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Abstract

Orientation selective effects in the molecular beam epitaxial (MBE) growth of
Al;_.Ga,zAs on a patterned (100) GaAs substrate are investigated. Under particular
growth conditions, the spontaneous, selective formation of a superlattice or quantum
wire array on the sides of grooves is observed. Experiments and modelling indicate
that this growth technique, orientation selective epitaxy (OSE), has application to
the in situ growth of nanometer scale structures. |

An optical fiber cathodoluminescence system is described. By using an opti-
cal fiber to collect light directly from the surface of the sample, spectrally resolved
cathodoluminescence measurements can be bdone without precluding simultaneous
measurement of other signals. The system attains comparable performance to alter-
native systems which utilize concave mirrors for light collection. A éryogenic cold
stage, using a continuous flow of liquid helium or nitrogen, is described.

Experimental results on the MBE growth of Al,Ga;_,As on [011] grooves in a
(100) GaAs substrate exhibit orientation selective effects. Spontaneous growth of a
superlattice is observed on the sides of grooves. The superlattice, with a period of
approximately 704, exhibits strong luminescence, red-shifted by 127 meV from the
emission of uniform Al 5GagrsAs grown on adjacent facets. This is the first obser-
vation of compositional modulation in the growth of AlGaAs on a {111} surface. The
abrupt termination of the superlattice at the interface with adjacent facets constitutes
a heterojunction oriented lateral to the growth direction, the first such structure to

be formed spontaneously during growth.



Orientation selective epitaxy is modelled, using calculations and Monte Carlo
simulations of growth on surfaces inclined with respect to the substrate rotation
axis. The proposed mechanism predicts an in-plane variation of the composition,
resulting from growth by step flow in the presence of time dependent fluxes. The time

~dependence is caused by the inclination of the surface with respect to the substrate
rotation axis.

The dependence of OSE growth on surface orientation is investigated by varying
groove orientation in a patterned (100) GaAs substrate. A strong dependence of
cathodoluminescence emission on groove orientation is observed. In some ranges of
groove angles, monotonic dependence of the peak emission on groove orientation is
observed, suggesting the possibility of bandgap tuning by variation of surface orien-
tation. In growth on [010] grooves, quantum wire arrays were observed, with a wire
dimension of approximately 60A.

The growth of Al,Ga;.,As in oval defects is investigated. A strong dependence of
the composition on the orientation of growth in oval defects is observed. Comparison
with growth in grooves indicates that orientation selective epitaxy plays a role in

determining Al,Ga;_,As composition in oval defects.
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Chapter 1

Introduction

1.1 Semiconductor physics on the nanometer scale

Electrons in solids occupy energy states which form essentially continuous bands, as
_ opposed to discrete states in atoms and molecules. In conceiving of the smallest possi-
ble device, properties of systems in some intermediate size regime must be considered.
A transition from classical® to quantum behavior of electrons in crystals takes place
when the size of the crystal becomes comparable to the deBroglié wavelength of elec-
trons. This critical size is a function of the effective masses of electrons and holes,
and the temperature [2,3].

In the nanometer size regime, quantization of electronic states and coherent effects
in eiectron transport modif).f the optical and transport properties of the crystal. Such

quantum size effects have observable macroscopic consequences for the behavior of

!Classical, in this sense, refers to semiconductor systems which behave according to the energy level

schemes laid out by Shockley in Electrons and holes in semiconductors [1].



devices. Examples of this in electron transport include the quantum hall effect [4,5],
quantum transport [6], and the Aharonov-Bohm effect [7,8], and in optical properties
of semiconductors, the quantum confined Stark effect [9]. These effects have been
observed in GaAs/AlGaAs heterostructures [5,6,8,9].

The effect of quantum confinement on electronic.energy states can be calculated
within the envelope function approximation. This assumes that the total potential
can be modelled by a periodic potential due to an infinite crystal lattice, with a
superimposed slowly varying potential describing the effect of the nanometer scale
heterostructure. While a rigorous treatment of the problem requires a multiband
approach [10], several qualitative effects of quantum confinement are predicted by
a .simple one-band effective mass calculation?. In this approximation, the envelope
function and eigenenergy of an electron at zone center (crystal momentum k= 0) are

calculated using an effective mass Schrédinger equation,

h2

5V (=) + VPN = (B ~ E¥(), (1.1)

m* ()

in which the potential, V(7), is given by the band offsets in the heterostructure, E, is
the position of the relevant band edge, and m*(¥) is the effective mass (given by the
curvature of the band at k = 0) [12,13]. In particular, equation (1.1) assumes that
the electron energy in the crystal near the zone center is a parabolic function of the

crystal momentum, k.

