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Abstract

In recent years, the wet thermal oxidation of high aluminum-content III-V semicon-
ductors has provided significant device improvements, most notably in vertical cavity
surface emitting lasers (VCSELs). Although circles and squares are the most efficient
geometries for VCSELSs, most studies of the oxidation process to date have been con-
ducted exclusively with stripes, rather than these two-dimensional mesa structures.
The studies presented in this thesis examine the effect of geometry on the wet thermal
oxidation process, focusing primarily on those mesa geometries with direct applica-
bility to VCSELs. However, many of the results can be applied to more exotic mesa
shapes as well.

A model is presented for the time-dependence of oxide formation in two-
dimensional mesa structures. This work represents the first attempt to model the
oxidation of square mesas. Although other researchers have recently proposed mod-
els for the oxidation of circular mesas, these models do not adequately account for
the effect of geometry on the oxidation process. As compared to the one-dimensional
oxidation of stripes, the oxidation of circular and square mesas exhibits an increased
oxidation rate as the process proceeds. This is a direct effect of the geometry of the
mesas. Extensive data is presented in support of our model, and a comparison is
made to other models for the oxidation of circular mesas.

The two-dimensional mesa geometry, coupled with anisotropies in the oxidation
process itself, is shown to produce variations in the strain induced in the overlying
GaAs layer by the oxidation process. Using micro-Raman spectroscopy, this strain has
been spatially mapped and shown to correspond to color variations observed in the
mesas with an optical microscope. A crystallographic-dependence for the oxidation
is documented and used to explain the spatial variations in the strain as well as the
shape of apertures formed in circular and square mesas by the wet thermal oxidation

process.
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Chapter 1 Introduction

1.1 Introduction

Since the 1970’s, researchers have been interested in finding an oxide for the III-V
material system with properties similar to those of SiO5. One of the main reasons
for the commercial success of the silicon material system is the high quality of its
native oxide [1]. However, III-V materials have two important advantages over silicon.
They are better suited for high-speed operation [2, 3] due to higher electron mobilites
and saturation velocities [4]. In addition, silicon, as a bulk semiconductor, is not a
direct bandgap material; therefore, it is not suitable for light-emitting devices such
as those readily formed in the III-V material system. Both of these properties are
expected to have increased importance in the future, as the quest for faster computers
continues. To achieve increased speed, silicon devices have been scaled down smaller
and smaller; however, the size of silicon devices is rapidly approaching a limit past
which additional scaling would be quite costly. Because they are intrinsically faster,
larger I1I-V devices could operate at the same speed as much smaller silicon devices [2],
thereby circumventing the size-limitation problem. In addition, the use of optical
interconnects has been proposed as a faster alternative to electronic connections. The
ability to form both electronic and optical elements on a single ITI-V substrate would
aid the incorporation of faster optical connections. However, without a suitable oxide,
the III-V material system is not in a position to compete with the well-established
silicon technology, and this potential remains untapped. Despite millions of dollars
of research money directed at the problem [5], attempts to create a suitable oxide for
the III-V system have proved unsuccessful.

In 1990, Holonyak’s group at the University of Illinois discovered a process by
which high-quality oxides could be formed from high aluminum-content III-V semi-

conductors [6]. Dallesasse et al. observed severe degradation in samples containing
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high aluminum-content Al,Ga;_,As layers which were exposed to normal atmospheric
conditions for several years [7, 8]. Attempting to speed up this degradation, similar
samples were placed in a hot, humid environment. However, instead of rapidly de-
grading the samples, the treatment resulted in the formation of a dense, high-quality
oxide [6].

It seems significant that the oxide was discovered in a group whose main research
interest was semiconductor lasers. As discussed in Section 2.3.1, the wet thermal
oxide does not have sufficient electrical quality for the formation of metal-oxide-
semiconductor (MOS) devices. Had the oxide been discovered by researchers trying to
make a III-V MOS device, interest may have quickly dissipated once its poor electrical
behavior was observed. However, in accordance with the interests of Holonyak’s
research group, the oxide was quickly incorporated into a laser design [9]. As discussed
in Section 2.2, the oxide’s incorporation into lasers, particularly vertical cavity surface

emitting lasers (VCSELSs), has provided dramatic results.

1.2 Summary of Thesis

Despite being discovered less than a decade ago [6], the wet thermal oxide of
Al,Ga;_;As has quickly gained technological importance due to the dramatic im-
provements in VOSEL performance that it has provided. However, its rapid incor-
poration into real devices has also impeded research to understand the more basic
properties of the oxide. Because it proved to be so useful in its as-discovered form,
there was relatively little work done to understand the oxide or its formation in any
detail. Recently, limitations of the oxide have been noted, including its reproducibil-
ity for commercial devices and its inability to form high-quality MOS devices [10], so
there has been increased interest in understanding its basic properties. A review of
this work can be found in Chapter 2.

This thesis presents two studies which contribute to a basic understanding of the
wet thermal oxidation process and which have an impact on devices formed with the

oxide. Both of these studies are concerned with the effect of two-dimensional geometry
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on the oxidation process. This is important because many device applications of the
oxide require two-dimensional oxidation rather than the one-dimensional oxidation of
stripes which is typically studied. In order to conduct this work, an oxidation set-up
was designed and built. This set-up and the experimental procedures used in this
thesis are discussed in Chapter 3.

Chapters 4 and 5 present theoretical and experimental support for a model devel-
oped to explain the time-dependence of oxidation in two-dimensional mesa structures,
such as circular and square mesas. Although circles and squares are the most effi-
cient geometries for VCSELs, until recently, studies of the oxidation process were
conducted exclusively with stripes. As will be shown in Chapter 5, the oxidation of
stripes has a much different time-dependence than that of circular or square mesas,
particularly as the oxidation proceeds. Thus, a full account of the geometry of the
oxidizing structure, such as that provided by our model, is necessary for a more
thorough understanding of the oxidation process in two dimensions.

In Chapter 6, we explore another consequence of the two-dimensional oxidation
geometry. Drumhead patterns are observed in circular and square mesas which have
been oxidized almost to completion. Using micro-Raman spectroscopy, these patterns
can be shown to correspond to variations in the strain induced in the GaAs cap layer
by the oxidation of an underlying AlAs layer. In addition, the crystallographic-
dependence of the drumhead patterns, as well as the apertures formed in partially
oxidized mesas, is correlated with a crystallographic-dependence of the oxidation

process itself.
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Chapter 2 Background and Literature

Review

2.1 Introduction and Chapter Outline

This chapter is divided into two parts. Section 2.2 provides an overview of the impact
of the wet thermal oxidation process on semiconductor devices. Section 2.3 summa-
rizes the current state of knowledge about the wet thermal oxidation process and the

oxide formed from Al,Ga;_,As using this technique.

2.2 Device Applications of the Wet Thermal Oxide
of Al,Ga;_,As

This section is intended to provide the reader with a sense of the technological im-
portance of the wet thermal oxidation process by discussing its application to semi-
conductor devices. MOS devices are an obvious application for the oxide. There have
been several attempts to fabricate MOSFETSs using the wet thermal oxide of various
III-V semiconductors [1, 2, 3]. However, Ashby et al. have shown that the oxide,
in its present form, cannot form a MOS device with sufficiently low interface state
density [4]. Therefore, MOS applications of the oxide will not be discussed further in
this section.

The big success story of the wet thermal oxide is its incorporation into VCSELs.
Section 2.2.1 describes the impact that the wet thermal oxidation process has had
upon VCSEL performance. Recently, creative uses of the oxide have been proposed

for novel device applications, some of which are discussed in Section 2.2.2.
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2.2.1 Impact of the Wet Thermal Oxide on VCSEL

Performance

The wet thermal oxide has been incorporated into VCSEL structures in two ways.
The most dramatic is the use of the oxide to form an aperture, guiding current and
light into a small device volume. In addition, the oxide has been incorporated in
distributed Bragg reflectors (DBRs), the highly reflective mirrors on either end of a
VCSEL cavity. Both of these VCSEL applications are discussed below.

Oxide Apertures in VCSELSs

Lateral oxidation from the edge of a mesa can be used to produce an oxide aper-
ture surrounding unoxidized semiconductor. Because the oxide has a significantly
lower conductivity and index of refraction, as compared to unoxidized Al,Ga;_,As,
it provides both current and optical confinement [5]. The oxide was first used as an
aperture in edge-emitting lasers [6], followed shortly by the first oxide aperture in a
VCSEL structure [7].

Prior to the introduction of oxide apertures, current confinement in VCSEL struc-
tures was provided by proton implantation. However, this process damages the
semiconductor crystal and does not provide significant optical confinement [8]. The
small amount of index guiding present in proton-implanted structures is provided by
thermal lensing, which results in nonlinear light-current characteristics and a beam
profile dependent upon the operating current [9]. Compared to proton-implanted
VCSELs fabricated from the same epitaxial material, VCSELs with oxide apertures
have substantially lower threshold voltages and currents [10]. Specifically, an order-
of-magnitude reduction in threshold current has been obtained for oxide-apertured
VCSELs, as compared to proton-implanted VCSELs from the same wafer [11].

Prior to the introduction of the oxide aperture, a typical high-performing VCSEL
had 21% power efficiency and a 5.1 mA threshold current [12]. Within a year, an
oxide-apertured VCSEL with 50% power efficiency [8] and one with a threshold cur-
rent of 8.7 pA [13] had been demonstrated. Although this ultralow threshold current
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has not been measured for other lasers of the same design [14], threshold currents
below 100 A have been reported for several different oxide-apertured VCSEL struc-
tures [15, 16, 17, 18]. These low threshold currents have all been realized in VCSELSs
with output at 980 nm; similar reductions in threshold current have made shorter
wavelength VCSELs possible as well. The lowest threshold current (660 pA) and
voltage (150 mV above photon energy) for visible VCSELs allowed room-temperature

continuous wave (CW) operation at a record-low 640 nm, using an oxide aperture [19].

Oxide Distributed Bragg Reflectors

Distributed Bragg reflectors (DBRs) are a standard component in most VCSEL de-
signs, forming the high reflectivity mirrors on either side of the laser cavity. These
mirrors are formed with alternating layers of materials with different indices of re-
fraction. The reflectivity of a DBR increases with the number of layer pairs and the
ratio of the refractive indices of the two materials [20]. By using the wet thermal
oxide of AlAs, instead of unoxidized AlAs, in a DBR with GaAs, the refractive index
ratio is increased from 1.2 in the GaAs/AlAs DBR to 2.3 in the GaAs/AlAs-oxide
DBR [21]. Therefore, DBRs incorporating the wet thermal oxide can achieve greater
reflectivity with fewer pairs [21]. This greatly reduces the growth time required to
form the epitaxial material for the laser structure [22]. In addition, the stringent
growth requirements of all-semiconductor DBRs are relaxed in oxide DBRs, which
have less sensitivity to thickness variations in the epitaxial layers [20, 21, 22]. Oxide
DBRs have also been shown to reduce diffraction losses in VCSELs due to a decreased

optical penetration length in the mirror [22].

2.2.2 Additional Uses of the Wet Thermal Oxide for Novel

Device Applications

Recently, creative uses of the wet thermal oxide have been proposed and demon-
strated for additional semiconductor device applications. Blum et al. have formed

an embedded semiconductor lens by vertically tailoring the aluminum content of the
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Al,Ga,_,As layers forming the lens. Since the wet thermal oxidation rate is highly
dependent upon aluminum content, these layers oxidize to different extents, leaving
a lens of desired shape [23]. The low refractive index of the wet thermal oxide has
been used to enhance birefringence in GaAs/AlAs waveguides, with the potential for
nonlinear frequency conversion [24].

In addition, two research groups have investigated the use of the wet thermal ox-
idation process for integrating optical components on a single substrate. Bond et al.
have used the oxide to fabricate surface- and substrate-emitting VCSELSs on a single
wafer. As grown, all VCSELs on the wafer are symmetric, with both DBRs having
equal reflectivity. Selective oxidation is used to adjust the relative reflectivies of the
DBRs, thus determining the direction of light output. Using this technique, VCSELs
emitting in both directions were fabricated with threshold currents of 65 - 70 pA [25].
Sjolund et al. report using the wet thermal oxide to integrate VCSELs and photodetec-
tors. VCSELSs require a higher reflectivity of the output mirror than the input mirror
of a photodetector with the same active region; to achieve different reflectivities with
the same epitaxial material, AlGaAs layers in the bottom DBR of the VCSEL are
selectively oxidized to increase its reflectivity [26]. The same research group has used
wet thermal oxidation to achieve VCSELs with a 48-nm wavelength span on a single
wafer, with applications to wavelength division multiplexing systems [27].

There has even been interest in using the wet thermal oxidation process to form
templates for semiconductor growth [28, 29]. Chavarkar et al. have proposed the fol-
lowing scheme for creating substrates with larger lattice constants than are currently
available. First, an Al-containing layer is grown lattice-matched to a pre-existing
substrate, followed by a compressively strained layer. Upon oxidation of the Al-
containing layer, the strained layer relaxes and can be used as a template for further
semiconductor growth. Using this technique, Ing2GaggAs, Ing7Gag 3As, and InAsSb
can be used as growth templates [28]. More impressively, Kobayashi et al. have
used an intermediate wet thermal oxide layer to epitaxially grow GaN on a Si(111)

substrate [29].
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2.3 Summary of Current Knowledge About the
Wet Thermal Oxide of Al,Ga;_,As and Its
Formation

This section attempts to provide the reader with an overview of what is cur-
rently known about the wet thermal oxidation process and the oxide formed from
Al,Ga;_,As using this technique. Section 2.3.1 provides a basic description of the
oxidation recipe, including typical parameters for the oxidation process. The effects
of these parameters and other factors influencing the rate at which the oxidation pro-
ceeds are discussed in Section 2.3.2. In Section 2.3.3, properties of the oxide formed
by wet thermal oxidation are discussed. This is followed by Section 2.3.4, in which the
interfaces between the oxide and surrounding semiconductor are described. Proposed

reactions for the oxidation are detailed in Section 2.3.5.

2.3.1 Oxidation Recipe

The wet thermal oxidation process has been used to oxidize both surface and buried
layers. Surface layers are oxidized vertically, usually after a protective cap layer has
been removed since layers with reasonable oxidation rates also readily degrade in
the atmosphere. Buried layers are exposed by etching mesas in the semiconductor
material, either by wet or dry etching processes. In this case, oxidation proceeds
laterally through the mesa, creating either fully oxidized layers or oxide apertures
surrounding unoxidized material. As will be discussed in Section 2.3.2, the oxidation
process is highly dependent upon aluminum content, so that high aluminum-content
layers can be selectively oxidized, while low aluminum-content layers are relatively
unaffected.

The set-up used in our experiments, shown in Figure 3.1, is fairly typical of those
used by other researchers for the wet thermal oxidation of Al,Ga;_,As layers. Furnace
temperatures ranging from 320 to 570°C [30] have been reported. Typical furnace

temperatures are 400 - 450°C, and most researchers use three-zone furnaces for better
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temperature control. Water vapor is supplied to the furnace by bubbling a carrier
gas, typically Ny, through heated water. Water bubbler temperatures from 50°C [31]
to 95°C [32] have been reported, although the range from 85 to 95°C is most common.
Carrier gas flow rates range from 0.075 liter/min [33] to 3 liter/min [34]. The line
between the water bubbler and the furnace is sometimes heated to prevent conden-
sation of water vapor in the line [30, 35]. In addition, since the lowest temperature
encountered by the water vapor should control its partial pressure in the furnace,
heating the line above the temperature of the water bubbler ensures that the water
vapor pressure in the furnace is not influenced by fluctuations in the ambient room
temperature [36].

Due to dramatic improvements in VCSEL performance offered by wet thermal
oxidation, there has been increased interest in precise control of this process so that
it can be used to produce commercial devices. Some researchers isolate the water
bubbler from ambient room temperature fluctuations by placing it in a constant
temperature bath [35]. Others use a capillary at the bottom of the furnace’s quartz
tube to preheat the incoming water vapor to the furnace temperature [37]. In addition
to these equipment improvements, there has been some focus upon the procedures
used to initiate and terminate the oxidation process. An observed delay in the onset
of oxidation has been attributed to the time required for the sample [30] or the quartz
sample insertion rod [38] to reach the furnace temperature. One way to control this
delay is to insert the sample into a dry furnace, initiating the oxidation by redirecting
the carrier gas flow through the water bubbler [4]. After oxidation, the sample is
allowed to cool in the furnace under nitrogen flow [39]. In other experiments, including
the ones described in this thesis, the furnace is allowed to come to equilibrium with
flowing water vapor, and the sample is placed on a preheated plate before inserting
it into the furnace to commence oxidation [35]. In order to minimize condensation
of water vapor onto the sample, Burton and Schlesinger turn off the carrier gas

temporarily just prior to loading samples onto a preheated slider [38].
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2.3.2 Factors Known to Affect the Rate of Wet Thermal

Oxidation

This section details the factors that are known to affect the rate at which wet ther-
mal oxidation proceeds in one dimension. Unless otherwise noted, all results in this
section were obtained with stripes. The first part of this section discusses the effects
of variations in the oxidation parameters described in Section 2.3.1, including furnace
and water bubbler temperatures, as well as carrier gas flow rate and composition.
Control and understanding of these parameters is crucial to the commercialization
of devices incorporating the wet thermal oxide. The second part of this section dis-
cusses how the rate of oxidation is affected by the semiconductor sample itself. The
aluminum content, growth temperature, and thickness of the oxidizing layer are all
shown to affect the oxidation rate. In addition, the effects of the surrounding layers
on the oxidation rate are considered. The doping and crystallographic orientation of

the sample may also affect the oxidation rate and are discussed below.

Furnace Temperature

The temperature of the furnace affects both the diffusion of reactant molecules
through the already-existing oxide and the reaction of those molecules at the oxide-
semiconductor interface. Each of these processes can be described by a temperature-
dependent constant which directly influences the rate at which it takes place. For
oxidation in one dimension, the rate at which the oxidation front is advanced by the

reaction is just the reaction constant kg:

dzrp
= — k. 2.1
dt R (2.1)

Diffusion through the existing oxide slows as more oxide is formed, so the rate at which
one-dimensional diffusion advances the oxidation front decreases as the oxidation

proceeds:
dl‘D . k'D

— = . 2.2
dt QZL‘D ( )
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However, for a given oxide extent, the rate is directly proportional to the diffusion
constant kp. Both processes will be discussed in more detail in Chapter 4.
The temperature-dependence of both ki and kp can be expressed with an Arrhe-

nius relationship:

k = koexp [;(f;,} , (2.3)
where E, is the activation energy, Kp is Boltzmann’s constant, and T is the tem-
perature (in Kelvin). Therefore, the oxidation rate in one dimension has an ap-
proximately exponential dependence on the furnace temperature. As will be shown
in Chapters 4 and 5, the reaction and diffusion components are more complicated
for two-dimensional oxidation. However, the constants governing these processes

have the same temperature-dependence as for one-dimensional oxidation, as given in

Equation 2.3.

