves from consecutive periods are in
phase with each other. The simplest means to accomplish this with two different
media is to make the optical thickness of each layer A/4n (1 phase shift). In some
PBG structures consisting of alternating air and semiconductor regions, however,
this approach is not applicable since other factors, such as diffraction and
- scattering losses, can prevent the use of large air regions, as would be detemined
from the A/4n condition. This criterion is particularly true for optical waveguide
based PBG structures, where there is a confined optical mode incident on the
semiconductor-air interface and scattering into air and into the substrate may
occur. In this instance, a more exact summation of the contributions from each

interface must be made.

* There are solutions to this problem, which are guided modes but these have not been explored in
this project.
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All of the above theories can be applied to multi-dimensional systems as the
equations describing the system are identical to the one-dimensional case provided
the spatial variables are converted from 1D to multi-dimensional. In multi-
dimensional systems, however, there are additional effects to be considered such
as diffraction and the geometry of the periodicity, but the boundary conditions at
each interface are the same as for the one-dimensional case. Therefore, much
insight into many of PBG properties can be ascertained by using simpler 1D

models.

2.1.4 Equivalence of photonic and electronic bandgaps

There are very strong analogies between the propagation of an electromagnetic
wave and the propagation of single electrons, both in free-space and in periodic
structures, if the electron-electron Coulombic interactions are ignored.
Considering only the periodic case the analogy becomes very clear if the
electromagnetic wave equation is recast in a different form by re-expressing the

electric permittivity as :
€=¢g,, + Ae (2.21)

where €,, is the average electric permittivity and A€ is the modulation amplitude.

The wave equation can then be expressed as

2 (2.22)
fl—f + uwz(sw +Ag)E=0
Z

This equation now looks identical to the Schrodinger equation that describes the

propagation of electrons [23]:

2 92 (2.23)
Zi—ix—;PHE— VWY =0
m
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In both equations 2.22 and 2.23, there is a term describing the free-space energy
of the particles plus a term corresponding to the periodic nature of the electric
permittivity and electric potential respectively. The electric permittivity, or relative
refractive index, therefore, plays the role of an electromagnetic "potential" just as
the Coulombic interaction between the electrons and crystal cores produces a
confining electric potential. This is where the similarity ends, however, and it
should be remembered that electrons are fermions and obey the Pauli exclusion
principle and that the Coulombic interactions between charged particles can
produce very strong potentials. On the other hand, photons are bosons and there
is a high probability that bosons will occupy the same energy state. It is this
property that makes many optoelectronic devices feasible, such as lasers where
almost all the photons are to be found in the same energy state. It is the many
similarities between the two cases, however, that allowed early theoretical
advances to be made and that permitted experimental research to be focussed on the

most important cases.

2.1.5 Photonic bandgap calculations

There are several ways in which the properties of photonic crystals can be
calculated, each with its own merits. Theoretical calculations are simplified,
compared to the electronic case, because there is not a photonic equivalent of
coulombic forces so many-body interactions between electrons need not be
considered. The first method is the Plane Wave Method (PWM). A general
reference on the PWM for electronic band calculations is given by Cohen and
Chelikowsky [120]. This method is based on the application of the Bloch
Theorem to the electromagnetic modes of the structure, constructing the periodic
field in terms of plane waves and then, for each allowed wavevector, calculating
the allowed frequencies m(k). It is important to note that the vector electromagnetic

field must be used in calculations of three dimensional structures as the scalar
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approximation does not give correct results [25-27]. However, in the 2-D case the
two polarisations can be separated under certain circumstances [121], allowing the
scalar wave equation to be used and much reducing the complexity of the
calculation. Several different implementations of the PWM have been suggested
[122, 123], some of which are faster and more accurate than others. The PWM is
based on an infinite structure and, can, therefore, have some intrinsic
disadvantages. An extension of the PWM, called the supercell method [124],

permits the application of this method to structures that are not perfectly periodic.

A method with particular relevance for experimental comparison is the transfer
matrix method (TMM) [125, 126] as it calculates both transmission and reflection
and these are the properties that are measured experimentally. The periodicity of
the structure means that its properties at one point in the structure are identical to
the properties at the same point an integer number of periods from the reference
point. A matrix can, therefore, be constructed to describe the propagation through
one period and this matrix can then be multiplied as many times as are required to
build up the complete structure.” If a defect is introduced, it is easily incorporated
by including the matrix describing the propagation through this part of the
structure. The TMM requires that Maxwell's equations are discretised on a mesh
and the accuracy of the calculation depends on the number of points in the mesh.
The approximation can result in problems, especially if there are defects in the
structure, since defects can form very high-Q cavities [127] and this method may

not then have sufficient spatial resolution to determine the properties of the defect.

In certain circumstances it is better to use a combination of methods, especially if it
is thought that there will be small spectral features. The PWM can be used to

locate the defect and then the TMM can be focused on the region of interest. This

* This formulism represents an extension of the method described in §2.1.3.
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combined approach means that no significant feature of the behaviour will be

missed and that the calculation time will be reduced.