Increasing singularity of the density of states for higher dimensional confinement

2Calculation of some of the effects of quantum confinement, such as polarization dependence of the
optical matrix elements in quantum wires, requires the incorporation of band coupling effects, which are not

accessible by the one-band model discussed herein [11].



results in changes in the macroscopic properties of a crystal containing arrays of
nanostructures. A semiconductor laser with such a crystal in the active region is pre-
dicted to have decreased sensitivity to temperature, lower threshold current density,
reduced linewidth, and increased modulation speed [2,3,14,15]. Other applications
of quantum confinement in optoelectronic devices include short-pulse light sources,
optical switches in cavities, high speed optical modulators, self electro-optic devices,
and high gain avalanche photodetectors [16]. Furthermore, control over macroscopic
crystal properties afforded by nanometer scale bandgap engineering will certainly re-
sult in new, and unsuspected, applications in electronic and optoelectronic circuits

and devices.

1.2 Nanostructure fabrication

Quantum states in thin GaAs layers were first observed in transport measurements
in 1974, and in opticzﬂ measurements shortly thereafter [17,18]. In 1975, a laser was
fabricated with a multiple quantum well active region [19]. Rapid improvement of the
crystal growth technology resulted in quantum well lasers with superior performance,
operating at room temperature with low threshold current densities [20].

High quality quantum wells are routinely grown by molecular beam epitaxy (MBE)
and organo-metallic vapor phase epitaxy (OMVPE). The technology for fabricating
quantum wells has found application in a wide variety of devices, both optical and
electronic in nature [16]. Fabrication of higher dimensional nanometer scale structures

has proven to be much more difficult. Arakawa and Sakaki proposed a new type of



laser in 1982, which would constitute an application of such structures, later termed
quantum wires (2D quantum well) and quantum dots (3D quantum well) [14]. Signif-
icant improvement in the dynamic and spectral characteristics of such quantum wire
and quantum doti lasers are expected, based on the effect of quantum confinement on
the electronic density of states [2,3,15].

In 1982, the first quantum wire structures were fabricated in a silicon accumu-
lation layer, using electric field induced confinement in a field effect transistor [21].
Shortly thereafter, electron beam lithography and reactive ion etching were used to
define narrow conducting channels (= 1 pm wide) in a silicon inversion layer [22],
anticipating by four years the use of this fabrication technology in the realization
of quantum wire and dot heterostructures exhibiting optical evidence of quantized
electronic states.

In order to realize the predicted benefits of quantization of electronic states for
optical device applications, arrays of such structures must be fabricated with suffi-
cient uniformity to overcome the loss in volume of luminescing material, relative to
quantum wells of equivalent dimension [2,3]. In addition, the achievement of efficient
luminescence is incompatible with damage, contamination, and surface states which
are inherent in fabrication technologies employing ion beam implantation and dry
etching. In order to obtain luminescence from structures fabricated by these tech-
niques, surface passivation or annealing is generally done to eliminate some of the
deep levels caused by the fabrication process.

The first optical studies of higher dimensional quantum confinement were done



with semiconductor crystallites in colloidal suspensions [23]. Optical spectra of the
crystallites, with typical dimensions of 20-2004, exhibited partly resolved discrete
features, characteristic of spatial confinement in three dimensions. The data are
also indicative of the importance of inhomogeneous broadening, impurity states, and
surface states in nanometer scale structures.

In anticipation of future device applications, quantum wires were simulated in
semiconductor lasers using high magnetic fields to obtain Lorentz confinement of
electrons and holes [14,24,25,26]. Predicted improvements in the dynamic and spec-
tral characteristics of quantum wire and quantum dot lasers were verified in these
experiments.