Water Bubbler Temperature

Increasing the water bubbler temperature has also been found to increase the ox-
idation rate [40]. This has been attributed to the direct relationship between the
temperature of the water bubbler and the partial pressure of water vapor in the fur-
nace [35]. As discussed below, the water bubbler temperature also influences the

effect that the carrier gas flow rate has upon the oxidation.

Carrier Gas Flow Rate

The influence of carrier gas flow rate must be considered in two separate regimes.
For low gas flow, the oxidation rate has been found to be approximately linear with
gas flow rate [35]. Above a minimum gas flow, the system is considered to be in a
water vapor saturated regime [35], where the oxidation rate is independent of gas
flow rate [41]. In this regime, the oxidation reaction is not limited by the supply
of reactant molecules. The transition between these two regimes depends upon the
temperature of the water bubbler. As the water bubbler temperature increases, the

transition is reached at lower flow rates. For example, the water vapor saturated
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regime is reached at approximately 1.5 liter/min for a 90°C bubbler but not until
about 3 liter/min for a 60°C bubbler [35].

In addition to directly affecting the oxidation rate, the carrier gas flow rate can
influence other oxidation parameters. The temperature of water in the bubbler has
been found to vary with carrier gas flow rate [35]. Other researchers have reported
using lower carrier gas flow rates to avoid affecting the ambient furnace tempera-
ture [31]. In addition, the water level in the bubbler falls at a rate that depends on
the carrier gas flow, and the amount of water vapor transferred to the furnace was

found to be affected by this water level [41].

Carrier Gas

Although nitrogen is typically used as a carrier gas for wet thermal oxidation, other
researchers have reported using an argon carrier gas [42], and several studies have
been conducted to explore the influence of carrier gas composition on the oxidation
process. Oxidation rates have been reported to vary only slightly with nitrogen,
argon, or forming gas (3% Hy/N,) as the carrier [35]. Adding 10% H; to Ny also has
little effect on the oxidation rate [38].

Oxygen has been reported to completely inhibit wet thermal oxidation [35]. This
has been used as evidence to support the proposed crucial role of hydrogen in the
oxidation process [39], as discussed in Section 2.3.5. Since hydrogen will be rapidly
consumed by oxygen to form water, it will no longer be available to contribute to the
oxidation process [39]. Other researchers have reported that oxidation with oxygen
carrier gas 1s possible at higher temperatures, although the process apparently self-
terminates after only about 80 nm of oxide has been formed [38]. These researchers
also report that the activation energy for the wet thermal oxidation of Aly¢Gag4As
is reduced from 1.87 to 0.99 eV by the addition of only 0.1% O, to N, but that a
similar decrease is not observed for Aly7;Gag23As. Using air (20% O in Ny) results

in poor quality samples due to nonuniform oxide growth [38].
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Aluminum Content of the Oxidizing Layer

As first noted by Kish et al., higher aluminum-content Al,Ga; _,As oxidizes more
rapidly than lower aluminum-content Al,Ga;_,As for all oxidation temperatures [43].
The difference in oxidation rates for varying aluminum content is quite dramatic. The
oxidation rate increases by more than two orders of magnitude when the aluminum
content of Al,Ga, ,As is changed from x = 0.84 to x = 1.0 [44], and the oxidation of
AlpsGagAs is 20 times faster than that of AlgsGagsAs [38]. The selectivity of the
oxidation process between AlAs and Aly3Gag7As is reported to be at least 1000 [45].
Evans and Holonyak have proposed a relationship between the oxidation ”velocity,”
V, and Al,Ga;_,As composition (0.86 < x < 0.92), which only slightly underestimates

the increasing slope of the true V(x) curve. This expression is given as

V(z) = Voexply(xz — 0.86)], (2.4)

where Vo = 0.441 um/h and v = 19.662 [46].

As stated in Section 2.3.1, the selectivity of the wet thermal oxidation process
allows the formation of buried oxide layers, which are crucial for the fabrication of
VCSELs. However, the strong dependence of the oxidation rate on aluminum con-
centration also means that extremely tight composition control is necessary to obtain
reliable oxidation across a wafer. This restriction could limit the use of Al,Ga;_,As
oxide layers in the production of commercial devices. Nominally identical wafers have
been found to have oxidation rates that differ by approximately 10%, and oxidation
rates have been found to be consistently lower near the edge of a wafer, presumably
due to a slight increase in gallium concentration [47]. For example, the oxidation rate
of an Al 9sGag goAs layer was found to vary by £2% across one-quarter of a 3” wafer.
This variation can be attributed to a fluctuation in the mole fraction of aluminum of
only +0.001 [35].

Aluminum appears to be the key to the wet thermal oxidation process. This has
been attributed to the high oxidation potential of aluminum compared to other group

III elements, such as gallium [43]. However, its importance decreases with increasing
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temperature [35]. Because the activation energy for the oxidation reaction increases
with decreasing aluminum-composition [30, 35, 43], the difference in oxidation rates
for layers with different aluminum contents is significantly decreased at higher tem-

peratures so that even GaAs can be oxidized at a high enough temperature [48].

Growth Temperature of the Original AlGaAs Layer

Recently, there has been interest in oxidizing low-temperature-grown (LTG) AlGaAs
layers [49] due to the possibility of reducing the polycrystalline nature of the re-
sulting oxide [50] and the amount of elemental arsenic remaining in the layer after
oxidation [50, 51]. These LTG layers are non-stoichiometric, containing an increased
amount of As relative to standard Al,Ga; ,As. Polycrystalline AlGaAs results from
growth at 350°C, and amorphous AlGaAs is obtained from growth at 250°C [52].
Both polycrystalline and amorphous LTG layers oxidize at significantly higher rates
than their crystalline counterparts [52, 53]. These results are consistent with an ear-
lier report by Burton and Schlesinger, indicating that the oxidation rate is decreased
in layers grown with a reduced AsH, flow [38]. As expected, the opposite trend is
observed in this case, where a decreased amount of As is incorporated, as compared

with the low temperature growth during which excess As is incorporated into the

AlGaAs layer.

Thickness of the Oxidizing Layer

Evidence of a thickness-dependence for wet thermal oxidation rates was reported in
the first paper describing the oxidation process [54]. Little attention was paid to this
relationship, however, until a recent explosion of papers and theories on this topic.
Oxidation rates are independent of thickness for thick oxidizing layers; however, for
thin layers, oxidation rates decrease rapidly with decreasing thickness. Reports of the
thickness at which this transition occurs range between 50 nm [55] and 80 nm [56].
The dramatic dependence of the oxidation rate upon the thickness of thin oxidizing
layers can be illustrated with several examples. Kim et al. demonstrate that an 80-

nm AlAs layer oxidizes over two times faster than a 25-nm layer and show that a
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160-nm AlAs layer oxidizes over 50 times faster than a 15-nm layer [56]. A two-
orders-of-magnitude reduction in the oxidation rate is reported for 10-nm AlAs layers
compared to 100-nm layers [35]. At thicknesses below 15 nm, the oxidation practically
stops [40, 56, 57].
The first mathematical description of the thickness-dependence was proposed by
Ochiai et al [58]. Assuming that the reaction rate, W, is sensitive to the layer thick-

ness, 6, due to strain, the following relationship was proposed:

W (0) = Woe= /0" ~ W, ( — z—é) (2.5)
where 6 is the minimum thickness for oxidation.

Shortly thereafter, Naone et al. proposed a model for the thickness-dependence
which was based upon thermodynamical considerations [55]. Experimental results
were reported which show that the activation energy for the oxidation reaction in-
creases with decreasing layer thickness and that the curvature of the oxidation front
is significantly more blunt for thick layers than for thin layers. This curvature was
taken as an indication that the interface exerts pressure opposing the formation of
additional oxide, through the Gibbs-Thomson effect. By considering the surface en-
ergy of each interface and the geometry of the oxide layer, an expression was derived
for the activation energy of the oxidation reaction in a thin layer. This can be written

as
2 (You/Gans — VAlas/Gas) Vor
0

2A7Ga/15 ‘/orc

E.(0) = E, + 7 ,

=FE, + (2.6)

where ¢ is the thickness of the AlAs layer, E, is the activation energy associated
with a planar oxidation front (an infinitely thick AlAs layer), o, /GaAs 18 the surface
energy of the oxide-GaAs interface, y4,45/Gaas is the surface energy of the AlAs-GaAs
interface, and V,, is the molar volume of the oxide at the interface. This model shows
good agreement with experimental results.

While the surface energy model focuses on the effect of layer thickness on the
reaction component of the oxidation, Yoshikawa et al. have concentrated on the diffu-

sion component [57]. The diffusion process is modeled as CASE II diffusion, in which
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there is an additional term in the diffusion equation due to inner stress opposing the

diffusion. Thus, the modified diffusion equation can be written as

oC 0°C
~ (pZ& _ 2.7
= (D - BSMC) , (2.7)

where C is concentration of diffusing material, B is mobility of the diffusing material,
and S, is the inner stress tensor. In the case of lateral oxidation, this stress comes
from the semiconductor layers above and below the oxidizing layer. When the oxi-
dizing layer is thin enough, the inner stress is too strong to allow diffusion to occur,
and the oxidation stops.

Later, Koley et al. proposed a thickness-dependent relationship between the oxi-
dation time, t, and the resulting oxidation extent, x, based upon the Grove and Deal
model for the oxidation of silicon [59]. This model considers the effect of thickness on
both the reaction and diffusion components of the oxidation. The resulting expression

can be written as [40]

z A-2Z.cosh (Zz,) + (1 + 452 A282a) sinh (Zz,
o= [, | (1+ 45 4%5%) sinh (£2,)
0

TR , (2.8)
where
a=6yn, (2.9)
1 1
A=2D[ -+ — 2.
(h + k) , (2.10)
2D -C
B = N (2.11)
k
8= T (2.12)
and
1-0
o=—-: 2.13
5 (2.13)

In Equation 2.9,  is the thickness of the oxidizing layer and 7 relates the (x,x) and
(v,y) components of the diffusion tensor: D, = 7D, = D. In Equations 2.10 and 2.11,
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h is a gas phase transport coefficient and k is the oxidation reaction rate constant. In
Equation 2.11, C is equal to % times the concentration of oxidant in the oxidizing gas
near the outer surface of the mesa, and Ny represents the concentration of oxidant
in a fully oxidized layer. Equation 2.8 also shows good agreement with experimental
results.

As illustrated by the preceding examples, the thickness of the oxidizing layer is
thought by different researchers to affect the oxidation rate through the diffusion com-
ponent, the reaction component, or both processes. However, reaction-rate-limited
oxidation is still observed for thin layers [20, 35|, which seems to indicate that de-
creased diffusion is not responsible for the observed decrease in oxidation rates for
thin layers [35]. Therefore, theories such as those advanced by Naone et al. [55] and
Ochiai et al. [58] seem most plausible for explaining the thickness-dependence of the
oxidation rates.

The dependence of oxidation rate on the thickness of the layer may compensate
for the dependence on the aluminum content such that thin layers of AlAs may
oxidize slower than thick layers of Al,Ga;_,As [35]. As discussed earlier, tight control
of aluminum content is required for uniform oxidation rates; the requirements for
thickness control are less stringent [20]. Therefore, thickness variations, instead of
Al;Ga;_;As composition, may provide a more reproducible method for controlling
oxidation rates. For example, a single processing step can be used to completely
oxidize AlAs in a VCSEL mirror and partially oxidize an AlAs current aperture; this
is accomplished with thick (150-nm) mirror layers and a thin (30-nm) current aperture
layer [25] due to the thickness-dependence discussed in this section. Another example
of using layer thickness to control oxidation rates involves inserting very thin layers
of GaAs into an AlAs layer. MacDougal et al. have reduced the oxidation rate of
645 A of AlAs from 1.164 ym/min to 0.432 pm/min by inserting 20-A GaAs layers
between 161-A AlAs layers [20].

A novel application of the complete suppression of oxidation for ultra-thin layers
has recently been proposed [57]. Because of difficulty in controlling the extent of

oxidation and the desirability of doing so for commericial device production, variations
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in AlAs layer thickness may be used to stop oxidation at a pre-defined extent. Using
in situ selective growth with the masked MBE method, the thickness of AlAs was
decreased from 30 to 15 nm in selected areas, and oxidation was shown to stop at

these boundaries.

Surrounding Layers

The oxidation rate of an Al,Ga;_,As layer is enhanced by proximity to an oxi-
dizing layer of higher aluminum content. For example, Blum et al. have found
that AlggsGagosAs layers oxidize faster when separated from oxidizing layers of
Alp.9sGag.o2As by only thin barriers of GaAs [60]. This effect is reduced as the GaAs
layers become thicker, thus impeding transport between the two Al,Ga;_,As layers.
A model has been proposed to describe the total oxidized length, ¢, as the sum of
the length for non-interacting layers and a length increase resulting from transport

through a thin barrier. This can be written as

ﬁ - /[klateralclateral + kbarriercr (U), t)]dt; (214)

where Cuerq; 1S the concentration of oxidant responsible for oxidation in isolated
layers and C,(w,t) is the additional concentration of oxidant resulting from transport
through a barrier of thickness w. C,(w,t) is proportional to C,(w,t), the oxidant
concentration inside the barrier at the interface between the GaAs and the lower

aluminum-content film. Cy(w,t) can be written as

Cy(w,t) = C(0) {1 —erf [(Dt%] } , (2.15)

where D is the diffusion constant of the oxidant in the GaAs barrier. Although the
model is described in terms of transport of the oxidant, it has not yet been established
whether reactants or products are actually moving through the barrier.

Most notably, this effect has been used to create semiconductor microlenses [23].

By adjusting the composition of Al,Ga;_,As layers, it is possible to create an oxide-
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semiconductor interface with a desired shape. Continuously grading the aluminum
content results in a concave profile, while discrete Al-grading (Al,Ga,_,As layers with
increasing aluminum composition separated by thin GaAs barriers) produces a convex
profile, suitable for the formation of a lens. In the discrete case, vertical contributions
to the oxidation rate are reduced relative to those in the case of continuous grading,
resulting in the desired shape.

Naone’s surface energy model can be used to predict the effect of having low
aluminum-content Al,Ga;_;As, instead of GaAs, cladding layers on either side of an
oxidizing AlAs layer [55]. This can be accomplished by substituting Avyceas(x) for

A7gaas in Equation 2.6, where Avya;gqas(X) can be written as:

AYaicaas() = (1 — ) Avgaas + TVox/A1As- (2.16)

With experimentally determined values of 46.6 and 49.6 eV/nm? for Avg,as and

Yoz/AlAs, T€SPectively, Equation 2.16 becomes
A'YAlGaAs(-T) = A’YGaAs =+ a:(BOeV/an) (217)

Therefore, the model predicts that the barrier-related surface energy, and thus the
activation energy of the oxidation reaction, will increase with increasing aluminum
concentration.

One of the most intriguing recent results indicates that oxidation rates can be
significantly enhanced by the incorporation of a LTG layer below the oxidizing layer.
It is not even necessary for the LTG layer to be exposed to the oxidizing atmo-
sphere [51]. Samples containing the LTG layer oxidized faster than standard samples
for temperatures ranging from 360 to 450°C, with the greatest difference in oxida-
tion rates observed at 450°C. After ruling out enhanced in-diffusion of reactants and
changes in the structure of the oxidizing layer due to the LTG layer, the increased
oxidation rate has been attributed to increased out-diffusion of oxidation products
through the LTG layer. Champlain et al. report that oxidation rates increase with

increasing aluminum content in the LTG layer [61]. This has been cited as evidence



21
that vacancies in the LTG layer are responsible for the increased oxidation rate since
higher aluminum-content LTG layers have fewer As antisite defects but more Ga and

As vacancies.

Doping of Semiconductor Crystal

The influence of the doping of the semiconductor crystal on oxidation rates has not yet
been definitively resolved. Kish et al. first reported that p-type AlysGag 4As oxidizes
more rapidly than n-type Alg¢Gag4As and attributed this to the different position
of the Fermi level in the two layers since the Fermi level affects the diffusion of ions
(such as those involved in the oxidation process) via crystal defects [62]. A later
report by the same research group stated that the doping-dependence is substantial
only in layers with lower aluminum-content, such as Alg¢Gag4As [63], which casts
doubt on the wider applicability of their earlier work. However, Ochiai et al. report
that p-type AlAs oxidizes faster than n-type AlAs [30], in direct contradiction of the
conclusion that doping affects oxidation rates only in low aluminum-content layers.

Although Kish et al. state that the Fermi level, and not the dopant, influences
oxidation rates in Alg¢Gag4As, another report finds that Be- and C-doped AlAs
exhibit different oxidation behavior, even though both are p-type [64]. Be-doped
AlAs oxidizes at a rate of 1.2 pum/min, independent of doping concentration, while
C-doped AlAs oxidizes at 1.75 um/min. In addition, the C-doped layers show a slight
increase in oxidation rate with increasing doping level.

Choquette et al. have proposed an explanation which may account for these ob-
servations [65]. No difference in oxidation rate is observed for widely separated n-
and p-type layers. However, when the layers are adjacent, they oxidize at different
rates, which can be attributed to the built-in field across the p-n junction, rather than
the doping of the layers. Therefore, the position of the layers in the crystal, rather
than the doping of those layers, may account for the observations reported by other

researchers.
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Crystallographic Orientation

Most reports of a crystallographic-dependence for the oxidation process are based on
the observation of oxide apertures with a shape different from that of the mesas from
which they are formed. While square mesas produce square apertures [11, 16, 35,
44, 66, 67|, independent of aluminum concentration and orientation of the squares
relative to crystal axes [35, 66], several researchers have reported obtaining square
or diamond apertures from circular mesas |7, 67, 68, 69]. A more detailed study of
this phenomena shows that it is dependent on the aluminum content of the layer
being oxidized; for high aluminum-content layers (> 94%), circular mesas oxidize to
squares, but for low aluminum-content layers (< 92%), these mesas produce circular
apertures [35, 66]. The composition-dependence can be explained by differences in the
local bond configuration of the Al atoms in Al,Ga;_,As; for x < 0.92, each atom will,
on average, have one Ga atom as its second nearest neighbor [35, 66]. Gebretsadik
et al. have also noted that the addition of a small amount of Ga causes the oxidation
to proceed more isotropically [33].

Based on the observation that the square apertures formed from circular mesas are
aligned along the <100> crystal axes, Choquette et al. conclude that the oxidation
rate along the <100> axes is faster than that along the <110> axes. This is consistent
with the lower surface reactivity of the {110} planes as compared to the {100} planes
in GaAs [35, 66]. Li et al. also note that there must be a different oxidation profile
along the [011] and [011] directions because of the excellent polarization selection and
control observed in oxide-confined VCSELs [69]. Our studies of the relative oxidation
rates in different crystallographic directions are presented in Chapter 6.