There are other methods for PBG calculations, which include the Finite Difference
Time Domain method [128] and diffraction theory [129]. FDTD is proving
increasingly more of interest as it allows both the temporal and spectral properties
of any structure to be determined by one set of calculations. In particular, this
method is useful in calculating the quality factor of a defect in a periodic structure
or a cavity [130]. The key properties of PBG structures have now been calculated
in detail, but future interest will lie in the more accurate modelling of experimental
results by PWM and TMM and the application of FDTD in determining both the
inherent properties of PBG devices and their interaction with the surrounding

media.

No matter which approach is chosen it is most common for the results to be plotted
in normalised frequency units and to collate these results in what are known as
gap-maps (Fig. 2.4). For each particular lattice configuration, there is a gap-map
and due to the scalability of the electromagnetic wave equation one set of calculated
frequencies used to construct a gap-map can be used for all materials, even though

gap-maps are calculated for a particular refractive index [12].
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Fig. 2.4 Gap map for triangular lattice of air holes in an AlGaAs heterostructure
waveguide (¢=11.0). The areas with dotted borders are the TE stopbands and the
firm borders are the TM stopbands; the black shaded area is the region where the
individual stopbands overlap and a complete 2D photonic bandgap exists

(calculated by David Cassagne at Université de Montpellier II, France).
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2. Theory

means that the plane of reflection is behind the actual interface or there is a lateral
translation of the ray at the real interface, an effect known as the Goos-Hinchen
shift [131]. This phase shift is important when one considers the transverse
modes supported by the structure. The condition for supported modes, which

corresponds to the constructive interference of the rays, is given by :
2dkn1 sin® + P2 tP13 = 2Nr (2.24)

where @,, and @, , are the phase shifts between media 1 and 2, and 1 and 3
respectively and N is an integer. Due to the complex nature of the phase-shift
term, this equation has to be solved numerically. An insightful manner to analyse
the properties of a guided mode is to examine the dispersion relation, which once
again must be solved numerically. It is most common to plot the dispersion

relation for waveguides using normalised parameters:

(a) frequency parameter:

V = kdy|nf —n} = d+|B} - B3 (2.25)

where B, ;=n, ;0/c

(b) b parameter:
. n%f_,f. _ ﬂz —ﬁ% (2.26)
nt—-ny  PBf-PB3
(c) asymmetry parameter:
_ n% _ n% (2.27)
nt-n}
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Fig. 2.6 Dispersion diagram for an optical waveguide, plotted with normalised

parameters (extracted from Tamir [131]).

A plot of the dispersion relation is shown in Fig. 2.6. It is evident from the plot
that the asymmetry parameter has an important effect in determining the cut-off
wavelength of the waveguide. In particular, it should be noted for the lowest
mode in a symmetrical waveguide (a=0) the mode does not cut-off, namely V can
equal zero. However, as the asymmetry increases the cut-off wavelength
decreases. It can be shown [5] that the number of modes supported in a symmetric

waveguide with thickness, d, is given by :

4d

2.
M =2 onf ) (229
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It can be seen from equation 2.28 that a thinner waveguide supports fewer modes
at a fixed wavelength and that for semiconductor waveguides there are potentially
several modes due to the large difference between n, and n,. Both the thickness
and refractive indices determine the field distribution of the modes. The general

form for a mode in a slab waveguide is :
E(x,y,z) = E;(x,y)exp(—jfk) (2.29)

H(x,y,2) = Hy(x,y)exp(-jfz) (2.30)

which yields a wave equation for TE modes of the form :

dx? c

dZEy+(w2n2(x) ﬁzj 0 (2.31)

where [ is the propagation constant; this equation is valid for all modes and for all
the different media. The solutions to this equation depend on the layer being

considered, but they are sinusoidal in the core guiding layer, namely :

2.2 (2.32)
E,(x)=E cos[w Mg }
for the symmetrical modes and, for the antisymmetric modes :
2.2 (2.33)
.| on
E,(x)=E, sm[( 621 - ,Bz)x]

where E; and E, are normalised electric field amplitudes. The number of modes
supported is determined approximately by the integer number of half wavelengths
that fit in the waveguide, which is the same condition given in equation 2.28. In
asymmetric guides, the solution in the core is given by a superposition of the
sinusoidal and cosinusoidal solutions with the amplitudes being determined by the

appropriate boundary conditions.
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2. Theory

is when the optical path length difference between successive rays is an integer
number of wavelengths. For this condition the summation of the reflected

amplitudes is:

Eo, = Egr— Egirt (1412 +7% +..) (2.34)
In the loss-less case tt'=1-r* and the above equation simplifies to :
Ey, =0 (2.35)

This zero in the total reflected wave is due to the destructive interference of the
partially reflected waves. The other interesting case corresponds to the condition

for constructive interference, namely :
A=(m+ YA (2.36)
where A is the optical path difference between one ray and the next, given by :

A =2ndcosd, 2.37)

In this case, the reflected electric field, which corresponds to the maximum

reflectivity possible, is given by :

2r (2.38)
EOr

= E
(1+r2) 0

The more general description of the problem, which includes the phase difference

between adjacent rays (8=k,A), yields for the reflected intensity :

b Fsinz(%) (2.39)

i Y AV 4
I; 1+Fsin*(%4)

where F is known as the coefficient of Finesse and is given by :

F

5 V2 (2.40)
)

1-r

34



2. Theory

The transmitted intensity, I, is derived from the equality, assuming no losses :

L=1+1 (2.41)

Fig. 2.8 shows a plot of equation 2.39 with a maximum in reflected intensity

occuring when the phase difference, 9, is given by :

§=Q2m+rx (242)

°
®

o
9

o
)

°
a

reflectedintensity
o

°©
[}

Fig. 2.8 Plot of reflected intensity for different values of finesse.