Reports of optical studies of quantum wire and dot heterostructures first appeared
in 1986 and 19873 [28,29,30,31]. All of these experiments used reactive ion etching or
ion beam implantation. Initial reports of high luminescence intensity from nanometer
scale structures [29] have not been verified in subsequent measurements, and fabrica-
tion induced damage continues to be a problem in these techniques. A more successful
approach in this regard spatially separates the damage from the nanostructures, while
retaining reactive ion etching for patterning, by using a strain-induced confinement
potential [32].

The fabrication of higher dimensional semiconductor structures during crystal
growth has several advantages over lithographic patterning techniques. These include

fabrication in a single growth step, natural incorporation into device heterostructures,

3An earlier report of structures fabricated by a chemical etch did not provide conclusive evidence for

quantum size effects, and only suggested such effects as one possible explanation of the observations {27].



and avoidance of fabrication induced damage. Recently, several techniques for in
situ fabrication of nanometer scale structures have been introduced. Quantum wires
and grid-inserted quantum wells were grown on vicinal substrates* using migration
enhanced epitaxy® [33,34]. Quantum wires have been grown on grooves in a GaAs
substrate, using orientation dependent growth rates to confine electrons in the lateral
dimensions [35,36]. The first quantum wire laser was recently fabricated in growth
on a patterned substrate, exemplifying the inherent advantages of in situ fabrication

techniques [35].

1.3 Outline of the thesis

Orientation selective effects in the molecular beam epitaxial (MBE) growth of
Al;_,Ga;As on a patterned (100) GaAs substrate are investigated. Under particular
growth conditions, the spontaneous, selective formation of a superlattic;e or quantum
wire array on the sides of grooves is observed. Experiments and modelling indicate
that this growth technique, orientation selective epitaxy (OSE), has application to
the in situ growth of nanometer scale structures.

An optical fiber cathodoluminescence system and liquid helium cold stage for a
scanning electron microscope are described in Chapter 2. By using an optical fiber to

directly collect light from the surface of the sample, spectrally resolved cathodolumi-

*Vicinal substrates are slightly misoriented from the exact crystallographic orientation. Misorientation

results in the occurrence of steps on the surface, which are essential to the formation of the quantum wires.

5Migration enhanced epitaxy is a specialized form of molecular beam epitaxy, which utilizes alternating

beam deposition of the constituents to enhance surface migration of atoms and molecules during growth.



nescence measurements can be done without precluding simultaneous measurement
of other signals [37,38]. The system attains comparable pefformance to alternative
systems which utilize concave mirrors for light collection. The application of cathodo-
luminescence to the analysis of heterostructures is demonstrated by data from a trans-
verse junction stripe (TJS) laser.

Experimental results (Chapter 3) on the MBE growth of Al,Ga;_,As on [01]
grooves in a (100) GaAs substrate exhibit orientation selective effects [39]. Sponta-
neous growth of a superlattice is observed on the sides of grooves. The superlattice,
with a period of approximately 704, exhibits strong luminescence, red-shifted by
127 meV from the emission of uniform Alg5Gag7sAs grown on adjacent facets. This
is the first observation of compositional modulation in the growth of AlGaAs on a
{111} surface. The abrupt termination of the superlattice at the interface with adja-
cent facets constitutes a heterojunction oriented lateral to the growth direction, the
first such structure to be formed spontaneously during growth.

A model for orientation selective epitaxy is presented, based on the kinetics of
MBE growth on a patterned substrate, and a Monte Carlo simulation of the growth
is presented (Chapter 4). Large in-plane variations in the composition are predicted
by the model, in agreement with the experiments. The implications of the model
are discussed, regarding manipulation of OSE growth, application of OSE growth to
bandgap engineerihg in two and' three dimensions, and the extension of OSE growth
to other heterostructure systems.

The dependence of OSE growth on surface orientation is investigated by varying



the groove orientation in a patterned (100) GaAs substrate (Chapter 5). Strong
dependence of cathodoluminescence emission on groove orientation is observed. In
some ranges of groove angles, monotonic dependence of the peak emission on groove
orientation is observed, suggesting the possibility of bandgap tuning by variation of
surface orientation. The observation of quantum wire-like structures in OSE growth
demonstrates the potential of OSE growth for nanometer scale bandgap engineering
in two and three dimensions [40].