In addition to these comparisons of oxidation in planes parallel to the semicon-
ductor layers, there have been two additional reports involving oxidation rates along
additional crystal directions. Lateral oxidation has been observed to occur approx-
imately 1.5 times faster than vertical oxidation [41]. Kish et al. have noted that
oxidation occurs most rapidly along a (111) plane, which can be explained by the
higher density of lattice points (and thus more atoms available for oxidation) in the

{111} planes as compared to the {100} or {110} planes [70].
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2.3.3 Properties of the Oxide Formed by Wet Thermal

Oxidation

This section discusses the properties of the oxide formed by wet thermal oxidation
of Al,Ga;_;As. The oxide’s chemical composition, crystal structure, and porosity are
discussed first. Next, the thickness contraction of the oxide relative to the original
Al,Ga;_,As layer and the resulting mechanical properties of the oxide are considered.
Finally, several properties with significant device implications are detailed: passivat-

ing, optical, electrical, and thermal characteristics of the oxide.

Chemical Composition

The oxide formed by wet thermal oxidation of Al,Ga;_,As is generally identified
as Al,Os;. However, in addition to aluminum and oxygen, the oxide has also been
reported to include hydrogen, gallium, and arsenic. One study even found that the ox-
ides of Alp5GagsAs and AlggGag2As contain more hydrogen than oxygen [43]. There
is evidence that all of the gallium contained in the original Al,Ga;_,As is incorpo-
rated into the oxide [71]. Although most researchers agree that at least some gallium
remains in the oxide, a consensus has not yet been reached about its form. While
Auger electron spectroscopy (AES) has indicated that the Ga remains unoxidized [72],
other researchers have failed to see evidence of Ga precipitates and therefore conclude
that the solid solution (Al,Ga;_.)203 has been formed [71]. The oxide exhibits a de-
pletion of As relative to the unoxidized Al,Ga,_;As, which has been attributed to
the escape of As [4, 35, 39], As;Oj3 [4, 72], or AsHj [35, 39, 73, 74] from the oxide.
While there seems to be very little (less than 2%) As remaining in the oxide [71],
the presence of even undetectable amounts of As can have serious consequences for
electrical devices incorporating the oxide [4]. Arsenic is thought to be present both

as elemental As and in AsyO; [39].
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Crystal Structure

As stated above, a potentially significant amount of Ga is incorporated into the wet
thermal oxide of Al,Ga;_,As. However, this is not believed to affect the oxide struc-
ture since the oxides of Al and Ga are structural isomorphs [43, 75]. This is further
evidenced by the lack of discernible difference in the microstructure of oxides formed
from Al,Ga;_,As for 0.8<x<1 [35] and between oxides formed from AlysGag2As and
AlgsGagsAs [43].

Identifications of the crystal structure of the wet thermal oxide range from amor-
phous [29, 35, 42, 43, 76] to polycrystalline y-Al,O3 [4, 71, 74]. Transmission electron
spectroscopy (TEM) [42, 43, 76|, x-ray diffraction [29], and electron diffraction pat-
terns [35] have all been used to identify the oxide as amorphous. However, other re-
searchers observe rings in selected area electron diffraction patterns which correspond
to polycrystalline v-Aly O3 [4, 71, 74]. Using selected area electron diffraction, the lat-
tice constant of the oxide has been measured to be 7.87 A [74] and 7.95+0.10 A [71],
in favorable agreement with 7.9 A, the lattice constant of y- Al,O3.

There are several possible explanations for the discrepancy in these identifications.
First, those researchers who cite evidence of a polycrystalline structure for the oxide all
show that the Al,O3 crystallites are small. Electron diffraction patterns are described
as faint and diffuse, an indication of small grain sizes [74]. In agreement with evidence
cited as proof of an amorphous oxide [29], Ashby et al. note that x-ray data does not
show evidence of crystalline phases, putting a limit of approximately 10 nm on the size
of the crystallites [4]. Using dark field images, Guha et al. have measured a typical
grain size of approximately 8 nm [74], and Twesten et al. find that most grains are
approximately 4 nm, with some as small as 1 nm, in diameter [71]. In addition,
the dark field images show that any Al,Os crystallites in the oxide are surrounded
by an amorphous matrix [71]. Second, there is evidence that the thickness of the
oxide layer may affect its microstructure [52]. Some researchers have conjectured
that the polycrystalline microstructure of the oxide is the result of mismatch between

the oxide and the semiconductor layers above and below [37]. Thin layers should
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be more affected by this mismatch than thick layers, thus supporting a thickness-
dependence for the oxide microstructure. However, other researchers have stated that
the microstructure of the oxide formed from Al,Ga;_,As for 0.8<x<1 is independent
of thickness [35]. Perhaps the most convincing explanation is that the electron beam
used to measure the structure may induce the transformation from amorphous oxide

to the polycrystalline y-phase [35, 43].

Porosity

There is even less agreement about the porosity of the oxide. Since the oxide masks
impurity diffusion [75] and protects AlAs-GaAs heterostructures from atmospheric
hydrolysis [73], it has been identified as nonporous [62]. In addition, Kish et al.
report that the oxide obeys a parabolic growth law, which is indicative of a nonporous
film since the oxidation rate is inversely proportional to the amount of oxide already
formed [62]. Guha et al. postulate that even linear oxidation rates, typically indicative
of a porous oxide, could result from interfacial porosity, not necessarily porosity of
the oxide layer itself [74]. However, researchers who observe a linear growth rate
cite this as evidence of a porous oxide since the oxidation rate is independent of the
amount of oxide already formed [41]. And, as discussed below, the oxide exhibits less
contraction than would be expected for the conversion of a layer from AlAs to dense

~-Al;, O3, possibly indicating that it is porous [71].

Thickness Contraction

One difference between the wet thermal oxide and compounds formed by low temper-
ature (< 300°C) oxidation and atmospheric hydrolysis is the thickness of the resulting
film relative to the original layer. While the low temperature processes result in vol-
ume expansion [77], layers formed by wet thermal oxidation have been measured to
contract by amounts ranging from 2% [52] to 30% [73]. Most researchers have reported
a wet, thermal oxide thickness of approximately 90% that of the original Al,Ga;_,As
layer [21, 37, 42, 66, 71, 78], primarily from TEM measurements. However, recent
ellipsometry data indicates that the thickness contraction is only 2-3% [52, 79]. Here-
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mans et al. suggest that the difference between TEM and ellipsometry measurements
may be caused by the special sample preparation and resulting ultra-thin samples
required for TEM [79)].

There is some evidence that oxidation may result in slightly less thickness contrac-
tion in Al;Ga;_,As layers as compared to AlAs layers [35, 66], although the largest
contraction was measured for an AlGaAs layer [73]. A difference between the thick-
ness of AlGaAs and AlAs oxides could be partially explained by the longer bond
length of Ga-O relative to Al-O [35].

The first explanation for the thickness contraction of oxidized AlAs and AlGaAs
layers was the 27% smaller molar volume of AIO(OH) as compared to that of AlAs.
As a result, Sugg et al. concluded that AIO(OH) must be involved in the oxidation,
possibly as an intermediate product [73]. Recently, researchers have focused on the
different density of Al atoms in AlAs and in y-Al,O3;. The volume per Al atom in
AlAs is (3.57 A)3) while in y-Al, O3 it is (2.85 A)3, thus predicting a 20% thickness
contraction in y- Al,Oj layers [71]. As mentioned above, arsenic is thought to es-
cape from AlGaAs layers as they are oxidized; arsenic depletion is also believed to

contribute to the volume contraction [73].

Mechanical Properties

The thickness contraction discussed in the preceding section is at least partially re-
sponsible for another property of the oxide: its lack of mechanical stability. Strain
induced in the semiconductor crystal as the result of the thickness difference between
oxidized and unoxidized Al,Ga;_,As is believed to be responsible for mechanical
problems [80] such as delamination of the oxide films from other layers after oxida-
tion [4].

There is some evidence that the addition of even small amounts of Ga to AlAs
layers may improve the mechanical stability of the resulting oxide. Choquette et al.
report that oxides of Al,Ga;_,As with x < 0.98 show no evidence of the strain and
defects that are induced in the surrounding crystal by the oxidation of AlAs [35,

66]. However, micro-Raman measurements show that the tensile deformation of an
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overlying GaAs layer is the same for AlAs and AlygsGaggoAs oxide samples [81].

Mechanical stress may be reduced by oxidizing thin (= 20 nm) AlAs layers [35,
64, 82], which eliminates compositional control issues discussed above, while main-
taining the mechanical integrity of oxidized crystals. The mechanical stability of
oxide-containing structures may also be improved by isolating oxide layers from con-
tact with GaAs, thus preventing the formation of weak Ga-O bonds which could
be responsible for the delamination of oxide films [83]. In addition, Dapkus notes
that completely oxidized structures induce less strain in the surrounding crystal than

partially oxidized layers [80], such as oxide apertures.

Passivating Properties

The passivating properties of the oxide have been recognized since its discovery [54].
Wet thermally oxidized crystals with high Al-content layers do not degrade in atmo-
sphere like their unoxidized counterparts [54] and oxidize slowly [38], if at all [84],
when returned to the oxidation furnace. Perhaps more important for device applica-
tions, the oxide has been shown to reduce processing damage by sealing cracks and
fissures, thus preventing current injection from damaged parts of the semiconductor
crystal [85, 86]. As a result, oxidized LEDs show no degradation after 2500 hours at
85°C and 85% relative humidity, while unoxidized LEDs degrade to less than 50%
of their original output powers after 1500 hours under the same conditions [86]. In
addition, the oxide can be used to reduce surface and shunt junction leakage cur-
rents in semiconductor crystals which have been damaged by impurity-induced layer

disordering [87].

Optical Properties

As discussed in Section 2.2, the low refractive index of the oxide, relative to that of
the semiconductor from which it is formed, is essential to several devices formed with
the oxide. The excellent performance of oxide-confined VCSELs is partially due to
the optical confinement provided by the index difference between the oxide aperture

and adjacent Al,Ga;_,As. Distributed Bragg reflectors with increased bandwidth,
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decreased sensitivity to the thickness and composition of the layers, and reduced
growth times are possible because of the large ratio of refractive indices created in
the AlGaAs system with the oxidation of high aluminum-content layers.

The refractive index of the oxide is most commonly measured with ellipsome-
try. Measurements range from 1.50 [5] to approximately 1.7 [88]. For those reports
identifying the aluminum content of the Al Ga;_,As, there doesn’t seem to be any
correlation between the measured index and the aluminum content of the layer prior
to oxidation [5, 41, 72, 88]. However, it is difficult to compare the various measure-
ments since refractive index is a function of wavelength, and most measurements
of the index were reported without the corresponding wavelength [21, 38, 78, 79].
Knopp et al. have investigated the wavelength-dependence of the refractive index of

the oxide, fitting to a Cauchy dispersion relationship

B C
n(A)=A+ 2 + It (2.18)
for A in microns, with A = 1.5713, B=4.83 x 107% ym?, and C = 9.67 x 10~° um* [52].
Further complicating the comparison of various measurements, similar samples with

different thicknesses display variations in the refractive index of up to 0.015, with

increasing thickness corresponding to decreasing refractive index [52].

Electrical Properties

The excellent electrical properties of oxide-confined VCSELSs have been attributed to
current confinement provided by the oxide aperture [8]. Because the oxide is elec-
trically insulating [20], the aperture funnels current through the unoxidized region;
this reduces the active volume of the device, which results in lower threshold cur-
rents. The downside of the electrically insulating nature of the oxide is that VCSELSs
incorporating oxide-DBRs require careful design to prevent current flow through the
insulating oxide layers [20)].

There was initial hope that the wet thermal oxidation of Al,Ga;_,As could be

used to form an oxide of sufficient quality for use in III-V MOS devices. Chen et al.
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used an oxide formed from AlGaAs to demonstrate the modulation of a depletion-
mode metal-oxide-semiconductor field effect transistor (MOSFET) [1]. The oxide was
shown to withstand fields greater than 107 V/cm. However, Ashby et al. have shown
that successful MOS device fabrication schemes will have to address the issue of As
precipitates at the oxide-semiconductor interface, which cause Fermi-level pinning [4].
This residual arsenic, the formation of which is thermodynamically favorable [4, 89,
has a severe negative impact on MOS device performance; levels as low as 1074
monolayer can degrade MOS device performance. Even devices with As levels below
the Raman spectroscopy detection limit exhibit partial Fermi-level pinning and weak

modulation.

Thermal Properties

Although the oxide has been reported to have good thermal conductivity [22, 70],
its behavior under thermal cycling is less-than-desirable. The volume contraction
of the oxide layer and resulting mechanical instability are compounded by the dif-
ference in thermal expansion coefficients between the oxide and the surrounding
semiconductor [80]. This results in thermal instability, manifested as the delami-
nation [20, 35, 41, 83, 90] and cracking [83, 90, 91] of oxide layers upon thermal
annealing.

Some of the same techniques used to improve the mechanical stability of oxide-
containing structures may also be used to achieve better thermal behavior. Thin oxide
layers show a greater resistance to delamination than thick layers [41, 90]. Structures
contalning a single oxide layer are more stable under thermal stresses than those
containing multiple oxide layers [90]. Thermal stability may also be improved by the
use of Al;Ga;_,As oxide layers instead of those formed from AlAs [35, 66]. Several
researchers have employed graded AlGaAs layers in DBR structures to reduce the
incidence of delamination [20, 83, 90] by preventing the oxide from reaching GaAs
layers [83]. The oxide-GaAs interface, which will be discussed further in Section 2.3.4,
is believed to support delamination because the contracting Al,O3 is much stronger

than the GaAs oxide formed at the interface [90]. In addition, there is evidence that
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the completeness of oxidation may affect the stability of a structure. Samples kept in
the oxidation furnace longer than the time required to completely oxidize the mesas

showed improved thermal stability [91].

2.3.4 Properties of Oxide-Semiconductor Interfaces

The wet thermal oxide forms interfaces with the unoxidized part of the Al,Ga;_,As
layer being oxidized as well as with the surrounding lower aluminum-content

Al,Ga;_,As layers. Both types of interfaces are evaluated below.

Interfaces Between Oxidized and Unoxidized Al,Ga;_,As

When AlGaAs layers are oxidized vertically from the surface of the semiconductor,
both TEM and secondary ion mass spectroscopy (SIMS) show a sharp interface be-
tween oxidized and unoxidized parts of the layer [43, 72]. However, a transition region,
ranging in width from 2 nm [4] to 17 nm [71], has been observed at the oxidation
front in laterally oxidized mesas. Choquette et al. attribute this to a region rich
in As,O3 [35]. EDX measurements show that the transition region has a reduced
Al signal, relative to both oxidized and unoxidized AlAs, and a reduced As signal, as
compared to the original AlAs [76]. Twesten et al. report dark-field images showing
low atomic-number density cavities within 1 pm of the oxidation front of oxidizing
Al 9sGagg2As layers but not in oxidizing AlggyGagosAs layers. These cavities are
not voids, but rather contain an amorphous material, possibly Al(OH); before it is

transformed to - Al,O3 [71].

Interfaces Between Oxide and Surrounding Low Aluminum-Content Lay-

ers

The interface between the oxide and surrounding low aluminum-content layers is
thought to be quite abrupt. Ellipsometry [52], high-resolution cross-sectional TEM
(HRXTEM) [42], and energy-dispersive x-ray micro-analysis (micro-EDX) measure-

ments [76] show a transition or interfacial layer between the oxide and surrounding
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GaAs layers of approximately 2 nm. Comparison between chemical (micro-EDX) and
visual (HRXTEM) analysis shows that the abruptness of the interface corresponds to
the profile of oxygen in the semiconductor [76]. In contrast, there is a small amount
of interdiffusion of gallium and aluminum, on the order of 15 nm, in the vicinity
of the oxide-GaAs interface [76]. This is consistent with another report that the
oxidation process "disorders” the semiconductor crystal within 15 nm of the oxide-
semiconductor interface [92]. However, Sugg et al. report that the difference between
AlAs and AlGaAs oxides is clearly visible in TEM images, showing that the lateral
oxidation does not mix layers [93].

The oxide is found to have a significant negative impact on both interface re-
combination [33, 45] and photoluminescence [92, 94|, as a result of the relatively
poor quality of the interface between the oxide and low aluminum-content cladding
layers. Interface recombination increases greatly after oxidation [33, 45]; however,
this effect is highly dependent upon the compositions of the oxidizing layer and the
Al,Ga,_,As cladding layers. Kash et al. have shown that surrounding the oxide layer
with Aly3Gag7As instead of GaAs allows interface recombination to remain low after
oxidation [45], and oxides of Al,Ga;_,As have much lower interface recombination
velocities than those formed from AlAs [33]. In addition, Chou et al. have shown
that a thin GaP barrier may be useful in protecting the interface, maintaining both
photoluminescence and interface smoothness [50].

The increased interface recombination has been attributed to an increased inter-
face trap density, possibly arising from porosity at the interface [33]. Photolumines-
cence from quantum wells in close proximity to an oxidized AlAs layer is significantly
reduced by the oxidation process. This is believed to be the result of non-radiative
recombination centers at the oxide-semiconductor interface [92, 94]. Excess arsenic,
forming Asg, antisite defects, has been proposed as a source of traps which could
serve as non-radiative recombination centers [92]. Pratt et al. note that the reduction
in photoluminescence can be completely eliminated by separating the quantum well
from the oxide layer by only 20 nm [94]. Other researchers report that if the oxidized

layer is far enough from the quantum well, hydrogen ion treatment can be used to
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partially restore the luminescence [92], presumably due to the removal of some of the
excess arsenic at the interface.

As mentioned in Section 2.3.3, residual arsenic is thought to remain at the oxide-
semiconductor interface after oxidation. High-resolution TEM reveals Moire fringes,
attributed to 2- to 4-nm As crystallites at the interface [4]. Instead of arsenic, Guha
et al. have observed voids at the oxide-semiconductor interface. These are believed to
be caused by high stress at the interface due to the oxidation process, consistent with
the formation of defects extending to a few hundred angstroms on either side of the
interface [74]. However, this contradicts reports that no defects are introduced by the
oxidation [35, 47, 80], as well as another report that there is no evidence for interfacial
voiding [71]. Other researchers have noted that the interface is readily damaged by

electron beam irradiation [42], perhaps causing the formation of voids [35, 95].

2.3.5 Oxidation Reaction

As discussed in Section 2.3.3, the wet thermal oxide of AlAs is believed to be Al,Oj3.
In addition, AIO(OH) is thought to be involved in the oxidation reaction. At the
temperatures used for oxidation, AIO(OH) is converted to v- Al;O3 [74]. The high
quality of the wet thermal oxide has been attributed to the formation of AIO(OH) and
Al,O3 compounds, in contrast to AI(OH); believed to be formed by the destructive
atmospheric hydrolysis process [73]. Twesten et al. propose that the wet thermal
oxidation proceeds from amorphous Al(OH)z to v-Al,O3 [71]. However, all other
researchers describe the reaction chemistry without this destructive compound.

For simplicity, this section describes the reactions believed to be responsible for
the wet thermal oxidation of AlAs. The oxidation of Al,Ga;_;As is believed to follow
a similar reaction chemistry since the oxides of Al and Ga form an extended series of
solid solutions Al,Ga;_,O(OH) and (Al,Ga;_.)203 [43].