The condition for resonance in a Fabry-Perot cavity, however, corresponds to a

minimum in the reflected intensity:
6 =kgA =(2nd).2r/ L) =2mn (2.43)

where d is the total cavity length (i.e. d = L +2L,, where L is the cavity spacing

and L, is the penetration depth, accumulated at both mirrors) and m is an integer
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representing the number of half-wavelengths that fit into the cavity (also known as
the cavity order). The derivation of the transmission of such a cavity yields the

following results for the width of the transmission peak :
AA=A/1Q (2.44)
where the quality factor, Q, is given by :
Q=mF | (2.45)

and F is the cavity finesse.

Therefore, the higher the reflectivity of the mirrors the higher the Q values and the
more well defined the resonance wavelength. If the reflectivities of the mirrors
become too high, however, very little light generated inside the cavity will be able
to escape. In laser cavities, mirrors can have reflectivities as high as 99.99%, but

the mirror reflectivities required depend also on the maximum gain in the media.

2.4 Conclusions

The close similarities between the theory of photonic bandgap structures and many
other areas of physics have allowed the quick comprehension of this new field of
research. Many of the basic photonic bandgap effects can be determined from
much simpler models, provided care is taken in the application of these theories.
However, many of the novel effects in photonic crystals will require a more

detailed analysis of the specific structures.
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3. Device Fabrication

Naturally occuring photonic crystals (PCs), such as opal [56] and butterfly wings
[132], are rare and are not found in the materials important in optoelectronic
devices, so almost >a11 PCs have to be engineered. This situation offers both
advantages and disadvantages, the advantages including accurate design of the
structure properties and the possibility of fabricating these structures in specific
materials. The majority of the engineering difficulty associated with PBG
structures, however, is in their fabrication, particularly in the optical regime, where
sub-micron periods are required. At optical and near-infrared wavelengths, it is
very difficult to fabricate 3-dimensional PBG structures in semiconductors.
Therefore, much of the work has focussed on 2-dimensional or quasi-3D

structures, namely in-plane periodic structures fabricated in an optical waveguide.

There are many potential materials in which to engineer 2D PBG structures, such
as GaAs, InP and silicon. The growth (or deposition) process varies for these
materials, but the definition of the PBG structures in the grown material is
essentially identical, regardless of which particular semiconductor is used. The
key stages in the fabrication process are pattern definition or lithography and
pattern transfer. These two stages can involve several constituent stages and it is
these many process steps that complicate the fabrication process. Fig. 3.1 shows
the fabrication process for a PBG structure and also indicates more clearly the

individual steps that constitute the fabrication process.
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3. Device Fabrication

3.1 Lithography

Lithography is essentially the writing or generation of the desired pattern in a
material, usually a polymer® There are many different methods of pattern
generation, but for structures with photonic bandgaps at near-infrared wavelengths
the currently viable techniques are X-ray lithography (XRL) [133], electron-beam
lithography (EBL) [55], optical lithography and holography [134]. Holography is
a well established technique for generating periodic features in polymers and has
been used successfully in the fabrication of 2D PBG structures. The limitation of
holography, however, is the difficulty in introducing intentional defects into the
regular lattice, particularly at the sub-micron level. Optical lithography is currently
capable of fabricating most PBG structures, as 193 nm lithography is already been
used in industry. This option, however, was not available to me. XRL has the
advantage that it is a parallel process, namely the whole pattern can be generated
simultaneously after the mask has been fabricated. However, it is the production
of a durable and reliable mask that has given problems in this field for many years.
Moreover, if the design needs to be changed then a new mask has to be fabricated
every time. On the other hand, EBL is a serial process with each part of the pattern
written sequentially, and so it is time consuming. However, due to the need to
generate the pattern every time, it is a very useful technique, particularly at the
device development stage as it does not require the fabrication of a mask for every
design change. Moreover, there is currently much research effort investigating the
possibility of using EBL in a more parallel manner [135-137] and the ability to
reuse a pattern more than one time [138-141]. These research activities should
maximise the capacity of this technique and offer a more attractive package,
especially considering the expense of an electron-beam lithographic system.

Electron-beam lithography has been used exclusively in this project.

# Lithography comes from two two Greek words, AN80G (stone) and ypop@ (to write), and was
used to mean the imprint of ink into porous stone for the transfer of patterns. Its meaning has
been extended to mean the writing of a pattern in almost any material.
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3.1.1 Pattern design

Electron-beam lithography, as explained above, is a serial process, since a
focussed spot is used as the exposure mechanism. Consequently, a great deal of
the information that is requred to define any pattern is the binary series detailing
whether the lelectron beam should be blanked or not. The method used here to
generate the pattern is a commercial CAD package called WaveMaker (WAM) that
generates a standard format gdsii file. The advantage of this approach is that the
patterns can be observed visually, which is particularly useful when designing
more complex structures such as those involving defects. The two key non-
standard parameters that must be set in WAM for the purpose of PBG structures
are, firstly, the number of points which define an arc (arcpts) and the resolution
with which the points and vertices are defined (res). The resolution is set to 1 nm,
which is below the resolution with which the machine can position itself (5 nm).
Therefore, no serious errors in the generation of the pattern will arise due to the

vertex storage mesh size.