A study of Al,Ga;_,As grown in oval defects by molecular beam epitaxy is pre-
sented in Chapter 6. A strong dependence of the composition on the orientation of
growth in oval defects is observed [41]. Comparison with growth in grooves indi-
cates that orientation selective epitaxy plays a role in determining the composition

of Al,Ga;_zAs in oval defects.
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Chapter 2

Optical fiber cathodoluminescence

system

2.1 Introduction

In order to study ultrasmall structures, analysis tools with a high degree of spatial
resolution are required. Cathodoluminescence scanning electron microscopy*(CL) is
well suited to measurements of spectral emission of small structures in direct gap
semiconductors [1). The power of cathodoluminescence analysis is augmented by
information obtained concurrently by the detection of other signals generated by the
electron beam. This capability is sacrificed to a large degree by cathodoluminescence
systems which restrict access to the sample in order to collect light from a large solid

angle (using, for example, an elliptical mirror for light collection). A system with

1Cathodoluminescence is the emission of light from a material as a result of excitation by an electron

beam.
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comparable performance, but which does not compromise the use of other detectors,
would have an important advantage over elliptical mirror collection.

In this chapter, we report the development of a novel cathodoluminescence sys-
tem, which uses an optical fiber for direct collection of light from the surface of the
sample. The system is capable of simultaneous operation with other imaging appa-
ratus, without sacrificing performance. Techniques for generating spectrally resolved
cathodoluminescence (SRCL) images and local CL spectra are discussed, and the ap-
plication of this system is demonstrated by a study of a transverse junction stripe

(TJS) laser.

2.2 Cathodoluminescence scanning electron microscopy

A scanning electron microscope generates a beam of electrons which is focused to a
small spot on the sample surface (see Figure 2.1). The beam is swept across an area
of the sample in a raster pattern. In the conventional mode of operation, the image
is formed by detecting the emission of secondary electrons from the sample surface,
and electronically correlating the secondary electron signal with the position of the
beam. Other signals, carrying different information about the sample, can also be
used for image formation. For example, a backscattered electron detector produces
an image which is sensitive to variations in the material composition of the surface.
The electron beam induces a variety of excitations that result in emitted radia-
tion. In particular, electron-hole pairs are produced in the interaction volume of the

electron beam with the sample. The carriers generated by this process exist for a time
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Figure 2.1: Schematic diagram of electron beam excitation of a sample. The scanning
electron microscope column is_illustrated on the left, with the electron beam originating
at the filament and passing through the two condenser lenses, the scanning coils, and the
objective lens, finally impinging on the sample as a fine probe. On the right, the interaction
of the electron beam with the sample is illustrated, showing the interaction volume, and

some of the products of the interaction.
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characteristic of the material before recombining. Recombination can be accompanied
by the emission of a photon, particularly in the case of direct gap semiconductors.
The light generated by this process (cathodoluminescence) carries information about
energy states near the bandgap. Cathodoluminescence images and spectra can be
used to study the local properties of the material, and the resuits can be correlated
with information from other SEM imaging techniques.

The diameter of the beam at the surface of the sample is on the order of 100A.
High energy electrons penetrate the surface, dissipating their energy within the inter-
action volume. The size of the interaction volume depends on the energy of the beam
and the composition of the sample. In GaAs, the penetration depth of a 10keV elec-
tron beam is about 0.5 gm. Some of the dissipated energy is spent in the generation
of electron-hole pairs within this volume, which undergo intraband relaxation and
diffusion/drift before recombining. The diffusion length in a semiconductor depends
on the lifetime, which is sensitive to, for example, the presence of dopants. A typical
value for the electron diffusion length in GaAs is 1 gm. Thus, the spatial resolution
of cathodoluminescence measurements in bulk GaAs is limited to length scales on the

order of one micron?.

2.3 Collection of the cathodoluminescence signal

For many applications of importance, the available cathodoluminescence signal is

quite weak. For this reason, a CL collection system must be as efficient as possible.

?Recently, efforts by other groups to improve this value, using time-resolved spectroscopy and high

magnetic fields, have resulted in spatial resolution of approximately 0.1 um.
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The two important factors which determine the collection efficiency are the solid angle
subtended by the collection apparatus, and the efficiency with which light is guided
to the detector.