Initial descriptions of the oxidation chemistry emphasized the role of arsine in the
removal of As from the oxide film. The following reactions were proposed for the wet

thermal oxidation:
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AlAs + 2H,0 — AIO(OH) + AsHj (2.19)

and

2AlAs + 3H20 — Aleg + 2ASH3. (220)

In addition, another reaction was proposed for additional As removal:

Reactions involving As, O3 were excluded from consideration because of the significant
As depletion observed in SIMS data [73].

Recent analysis of the oxidation reaction has resulted in the proposal of a sig-
nificant role for As,O3, supported by Raman spectroscopy, which reveals a constant
signal from both As and amorphous As,Oj3 as the oxidation proceeds [4]. Therefore,
both As and As,Oj are thought to be present as intermediate products of the oxi-
dation [39]. Reactions which produce As and As,Og, in addition to Al,O3, and are

thermodynamically favorable at oxidation temperatures are [35, 39]:

2AlAs + 6H20 — AlQOg, + ASQOg + 6H2, (222)
A8203 + 3Hy —> 2As + 3HQO, (223)

and
As,05 + 6H — 2As + 3H,0. (2.24)

The role of these reactions is supported by the importance of hydrogen in the oxidation
process, as evidenced by the inability of the oxidation to proceed under oxygen carrier
gas, which would be expected to consume the available hydrogen [35, 39]. Because
both As and As,O3 can serve as volatile products for the removal of As from the oxide,
the formation of arsine is not necessary to account for the observed As depletion [4].
However, it is not possible to exclude the role of AsH; in removing As because its

formation using atomic hydrogen is favorable at typical oxidation temperatures [35,

39].
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At the interface between the oxide and GaAs cladding layers, another reaction

must be considered. As,Oj is believed to be thermodynamically unstable in the

presence of GaAs, reacting to form arsenic [4, 89

Asy03 4+ 2GaAs — 4As + Gay0s. (2.25)

This reaction is supported by Raman spectroscopy data near the oxide-semiconductor
interface, which shows that the As,Oj3 signal drops below the detection limit while
the As signal persists [4]. The conversion of As;O3 to As may explain the Fermi-level

pinning observed in MOS devices, as discussed in Section 2.3.3.
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Chapter 3 Experimental Set-Up and

Procedures

3.1 Introduction and Chapter Outline

In this chapter, detailed information is provided about the set-up and procedures used
in our experiments. The equipment in our oxidation set-up is described in Section 3.2.
Section 3.3 details the wet thermal oxidation procedure as well as techniques used for

data collection.

3.2 Details of the Oxidation Set-Up

The basic set-up used in our experiments is shown in Figure 3.1. This set-up was
specifically designed and assembled to perform the wet thermal oxidation experi-
ments described in this thesis. The furnace is a three-zone tube furnace (Blue M
model #IHTF55347C with temperature controller Blue M model #CC58434C). In-
side the furnace is a 2”-diameter quartz tube which tapers at one end for connection
to vinyl tubing from the water bubbler. The other end of the tube is loosely covered
with a quartz cap through which the sample insertion rod is free to slide. The sample
insertion rod consists of a quartz rod with a flat quartz plate at one end. The rod
bends slightly before reaching the quartz plate to ensure that the plate is at the same
level as the center of the rod and thus that samples on the plate will be in the center
of the furnace. To avoid putting too much pressure on the quartz cap, the end of
the sample insertion rod is supported by a metal plate attached to the lab bench.
This plate has a hole drilled through it which is slightly larger than the diameter of
the rod and at the same level as the hole through the quartz cap. During oxidation
the sample insertion rod is pushed into the furnace just far enough to center samples

horizontally.
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Figure 3.1: Illustration of the set-up used in the wet thermal oxidation experiments
described in this thesis.

The nitrogen used in our experiments is at least 99.9999% pure (Matheson ULSI
purity). A two-stage regulator (Matheson model #3810-580) is used to control gas
flow from the cylinder. The nitrogen travels through 316 stainless steel tubing from
the gas cylinder to a 0.01-pm particle filter (Matheson model #6190) attached to a
gas flow meter (Cole-Parmer model #E-32641-50). The output from the flow meter
is attached (with vinyl tubing) to a Teflon® 3-way diaphragm valve (Cole-Parmer
model #E-06482-00). The 3-way valve directs nitrogen either straight towards the fur-
nace or through the water bubbler, which will be discussed in more detail shortly. All
tubing is connected to the valve with Teflon® PFA fittings (Cole Parmer model #E-
06373-92). The output tube from the water bubbler passes through a check valve into
a T-connector, where it meets the tube straight from the flow meter, which has also
passed through a check valve. These neoprene check valves (Cole-Parmer model #E-
06304-10) prevent the backwards flow of water vapor in the system. The third outlet
of the T-connector is connected with vinyl tubing to the end of the furnace tube. The

flow of nitrogen through the system is shown in Figure 3.2.
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Figure 3.2: Diagram of nitrogen flow through the wet thermal oxidation system.

As explained in Chapter 2, tubing between the water bubbler and the furnace
(before and after the T-connector) is heated. In order to do this, the vinyl tubing is
wrapped with a 120 V rope heater (Omega model #FGR-030) and covered with alu-
minum foil to provide uniform heating. Power to the rope heater is supplied by a vari-
able voltage source (Powerstat model #3PN126). The temperature is controlled with
an Omega universal temperature controller (Omega model #CN8501-TC-R1:G1) and
a J type thermocouple (Omega model #TIN-116J). The thermocouple is held in con-
tact with the tubing by placing it under the aluminum foil. The connections to the
temperature controller are shown in Figure 3.3. When the setpoint of the tempera-
ture controller is set to 110°C and the variable voltage source outputs 55 volts, the

temperature measured by the thermocouple is approximately 105°C.
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Figure 3.3: Diagram of connections to the rope heater temperature controller. This
system controls the heating of the tubing between the water bubbler and the furnace.

The main part of the water bubbler is a 3000 mL Pyrex distilling flask with three
necks (VWR model #29280-420). The center neck of the flask has a §45/50 joint,
while the two side necks have §24/40 joints. The vinyl tubing from the flow meter
passes into one of the side necks through a §24/40 connector with a hole through
the middle (Kimble-Kontes model #182900-2440) so that a portion of the tubing
is under the level of the water in the flask. The other side neck has a bevel seal,
allowing the insertion of a thermocouple into the flask while maintaining a tight seal.
The center neck holds a specially-made glass piece which has a §45/50 connector on
one end and tapers to the inner diameter of the vinyl tubing at the other end. It is
attached to the vinyl tubing which leads to the furnace through the check valve and
T-connector. The water in the flask is heated with a Glass-Col heating mantle (Cole-
Parmer models #E-36225-60 and E-36225-86), controlled by a Glass-Col temperature
controller (Cole-Parmer model #E-36225-90) with temperature feedback provided by
a type J thermocouple probe.
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3.3 Procedures for Wet Thermal Oxidation Exper-

iments

This section details the procedures used in our wet thermal oxidation experiments.
Section 3.3.1 describes the sample and system preparation as well as the exact steps
used to oxidize samples in our experiments. Section 3.3.2 explains the procedures

used to measure oxidation lengths.

3.3.1 Oxidation Procedures

Before starting the wet thermal oxidation process, the system, as described in Sec-
tion 3.2, was turned on and allowed to reach equilibrium. First, the water bubbler
was filled with deionized water. The initial level of water in the flask was just be-
low the bottom of the necks so that the flow of nitrogen into the flask would not
cause water to bubble up into the necks. With the 3-way valve turned to bypass
the water bubbler, the flow of nitrogen was turned on using the regulator on the gas
cylinder. The flow meter was used to set the nitrogen flow to 1 liter/min. Next, the
temperature controller for the water bubbler heating mantle was turned on, allow-
ing the water bubbler to begin heating up. The temperature on the controller was
set to a value determined by calibration to result in a water bubbler temperature of
95°C and was not changed between oxidation runs. Then, the furnace was turned on
and set to the desired temperature. Finally, the heating rope temperature controller
(with a setpoint of 110°C) was plugged in, and the variable voltage source was set
to 55 V. The nitrogen flow was not directed through the water bubbler until both
the water bubbler and the tubing connecting it to the furnace had reached their final
temperatures. After nitrogen began flowing through the water bubbler, the system
was allowed to equilibriate for 2 hours before any samples were oxidized.

The samples used in the experiments described in this thesis were grown on (100)
GaAs substrates in a Perkin Elmer molecular beam epitaxy (MBE) machine. Our
standard sample contained a 100-nm AlAs oxide layer, surrounded on either side by

15 nm of Aly3GagsAs. The structure was capped with 150 nm of GaAs. Standard



47
photolithography procedures were used to define mesas (150 pm-wide stripes, 150 ym-
diameter circles, or 150 pm x 150 pum squares). Hardened photoresist served as an
etch mask when the samples were placed in 1:8:80 HySO4:H20O5:H50O for 90 seconds
to remove the material around the mesas, exposing the AlAs layer. Each sample was
etched immediately before being inserted into the furnace; the delay between etching
and the start of oxidation was less than 5 minutes.

The quartz rod was heated in the furnace during the system preparation described
above; it was removed from the furnace briefly to place a sample on the quartz plate
for oxidation. Although the plate was designed and fabricated with grooves to hold
the samples vertically, in all of the oxidation experiments described in this thesis, the
samples were placed flat on the plate. There are three reasons for this: (1) the samples
used in our experiments were small enough that a significant fraction would have been
inside the groove if placed vertically; (2) heat conduction between the sample and the
quartz plate is improved by putting a larger surface area of the sample in contact with
the plate, thus decreasing the time required for the sample to reach the temperature
of the furnace [1]; and (3) the gas flow around the sample is expected to be more
uniform when the sample is flat against the plate [1]. The oxidation time was started
when the sample reached the edge of the furnace (although it continued to be pushed
to the center of the furnace). Just prior to the end of oxidation, the sample rod was
pulled out so that the time was stopped when the sample again reached the edge of
the furnace. Because of the high temperature of the quartz rod, metal (instead of
fluoroware) tweezers were used to move samples onto and off of the quartz plate. For
long oxidation runs, the water level in the bubbler was monitored, and the bubbler
was refilled if necessary, keeping at least 1500 mL of water in the bubbler at all times.

To turn off the oxidation system, first the nitrogen flow was switched to bypass
the water bubbler. Next, the water bubbler heater was turned off. Then, the variable
voltage source was turned off, and the rope heater was unplugged. If desired, con-
densation in the furnace could be removed by leaving the furnace and nitrogen flow
on for a few hours. Finally, the furnace was turned off, and the nitrogen flow was

terminated, first with the flow meter and then with the regulator on the gas cylinder.
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3.3.2 Data Collection Procedures

An optical microscope and CCD camera were used to obtain JPG images of the
mesas. Those with obvious deformities were excluded from further analysis. The
remaining images were then inserted into a drawing program (CorelDraw) to measure
the size of both the original mesa and the portion that remained unoxidized. This was
accomplished by overlaying a stripe, square, or circle on top of the image of the mesa
and adjusting the size of the shape until it matched that of the mesa or aperture
being measured. The oxidation length x, was obtained by subtracting the length
or diameter of the unoxidized portion from the length or diameter of the original
mesa and dividing the result by two. The measurement was converted from pixels to
pum with a multiplication factor obtained by taking pictures of an optical standard

(Newport Optics model #USAF-1951-RES-2).
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Chapter 4 Model for the
Time-Dependence of the Wet Thermal

Oxidation Process

4.1 Introduction and Chapter Outline

This chapter presents a new model for the time-dependence of wet thermal oxidation
in two-dimensional mesa structures. Recently, other researchers have proposed mod-
els for the oxidation of circular mesas, but we believe that our model most accurately
accounts for the influence of geometry on the oxidation process. Although our model
contains approximations, we consider it to be the best mathematical description avail-
able at this time for the wet thermal oxidation process in circular mesas. In addition,
1t represents, to our knowledge, the first and only attempt to model this process in
square mesas.

Both circular and square mesas are used in VCSELSs because they create an active
region more closely aligned with the desired shape of the output laser beam. With
increasingly complicated VSCEL structures being proposed, it becomes more impor-
tant to understand how the oxidation process proceeds in both circular and square
mesas. Despite this important application and the fact that a model for the oxidation
of stripes does not accurately describe oxidation in circular or square mesas, there
have been few studies which explore oxidation in these geometries. In fact, when
this research was started, the only studies of wet thermal oxidation rates had been
conducted with stripes.

Section 4.2 describes the one-dimensional model which is widely accepted for the
wet thermal oxidation process. Our model is presented in Section 4.3. It can be

applied to mesas of practically any shape. However, in this study, we have focused
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on circles and squares, since they are the most relevant to real devices. Applica-
tion of our model to oxidation in circular and square mesas is demonstrated in Sec-
tions 4.4 and 4.5, respectively. A critique of other models for wet thermal oxidation

in cylindrical geometry and comparison to our model are presented in Section 4.6.

4.2 Accepted Model for the Oxidation of Stripes

The model generally used to describe the wet thermal oxidation of Al,Ga;_,As in
stripes is based upon the Grove and Deal model for the oxidation of silicon [1]. Ochiai
et al. were first to apply this model to the problem of wet thermal oxidation [2]. The
Grove and Deal model assumes a steady-state process so that the flux of oxidant

molecules is constant in three components of the oxidation:
1. transport of oxidant molecules to the edge of the mesa
2. diffusion of oxidant molecules through the already-formed oxide
3. reaction at the oxide-semiconductor interface.

Once these fluxes have been equated, the growth rate of the oxide layer is described

as
dz, F
= 4.
dt Ny’ (4.1)

where x, represents the position of the oxidation front (the oxide-semiconductor in-
terface), F is the constant flux of oxidant molecules, and Ny is the number of oxidant
molecules incorporated into a unit volume of oxide. Assuming there is no oxide

present at time t = 0, Equation 4.1 can be integrated to yield

(4.2)

where
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and
_2pC

B = 4.4
Ny (44)

In Equation 4.3, k is a constant governing the oxidation reaction and h is a gas-phase
transport coefficient. In Equations 4.3 and 4.4, D is the effective diffusion coefficient
for transport of oxidant molecules through the oxide; in Equation 4.4, C* is the
equilibrium concentration of oxidant molecules in the oxide.

Equation 4.2 can be rewritten as

th):%(,/l—i—AZ—;u—}—l) (4.5)

A2

and considered in two limiting cases. In the first regime, valid for t < {5,

Equation 4.2
reduces to a linear growth law:
B

o N —1. 4.6
7o~ 2 (4.6)

For t > g, a parabolic growth law is obtained:

z? ~ Bt. (4.7)

o]

Thus, the oxidation of stripes is expected to exhibit an initially linear growth, followed

by a slowing of the oxidation rate in the parabolic growth regime.

4.3 Presentation of Our Model

This section describes our model for the wet thermal oxidation process. Section 4.3.1
contains a basic description of the assumptions and calculations which comprise this
model. One unique aspect of our model is that it can be applied to a variety of mesa
geometries. For comparison to the Grove and Deal model, Section 4.3.2 demonstrates

the application of our model to the oxidation of stripes.
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4.3.1 Description of Our Model

For two-dimensional oxidation, such as the case of circular and square mesas, the
surface area of the oxide-semiconductor interface changes as the oxidation proceeds,
effectively changing the geometry of the oxidation. Therefore, we do not believe that
the steady-state assumption of the Grove and Deal model is valid in these cases. As
noted by Ochiai et al., the functional form for the oxidation of stripes in Equation 4.2
is composed of a diffusion and a reaction component [2], % and —I;”/LA, respectively.
Therefore, our model treats the movement of the oxidation front in terms of diffusion
of the reactant to the oxide-semiconductor interface and reaction at that interface.
Although the reaction term in Equation 4.2 also depends upon the transport of oxi-
dant molecules in the gas phase, this is not generally considered to be a rate-limiting
factor in the oxidation and is not included in our model. This is equivalent to assum-
ing that there is an adequate supply of reactant at the edge of the mesa. In addition,
we assume that the removal of As-containing products is not the rate-limiting process.
Although not explicitly stated, Ochiai et al. also make this assumption because the
Grove and Deal model does not include the out-diffusion of products.

Following the general form of the Grove and Deal model, Equation 4.2, our model
takes the oxidation time to be the sum of the time required for reactant atoms to

diffuse to the oxide-semiconductor interface and the time required for the atoms to

react at that interface:

toxidation (330) = tdiffusion (xo) + treaction (-'Eo) . (48)

To obtain an expression for the diffusion time, we start with the diffusion equation

oC

—— =DV*C 4.9
atdiffusion ( )

in appropriate coordinates — rectangular for stripes and square mesas, cylindrical for

circular mesas. The following boundary conditions apply to the diffusion equation:



54
1. There are no oxidant molecules inside the mesa when the oxidation begins (i.e.,

at tdiffusion - 0)

2. There is a constant concentration, C,, of oxidant molecules at the edge of the

mesa at all times.

With these boundary conditions, we obtain a solution to Equation 4.9, expressing
oxidant concentration inside the mesa as a function of both position and diffusion
time. Next, we assume that the oxidation front, as seen in Figure 4.1, occurs where
the oxidant concentration is half that at the edge of the mesa. Choosing some other
fraction does not change the functional form of the solution [3] but does affect the
absolute value of the diffusion constant obtained for the oxidation. The diffusion time
is obtained by setting the concentration at the interface equal to half that at the edge
of the mesa:

Cinterface - 0-500- (4—10)

An expression for the reaction time is obtained by writing equivalent representa-

tions of the number of atoms reacted in a time dt,cqction:
Rdt,eaction = pdV (411)

where R is the reaction rate (in units of atoms per unit time), p is the concentration
of oxidant molecules in the oxide, and dV is the volume of oxide which must react to
move the oxide front by a differential unit of length.

This model is not specific to any one mesa geometry, and thus can be applied to
the oxidation of stripes as well as circular and square mesas. In fact, oxidation in any

mesa geometry can be considered provided that

1. The diffusion equation can be solved with the boundary conditions enumerated

above.

2. The volume of oxide required to move the oxidation front by a differential unit

of length can be specified.
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(c) (d)

Figure 4.1: Images of oxidized mesas, as seen through an optical microscope. The
oxidized AlAs layer is viewed through 150 nm GaAs and 15 nm Al 3Gag 7As. Figures
(a) - (c) show mesas from the same sample which was oxidized for 40 minutes at
375°C. (a) Portion of partially oxidized 150 pm-wide stripe. (b) Partially oxidized
150 pm-diameter circular mesa. (c) Partially oxidized 150 pm x 150 pm square mesa.
(d) Octagon, 200 pm across, which was partially oxidized for one hour at 425°C.
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4.3.2 Application of Our Model to the Oxidation of Stripes
Applying our model to the oxidation of stripes yields the same functional form as
that of the Grove and Deal model. First considering the diffusion component of the

oxidation, we write a solution for the diffusion equation in rectangular coordinates

with the boundary conditions described in Section 4.3.1:

Zo
1—-FErf| ———1| - 4.12
f (2 Dtdiffusion>:| ( )

To obtain tg;f fysion, We set Equation 4.12 equal to 0.5C,, which yields:

C(zo,t) = Co

.’L’2

Laif fusion = ﬁ, (4.13)

where

kp = 4D [Erf~(0.5)]". (4.14)

Figure 4.2(a) shows the relationship between the diffusion time and the position of
the oxide-semiconductor interface.