The reason why the number of arc points must be defined is not a limitation of the
WAM package itself, but relates to the way in which the next piece of software
(CATS) processes the output file from WAM. Specifically, it is memory
considerations which restrict the number of arc points that can be used.” Fig. 3.2
illustrates the problem. The value to which arcpts is set defines the number of
trapezia into which a circle is divided - for 12 arcpts there are 6 trapezia, whereas
for 16 arcpts there are 8 trapezia. The maximum number of trapezia with which
CATS can deal at any one time is around 900,000. This means that the maximum
number of circles with 12 arcpts is 150 000, which, assuming a square lattice with

200 nm period, equates to an area of 77 um x 77 um. If patterns with more

® Another consideration is the resolution of the lithographic process: a certain number of arcpts is
required to accurately reproduce the structure, but beyond this level no significant improvement in
the definition of the resist features is observed. This level of accuracy is a function of the resist
used and the development conditions.
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trapezia are required then the pattern is divided into blocks, each of which are
fractionated separately and realigned during exposure. CATS also sets the
resolution into which the patterns are to be divided, like a mesh size. This square
mesh is overlaid on the pattern and each square is assigned a binary value. The
value of the resolution depends on the features sizes being written: for small
feature sizes, one can use a nominal resolution as small as 5 nm, the smallest
possible allowed by the machine, whereas for larger features one can tolerate a

courser mesh.

Fig. 3.2 Schematic illustrating the dependence of the number of vertices and the

number of trapezia after fractionation.

The output from CATS is a set of files which include the pattern file and the data
file which is used by the final piece of software package (bwl). This package sets
out the pattern as it is to be written on the sample, assigns the dose to each pattern,
specifies the positioning of patterns, the number of copies to be written and also
the spot size with which the patterns are to be written. The spot size is the degree
to which the Gaussian electron beam is to be focussed and is chosen in relation to
the beam step size; in most instances the beam step-size is set equal to the
resolution with which the pattern file was fractionated. A general rule of thumb is
that the step size should be at least twice the resolution, otherwise the resolution of
the pattern file could be lost at the lithography stage. The method for dose

determination was an exposure test, namely to write the desired pattern at a series
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of different doses and then examine the patterns afterwards to determine the correct
dose. The final parameter that needs to be considered, apart from the actual layout
of the patterns on the sample, is the interval between calibrations of the machine.
The machine needs to be calibrated in order to maintain the beam current at the
correct level, to check the writing frequency, the drift of the stage onto which the
sample is mounted and other necessary measurements and corrections. The
calibration procedure, however, requires the movement of the stage and can result
in patterns being misaligned with respect to each other if written before and after
calibration respectively . These errors are of particular concern in the fabrication of
PBG structures because they generate undesired defects. As a result, I usually set
the calibration interval to higher than the total writing time for the sample and, in
this way, avoided major misalignments. This strategy is acceptable as most job
times are of the order of two to three hours, in which time the assumption that the

frequency and beam current have not drifted is reasonable in practice.

3.1.2 Electron-beam lithography

The first stage is the sample preparation, which involves the cleaning of the
semiconductor sample, pre-cleaved to the correct size, in organic solvents with
ultrasonic agitation. A polymer resist, polymethylmethacrylate (PMMA), which is
sensitive to electrons is spun onto the samples. I have used two different types of
PMMA in my experiments, the first is Elvacite (Elv) with an average molecular
weight of 350,000 and the second is Aldrich (Ald), average molecular weight of
120,000."° These resists come dissolved in o—xylene or chlorobenzene in different
concentrations, so that different film thicknesses are obtained. Commonly, I used
4% Elv (4% by weight of Elv dissolved in o-xylene) and each layer was spun on at

5,000 rpm for 60 seconds. The sample was then baked in an oven at 180 °C for

' Molecular weight is the weight of the polymer chains and is directly related to the degree of
polmerisations and average chain length. Lower molecular weight polymers have a higher
senstivity to high electron energy bombardment due to the shorter average chain length.
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3. Device Fabrication

3.2 Pattern transfer

Although it is possible to use electron-beam exposure to write patterns directly in
semiconductors, the doses required are several orders of magnitude larger than
those required to expose PMMA [142]. The use of PMMA, therefore, allows
quicker pattern generation, which reduces some of the potential problems
associated with EBL, but it also means that the resist features have to be
transferred from the PMMA into the desired material. For the purpose of PBG
structures, it is necessary to have a high fidelity pattern transfer process, which
maintains the nanometre size features and which transfers the features vertically
from one material to another. Generally, this pattern transfer approach requires the
use of plasma processing and, in particular, reactive-ion etching. However, there
are severe limitations to pattern transfer, particularly the resilience of the mask that
is being used to transfer the pattern to another material. In fact, PMMA is not a
very good mask in RIE processes because it erodes quickly, which limits the
etching time and maximum achievable etch depth. The mask erosion also limits the
definition of the features. For this reason an intermediate pattern transfer layer has
been included. Generally, this intermediate layer is a thin dielectric film, either
silicon dioxide (SiO,) or silicon nitride (SiN,) deposited by plasma enhanced
chemical vapour deposition (PECVD). There is, therefore, a need to firstly
transfer the features from PMMA to an intermediate layer and then to the

semiconductor, as shown in Fig. 3.1 above.