Systems which include wavelength dispersive elements for spectral resolution of
the CL signal (e.g., a monochromator) require that the detector be located outside
of the sample chamber. In order to guide the light out of the chamber, the collec-
tion optics either directs the light toward a window in the chamber or into a light
pipe leading to the detection apparatus. In work reported to date, light collection
systems for cathodoluminescence with a scanning electron microscope [2,3,4,5] and
a scanning transmission electron microscope [6,7,8] have used collection optics with
concave mirrors, planar mirrors, lenses, or some combination of these elements. Con-
cave mirrors, while achieving the goal of subtending a large solid angle, restrict access
to the sample. This limits the capabilities of the microscope when the mirror is in
place by preventing detection of other signals from the sample. |

The system which we have designed minimizes any restriction of access to the
sample. Although the solid angle subtended by our collection system is smaller than
can be achieved with a concave mirror, our efficiency in guiding the collected light to
the detector is excellent. Comparison of our data with the literature indicates that
our overall collection efficiency is comparable to the efficiency of systems utilizing
a concave mirror. Steyn et al. have studied in detail the problem of optimizing the
collection efficiency [3]. Using an elliptical mirror, they were able to collect as much as

86% of light emitted into 27 sr. However, the solid angle of collection is not the only
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figure of merit for the efficiency of a cathodoluminescence system. Steyn et al. found
that, using an optimized elliptical mirror system, only 1% of the light was guided to
the entrance slit of the monochromator. Furthermore, efficient collection could only
be obtained from an area of the sample approximately 10-100 ym on a side.

With the fiber at its optimum position, our system collects 2% of the light emitted
into 27 sr. The fiber guides this light to the entrance slit of the monochromator with
excellent efficiency, because there are few optical surfaces between the fiber and the
monochromator, and the fiber losses are negligible. Light is collected efficiently from
an area of the sample approximately 200 ym in diameter. Thus, without sacrificing
performance, we have built a light collection system which retains maximal access to

the sample for other detectors.

2.4 Cathodoluminescence apparatus and techniques

We have developed a novel optical fiber light collection system which is compact,
inexpensive, and versatile (see Figure 2.2). A single optical fiber, mounted to a three
axis translation stage, collects cathodoluminescence directly from the surface of the
sample (see Figure 2.3). In addition to being compatible with concurrent operation of
other detectors (e.g., x-ray and backscattered electron detectors), the system provides
an independent, externally controlled translation stage which is adaptable for other
applications [9]. The fiber manipulator can be installed without modification to the
existing stage in the microscope, and it is fully retractable when not in use.

The system was designed for incorporation into the sample chamber of a scanning
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Figure 2.2: Schematic diagram of the experimental apparatus. The box at the top of the
figure shows the optical fiber cathodoluminescence collection system as it appears inside
the scanning electron microscope chamber. The lower half of the diagram is a schematic

representation of the apparatus for producing cathodoluminescence images and spectra.
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Figure 2.3: Photograph of the optical fiber translation stage used for collection of cathodo-
luminescence in a scanning electron microscope. ‘A single optical fiber, mounted to a mo-

torized, three-axis translation stage, is held within 0.5 mm of the sample.
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electron microscope (see Figure 2.2). An optical fiber is used for direct collection of
light from the surface of the sample. The numerical aperture of the fiber is 0.2, and
the diameter of the core is 200 ym. Thus, for maximum collection efficiency, the fiber
should be held 0.5 mm from the point of excitation. To prevent distortion of the
image due to charging of the fiber, the fiber is shielded from the electron beam by a
metal sheath, and the facet is coated with a thin layer of gold/palladium (< 504).
The sheath consists of a 11—6 in thin-walled stainless steel tube. The sheath is attached
to the arm of a low profile mount, which extends from the three axis translation
stage to a position adjacent to the sample, between the objective lens of the scanning
electron microscope and the sample mount. This design allows a minimum working
distance of 9mm between the sample and the objective lens. Positioning of the fiber is
accomplished with three motorized translation stages, mounted to the x-y translation
stage of the microscope. This allows the position of the fiber relative to the sample
to be adjusted during operation of the cathodoluminescence system, and it provides
the ability to retract the fiber.