Returning to Equation 4.11, we write dV for stripes as
dV = LHdx, (4.15)

where L is the length of the stripe and H is the thickness of the oxidizing layer. We
define a rate

kR—R

=, (4.16)
po

where o is the outside surface area of the mesa. For stripes, ¢ = LH so that Equa-
tion 4.11 can be written as

detreaction =dzx. (417)

Equation 4.17 is subject to the boundary condition that no oxide has been formed at
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Figure 4.2: This figure illustrates the functional forms of the processes involved in
the oxidation of stripes. (a) Functional form for the diffusion of oxidant molecules to
the oxide-semiconductor interface in stripes. (b) Functional form for the reaction of
oxidant molecules to move the oxide-semiconductor interface in stripes. (c¢) Functional
form for the wet thermal oxidation of stripes.
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time t = 0, i.e., X, (treaction = 0) = 0, yielding

To
Lreaction =

This relationship is shown in Figure 4.2(b).

Substituting Equations 4.13 and 4.18 into Equation 4.8 yields a relationship be-
tween the oxidation time and oxidation length in stripes:
To 4 Lo (4.19)
kp  kr

2
o

t =

which is shown in Figure 4.2(c) and has the same functional form as Grove and Deal’s
expression in Equation 4.2.

4.4 Application of Our Model to the Oxidation of

Circular Mesas

For the oxidation of circular mesas, we start by writing the diffusion equation in
cylindrical coordinates [4]:

For a mesa of radius a, the boundary conditions can be written as:
1. C(t=0,r<a) =0
2. C(r=a) = C..

Carslaw and Jaeger give a solution to this problem [5]:

where J, represents the nth-order Bessel function and the {a,}s are solutions to

Jo(aan) = 0. We numerically solve the equation C(r,tg;ffusion) = 0.5C, to obtain an

o (4.18)
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expression for the radius of the oxidation front (and thus the oxidized length x, = a - 1)
as a function of the diffusion time. The resulting curve is plotted in Figure 4.3(a).
Now considering the reaction component, we return to Equation 4.11, writing dV

as

dV = —2rHrdr, (4.22)

where, as in Equation 4.15 for stripes, H is the thickness of the oxidizing layer. With
the rate kr defined as in Equation 4.16 and ¢ = 27Ha, Equation 4.11 can be written

as

detreaction - _’r_dr- (423)
a

Equation 4.23 is subject to the boundary condition that no oxide has been formed at

time t = 0, i.e., r(treaction = 0) = a, yielding

2ax, — 12
treaction = “oakn (4.24)

Solving Equation 4.24 for X, (treaction) yields

To = a — /a2 — 20k gt eaction- (4.25)

This curve is shown in Figure 4.3(b).

Following Equation 4.8, our oxidation model for circular mesas is completed by
adding the diffusion and reaction times for a given oxidation length x,. The resulting
curve is plotted in Figure 4.3(c). It is clear from this curve that the oxidation of

circular mesas is predicted to proceed in a much different manner from that of stripes.

4.5 Application of Our Model to the Oxidation of

Square Mesas

For stripes and circular mesas, the shape of the oxide-semiconductor interface remains

constant throughout the oxidation. However, in squares, the shape of the interface
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oxidized length at
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Figure 4.3: This figure illustrates the functional forms of the processes involved in the
oxidation of circular mesas. (a) Functional form for the diffusion of oxidant molecules
to the oxide-semiconductor interface in circular mesas. (b) Functional form for the
reaction of oxidant molecules to move the oxide-semiconductor interface in circular
mesas. (c) Functional form for the wet thermal oxidation of circular mesas.
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(b)

4 min 8 min 12 min 16 min

Figure 4.4: This figure shows how the shape of the oxide-semiconductor interface
changes as a square mesa is oxidized. (a) Optical microscope pictures of 150 ym x
150 pm square mesas, oxidized at 425°C for 4, 8, 12, and 16 minutes. (b) Mathematica
plots showing the shape of the C = 0.5C, contours for tuffusion = 4, 8, 12, and 16
minutes with a diffusion constant of 71.25 ym?/min.

changes as the oxidation proceeds, as seen in Figure 4.4(a). Since we have defined
the location of the oxidation front as the locus of points at which the concentration of
oxidant molecules is 0.5C,, the shape of the oxidation front is defined by the diffusion
part of the oxidation. For a square with sides of length 2a, the boundary conditions

placed on the diffusion equation are:
1. C(-a<x<a,-a<y<a,t=0) = 0
2. C(x==a) = C(x=-a) = C(y=a) = C(y=-3) = C,.

Following the formalism discussed by Carslaw and Jaeger [5], we can write the solution

to the diffusion equation, subject to the above boundary conditions, as:
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C(z, yatdiffusion) = (4.26)

. 1600 ( 1)l+m (Zl+l)7rx (2m+1)7ry _Dalmtdiffusian
ZZ @i+D@mt1) €08 | T 2q | €08 2a exp ,

where oy, is defined as:

Cm = [(21 ;al)wr + [(Qm;; 1)”]2. (4.27)

Setting C(Xinter face:Yinter facestdif fusion) €qual to 0.5C,, we can obtain a set of
(Xinter face>Yinter face) vValues which satisfy the equality for a given tg; ffusion- As shown
in Figure 4.4(b), the shape of the oxidation front defined by these values changes with
time, as expected from experimental observations.

Before proceeding with our analysis of the oxidation in square mesas, we need to
consider what is meant by the oxidation length in a partially oxidized square mesa.
We have chosen to define the oxidation length as the extent of oxidation in the x-
direction at y = 0:

l‘o(t) =a- xinterface(yinterface =0, t); (428)

as illustrated in Figure 4.5. Thus, to obtain an expression for tg;ffusion as a function
of x,, we solve

C(CL‘ =a4— T,y = O, t= tdiffusion) = 0.5007 (429)

with C(x,y,t) given in Equation 4.26. Equation 4.29 must be solved numerically and
yields the relationship shown in Figure 4.6(a).

Now considering the reaction component, we need an expression for the volume
of oxide reacted to move the oxidation front by a differential unit of length. This
volume depends upon the shape of the oxidation front for a given oxidation length
as well as its shape after an additional increment of oxide has been formed. Most

generally, this can be expressed as

2m
dV = H [ / Pinter face (6, T0)d0 | dzo, (4.30)
0
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Figure 4.5: This figure illustrates the variables involved in our model for the oxidation
of square mesas.
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(a)

diffusion time

(b)

reaction time

oxidized length at
oxide-semiconductor interface

oxidized length at
oxide-semiconductor interface

oxidized length at
oxide-semiconductor interface

oxidation time

Figure 4.6: This figure illustrates the functional forms of the processes involved in the
oxidation of square mesas. (a) Functional form for the diffusion of oxidant molecules
to the oxide-semiconductor interface in square mesas. (b) Functional form for the
reaction of oxidant molecules to move the oxide-semiconductor interface in square
mesas. (c) Functional form for the wet thermal oxidation of square mesas.
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where Tinterface(0,Xo) describes the shape of the aperture and is determined by the
diffusion equation. Unfortunately, an analytical expression cannot be obtained for
Tinter face(0,Xo), SO an approximation is required. We start by describing the shape of
the aperture as

2 2
9 4 y2 . f(a’ - xo)xinterfaceymterface
inter face inter face (a _ 1;0)2

x = (a — z,)*% (4.31)

To obtain an expression for f(a - x,), we first solve Equation 4.31 for Vinterface as a

function of X;nterface for a given oxidation extent:

a— xo)Q - f(a - xo)‘rz?nterface

(Cl - $°)2 - xzzn er face
Yinter face = (a - IL'O)\/( terfac . (432)

Next we generate a set of (Xinter face>Yinter face) Pairs for a given value of x, by solving
C(.’L’ = Tinter faces Y = yinterfaceyt = to) = 0-5007 (433)

where C(x,y,t) is given in Equation 4.26 and t,, the value of t;f fysion corresponding to
Xo, is obtained from Equation 4.29. By fitting Equation 4.32 to the values generated
with Equation 4.33, we can calculate a value of f(a - x,) for a given oxide extent.
Repeating this procedure for a number of x, values results in a set of (x,,f) pairs.

Finally, we take a function which approximates the curve formed by the (x,,f) points:

fla—z,) = A+ Btanh {“ _C“T - D} , (4.34)

and fit this form to our generated values of f and x, to obtain A = 0.55202,
B = 0.52647, C = 16.90952, and D = 2.90555. The (x.,f) points and the curve

generated from Equation 4.34 to approximate f(a - x,) are plotted in Figure 4.7.
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Figure 4.7: This figure shows the function f(a - x,), used in Equation 4.35 to approxi-
mate the shape of the oxide-semiconductor interface in square mesas. The data points
were obtained by fitting Equation 4.32 to (Xinter face:Yinter face) Pairs generated from
the diffusion equation, using Equation 4.33. The curve, whose mathematical repre-
sentation is given in Equation 4.34, is an approximation to the function represented
by the data points.
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2

Relating rectangular to cylindrical coordinates (r*> = x* + y?, x = rcosf, and

y = 1sinf), we can solve Equation 4.31 for tipser foce, yielding

Tinter face(0, To) = \/2f( la - $.°)2 [1 ++/1—4f(a - Io)sin2900329]. (4.35)

a — x,)s1n?fcos*d

Returning to Equation 4.11 with dV as given in Equation 4.30 we can write

Rdtreaction = (4 36)

pH [/% \/ (a— o) {1 + /1 —4f(a— xo)sinQQCOSQQH dz,.,

2f(a — x,)sin?0cos?0

Defining q = a - x, and applying the boundary condition x,(t=0) = 0, the reaction

time becomes:

1 a 2x ¢
breaction = g - 114+ /1 = 4f(q)sin?0cos?0 | dody,
t 8kra /“_x" /0 \/2f<q)31n2960820 [ + /1 — 4f(g)sin*fcos q
(4.37)

where kg is defined as in Equation 4.16 with ¢ = 8Ha. The relationship between
treaction and X,, as given in Equation 4.37, is shown in Figure 4.6(b).
Finally, we sum the diffusion and reaction times for a given oxidation length x,.

The resulting curve is plotted in Figure 4.6(c).

4.6 Comparison Between Our Model and Those
Proposed by Other Researchers for the
Oxidation of Circular Mesas

This section compares our model for the oxidation of circular mesas, as presented
in Section 4.4, to those recently proposed by other researchers. These models are

reviewed in Section 4.6.1 and critiqued in Section 4.6.2.
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4.6.1 Other Models for the Oxidation of Circular Mesas

Koley et al. have proposed a model for the oxidation of circular mesas [6] which
is based upon the Grove and Deal model. Fluxes due to transport, diffusion, and
reaction are considered in cylindrical geometry. While expressions for the fluxes
corresponding to transport and reaction are unchanged in this model, the diffusion
flux is rewritten to reflect the different solution to the diffusion equation in cylindrical
geometry. Koley et al. equate f F - dA at each of the interfaces, which is equivalent
to equating the fluxes in the one-dimensional case. Similar to the case for stripes

(Equation 4.1), the growth rate of the oxide layer can be written as

dR, F
M 4.38
dt Ny’ ( )

where R; is the radius of the oxide-semiconductor interface. For a circular mesa of
radius Ry, integration yields an expression relating the oxidized length x = Ry - R,

and the time:

Bt:z—2+(A+R)x+Aﬂx(1—i>+(R -x)2ln(1——x—> (4.39)
2 ° R, ° Ro) '

In the above equation, A and B are defined as in Equations 4.3 and 4.4, and 3 is

defined as
k

@Zm,

(4.40)

where k and h are Grove and Deal’s reaction and gas phase transport coefficients,
respectively.

Another model has been proposed by Langenfelder et al. which starts from an
entirely different theoretical conception of the oxidation process [7]. The oxidation

length in this model is written as

2(t) = Zoo [1 — exp (—ﬂt)] , (4.41)

Too

where go = g—f li=o is the initial growth rate. This model assumes that the oxidized
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area of a circular mesa of radius R, should be the same as the oxidized area of a

rectangle with length 27R,. Therefore, the oxidized length in the circular mesa, x.,

can be expressed as a function of the oxidized length in the rectangle, x,:

2z
c=R.[1—-4/1—-=2). 4.42
z ( R ) (4.42)

Therefore, the oxidized length in a circular mesa of radius R,, as a function of time,
can be written as

lt) = [1 - eop (2L

Loo

( 2000 [1 — eap (— 022t
= R f1-4|1- =
R,

(4.43)

In addition, Langenfelder et al. assert that the ratio between x, and x, is equal to
the ratio between go(R,) and go(R, — co). However, since the ratio = is a function
of time (since it is a function of x,) and the gy values should be independent of time,

there appears to be a flaw in this model.

4.6.2 Critique of Models for the Oxidation of Circular Mesas

As discussed earlier in this chapter (see Section 4.3.1), we do not believe that the
steady-state assumption made by Koley et al. is valid for two-dimensional oxidation.
The steady-state model for the oxidation of circular mesas predicts that the oxidation
rate will decrease with increasing oxidation time [6], the same as for stripes. In fact,
the model proposed by Koley et al. predicts an even faster decrease in the oxidation
rate for circular mesas, as compared to that for stripes [8]. This is in direct opposition
to both our model and the experimental results presented in Chapter 5

As the oxidation proceeds, fewer oxidant molecules are necessary to advance the
oxidation front by a differential unit of length, so we would expect an increased ox-

idation rate. This is a direct effect of the changing size of the oxide-semiconductor
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interface. The steady-state model fails to account for this effect, having a reaction
component identical to that for stripes. This can be shown by rewriting the relation-
ship in Equation 4.39 to separate the three components of the oxidation (transport,

reaction, and diffusion):

ftransport fdiffusion freaction
= 4.44
t h * 2D * ko ( )
where
T
ftransport =z|2— R—o (445)
1'2 9 T
fdiffusion = —+ Rz + (Ro - .’L') n|{l—-— (446)
2 R,
and
freaction = . (447)

In addition, we would expect the expression for the oxidation of a circular mesa
of radius a to reduce to that of stripes in the limit x, < a. While the steady-state
model advanced by Koley et al. does not reduce to the Grove and Deal equation in
this limit, we can show that our model for the oxidation of circular mesas does behave
as expected. Starting with the reaction component (Equation 4.24) as 2= — 0,

To

treaction — .
kr

(4.48)

In order to consider the diffusion component, we rewrite Equation 4.21 as [5]:

O(T tdiffusion) =
C a1/2 -7
erfe |3(pay) *
C'o(a—r)(Dta)lﬂ. a-r |
aarsz 2Dy

C.(9a® — 7r? — 2ar)Dt a—r
3903/2,5/ i“erfe (DO +... (4.49)

This expression is valid for Z not small [5]. The condition x, < a is equivalent to
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r & a, so this condition is satisfied. In addition, because only the first few terms are
listed, Bf must be less than 0.02 [5]; the limit x, < a should be satisfied only for

small times, so this condition is also satisfied. Asr — a,

C(r, taif fusion) — Coer fe (;\;D_Tt) =C, {1 —erf (2\3/:;_%)} : (4.50)

Therefore, both the reaction and diffusion components of our model for circular mesas
reduces to the corresponding components of the model for stripes in the limit x, < a.
Althought Langerfeld’s model exhibits the expected behavior for x, < a, it appears
to be fundamentally flawed, as discussed in Section 4.6.1.

Perhaps most importantly, our model shows good agreement with the data, as
demonstrated in Chapter 5. In contrast, a plot of oxidation length versus oxidation
time (Figure 2 of Reference [6]) shows increasing deviation between theory and exper-
iment as the oxidation length increases. This is consistent with our expectation that
difference in oxidation rate between stripes and circular mesas should increase as the
oxidation proceeds. Both Koley et al. and Langenfelder et al. show plots which cast
doubt upon the validity of their models due to the poor agreement between theory
and experiment.

Despite the preceeding indications that our model provides a good approximation,
there are several improvements that could enhance its ability to describe the oxidation
process. The most obvious is inclusion of the gas-phase transfer process. All of the
models discussed in this chapter could be improved by including the out-diffusion of
reactants, which has yet to be considered, despite experimental evidence that this
process may play a role in the oxidation [9]. Also, as mentioned in Chapter 2 and
discussed further in Chapter 6, the oxidation process induces strain in the surrounding
semiconductor layers, due to the volume contraction of the oxide relative to the
original semiconductor layer. This strain may affect the rate at which the oxidation
proceeds [7, 10, 11, 12, 13] and should be included in a complete model of the process.
In addition, there is evidence that the phase of the oxide changes from the outer edge

of the mesa to the oxide-semiconductor interface [14, 15, 16]. Therefore, the diffusion
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constant may not be constant throughout the oxide, as is assumed in all of the models
discussed in this chapter. A full treatment of the oxidation process would involve
solving this problem as a boundary value problem, which is complicated even for the

case of stripes.
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Chapter 5 Experimental Results for the
Time-Dependence of the Wet Thermal

Oxidation Process

5.1 Introduction and Chapter Outline

As stated at the end of Chapter 4, one of the strongest pieces of evidence in support
of our model is its agreement with experimental results. In this chapter, data is
presented which demonstrates the correspondence between the model, as described
in Chapter 4, and our experiments. Section 5.2 contains details of the procedures
used to analyze the data presented in the rest of this chapter. Section 5.3 shows
experimental results for the oxidation of stripes. Data for the oxidation of circular
and square mesas is contained in Sections 5.4 and 5.5, respectively. Conclusions are

presented in Section 5.6.

5.2 Data Analysis Procedures

For each oxidation time and temperature, an average of two samples were oxidized
in different runs. Each sample contained approximately 30 circles, 30 squares, and
3 stripes; every mesa was measured, although, as discussed in Chapter 3, those with
obvious deformities were excluded from further analysis. For circular and square
mesas, the oxidation extent for a given mesa shape, oxidation time, and oxidation
temperature was obtained by averaging measurements from each sample and com-
bining the sample averages using a weighted average. The Mathematica code in
Appendix A.1 was used to generate the weighted averages. Data for stripes was ob-

tained from approximately 10 pictures taken at equal intervals along each mesa. For
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each stripe, measurements from the corresponding pictures were averaged, and the
average oxidation extent for the sample was obtained through a weighted average of
the single-stripe averages. As in the case of circular and square mesas, data from
different samples with the same oxidation time and temperature was combined using
a weighted average.

In order to obtain the constants D and kg, used in our model and explained in
Chapter 4, the data was plotted in Origin. A different set of D and kg values was
obtained for each temperature and mesa shape. Section 5.2.1 describes the fitting
procedure for stripes. The fitting procedures for circular and square mesas are con-
tained in Sections 5.2.2 and 5.2.3, respectively. Section 5.2.4 details the procedure

used to fit D(T) and kg(T) to an Arrhenius relationship to obtain activation energies.