3.2.1 Deposition of dielectric films

The dielectric films used, silicon dioxide (SiO,) and silicon nitride (SiN,), are
deposited using Plasma Enhanced Chemical Vapour Deposition (PECVD) [143].
PECVD, as the name suggests, involves the use of a plasma, which is generated in

this instance by a radio-frequency (RF) discharge. The properties of the deposited
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3. Device Fabrication

3.2.3 Pattern transfer to GaAs/AlGaAs

GaAs is usually etched with chlorine, either as molecular chlorine [144], or in a
molecule [145-147], which can be dissociated by the applied RF field. Throughout
this project I have used the gas silicon tetrachloride (SiCl,). The principal gas
phase reaction is
SiCly — SiCly_, + Cl,

where generally x=1 or 2, with the level of dissociation being determined by the
specific conditions (power, flow and pressure) in the reactor. At low power, flows
and pressures the most abundant species is molecular chlorine (Cl,), which etches
GaAs, but does not etch AlGaAs [147]. At higher powers the density of atomic

chlorine (Cl) in the plasma increases, as does the etch rate of AlGaAs [148].

In RIE, the chemical reactions - gas-phase and surface - are not the only
contributions to the etching mechanism. In capacitively-coupled RIE machines
there is also a contribution from the self-induced bias, which is a consquence of
the condition for the electron and ion current densities incident on the electrodes to
be equal. The induced bias is a function of the operating pressure and applied RF
power and accelerates the ions across the plasma sheath onto the bottom powered
electrode and the sample (Fig. 3.5). The ions incident on the sample can enhance
the etch rate by physical sputtering, the mechanism which is the key in producing
anisotropic features. Therefore RIE should be considered as a form of ion-assisted

chemical etching.
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4. Fabrication process developments

4. Fabrication process developments

The fabrication of PBG structures in GaAs/AlGaAs materials is relatively easy
when compared to the attempts at fabrication of these densely packed features in
InP-based materials. Due to the difficulties in fabrication of InP PBG structures,
the whole of the fabrication process was examined in order to maximise the quality
of each individual stage and to look for possible alternative approaches. This
detailed characterisation of the complete fabrication process has led to
improvements in pattern transfer from PMMA to silica and silicon nitride.
Moreover, improved dry-etching of AlGaAs has made the fabrication of PBG
structures easier. Two possible alternative intermediate pattern transfer masks have
been identified, one of which allows the fabrication of nanometre features with

aspect-ratios greater than 10.

4.1 PMMA as an initial pattern transfer mask

4.1.1 Introduction

The low resilience that PMMA exhibits in a RIE plasma ultimately limits the
maximum etch depth that can be achieved in any dry-etch process. In response to
this limitation much research has been carried out worldwide to improve the
resistivity and resilience of EBL resists including PMMA, while balancing this
need against improved sensitivity to high-energy electrons [154]. These efforts
have been successful in many ways, but for very high resolution patterns,
"standard" PMMA is still commonly used. Rather than changing the type of resist,
howeyver, it has been discovered that the configuration of the RIE machine can be
altered to decrease the etch rate of PMMA and to increase the selectivity between

PMMA and thin films, such as SiN, and titanium [112].
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Two RIE machines were used in this study, which allowed the comparison of the
etching of PMMA under nominally similar conditions in two different machines.
The first machine was an Oxford Plasma Technology System 100 RIE machine
(S100), while the second was an Oxford Plasma Technology RIE80 machine
(RIE80). Both machines are capacitively-coupled parallel plate reactors, although
the S100 is evacuated by a turbomolecular pump and has an integrated loadlock.
The etching process was monitored using real-time interferometry with a laser
wavelength of 679 nm. The final etch depth was measured using a DekTak
surface profilometer. Optical Emission Spectroscopy data were obtained using an

EG&G Applied Research OMA II1.

4.1.2 Comparison of different resists in S100 machine

Firstly, unpatterned samples coated with the different PMMA resists, Elv and Ald,
were etched in the S100 machine using the precursor gas CHF;.  Similar etch
rates were obtained for Elv and Ald PMMA, 15 nm/min and 17 nm/min
respectively. These etch rates are sufficiently close that it can be considered that
differences in molecular weight do not have any effect on the PMMA etch rate. As
a result of this finding, 4% Elv (4% weight of Elv in xylene) was used for the rest

of the experiments as it had the slightly lower etch rate.

4.1.3 Comparison of PMMA etch rates in different plasmas in S100
machine

The etching of samples coated with PMMA, but left unpatterned, in different
fluorine-, chlorine- and bromine-based plasmas was investigated in the S100
machine. The conditions used in these tests had been optimised previously for

pattern transfer to thin dielectric or metal films (Table 4.1).
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Precursor gas etch pressure DC bias flow etch rate
(mT) V) (sccm) (nm/min)
CHF, 12 260 30 15
CF, 12 320 20 80
SF, 12 260 20 133
SiCl, 7 330 15 50
HBr 4 350 15 100
Ar 12 270 20 40

Table 4.1 Etch conditions and etch rates of 4% Elvacite in different plasmas in

the S100 machine.