The collected light is guided from under the objective lens of the SEM , through a
vacuum feedthrough mounted to the door of the sample chamber. Exiting the far facet
of the optical fiber, the light is focused onto the entrance slit of a monochromator.
The CL intensity at the sélected wavelength is detected with a cooled photomultiplier
tube (PMT). |

The signal from the PMT can be used to generate a spectrally resolved cathodo-

luminescence (SRCL) image (see Figure 2.2). This is accomplished by amplifying the
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PMT signal and connecting it to the auxilliary input of the SEM. The SEM video
electronics generate the SRCL image and display it on the video monitor. All of the
image processing electronics of the SEM are available for manipulation of the SRCL
image. The SRCL image can be compared directly with any of the other types of
images which the SEM can produce. Especially useful is the signal mixing function
(Cambridge S240 SEM), which allows the secondary electron image to be superim-
posed on the SRCL image. The noise can be reduced by slowing the scan rate of the
electron beam and using a digital image store device to average the signal. SRCL
micrographs can be taken with the video camera of the SEM.

By using the electron beam for local excitation and scanning the monochromator
through an interesting region of the spectrum, local CL spectra can be measured (see
Figure 2.2). Any point on the sample can be selected for local excitation, using either
the secondary electron image or the SRCL image for determination of the area of
interest. Reduction of the photomultiplier noise in local spectra is accomplished by
lock-in detection, using a mechanical light chopper to modulate the signal. The scan

is initiated by the computer, which collects digitized data from the lock-in amplifier.

2.5 Liquid helium cold stage

We have designed and built a compact cold stage for low temperature cathodolumines-
cence studies. The cryogenic system, which is capable of operating with a continuous
flow of liquid nitrogen or liquid helium, consists of a commercially available transfer

line, a right angle adapter for feedthrough of the cryogen into the vacuum system,
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and a cold stage (see Figure 2.4). Cryogen, either liquid nitrogen or liquid helium, is
supplied from a tank through the transfer line, and vented to atmosphere. Transfer
is driven by pressure in the tank.

The adaptor is mounted to the transfer line with an indium seal, feeding the cryo-
gen into a stainless steel tube (5 in outer diameter) inside the vacuum system (see
Figure 2.5). The adaptor is designed to minimize transfer of heat from the room tem-
perature flange and the ambient air to the cryogen flowing into the vacuum chamber.
The transfer line is evacuated and insulated. In addition, the transfer line is inserted
coaxially into a long, thin-walled stainless steel tube, which also serves as the pas-
sagewaj; for the cold gas return. This minimizes thermal conduction to the end of
the transfer line, and aliows the returning cryogen to precool the outer jacket of the
transfer line for more efficient cool down. This assembly is inserted coaxially into
another stainless steel tube, which is bent by 90° and attached at one end to the
vacuum flange, and sealed at the other end, so that the outer tube can be evacuated.
Spacers, where required, are made from delrin, which minimizes thermal conduction
and is compatible with the high vacuum environment.

The s in thin-walled stainless steel tubes which carry cryogen to and from the
cold stage are wrapped in several layers of aluminized mylar, to minimize radiative
heating of the transfer lines in the vacuum system. Connection of lines from the
adaptor to the lines from the cold stage is accomplished with VCR couplings and metal
gaskets, which are compatible with cryogenic operation. Other than this coupling,

all connections are welded or brazed to allow for cycling of the temperature.
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Figure 2.4: Schematic representation of the cryogenic system for low temperature cathodo-
luminescence.- Cryogen from the tank flows continuously through the cold stage inside the
sample chamber. The cryogenic feedthrough. into the vacuum system is accomplished by an
adaptor, which provides sufficient thermal isolation of the flowing cryogen to operate the

cold stage with liquid helium.
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Figure 2.5: Schematic diagram of the cryogenic feedthrough. Thermal isolation of the
flowing cryogen is accomplished by four coaxial stainless steel tubes. The inner tube contains
the flowing cryogen, and is separated from the outer jacket of the transfer line by a high
vacuum (= 1078 torr). The inner tube of the adaptor consists of a long, thin-walled stainless
steel tube, which provides minimal thermal conduction along its length. Between tl;e inner
tube of the adaptor and the outer tube of the transfer line, the returning cryogen flows out
of the system, allowing for better isolation and more efficient cool-down. The outer tube of

the adaptor is evacuated, minimizing thermal conduction to the cold inner tube.
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The cold stage consists of a hollow cylinder of oxygen-free high conductivity
(OFHC) copper, which is filled with copper foam for more efficient transfer of heat
to the cryogen and brazed closed (see Figure 2.6). The transfer lines are brazed to
the cold stage, for continuous flow of cryogen during operation. Several tapped holes
_are machined into the top of the cold stage, for attachment of the sample holder, the

heater, and the temperature sensor.