5.2.1 Fitting Procedure for Stripes

For stripes, the entire fitting procedure can be performed in Origin, using the non-

linear curve fit tool with

x x?

y(z) = 1T Py (5.1)

where vy represents the oxidation time data, x represents the oxidation length data,
P1 is equal to kg, and P2 is equal to kp. The fit tool yields values for kg, kp, and
their respective uncertainties. Equation 4.14 can then be used to obtain the diffusion

constant D from the fitted value of kp.

5.2.2 Fitting Procedure for Circles

The procedure for calculating D and kg for circular mesas is complicated by our

inability to express tgiffusion analytically. Therefore, an iterative process is used.

1. Given the experimental oxidation lengths and a chosen diffusion constant D,
values of t4;f rusion are calculated for each length using the Mathematica program

in Appendix A.2.

2. The values of tyfusion for each experimental oxidation length are entered into
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Origin and used in the following non-linear curve fit equation to generate the

best-fit value of kg:

2ax — x°

_— 5.2
2aP1 '’ (5:2)

z(z) =y +

where z represents the oxidation time data, y represents the generated values of
taif fusion, and x represents the oxidation length data. P1 is equal to kg and a is
the average radius of mesas on the sample. The non-linear curve fit program

also generates x? as an indication of the quality of the fit.

3. Steps 1 and 2 are repeated until a diffusion constant is found which generates

a minimum x? value.

4. Using the program in Appendix A.3, values for the uncertainties in the calcu-

lated values of D and kg are generated [1].

5.2.3 Fitting Procedure for Squares

We must also use an iterative process to calculate D and kg for square mesas. Since

treaction Can be expressed as

Iz, B
treaction(xo) = 8(ak1)2’ (03)

values of 1(x,) are calculated once for each set of data (with the program in Appendix

A .4) prior to the commencement of the iterative steps below.

1. Given the experimental oxidation lengths and a chosen diffusion constant D,
values of tg;f fusion are calculated for each length using the Mathematica program

in Appendix A.5.

2. The values of tgiffusion and 1(x,) for each experimental oxidation length are
entered into Origin and used in the following non-linear curve fit equation to

generate the best-fit value of kg:

(5.4)
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where z represents the oxidation time data, y represents the generated values
Of t4if fusion, and x represents the values of 1(x,) generated for each experimen-
tal oxidation length. P1 is equal to kg, and 2a is the average side-length for
mesas on the sample. The non-linear curve fit program also generates x* as an

indication of the quality of the fit.

3. Steps 1 and 2 are repeated until a diffusion constant is found which generates

the minimum x? value.

4. Using the program in Appendix A.6, uncertainties in the calculated values of D

and kg are generated [1].

5.2.4 Procedure for Obtaining Activation Energies

In order to obtain the activation energies of D and kp for each mesa shape, the
calculated values of these constants at each temperature are fit to an Arrhenius rela-

tionship, as given in Equation 2.3. A linear fit is used:
y(z) = Pl + z(P2), (5.5)

where y is equal to the natural logarithm (In) of D or kg, x is the inverse of the
oxidation temperature (in K=!), and P2 is equal to the activation energy divided by

Boltzmann’s constant (8.62 x 107° eV-K™!).

5.3 Data for the Oxidation of Stripes

Data obtained for the oxidation of stripes at 375, 425, and 475°C is shown in Fig-
ures 5.1 - 5.3. Values for the diffusion constant D and the reaction constant kg used
to obtain the fits to our model are shown in Table 5.1. Figures 5.1 - 5.3 also show the
contributions of the reaction and diffusion components to the oxidation of stripes. It
can be seen that, for all three temperatures, the oxidation is reaction-rate-limited;

however, the stripes are not completely oxidized. Assuming that the constants will
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Figure 5.1: This plot shows data obtained for the oxidation of stripes at 375°C. The
black (solid) curve shows the fit obtained for our model with kp = 0.6644 pum/min
and D = 125.739 ym?/min. The magenta (dotted) and blue (dashed) curves show
the reaction and diffusion components of the oxidation.

not change for additional oxidation, we can calculate x;, the oxidation length at which

the reaction and diffusion curves will cross:

kp

Ty = —.
kr

(5.6)

Using the experimentally-determined values of kp and kg for 375°C and 475°C, we
predict that the transition between reaction-rate- and diffusion-limited oxidation will
occur after approximately 100 um of oxide has been formed at 375°C and after ap-
proximately 200 um of oxide has been formed at 475°C. In both cases, this is farther
than the 75 pm required to completely oxidize our 150 um-wide stripes. Although
it is difficult to draw a meaningful conclusion with only these two data points, it
would appear that the transition occurs at decreasing oxide extent with increasing
temperature.

Using the values of kg and D in Table 5.1, we can create an Arrhenius plot for

each constant to determine its temperature-dependence. These plots are shown in
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Figure 5.2: This plot shows data obtained for the oxidation of stripes at 425°C. The
black (solid) curve shows the fit obtained for our model with kg = 3.15971 um/min
and D = 7431.98 um?/min. The magenta (dotted) and blue (dashed) curves show
the reaction and diffusion components of the oxidation.
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Figure 5.3: This plot shows data obtained for the oxidation of stripes at 475°C. The
black (solid) curve shows the fit obtained for our model with kg = 9.68588 pm/min
and D = 1064 ym?/min. The magenta (dotted) and blue (dashed) curves show the
reaction and diffusion components of the oxidation.
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Table 5.1: Fitted values of kz and D for the oxidation of stripes.

| temperature (°C) | kg (um/min) | D (um®/min) |

375 0.66 £ 0.04 130 £ 30
425 32+£02 7000 £ 20000
475 10 = 2 1100 + 400

Table 5.2: Fitted values of kg and D for the oxidation of circular mesas.

| temperature (°C) | kg (um/min) | D (um®/min) |

375 1.27 £ 0.02 16.41 + 0.06
425 6.7 £ 0.5 85+ 3
475 20000 % 800000 143 £ 7

Figure 5.4. From these plots we obtain activation energies of 1.16 + 0.09 eV and
0.9 £ 0.2 eV for kg and D, respectively.

5.4 Data for the Oxidation of Circular Mesas

Data obtained for the oxidation of circular mesas at 375, 425, and 475°C is shown in
Figures 5.5 - 5.7. Values for the diffusion constant D and the reaction constant kg
used to obtain the fits to our model are shown in Table 5.2. Figures 5.5 - 5.7 also show
the contributions of the reaction and diffusion components to the oxidation of circular
mesas. It can be seen that the oxidation length corresponding to the transition from
a reaction-rate- to a diffusion-limited process decreases as the temperature increases.
This is in agreement with the results obtained for stripes, although the transition
occurs much earlier for the oxidation of circular mesas — tens of microns for circular
mesas compared to hundreds of microns for stripes.

Using the values of D and kg in Table 5.2, we can create an Arrhenius plot for
each constant to determine its temperature-dependence. These plots are shown in
Figure 5.8. From these plots we obtain activation energies of 1.30 & 0.01 eV and
1.0 + 0.2 eV for kg and D, respectively.

As stated in Chapter 3, measurements for mesas with obvious deformities were

removed from our calculations. Therefore, Figures 5.5 - 5.7 contain data only for
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Figure 5.4: (a) This plot shows the temperature-dependence of the reaction constant
kg for the oxidation of stripes. The line represents a fit to the Arrhenius relationship
with an activation energy E, = 1.16149 eV. (b) This plot shows the temperature-
dependence of the diffusion constant D for the oxidation of stripes. The line represents
a fit to the Arrhenius relationship with an activation energy E, = 0.89859 eV.
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Figure 5.5: This plot shows data obtained for the oxidation of circular mesas at 375°C.
The black (solid) curve shows the fit obtained for our model with kz =1.27184 ym /min
and D = 16.4054 ym?/min. The magenta (dotted) and blue (dashed) curves show
the reaction and diffusion components of the oxidation.
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Figure 5.6: This plot shows data obtained for the oxidation of circular mesas
at 425°C. The black (solid) curve shows the fit obtained for our model with
kp = 6.69367 pm/min and D = 85.0604 ym?/min. The magenta (dotted) and blue
(dashed) curves show the reaction and diffusion components of the oxidation.
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Figure 5.7: This plot shows data obtained for the oxidation of circular mesas
at 475°C. The black (solid) curve shows the fit obtained for our model with
kp = 20477.4 pm/min and D = 142.914 pm?/min. The magenta (dotted) curve
shows the reaction component of the oxidation. Because of the relatively large value
of kg, the total oxidation curve is approximately equal to the diffusion component.

those mesas which passed our visual inspection. Unfortunately, these results show
less agreement with the general form of our model than the results obtained by
including all mesas in the calculations. For comparison, Figures 5.9 - 5.11 show the
results obtained with data from all mesas. An important feature of our model is
the increased oxidation rate as the oxidation nears completion. A major difference
between the data shown in Figures 5.9 - 5.11 and that in Figures 5.5 - 5.7 is the
agreement of the former with this aspect of our model.

It may be that a disproportionate number of mesas with large oxide extents were
discarded. One of the criteria used to discard mesas from further calculations was
asymmetry in the aperture or mesa. However, as shown in Section 6.5.3, variations do
exist in the oxidation rates in different crystallographic directions. This would lead
to asymmetry which would not be noticeable for small oxide extents but which would
have an increasing effect on the appearance of the mesa as the oxidation nears com-
pletion. Therefore, this procedure may prevent the measurement of large oxidation

extents.
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Figure 5.8: (a) This plot shows the temperature-dependence of the reaction con-
stant kr for the oxidation of circular mesas. The line represents a fit to the Ar-
rhenius relationship with an activation energy E, = 1.295 eV. (b) This plot shows
the temperature-dependence of the diffusion constant D for the oxidation of circu-
lar mesas. The line represents a fit to the Arrhenius relationship with an activation

energy E, = 1.04501 eV.
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Figure 5.9: This plot shows data obtained for the oxidation of circular mesas at
375°C, including measurements from all mesas. The curve shows the fit obtained for
our model with kg =1.17223 ym/min and D = 17.1125 pm?/min.
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Figure 5.10: This plot shows data obtained for the oxidation of circular mesas at
425°C, including measurements from all mesas. The curve shows the fit obtained for
our model with kg = 8.43386 ym/min and D = 78.071 ym?/min.
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Figure 5.11: This plot shows data obtained for the oxidation of circular mesas at
475°C, including measurements from all mesas. The curve shows the fit obtained for
our model with kr = 29.34596 ym/min and D = 170.528 pm?/min.

In addition, it is difficult to obtain reliable data for oxide extents close to the
radius of the mesa. Because the slope of the oxidation length vs. oxidation time
curve is so steep at the end, any small variations in oxidation conditions drastically
affect the measured oxidation length. As illustrated in Figure 5.12, the discrepancy
between data points obtained from different oxidation runs generally increases with
increasing time, leading to more ambiguous results for longer times and thus larger

oxidation extents.

5.5 Data for the Oxidation of Square Mesas

Data obtained for the oxidation of square mesas at 375, 425, and 475°C is shown in
Figures 5.13 - 5.15. Values for the diffusion constant D and the reaction constant kg
used to obtain the fits to our model are shown in Table 5.3. Figures 5.13 - 5.15 also
show the contributions of the reaction and diffusion components to the oxidation of
square mesas. There is no apparent correlation between the relative importance of

reaction and diffusion components with temperature.
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Figure 5.12: This plot shows the data obtained for the oxidation of circular mesas
at 425°C in three different runs. It can be seen that the difference between the
measurements increases as the oxidation proceeds.

Table 5.3: Fitted values of kr and D for the oxidation of square mesas.

| temperature (°C) | kg (um/min) [ D (um?/min) |

375 5.02 £ 0.03 70 £ 2
425 36 £1 190 £+ 10
475 52 + 2 3000 £ 2000

Using the values of D and kg in Table 5.3, we can create an Arrhenius plot for
each constant to determine its temperature-dependence. These plots are shown in
Figure 5.16. From these plots we obtain activation energies of 1.2 4+ 0.3 eV and

0.8 £ 0.1 eV for kg and D, respectively.

5.6 Conclusions

As shown in the preceding sections, our model fits quite well with the data obtained
in our experiments. Some discrepancy was observed between theory and experiment
results for circular mesas which were almost completely oxidized. Because of the

importance of this regime in differentiating our model from both oxidation in one-
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Figure 5.13: This plot shows data obtained for the oxidation of square mesas
at 375°C. The black (solid) curve shows the fit obtained for our model with
kr = 5.02225 pym/min and D = 70.5688 ym?/min. The magenta (dotted) and blue
(dashed) curves show the reaction and diffusion components of the oxidation.
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Figure 5.14: This plot shows data obtained for the oxidation of square mesas
at 425°C. The black (solid) curve shows the fit obtained for our model with
kp = 36.2423 ym/min and D = 187.025 um?/min. The magenta (dotted) and blue
(dashed) curves show the reaction and diffusion components of the oxidation.
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Figure 5.15: This plot shows data obtained for the oxidation of square mesas
at 475°C. The black (solid) curve shows the fit obtained for our model with
kg = 52.1702 pm/min and D = 2532.93 ym?/min. The magenta (dotted) and blue
(dashed) curves show the reaction and diffusion components of the oxidation.

dimension and other models for the oxidation of circular mesas, some explanations
were explored in Section 5.4. We believe that our method for discarding deformed
mesas disproportionately removed the most oxidized mesas. In addition, there is
greater variation in the measurements as the oxidation proceeds, due to the rapid
change in the oxidation rate at the end of the process. Both of these factors may
explain the results reported in Section 5.4.

However, as stated in Section 4.6.2, there are also two potential shortcomings of
our model: (1) it does not include the gas-phase transfer process and (2) it does not
include the out-diffusion of oxidation products. Either of these factors could account
for a slightly slower increase in the oxidation rate than our model predicts. It is
clear that an infinite oxidation rate, as predicted at the center of the mesa, is not
physically possible, so it is reasonable to assume that at some point towards the end
of the oxidation, our model predicts a longer oxidation extent than is actually realized
experimentally. However, because of the difficulty in measuring the oxidation extent

in this region, we cannot determine precisely where this transition occurs.
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Figure 5.16: (a) This plot shows the temperature-dependence of the reaction con-
stant kg for the oxidation of circular mesas. The line represents a fit to the Arrhe-
nius relationship with an activation energy E, = 1.19522 eV. (b) This plot shows
the temperature-dependence of the diffusion constant D for the oxidation of circu-
lar mesas. The line represents a fit to the Arrhenius relationship with an activation
energy E, = 0.77788 eV.
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Table 5.4: Activation energies for kg and D.

| mesa geometry | Ey, (eV) [ Ep (eV) |

stripe 1.16 £ 0.09 | 0.9 £ 0.2
circle 1.30£ 001 1.0+0.2
square 1.2+03 | 0.8+£0.1

In addition to the generally good fit between our model and our data, there is,
within experimental uncertainty, little difference between the activation energies for
different mesa geometries, as shown in Table 5.4. We would expect this result since
the temperature-dependence of the processes involved in the oxidation should not
be influenced by the shape of the oxidizing mesa. Averaging yields overall activation
energies of 1.22 + 0.07 eV and 0.9 + 0.1 eV for the reaction and diffusion components,
respectively. These values are similar to those obtained by Ochiai et al. for the
oxidation of stripes (1.6 and 0.8 eV for reaction and diffusion, respectively) [2]. Since
no experimental uncertainty is given for these values, an exact comparison with our
results cannot be obtained.

The higher activation energy of the reaction component, as compared to that of
the diffusion component, is consistent with our observation that the transition be-
tween reaction- and diffusion-limited oxidation occurs at smaller oxide extents as the
temperature of oxidation increases. The reaction rate increases faster with temper-
ature than the diffusion rate [2]. Therefore, as the temperature increases, the point
at which the reaction process overtakes the diffusion process will occur after less and
less oxide has been formed.

Just as we do not expect the temperature-dependence of the reaction and diffusion
constants to be a function of geometry, the constants themselves should also be
independent of the shape of the oxidizing mesa. However, while similar activation
energies are observed for oxidation in stripes, circles, and squares, there is some
variation in the constants kz and D for these different shapes. Tables 5.5 and 5.6
show the values of kg and D for all three mesa shapes, calculated from the Arrhenius
relationship (Equation 2.3) with the activation energies for each mesa type. It

appears that the constants for a given shape are related to those of the other shapes
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Table 5.5: This table shows the values of the reaction-rate constant for stripe, circles,
and squares, calculated from the Arrhenius relationship for each geometry.

| temperature (°C) | k3" (ym/min) | k™ (um/min) | k¥“*" (um/min) |

375 0.71 1.33 5.29
425 3.12 6.97 24.30
475 10.48 26.93 84.65

Table 5.6: This table shows the values of the diffusion constant for stripe, circles, and

squares, calculated from the Arrhenius relationship for each geometry.

[ temperature (°C) | D¢ (um?/min) | D" (um?/min) | D*%™¢ (ym®/min) |

375 131 17 73
425 414 65 196
475 1057 193 441

; . Yearce stripe . square ., stripe circle ~, Dstripe
by relatively constant factors: k3¢ =~ 2k, ™, ki ~ 8y ~,D N e,

and Dsquere o D s;”pe. This, coupled with the consistency of the activation energies,
leads us to believe that numerical factors in the definitions of the constants may be
responsible for the apparent discrepancy between values of the reaction and diffusion
constants for the three shapes. This conclusion is particularly tempting since the
factors 2 and 8 appear in both the relationships above and in the expressions for
k§irele and k3", respectively. Even though the absolute values obtained for the
constants kr and D do not show agreement between the different geometries as we
would expect, it still seems that the functional form of our model is correct and
that the discrepancy could arise from numerical factors in the definitions of these

constants. However, this prevents us from comparing the values obtained for kz and

D with those obtained by other researchers for the oxidation of stripes.
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Chapter 6 Strain in Square and Circular

Mesas

6.1 Introduction and Chapter Outline

This chapter explores an additional effect of geometry on wet thermally oxidized
mesas. As in the previous chapters, we have focused upon mesa shapes with direct
relevance to VCSEL fabrication. The studies described in this chapter were prompted
by the observation of drumhead-like patterns in circular and square mesas with sig-
nificant oxidation extent. We hypothesize that these patterns are related to strain
induced in the semiconductor crystal by the oxidation process and that their ori-
entation is indicative of crystallographic preferences in the oxidation process itself.
Because of our interest in the orientation of the drumhead patterns, special sample
preparation techiques were required. These are detailed in Section 6.2. The drumhead
patterns and their orientation with respect to the crystallographic axes of the semi-
conductor are documented in Section 6.3. In Section 6.4, micro-Raman spectroscopy
results are described which show evidence for a correlation between the drumhead
patterns and strain induced in the GaAs cap layer. Section 6.5 contains a proposed
explanation for the orientation of the drumhead patterns which is based upon a study
of the oxidation rate in various crystallographic directions. Finally, conclusions are

presented in Section 6.6.