The first interesting result observed was the low etch rate for 4% Elv in a CHF3
plasma, both in absolute terms and also when compared to the etch rates in other
fluorine containing gases at similar biases. Sputtering, which will be significant at
the biases observed, cannot explain the difference in etch rates, as the etch rate of

PMMA in an argon plasma at a similar bias is 40 nm/min.

Gas Peak intensity
(a.u.)
CHF, 1704
C,F, 2616
SF, 16383

Table 4.2 Optical Emission Spectroscopy peaks of the 703.7 nm fluorine line in
CHF,, C,F, and SF plasmas at the conditions detailed in Table 4.1.

One difference between the plasmas investigated is the chemical component of
etching - the atomic fluorine density.  Optical Emission Spectroscopy
measurements on the 703.7 nm fluorine line indicate that the free fluorine
concentration in the CHF; plasma is considerably lower than for the other gases

(Table 4.2). This lower atomic fluorine density in the CHF; plasma is due to the
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presence of the hydrogen in the precursor gas: the molecule HF is formed in the
gas phase and is not easily dissociated due to its high-binding energy (5.91 eV)
[155]. This reduction in fluorine density will have an important effect on the etch
rate of the PMMA as it affects the formation rate of volatile compounds, e.g. CF,
[156], that have formed at the PMMA surface. An alternative mechanism that
would assist in lowering the etch rate of PMMA in a CHF; plasma would be the
formation of fluoropolymer [143]. These results are discussed in more detail in

section 4.1.4.

The second interesting result was the lower etch rate of PMMA in a SiCly plasma.
The etch rate of PMMA in a SiCly plasma in the S100 machine (50 nm/min) is
lower than in the RIE80 machine operated under similar bias conditions (PMMA
etch rate of 100 nm/min). One main difference between these machines is the lack
of a turbo pump and loadlock on the RIE80 machine, which results in a higher
partial pressure of oxygen in the chamber. It is known indirectly that the oxygen
concentration in the RIE80 is higher than in the S100 [148] and also that the
addition of very small oxygen flows (< 0.1 sccm) has been shown to increase the
etch rate of GaAs through an increased density of both Cl and Cl, ions [147]. The
difference in partial pressure in the two machines has not been directly quantified,
but the indirectly known difference in residual oxygen level will contribute to some
degree to quicker etching of PMMA.'" These differences are discussed below in
more detail, following a more detailed investigation into CHF; etching of PMMA

in the S100 machine.

' The differences are known qualitatively because the selective process in the RIE80 machine,
which relies on the oxygen background in the machine, cannot be reproduced in the S100 machine
at similar conditions.
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4.1.4 Etching of PMMA in CHF,

The low etch rate of PMMA in CHF; was of particular interest and so the etch rate
of unpatterned PMMA and PECVD SiN, in a CHF; plasma was measured at
different biases in the S100 machine (Fig. 4.1a) and the selectivity of SiN, with
respect to PMMA was calculated (Fig. 4.1b). Let us consider the SiN, etch rate
first of all, as it will help explain the more complicated etching of PMMA. The
sputtering contribution to any etching levels off at higher power densities, as is
shown in Fig. 4.2 which shows the percentage aluminium, as measured by
XPS,"? sputtered from the electrode onto the PMMA surface. Therefore, the
almost linear increase in the SiN, etch rate is attributable to a superlinear increase in
the fluorine density; it is known that the etch rate of SiN, is increased when there is
both an abundance of atomic fluorine and sufficiently energetic ion bombardment,

as is observed here at the highest power densities [143].

a b
“ @ ) (b)
- PMMA
40 : I
~ = SiNy 3] }
=
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0 500 1000 1500 0 500 1000 1500
Power density (W/m2) Power density (W/m?2)

Fig. 4.1 a) Etch rate of unpatterned PMMA and SiN, in the S100 machine as a
function of the RF power density; b) calculated selectivity of SiN, to PMMA for
the S100 machine.

'2 XPS measurements were performed by Loughborough Consultants.
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Fig. 4.2 XPS determined aluminium percentage sputtered from the electrode onto
the PMMA surface in a CHF, plasma, allowing an indirect determination of the

sputtering contribution.

Power density C/F ratio
(Win?)
0 oo
216 1.9
504 1.8
1079 1.5
1439 1.6

Table 4.3 XPS quantification of the carbon to fluorine ratio at the surface of 4%

Elvacite at different power densities.

The explanation of the etch mechanism for PMMA is more complicated, as can be
seen from the two regimes of etching (above and below 500 W/m?), shown in
Fig. 4.1a. In part this is due to the chemical reactions, both gas phase and surface,
which make direct interpretation of etch rate data more difficult. XPS
measurements made of both processed and unprocessed 4% Elv layers (Table 4.3)

show that the exposure of the film to a CHF; plasma results in either the
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incorporation of fluorine into the polymer matrix or fluoropolymer deposition from
the plasma. There is evidence of CF, and CF; molecules in the etched PMMA
films, particularly at the higher power densities, and only slight evidence of CF
bonds for the highest power densities (Fig. 4.3). These results agree with the
previous interpretation of those factors affecting the SiN, etch rate, namely a
greater dissociation of the plasma and an increase in the atomic fluorine density at
higher powers. CF, and CF, peaks are also observed at low powers, supporting
the idea of fluoropolymer deposition (Fig. 4.4), which has been observed in the

etching of SiO, in fluorocarbon plasmas using photoresist masks [143].
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Fig. 4.3 High resolution XPS spectrum of 4% Elvacite etched in CHF, at
1439 W/m? in the S100 machine.
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Fig. 4.4 High resolution XPS spectrum of 4% Elvacite etched in CHF, at
216 W/m? in the S100 machine.