2.6 Application of cathodoluminescence: Study of a TJS

laser

The cathodoluminescence system described in this chapter has been a valuable tool
in the experiments which comprise the remainder of this thesis. In order to illus-
trate the power of cathodoluminescence analysis of heterostructures, results of mea-
surements on a failed semiconductor laser are presented in this section. The laser,
shown schematically in Figure 2.7, is a transverse junction stripe (TJS) laser, of the
junction-up type [10,11,12,13]. The device consists of a Te-doped (n-type) epitaxial
GaAs/AlGaAs heterostructure, grown by liquid phase epitaxy on a Cr-doped GaAs
substrate. The layer structure consists of an Al,Ga,_,As active layer, approximately
0.2 pm thick, sandwiched between two Al,Ga;_, layers. The active region is the p-
type region of a p*-p-n junction in the Al,Ga;_,As layer, defined by a two step zinc
diffusion. Ohmic contacts are made to the surface of the device, straddling the p*-p-n
junction, so that carriers can be injected into the active region by forward-biasing the

laser diode.
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Figure 2.6: Schematic diagram of the cold stége. Cryogen flows into and out of the cold
stage through thin-walled stainless steel tubes, with a % in outer diameter. The cold stage
is made from a hollow cylinder of oxygen-free high conductivity (OFHC) copper, which is
filled with copper foam for more efficient transfer of heat to the cryogen and brazed closed.
Several tapped holes are machined into the top of the cold stage, for attachment of the

sample holder, the heater, and the temperature sensor.
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Figure 2.7: Schematic diagram of a junction-up TJS laser. The laser is formed by a two
stage Zn diffusion into a four-layer heterostructure, grown by liquid phase epitaxy on a
semi-insulating GaAs substrate. The active region is formed by the overlap of the Zn-doped
p region with the Al;Gaj_-As layer. The contacts to the laser diode are on the top of the

device.
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Cathodoluminescence images of the TJS laser provide information about the spa-
tial dependence of the luminescence, the position and dimensions of the diffusion
front, and the location of the active region. Cathodoluminescence spectra provide
information about the local composition, which can be correlated with the images to
map out the structure.

A scanning electron micrograph of the device is shown in Figure 2.8. The laser
was mounted on the cold stage of the cathodoluminescence system, oriented with
the facet of the device facing the objective lens of the microscope. Excitation of the
facet with the electron beam permitted a cathodoluminescence study of a cross sec-
tion of the active region. Spectrally resolved cathodoluminescence images show the
spatial pattern of luminescence from the device at several different wavelengths (see
Figure 2.9). The cathodoluminescence images, taken at four different wavelengths,
show the major features in the spectral emission of the laser diode. Strong lumines-
cence at T100A is observed in the n-type region, in the vicinity of the active layer.
At 79504, near the lasing wavelength, the active region of the device exhibits strong
luminescence. At 82004, near the bandgap of GaAs at 77 K, luminescence is observed
from the substrate, except in the zinc-diffused area. At 84504, strong luminescence
is observed from the diffusion front, corresponding to a donor-acceptor transition in
the highly doped material.

Information from the micrographs can be quantified by correlating it with cathodo-
luminescence spectra, taken using selective excitation of different areas of the laser.

The areas of interest are chosen from the cathodoluminescence images. Three spec-
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Figure 2.8: Secondary electron micrograph of the TJS laser, at low magnification. The
laser is oriented so that the laser facet is in the plane of the micrograph, with the two gold
leads located in the top portion of the micrograph. The active region of the laser is a stripe

oriented orthogonally to the plane of the facet, located a few microns beneath the surface,

between the gold leads.
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Figure 2.9: Spectrally resolved cathodoluminescence images of a cross section of the active
region of a TJS laser, taken at 77 K, with a small admixture of the sécondary electron signal
for spatial reference. Information about the spatial dependence of the luminescence from
the heterostructure can be obtained from these micrographs. The micrographs are taken at

four different wavelengths, and show some of the main features in the luminescence from

this structure.
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tra are shown in Figure 2.10. The peaks near 6200A correspond to the Al,Ga,_,As
cladding layers in the waveguide, with y =~ 0.36. This peak is shifted in the active
region, relative to the n-region of the active layer, due to the presence of a high
concentration of zinc acceptors. Peaks near 8400A correspond to donor to acceptor
transitions in the GaAs substrate. 'I‘he peak at 79214 corresponds to the lasing tran-
sition in the Al,Ga;_,As region, with = = 0.063. The origin of the peak at 71444 in

the n-type region of the active layer is not known.