6.2 Sample Preparation for Direction-Dependent

Studies

In addition to the experimental procedures detailed in Chapter 3, an extra step was

necessary to preserve knowledge of the crystal orientation once the wafer had been
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Figure 6.1: Illustration of the technique for marking the directions of major and minor
flats on small pieces of a wafer.

cleaved into small pieces for processing and oxidation. Starting with an intact wafer,
each cleaved piece was marked with symbols along the edges corresponding to the
major and minor flats, as shown in Figure 6.1. This represents a redundancy since
either the edge aligned with the major flat or that aligned with the minor flat could
be used to determine the other. However, this procedure guaranteed that accidental
cleaving would not render a sample unusable due to loss of information about its
crystallographic axes.

Four samples were used in this study, each with a different orientation of the mesas
with respect to the major and minor flats of the semiconductor. The orientation of
each sample is illustrated in Figure 6.2. As shown in Figure 6.3, the major flat
corresponds to the (011) plane, while the minor flat corresponds to the (011) plane of
the wafer. The stripes in Samples A, B, C, and D are aligned with the (011), (011),
(001), and (010) planes, respectively. In Samples A and B, the sides of the square
mesas are aligned with the {011} planes. The sides of square mesas in Samples C

and D are aligned with the {010} planes.
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Figure 6.2: This figure shows the orientation of mesas with respect to major and
minor flats of the wafer in Samples A - D.
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Figure 6.3: Illustration of crystallographic axes in a (100) GaAs wafer.
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6.3 Observed Drumhead Patterns

In order to completely oxidize both the square and circular mesas, each sample was
oxidized at 425°C for approximately 25 minutes under the conditions described in
Chapter 3. Optical microscope pictures reveal drumhead patterns in both circular
and square mesas. These appear as a green pattern on a pink background. For mesas
which are only partially oxidized, the color that the oxide appears under the optical
microscope is generally indicative of the GaAs cap thickness. Samples with 150-nm,
100-nm, and 50-nm GaAs caps have oxide layers which appear green, yellow, and
pink, respectively. However, as discussed later in this chapter, another explanation is
required for the colors in the drumhead patterns shown in this section.

A typical circular mesa is shown in Figure 6.4. In all four samples, the drumhead
patterns are oriented parallel to the minor flat, i.e., along the [011] direction. For
square mesas in Samples A and B, such as the one shown in Figure 6.5, the drumhead
patterns are also oriented parallel to the minor flat. Figure 6.6 shows a square mesa
representative of those in Samples C and D. The pattern observed for these mesas has

no specific orientation with respect to the crystallographic axes of the semiconductor.

6.4 Micro-Raman Analysis of Drumhead Patterns
in Square Mesas

In this section, micro-Raman spectroscopy results are presented which show evidence
for a correlation between the drumhead patterns and strain induced in the GaAs cap
layer by the wet thermal oxidation process. Section 6.4.1 contains a brief discussion of
the methods used to obtain the micro-Raman data which is presented in Section 6.4.2.
These results may be used to indicate the amount of strain induced in the crystal
by the oxidation process. An explanation of the relationship between strain and the
micro-Raman data is contained in Section 6.4.3. Finally, an interpretation of the

micro-Raman results is discussed in Section 6.4.4.
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Figure 6.4: Optical microscope picture of a typical circular mesa, showing the drum-
head pattern.
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Figure 6.5: Optical microscope picture of a typical square mesa aligned with the
{011} planes, showing the drumhead pattern.
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Figure 6.6: Optical microscope picture of a typical square mesa aligned with the
{010} planes, showing the drumhead pattern.
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6.4.1 Micro-Raman Spectroscopy Data Collection

Micro-Raman spectra were collected by Namar Scientific, Inc., using excitation from
an argon-ion laser at 514.5 nm with a maximum power of 2 mW, measured at the
sample surface. Radiation scattered from the sample was collected in a 180° back-
scattering geometry and directed into a Renishaw System 1000 Raman spectrometer.
Once inside the spectrometer, the radiation was filtered using a series of holographic
notch filters and dispersed by a high-resolution grating (1800 grooves/mm) onto a
thermo-electrically cooled CCD detector. The combined spectral resolution and re-
producibility of the measurements was experimentally determined to be better than
3cm™?! [1].

A Gaussian curve fit was used to precisely determine the location of the GaAs LO

phonon. The form of the Gaussian profile was assumed to be

_ (‘C ;x>2 (4ln(2))i| , (6.1)

where X, is the position of the peak, H is the height of the peak, and w is its full-width

f(z) = Hexp

half-maxiumum [1]. Using this technique, an uncertainty of approximately 0.03 ¢cm™*

could be obtained for the position of the GaAs LO phonon peak. Landesman et al.
used this technique in a micro-Raman study of the strain induced in the GaAs cap
layer near the interface between oxidized and unoxidized AlAs and Al 9sGag g2As. In

this case, a spectral resolution of 3.6 cm ™!

was reported, and a Gaussian fit was used
to obtain an uncertainty of 0.1 cm™! in the shift of the GaAs LO phonon [2].

In the study reported by Landesman et al., a correction procedure was used to ac-
count for phonon shifts due to local heating. This procedure was especially important
in comparing the phonon shift in oxidized and unoxidized regions since these areas
exhibited different heating behavior, particularly for the AljgsGaggeAs sample [2].
We have not employed this technique in our study and do not believe that our results
are adversely affected as a consequence. Since our study was conducted on completely

oxidized mesas, the effect of heating on the measurements should be the same for all

data points.
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(0)

Figure 6.7: Illustration of the regions of square mesas mapped by micro-Raman mea-
surements. (a) Mapped region on a square mesa aligned with the {011} planes. (b)
Mapped region on a square mesa aligned with the {010} planes.

6.4.2 Raman Spectra Mapping of Completely Oxidized

Square Mesas

Using the technique described in Section 6.4.1, micro-Raman spectra were ob-
tained to map the position of the GaAs LO phonon across one-quarter of each of
two completely oxidized square mesas. One of these mesas is from Sample A (sides
aligned with the {011} planes) and the other is from Sample C (sides aligned with
the {010} planes). The regions in which micro-Raman measurements were made are
~ illustrated in Figure 6.7. The locations at which micro-Raman spectra were obtained
from the mesa on Sample A are shown in Figure 6.8; those for the mesa on Sample
C are shown in Figure 6.9.

The position of the GaAs LO phonon at each location on the mesa from Sample
C is given in Table 6.1. It is clear that the pink area of the pattern corresponds to a
lower value for the position of the GaAs LO phonon than does the green area. The
average phonon position for locations C1 - C8 (pink area) is 291.70 + 0.01 cm™,

while the average for locations C9 - C17 (ereen area) is 292.17 + 0.03 cm™!. Note
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Figure 6.8: Diagram showing the locations of micro-Raman measurements on a square
mesa aligned with the {011} planes (Sample A).
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Figure 6.9: Diagram showing the locations of micro-Raman measurements on a square
mesa aligned with the {010} planes (Sample C).
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Table 6.1: GaAs LO phonon positions in a square mesa aligned with the {010} planes
(Sample C).

[ measurement location | GaAs LO phonon position (cm™1) |

C1 291.71 £ 0.03
C2 291.68 £ 0.03
C3 291.71 £ 0.03
C4 291.70 £+ 0.03
C5 291.70 + 0.03
Cé 291.72 £ 0.03
C7 291.71 £ 0.03
C8 291.71 £ 0.03
C9 292.10 £ 0.03
C10 292.19 + 0.03
Cl1 292.21 + 0.03
C12 292.18 +£ 0.03
C13 292.18 £ 0.03
C14 292.17 £ 0.03
C15 292.15 + 0.03
C16 292.15 + 0.03
C17 292.19 £ 0.03
C18 292.98 + 0.03
C19 293.17 £+ 0.03

that the latter average excludes C19, the measurement taken at the center of the
green area. At 293.17 + 0.03 cm™?, the position of the GaAs LO phonon at this
point is significantly higher than the positions measured at locations C9 - C17. The
measurement at location C18 is also excluded from both averages, since it lies on the
boundary between the green and pink areas.

Although the drumhead pattern for the mesa on Sample A is more complicated
than that for the mesa on Sample C, similar results are obtained. The position of the
GaAs LO phonon at each location on the mesa from Sample A is given in Table 6.2.
Again, the position of the GaAs LO phonon in the pink region is generally observed
at a lower wavenumber than in the green region. Measurements taken in the center of
the sampled area have an average GaAs LO phonon position of 289.85 + 0.06 cm™*
in the pink region (A30 - A32) and 290.00 + 0.06 cm™' in the green region (A34 -
A36). Similarly, a comparison can be made between measured phonon positions

along the [011] direction: 289.84 + 0.05 cm™! in the pink region (A2 - A7) and
290.16 + 0.03 cm ™ in the green region (A17 - A23).
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Table 6.2: GaAs LO phonon positions in a square mesa aligned with the {011} planes
(Sample A).

| measurement location | GaAs LO phonon position (cm™!) |

[ Al 201.12 &= 0.03
A2 289.91 + 0.03
A3 289.89 + 0.03
A4 289.76 + 0.04
A5 289.86 + 0.03
A6 289.83 + 0.03
A7 289.81 + 0.03
A8 201.12 + 0.03
A9 290.94 + 0.03
A10 291.02 + 0.03
All 291.09 + 0.03
A12 2901.26 + 0.03
A13 291.15 + 0.03
Al4 291.42 + 0.03
A15 291.10 £ 0.03
A16 291.19 + 0.03
Al7 290.14 + 0.03
A18 290.16 + 0.03
A19 290.17 + 0.03
A20 290.14 + 0.03
A21 290.15 + 0.04
A22 290.21 + 0.03
A23 290.14 + 0.03
A24 290.19 + 0.03
A25 291.20 + 0.03
A26 201.13 £ 0.03
A27 291.11 + 0.03
A28 291.10 + 0.03
A29 291.17 + 0.03
A30 289.85 + 0.03
A31 289.79 + 0.03
A32 289.92 + 0.03
A33 291.12 + 0.03
A34 200.02 + 0.03
A35 290.05 + 0.03

i A36 289.93 + 0.03
A37 1 290.00 + 0.03

B A38 201.08 + 0.03
A39 291.04 + 0.03
A40 201.04 + 0.03
A41 291.10 + 0.03
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Figure 6.10: Three-dimensional representation of the micro-Raman measurements for
a square mesa from Sample A. The x- and y-axes correspond to the spatial dimensions
of the mesa, while the z-axis shows the position of the GaAs LO phonon at each spatial
location. The pink and green coloring corresponds to the apparent color of the mesa
at each location.

In order to obtain a more complete picture of the GaAs LO phonon position in
the mesa, Figure 6.10 shows a three-dimensional representation of the micro-Raman
data obtained for Sample A. The x- and y-axes correspond to the spatial dimensions
of the mesa, while the z-axis shows the position of the GaAs LO phonon at each
spatial location. Pink and green colors indicate the region of the mesa from which
each measurement was taken. In addition to the observations above, it can be seen
that the GaAs LO phonon is at a significantly higher position for measurements taken

along the [011] direction, as compared to those taken along the [011] direction.
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6.4.3 Relationship Between Micro-Raman Measurements

and Strain

In this section, we consider the theoretical background for the relationship between
strain and the micro-Raman measurements discussed in Section 6.4.2. In particular,
we are interested in relating the positions of GaAs optical phonons to strain induced
in the GaAs cap layer by the oxidation process. This strain is believed to be the result
of the volume contraction observed as the underlying AlAs layer is converted to oxide
(see Section 2.3.3). Because the measurements described in Section 6.4.2 were taken
from the (100) face, observation of the TO modes is forbidden [2]. Therefore, we are
only concerned with the GaAs LO phonon. In unstrained GaAs, the frequency of this
mode is 291.8 cm™! [3].

We start with the dynamical equation for the q = 0 triply degenerate optical

modes in a diamond-type crystal in the presence of a strain m,, = 7, [4]:

— aki.
il = — ) kiju; = — [/ffzo)“z +> 3771] mmuy] - (6.2)
j jlm m

In this equation, 77 is the reduced mass of the two atoms in the unit cell and u; is the

ith component of their relative displacements. In the absence of strain, the frequency

© N
of the modes is w, = k—ﬁ;_— Similarly, we can write w;; = 4/ %J so that Equation 6.2
becomes
— .. — 2 aw% — 2
mu; = —m | W l; + E - MmU;| = —M 7 + E K:'ijlmnlmuj y (63)
jlm anlm jlm

where we have defined a phonon deformation potential [5]

5‘w~2j
Ay 6.4
57hm ( )

Kijim =
Writing the strained frequency as €2, where

muz = —_ﬂQQui, (65)
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Equation 6.3 can be written as an eigenvalue equation:

Y wigtmmmuy — (@~ w3) u; = 0. (6.6)

jlm

With A = 0? - w? and P;; = Z KijimTim, Equation 6.6 becomes

lm

|P;j — Adyj| = 0. (6.7)

For a cubic crystal, there are only three independent components of the phonon
deformation potential [4]:

P = Ki111 = K2292 = K3333
q = K1122 = K1133 = K2211 — K9233 = K3311 = K3322
I = Ki212 = K1313 = K121 = K2323 = K3131 = K3232

Assuming that the strain is uniform in the GaAs cap layer, we expect a biaxial

stress [2, 6]:
Oyy = 0,z = X
Ozx = Ogy = Oyz = Oz = 0

Under this applied (100) coplanar stress, X, the non-zero components of the strain

tensor can be written as [6)

M= Ny = N2z = (S + S12)X (6.8)

and

N1 = Nxx = 2S12X7 (69)

where the S;; are elastic compliance constants. Therefore, Equation 6.7 can be written

as
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pnL+ 2qmy — A 0 0
0 oy + q(ny + 1) — A 0 =0 (6.10)
0 0 py +q(my +n1) — A

for the strain induced in the GaAs cap layer by the volume contraction of an under-

lying oxide layer. The eigenvalues of Equation 6.10 are
)\singlet = /\1 =pn. + 2q77||

)\doublet - /\2 - )\3 = PNy + q(n” + 77L)

Raman selection rules dictate that the singlet mode will be detected [6]. Therefore,

we can write the shift in the GaAs LO phonon, AQ = - w,, as

A ::an—%2qnu

AQ ~ 6.11
2w, 2w, ( )
With n, = 512151:;1277”’ Equation 6.11 becomes
il pSi2
AQ~ — | ———+¢| . 6.12
Wo [811 + S12 q] ( )

Values for the GaAs elastic compliance constants and phonon deformation poten-
tials have been experimentally determined. For GaAs at 300 K, the elastic compliance
constants are S;; = 1.170 x 1072 GPa~! and S;5 = 3.64 x 1073 GPa™! [6]. Landa et al.
express the phonon deformation potentials in a slightly different form than that de-
fined above. For the LO phonon, values of kg = -6.6 and 5 = 0.70 are quoted [6],
where

Ry =P+ 2§ (6.13)

and

ks =D~ g, (6.14)
and the dimensionless phonon deformation potential & is defined as [5]

Olnw? ki
~ 1j 1jim
P = . 6.15
it 877lm wz ( )
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Therefore,
w2
P=-3 (ku + 2Rs) (6.16)
and
wi,
q= 3 (kg — Rs) (6.17)
so that Equation 6.12 becomes
AQ ~ —484cm™ . (6.18)

For compressive strain, A2 > 0; for tensile strain, A2 < 0.

6.4.4 Strain in Completely Oxidized Square Mesas

As mentioned in Section 6.4.1, unequal heating in oxidized and unoxidized samples
complicates a direct comparion between measurements before and after oxidation.
Therefore, we are unable to make a definitive statement about the shift of the GaAs
LO phonon in our samples due to oxidation. However, we can make a comparison
between GaAs LO phonon positions in different areas of the drumhead pattern on a
single oxidized mesa. In addition, by using the unstrained position of the GaAs LO
phonon, we can obtain an estimate of the phonon shift produced by the oxidation.
This allows us to obtain rough numbers for the strain induced in the GaAs cap at
various locations on the mesa.

As shown in Section 6.4.2, there is a rough correspondence between the pink and
green regions of the drumhead patterns and the position of the GaAs LO phonon
measured in those regions. In general, the GaAs LO phonon is observed at a lower
wavenumber in the pink regions, as compared to its position in the green regions.
In addition to variations with the color of the region, measurements taken along the
[011] direction seem to have lower phonon wavenumbers than those taken along the
[011] direction.

For simplicity, we obtain estimates of the strain induced in the GaAs cap by

considering the phonon positions measured in Sample C. Assuming an unstrained
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GaAs LO phonon position of 291.8 cm™! [3], the average phonon shift in the pink
region is -0.10 £ 0.01 cm™!, while the average phonon shift in the green region is
+0.37 + 0.03 cm~'. This corresponds to a tensile strain of 2.1 £ 0.2 x 10™* in the

pink region and a compressive strain of 7.6 &= 0.6 x 10~* in the green region.

6.5 Dependence of Oxidation Rates on Crystallo-
graphic Direction

The study described in this section was conducted to explore our hypothesis that
the observed orientation of the drumhead patterns is related to a crystallographic-
dependence of the oxidation process itself. Section 6.5.1 describes the experimental
procedure used in this study. Section 6.5.2 discusses the shapes of apertures observed
for square and circular mesas. Numerical results for oxidation extent in different
crystallographic directions are contained in Section 6.5.3. Finally, conclusions are

presented in Section 6.5.4.

6.5.1 Modified Measurement Procedures

The samples used in this study were processed with mesas oriented as shown in Fig-
ure 6.2 and oxidized at 425°C for precisely 12 minutes under the conditions described
in Chapter 3. Two optical microscope pictures were taken and measured for each
mesa. The images were oriented 90° with respect to each other, in order to ensure
that any distortion which might exist in the CCD image would not influence the mea-
surements. This was especially important because of the modified procedure used to
measure the apertures of circular and square mesas.

As discussed below, circular mesas in this study oxidized to form diamond-shaped
apertures. Before measurement, each image was rotated such that the sides of the
aperture were parallel to the x- and y-axes of the drawing program. The lengths and

widths of the aperture and original mesa were then measured, as shown in Figure 6.11.
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mesa

Figure 6.11: Measurements of aperture and mesa dimensions.

The extent of oxidation was obtained in each direction by the following formula:
Tp = O-S(Dmesa - Daperture); (619)

where the D is either the length or the width dimension.

Similarly, the length and width of the approximately square apertures resulting
from the oxidation of square mesas were also measured, along with the length and
width of the original mesa. For Samples C and D, the images were rotated 45° before
measurement. Again, Equation 6.19 was used to obtain the extent of oxidation in

each direction.

6.5.2 Aperture Shape for Circular and Square Mesas

All of the circular mesas in this study oxidized to produce diamond-shaped aper-
tures with sides aligned along the <010> crystal axes. Figure 6.12 shows a typical
diamond-shaped aperture in a circular mesa. The consistency in the orientation of
the apertures seems to indicate some crystallographic preference for the oxidation
process. Although this observation supports our hypothesis, it is somewhat puzzling
because the same result was not obtained in the study reported in Chapter 5, in which

circular mesas produced circular apertures. The samples in both studies were pro-
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cessed and oxidized using the same procedures; however, different wafers were used

as the source material in the two studies, which may account for the different shape
of the apertures.