Unfortunately, it has not been possible to distinguish between the modified PMMA
and fluoropolymer deposition mechanisms with the equipment available. A
possible explanation is that in the low-bias region there is sufficient fluoropolymer
deposition to protect the PMMA from chemical attack by fluorine and from ion-
bombardment by molecules and radicals, whereas at higher powers the
combination of decreasing polymer deposition, increasing atomic fluorine and
sufficient ion bombardment allows the PMMA to be etched at a much increased

rate.

For comparison, PMMA and SiN, were etched in the RIE80 machine using CHF,,
the etch rates were measured (Fig. 4.5a) and the resultant selectivities calculated
(Fig. 4.5b). The gas flow was kept constant at 20 sccm and the etch pressure at
15 mT, while the R.F. power was varied from S0 W to 125 W. It is apparent

that the previously observed increase in selectivity does not occur in the RIE80
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machine. As already discussed there is a greater background level of oxygen in the
RIES80, which affects the gas phase reactions also in a CHF; plasma: the residual
oxygen will form the molecule CO in the gas phase, thus reducing the formation of
fluorocarbon polymer [157] and increasing the etch rate of the PMMA. The
oxygen will affect the quantity of fluoropolymer present in the plasma and,
therefore, the degree to which the PMMA is protected. In this case it is expected
that the rate of decrease in fluoropolymer formation with increasing power density
is greater than for the S100 and that this is the primary reason why no peak
selectivity is observed in the RIE80. These differences in the oxygen background
level could be quantified using Ar actinometry, but it was not possible to do these
experiments during the project due to equipment limitations. Furthermore, the
identification of the molecules present in the plasma by laser spectroscopy would
greatly assist the analysis and mass spectroscopy on the out-flow would allow the
identification of the etched (volatile) species. However, this equipment was not

available during this project.

(a) (b)
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Fig. 4.5 a) Etch rate of unpatterned PMMA and SiN, as a function of the RF
power density in a CHF, plasma in the RIES80 machine; b) calculated selectivity of
SiN, to PMMA for the RIE80 machine.
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4.1.6 Conclusions

In conclusion, it has been shown that reductions in the etch rate of PMMA can be
obtained when a RIE machine with a load-lock and a turbo pump is used. In
particular, thin layers of PMMA can be used as a pattern transfer mask for shallow
etching in SiCly, even at high R.F. powers. The etching of PMMA in
fluorocarbon precursor gases has shown that the etching mechanism of PMMA is
ion-assisted chemical etching. Specifically, in CHF; plasmas, a maximum in
selectivity of SiN, to PMMA etch rate in unpatterned samples is observed at a
power density of approximately 500 W/m? for the machine with lower oxygen
background levels. The improvement in selectivity has been used to improve the
pattern transfer of PBG structures from PMMA to PECVD SiN,, thus providing a

better mask for subsequent reactive-ion etching in SiCl, based plasmas.
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4.2 Modified AlAs layer as an intermediate pattern transfer
layer

An alternative approach to the problem of pattern transfer is to seek another
intermediate pattern transfer layer, where the PMMA does not limit the fabrication
process. This strategy is particularly attractive as there are many disadvantages
associated with the previous method, including the problems of reliable nanometre-
scale lift-off and the need for deposition and etching of a dielectric film. One such
possibility is the inclusion of the intermediate mask layer at the growth stage and
its modification after growth to give improved masking properties. The example of
an "in-situ" epitaxial layer that I have investigated is AlAs and its modification by
wet thermal oxidation or treatment in a fluorine-based RIE plasma. These masks
are compared with the more standard deposited dielectric layers in a SiCl, plasma

and the steam oxidised layer is shown to possess excellent masking properties.

The MBE grown epitaxial structure used in these experiments consists of a thin
20 nm GaAs cap, a 75 nm AlAs layer which is to be modified to act as the
intermediate pattern transfer layer, a 919 nm thick GaAs layer and an AlAs etch
stop layer 20 nm thick (Fig. 4.8). A thickness of 75 nm for the top AlAs layer
was chosen as the oxidation rate decreases rapidly for layers thinner than 50 nm

[159].

20 nm GaAs
75nm AlAs —————__
919 nm GaAs = ———————— ]
20 nm AlAs \
GaAs substrat\

Fig. 4.8 Schematic of the MBE epitaxial structure used.

64



4. Fabrication process developments

The wet thermal oxidation is carried out in a modified oxidation rig based on a
commercial alloying furnace (Bio-Rad RC2400); Fig. 4.9 shows the furnace
schematic.'® The stage in the chamber incorporates a low-thermal-mass heater for
rapid thermal cycling up to 750°C with the control unit, allowing accurately timed
heating of the stage and digital temperature control. The furnace temperature used
in this work is 380 °C, with a nitrogen carrier gas flow of 0.6 I/s flowing through
a water bath at 90 °C, conditions that have been previously optimised for

controllable sub-micron oxidation.