The observation of diamond- or square-shaped apertures is supported by several
reports by other researchers [7, 8, 9, 10], as is the conclusion that this shape indicates
some crystallographic dependence for the oxidation process [7, 11, 12]. Choquette
et al. report that the diamond-shaped apertures have sides aligned along the <010>
crystal axes [11, 12] and attribute this to slightly faster oxidation along the <010>
crystal axes, as compared to that along the <011> axes [11, 12].

Despite the difference in drumhead patterns observed for squares aligned with the
{011} planes versus those aligned with the {010} planes, no difference was observed
in the shape of the apertures. Square mesas on all four samples produced square

apertures with rounded corners and sides aligned with those of the original mesa.

6.5.3 Oxidation Extent as a Function of Crystallographic

Orientation

The remainder of this study involves an investigation of the relative oxidation rates
in different crystallographic directions. The partially oxidized stripes on Samples
A - D provide the most straightforward comparison of the oxidation rates. Table 6.3
shows the extent of oxide formed in the stripes on each of the four samples. It can be
concluded from this data that oxidation along the [011] direction is slightly faster than
along the [011] direction. Within the experimental uncertainty, there is no difference
in the oxidation rates observed along the <010> directions and between the rates
along these directions and the [011] direction. Therefore, only the [011] direction is
observed to have a reduced oxidation rate.

The results obtained for circular mesas show that the oxidized apertures are quite
symmetric. For a given sample, the aperture dimensions and oxidation extent in the
[001] and [010] directions are identical within the experimental uncertainty, as shown

in Tables 6.4 and 6.5. In addition, there is very little difference in the oxidation



117

Figure 6.12: Optical microscope picture of a typical circular mesa with a diamond-
shaped aperture.

Table 6.3: Extent of oxide formed in stripes after 12-minute wet thermal oxidation
at 425°C.

| sample | direction of oxidation | oxide extent |

A 011 50.7 £ 0.4 pm
B 011 47 + 2 pm
C 001 50 £ 1 ym
D 010 51 &£ 2 ym
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Table 6.4: Dimensions of aperture formed in 150 pm-diameter circular mesas after
12-minute wet thermal oxidation at 425°C.

| sample | dimension parallel to [010] direction | dimension parallel to [001] direction ]

A 30 £ 2 um 30 £ 2 um
B 35 £ 5 um 35+ 5 pum
C 39 £ 5 um 39 + 6 um
D 38 + 8 um 39 £ 8 um

Table 6.5: Extent of oxide formed in 150 ym-diameter circular mesas after 12-minute
wet thermal oxidation at 425°C.

| sample | oxide extent in [010] direction | oxide extent in [001] direction |

A 65.9 + 0.5 um 66.1 + 0.7 um
B 64 £ 2 pm 64 + 2 ym
C 62 = 2 pm 62 =+ 3 um
D 62 + 4 um 62 £ 4 pym

extents measured for the four samples. Therefore, the variation in aperture size from
one sample to the next can be attributed to differences in the size of the original mesas.
Such a difference could arise as part of the processing of the samples, particularly in
developing the photoresist pattern used for etching.

As compared to the circular mesas, there is less variation between the dimensions
of the apertures in square mesas on different samples, as shown in Table 6.6. The
slightly smaller dimensions measured for Sample A seem to also be a result of smaller
original mesas, since all four samples exhibit similar oxidation extents, as shown in
Table 6.7. Results from Samples C and D indicate that oxidation along the [010]
and [001] directions is virtually identical. Although the results from Sample B show
identical oxidation in the [011] and [011] directions, those from Sample A indicate a
slight difference between these two directions. In agreement with the results obtained
for stripes, oxidation in the [011] direction appears to proceed slightly faster than in

the [011] direction.
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Table 6.6: Dimensions of aperture formed in 150 pym x 150 pm square mesas after
12-minute wet thermal oxidation at 425°C.

| sample | dimension parallel to [011] direction | dimension parallel to [011] direction |

A 50 £ 2 um 52 £ 2 um
B 94 £ 5 um 95 £ 6 um
sample | dimension parallel to [010] direction | dimension parallel to [001] direction
C 55 + 4 pum 55 £ 4 ym
D 54 + 8 um 54 + 8 um

Table 6.7: Extent of oxide formed in 150 um x 150 pum square mesas after 12-minute
wet thermal oxidation at 425°C.

| sample [ oxide extent in [011] direction | oxide extent in [011] direction |

A 56.0 £ 0.9 um 544 £ 0.8 ym
B 54 + 2 pm 54 + 3 um
sample | oxide extent in [010] direction | oxide extent in [001] direction
C 54 £ 2 ym 54 £ 2 um
D 54 +£ 4 pm 54 + 4 pm

6.5.4 Conclusions

As demonstrated in Section 6.5.3, our data shows a slight reduction in oxidation rate
for the [011] direction, as compared to the [011] and <010> directions. Within the
experimental uncertainty of our measurements, there is no difference in oxidation
rates for the [011] and <010> directions. Based on the shape and orientation of
the apertures in circular mesas, Choquette et al. predict a slightly faster oxidation
along the <010> crystal axes, as compared to that along the <011> axes [11, 12].
Although our data supports a faster oxidation in the <010> directions than in the
[011] direction, the results obtained in this study do not follow the more generalized
prediction of slower oxidation in the <011> directions. However, Li et al. predict a
different oxidation profile along the [011] and [011] directions because of the excellent
polarization selection and control observed in oxide-confined VCSELs [8]. Our results
support both this prediction and, as will be discussed in Section 6.6, the observations

and measurements reported earlier in this chapter.
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6.6 Conclusions

In the previous sections of this chapter, observations and measurements from several
studies have been presented. This section attempts to bring these results together to
form a conclusion about strain induced in two-dimensional mesas due to the wet ther-
mal oxidation process. The results which will be synthesized to form the conclusion

are as follows:

1. Drumhead patterns are observed in circular and square mesas which have been
oxidized almost to completion. For circular mesas and square mesas aligned
with the {011} planes, the drumhead pattern is consistently oriented parallel
to the [011] direction. The drumhead pattern for square mesas aligned with the

{010} planes has no clear directional preference.

2. Micro-Raman measurements show some correspondence between the drumhead

patterns and strain in the mesas.

3. Apertures in circular mesas have a diamond shape, with sides aligned along the

<010> directions.

4. Oxidation proceeds slightly slower in the [011] direction, as compared to the

[011] and <010> directions.

The results for circular mesas — diamond-shaped apertures and drumhead patterns
with a specific crystallographic orientation — can be understood by consideration of
the crystallographic-dependence of the oxidation. If the oxidation proceeded at equal
rates in all directions, we would expect the oxidation of circular mesas to produce
circular apertures. However, a crystallographic-dependence will force the aperture to
have a specific orientation with respect to the direction with the anomalous oxida-
tion rate. As shown in Figure 6.13, orienting a diamond-shaped aperture along the
<010> directions allows for a slower oxidation rate in the [011] direction. Likewise,
if the oxidation rate had no variation with respect to crystallographic orientation, we

would not expect the drumhead pattern to have a specific crystallographic orientation.
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L _ dmega aperture
010> — - A
< > 2 2
dmesa _ aperture
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<011> 2 2

L >L

<010> <011>

Figure 6.13: This figure illustrates oxide extents in the <010> and <011> directions
required to form a diamond aperture of length and width dgperture in a circular mesa
of diameter d,esq.

However, because the [011] direction has a different oxidation rate, this deviation in-
sures that the drumhead pattern will have a specific orientation with respect to this
direction.

Without any crystallographic preference for oxidation in directions perpendicular
to the four sides of a square mesa, we would expect the drumhead patterns to have
no crystallographic preference either. This is in fact the case for Samples C and
D. Since the sides of the squares on these samples are oriented along the <010>
directions, which have equal oxidation rates, the symmetry of the original mesa is
preserved. However, for the squares on Samples A and B, the symmetry is broken by
the reduced oxidation rate in the [011] direction. Again, this deviation insures that
the drumhead pattern has a specific orientation with respect to the [011] direction.

The volume contraction of the AlAs layer upon oxidation is well known and is
discussed in Section 2.3.1. This effect is believed to be responsible for strain induced
in the surrounding semiconductor crystal by the oxidation process. As demonstrated
by Landesman et al., the oxidation process induces local strain in the GaAs cap layer

at the oxide-AlAs interface [2]. Because of the reduced oxidation rate in the [011]
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direction, the volume contraction of the oxide will not be symmetric with respect
to the center of the mesa. This effect should be greatest as the oxidation nears
completion and may explain the drumhead patterns observed in mesas which are
almost completely oxidized. However, the exact mechanisms involved in the formation

of the drumhead patterns are not completely understood at the present time.
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Appendix A Mathematica Programs

A.1 Mathematica Code to Calculate Weighted
Averages

n = number of data points to be averaged;
Array[value,n];

Array[error,n];

valuel[l] = first data point;

error[1] = uncertainty in first data point;

valueln] last data point;

error([n] uncertainty in last data point;
denominator = 0;
sum = 0;
i=1;
While [i < n+1, Dol[
denominator = denominator + (1/(error[i]~2));

sum = sum + (value[il/(error[i]~2));

i=1i+ 1]17;

sum/denominator

mean

sigma = Sqrt[1/denominator]
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A.2 Mathematica Code to Calculate tgfysion for

the Oxidation of Circular Mesas

n = number of ezperimental ozxidation length data points;
Arraylox,n];

ox[1] = first experimental ozidation length;

ox[n] = last ezperimental ozidation length;
a = average radius of mesas on the sample;
c =0.5;

This section calculates the zeroes of the Jy Bessel function.

m = 1000;
Array[k,m];
start = 0;
i= 1;

While [i < (m+1), Dol

list FindRoot [BesselJ[0,x] == 0, {x, start + Pi}];
k[i]

start = k[i];

]

x /.list;

i = i+1]]

d = diffusion constant;
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j=1
While[j < (n+1), Dol
x = ox[j];
list = FindRoot[1 - (2/a)*
Sum[(Exp[-d*((k[i]/a)"2)*t]*
BesselJ[0, (1 - (x/a))=*k[i]l1)/((k[i]/a)*
BesselJ[1, k[i]11), {i, 1, m}] == c, {t,(x"2)/d}];
t =t /.list;
Print[t];

j =3+ 1]]
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A.3 Mathematica Code to Calculate Uncertainty

in Fitted Values of D and kp for Circular
Mesas

n = number of experimental ozidation length data points;
Array([time,n];

Array[oxide,n];

Array[td,n];

Array([tr,n];

Arrayl[d,3];

Array(r,3];

Array([chi,3];

This section calculates the zeroes of the J, Bessel function.

m = 1000;

Array[k,m];

start = 0;

i= 1;

While [i < (m+1), Dol

FindRoot [BesselJ[0,x] == 0, {x, start + Pil}];

list

k[i] x /.list;

H

start = k[i];

i = i+1]]

oxide[1] = first ezperimental ozidation length;

oxide[n] = last ezperimental ozidation length;



128

time[1] = ozidation time for first exzperimental ozidation length;

time[n] = ozidation time last exzperimental ozidation length;

a = average radius of mesas on the sample

c 0.5;
reaction = calculated value of kg;
i=1;

While[i < (n+1), Dol

(2*xaxoxide[i] - (oxide{i]~2))/reaction;

111

tr(i]

+

i=1

delta = 5;
diffusion = calculated walue of D - (deltax1.5);
i=1;
While[i < 4, Do[
d[i] = diffusion;
diffusion = d[i] + delta;

i = 1i+1]]

While[j < (n+1), Dol
x = oxide[j];
list = FindRoot[1 - (2/a)*Sum[(Exp[-d[1]1*((k[i]/a)"~2)*t]*
BesselJ[0, (1 - (x/a))*k[1]11)/((k[i]/a)*
BesselJ[1, k[ill), {i, 1, m}] == ¢, {t,(x"2)/d[1]1}];
td[j] = t /.list;
j= 3+ 111
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chi[l] = 0;
j= 1
While[j < (n+1), Dol
chi[l] = chi[1] + ((time[j] - (td[j] + tr(j1))"2);
j = j+11]
1 = 1+11]
Thvs section returns the diffusion constant D and

1ts uncertainty.

denom = chil[1] - (2*chi[2]) + chil[3];
diffusion = d[3] - delta*x(((chi[3] - chi[2])/denom)+0.5)

sigma = deltax*Sqrt[2/denoml]

diffusion = calculated value of D;

it
While[j < (n+1), Dol
x = oxidel[j];
list = FindRoot[1 -(2/a)*Sum[(Exp[-diffusion*((k[i]/a)"2)*t]*
BesselJ[0, (1 - (x/a))x*k[i]1)/((k[il/a)*
BesselJ[1, k[ill), {i, 1, n}l== ¢, {t,(x"2)/diffusion}];
td[j] = t /.1list;
j =3+ 1]1]

delta = 20;
reaction = calculated value of kr - (deltaxl1.5);
i=1;
While[i < 4, Dol[
r[i] = reaction;
reaction = r[i] + delta;

i = i+1]]
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While[j < (n+1), Dol
trljl = (2*xaxoxide[j] - (oxide[jl1~2))/r[1];
j = j+11]
chi[l] = 0;
j=1
While[j < (n+1), Dol
chi[l] = chifl] + ((time[j] - (td[j] + tr(jl1))"2);
j = j+1]]
1 = 1+1]1]

This section returns the reaction constant kg

and tts uncertainty.

denom = chi[1] - (2%*chi[2]) + chil3];
reaction = r[3] - deltax(((chi[3] - chi[2])/denom)+0.5)

sigma = delta*Sqrt[2/denom]
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A.4 Mathematica Code to Calculate t,.,.;,, for the

Oxidation of Square Mesas

cla_] := 0.55202 + 0.52647*Tanh[(a/16.90952) - 2.90555]

qla_,theta_] c[al*(Cos[thetal "2)*(Sin[theta] "2)

rla_,theta_] axSqrt [(0.5/q[a,thetal])*

(1 + Sqgrt[1 - (4xqla,thetal)])]

n = number of experimental ozidation length data points;
Array(ox,n];
Array[x,n];

ox[1] = first ezperimental ozidation length;

ox[n] = last ezperimental ozidation length;

ao = one-half the average length of sides of mesas on the sample;

=1
While[j < (n+1), Dol
x[j1 = ao - ox[jl;
1 = Re[NIntegrate[Integrate[r[a,thetal,
{theta, 0, (2¥Pi)}], {a, x[j], aol}]]
Print[1];

j=73+1l]
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A.5 Mathematica Code to Calculate ty¢sysion for

the Oxidation of Square Mesas

n = number of ezperimental oxidation length data points;
Array[ox,n];

ox[1] = first ezperimental ozidation length;

ox[n] = last exzperimental ozidation length;

a = one-half the average length of sides of mesas on the sample;
¢ = 0.5;

oddl := (2%1) + 1;

oddm := (2*m) + 1;

alpha := odd1*Pi/(2*a);

beta :

fld_,x_,y_1:= 1 - (16/(Pi~2))* Sum[(((-1)~(1+m))/(oddl*oddm)) *

oddm*Pi/ (2%a) ;

Cos[alphax*x]*Cos[beta*y]* Exp[-d*t*((alpha~2)+(beta~2))],
{1, 0, sumtotal}, {m, 0, sumtotall}]

a - L;

»
Il

d

diffusion constant ;

sumtotal = 10;
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While[j < (n+1), Dol
L = ox[j]
list = FindRoot[f[d,x,y] == ¢, {t,start}];
t =t /.list;
Print[t];
start = t;

j =3+ 1]1]
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A.6 Mathematica Code to Calculate Uncertainty

in Fitted Values of D and ky for Square Mesas

n = number of experimental oxzidation length data points;
Array[time,n];

Array[oxide,n];

Array[td,n];

Array[tr,n];

Array[ro,n];

Arrayl[d,3];

Array([r,3];

Array([chi,3];

oddl := (2*1) + 1;

oddm :

(2*m) + 1;
alpha := oddl*Pi/(2*a);

beta := oddm*Pi/(2%a);

fld_,x_,y_]l:= 1 - (16/(Pi"2))* Sum[(((-1)~(1+m))/(odd1l*oddm)) *
Cos [alpha*x]*Cos[beta*y]l* Exp[-d*t*((alpha~2)+(beta~2))],
{1, 0, sumtotal}, {m, O, sumtotall}]

x:=a - L;

oxide[1] = first experimental ozidation length;

oxide[n] = last experimental ozidation length;

ro[1]

value of function 1l(z,) for first ezperimental

oztdation length(calculated in Appendiz A.4) ;

ro[n] = value of function 1(z,) for last experimental

ozidation length (calculated in Appendiz A.4);
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time[1] = ozidation time for first experimental ozidation length;

time[n] = ozidation time last ezperimental ozidation length;

a = one-half the average length of sides of mesas on the sample;

C 0.5;
reaction = calculated value of kg;
i=1,;

While[i < (n+1), Dol

rofli]/(8*axreaction);

111

tr[i]

“+

i=1

delta = 5;
diffusion = calculated value of D - (deltax1.5);
i=1,;
While[i < 4, Dol
d[i] = diffusion;
diffusion = d[i] + delta;

i = i+1]]

sumtotal = 10;

start = 0.1;
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While[i < 4, Dol

J= 1

While[j < (n+1), Dol
L = oxide[j];
list = FindRoot[f[d[i],x,y] == c, {t,start}];
td[j] = t /.list;
j=3+ 1]

chili]l = 0;

j= 1

While[j < (n+1), Dol
chi[i] = chili] + ((time[j]l - (td[j]l + tr[j1))"2);
j o= j+111

i = i+1]]

This section returns the diffustion constant D and

1ts uncertainty.

denom = chi[1] - (2*chi[2]) + chil[3];
diffusion = d[3] - delta*x(((chi[3] - chi[2])/denom)+0.5)

sigma = deltax*Sqrt[2/denom]

diffusion = calculated value of D;

sumtotal = 10;

While[j < (n+1), Dol
L = oxide[j];

list = FindRoot[f[diffusion,x,y] == ¢, {t,start}];

td[j] = t /.list;
start = td[j];
j=73+ 1l
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delta = 20;
reaction = calculated value of kr - (deltaxl1.5);
i=1;
While[i < 4, Dol
r[i] = reaction;
reaction = r[i] + delta;

i = i+1]]

1=1;
Whilel[i < 4, Dol
J =1
While[j < (n+1), Dol
trljl = rol[jl/(8*a*r[i]);
j = j+111
chiflil = 0;
=1
While[j < (n+1), Dol
chili] = chili] + ((time[j] - (td[j] + tr[j]))"2);
j = j+111
i = 1i+1]]

This section returns the reaction constant kg

and its uncertainty.

denom = chil[1] - (2*chi[2]) + chil[3];
reaction = r[3] - delta*x(((chi[3] - chi[2])/denom)+0.5)

sigma = delta*Sqrt[2/denom]