Flow
controller
*
Na
water '\/\NW"V’\/\/\/\N
bath RAAARAANAANNY o)
8
Alloying a
furnace .
Exhaust
- — <

Heated stage

Fig. 4.9 Schematic of the oxidation rig used.

4.2.1 Wet, thermal oxidation of AlAs

The wet, thermal oxidation of AlGaAs layers (x>0.8) has been used widely in
recent years [159] after Holonyak et al. [160] demonstrated that AlGaAs can be
chemically changed at temperatures of approximately 400 °C into (AlGa),0,; this
porous oxide (AlOx) has approximately the same density as the original AlGaAs
layer [161], but has a refractive index of around 1.6. This large reduction in

effective index, while maintaining a similar physical volume, is the key to the use

13 The oxidation rig was developed by Dr. M. Dawson at the Institute of Photonics, University of
Strathclyde.
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of this technology in devices. In particular, this technique has been used very
effectively in Vertical Cavity Surface Emitting Lasers (VCSELSs) to increase both
current and optical confinement as well as increasing the bandwidth of the DBR
mirror stacks [159]. Steam oxidised AlGaAs has another potential application,
however, namely for pattern transfer of sub-micron features into the GaAs/AlGaAs

material system, as it is more robust when exposed to a reactive plasmas [108].

@ RIE exposes AlAs laye

GaAs substrate Fig. 4.10 Schematic of AIOx
@ Steam oxidation gives AlIQ, mask mask production process.
—__ GaA
HHAF—T %
GaAs
AIO AlAs
* GaAs substrate

The fabrication process using a steam oxidised mask is shown in Fig. 4.10. In this
particular case, one-dimensional gratings with periods varying from 150 to
250 nm with a 50% duty cycle were written. The resist features were then
transferred into the top 100 nm of the epitaxial structure by SiCl, etching in the
S100, which was sufficient to expose the AlAs layer. The samples were oxidised
for a maximum of 5 minutes, which was sufficient to oxidise laterally between
adjacent ridge edges; the colour change due to interference effects in the epitaxial
material allows the oxidation front to be monitored in-situ via the optical
microscope fitted above the furnace chamber. The sample was then etched in
SiCl,/O, using conditions optimised for the vertical transfer of sub-micron patterns
into GaAs. The etch rate of the AlIOx mask was determined by a calibration run to

be on the order of 3 nm/min. An etch rate of 200 nm/min for GaAs results in a
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4. Fabrication process developments

The formation of a native oxide was expected, but the extent of the lateral oxidation
in the short time between etching and examination could not be solely attributable
to spontaneous oxidation. These effects were only observed on samples which had
been through the initial pattern definition process more than once. Possible
explanations for the rapid ambient oxidation could be exposure of the
semiconductor to excessive thermal cycling or chemical attack by the developer or
other solvents used in the stripping of resist. This problem was overcome by
taking care not to process any piece of material more than once. Another possible
cause could be the use of AlAs itself as it is more reactive than AlGaAs alloys.
This problem, however, could be overcome by using a high Al molar fraction
Al Ga,  As layer (0.8<x<0.98) rather than an AlAs layer. The oxidation rate of
Al Ga, As is an increasing exponential function of the Al molar fraction, which

considering the small scale of the patterns would not be a problem here.

4.2.3 Comparison of masks

In comparison with SiO, and SiN, the etch rate of the steam oxidised AlAs layer is
approximately an order of magnitude smaller. As far as feature size is concerned
no limitations of using the AlOx approach for pattern transfer purposes have been
seen for features as small as 50 nm, so this technology can be used for a wide

range of GaAs-based device structures.

Material Etch rate (nm/min) Selectivity
$i0, (PECVD) 19 10.5:1
SiN, (PECVD) 21 9.5:1

AlOx 3 70:1

Table 4.4 Comparison of different masks in a SiCl,/O, plasma; selectivity is for

the mask material with respect to GaAs.
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4.2.4 Plasma fluorination of AlAs

The treatment of AlAs in fluorine-based plasmas has not previously been reported
to my knowledge, although fluorine addition to chlorine plasmas has already been
shown to provide selective etching of GaAs over AlGaAs, by the formation of an
AlO/F, film at the AlGaAs surface [148]. Sputtered metal halide films haw)e also
been used as electron-beam resists [162] and are used for IR coatings [163]. The
use of plasma treatment to create an amorphous AlF, layer seeks to extend these

techniques.

Windows were firstly opened in Shipley S1818 resist. The GaAs cap was then
removed using a selective RIE process [148]. The chamber was then purged with
nitrogen for 20 minutes, while still under vacuum; after which, the exposed AlAs
layer was exposed to an SF, plasma (23 sccm, 50 mT, 50 W) for 2 minutes. The
process is shown in Fig. 4.13. The sample was then removed and the photoresist
stripped in acetone. Thereafter, the sample was etched in the S100 machine in
SiCl,/O,. Initial inspection revealed that the process did produce a negative mask
and reproduced the general outline of the resist features (Fig. 4.14), but closer

inspection showed that the mask was not uniform (Fig. 4.15).

Selective RIE of GaAs cap

i b R

’/’//,7,/»”% resist
GaAs

AlAs

GaAs
AlAs

GaAs substrate Fig. 4.13 Schematic of AlAs

@ RIE treatment in SF¢ fluorination process.

el—b GaAs
SRS b O £ N AlAs

GaAs
AlAs

AlFx GaAs substrate
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