3 A small amount of aluminum is added to the active region to improve the reliability of the device.
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Chapter 3

Orientation selective epitaxy

3.1 Growth on patterned substrates

Growth on a patterned substrate has been demonstrated to yield some lateral control
of crystal composition. The promise of this technique in the fabrication of higher
dimensional nanometer scale structures is exemplified by its use in the growth of
the first quantum wire laser, using orientation dependent growth rates to define a
single quantum wire at the bottom of a groove [1]. Recently, a lateral variation in the
composition of Al;Ga;_;As grown over oriented grooves in a GaAs substrate has been
observed [2,3,4,5]. Orientation selective epitaxy is a new phenomenon in growth on
patterned substrates, in which the spontaneous, selective formation of a superlattice
is observed [2]. This represents a new capability in crystal growth, with potential
application for in situ growth of nanometer scale structures.

In this chapter, the phenomenon of orientation selective epitaxy will be intro-

duced, and discussed for the case of growth on [011] grooves in a GaAs substrate.
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Alg 25Gag7sAs epilayers were grown by molecular beam epitaxy on [01T] oriented
grooves in a nonplanar (100) GaAs substrate. A quasi-periodic modulation of the
aluminum concentration is observed to occur spontaneously in material grown on the
sides of the grooves. The compositional modulation is associated with a reduction of
the bandgap by 130 meV, with respect to that of the random alloy. While segregation
of the AlGaAs alloy has been seen previously, this is the first observation of segrega-
tion of AlGaAs grown on a (111) surface. The compositional modulation terminates
abruptly at the boundaries with adjacent facets in the groove, forming abrupt lateral
junctions in the AlGaAs layers grown on a groove. This is the first observation of an

abrupt lateral heterojunction formed spontaneously during crystal growth.

3.2 Growth of the crystal

Growth of the epilayers was done in a Riber 2300 molecular beam epitaxy machine, at
a substrate température of 600°C. Grooves, approximately 15 um wide, were etched
parallel to the [011] direction in an undoped, high resistivity GaAs (100) substrate.
The substrate was rotated at 48 rpm during the growth. The structure in the unpat-
terned areas of the sample consists of a 1 um GaAs buffer layer, a 1 um Alg 25Gag r5As
layer, a 1004 GaAs quantum well, and a 1000A Aly,5Gag7sAs cap layer. All layers
are undoped. The quantum well was grown for a different purpose, and did not affect
the results presented here. In order to verify this, cathodoluminescence measure-
ments were done on a sample in which the quantum well had been removed with a

wet chemical etch. No differences were observed in the AlGaAs spectra of the etched
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and as grown samples.

3.3 Cathodoluminescence of AlGaAs in the groove

Epitaxial growth on the grooves produces well-defined facets (see Figure 3.1). Cath-
odoluminescence scanning electron microscopy [6] reveals a correlation between the
facet orientation and the composition of AlGaAs epilayers grown on the grooves.
Figure 3.2 shows spectrally resolved cathodoluminescence images taken of the cross
section of a groove at two different wavelengths. Luminescence at 6700A emanates
from the unpatterned areas of the sample (facet e; see Figure 3.1), the top edge
of the groove (facet c), and the bottom of the groove (facet a). Luminescence at
7000A occurs exclusively on the sides of the groove (facet b). Emission peaks in the
corresponding luminescence spectra occur at 6670A (bottom of the groove and un-
patterned region), and at 7160A (side of the groove). This corresponds to a 130 meV
reduction in the bandgap of material grown on the side of the groove relative to ma-
terial on the bottom of the groove. A series of spectra were taken from points on
the bottom of the groove to study the transition in the composition from the bottom
of the groove to the side of the groove (see Figure 3.3). Two peaks appear in the
spectra. The peak near 6700A has its maximum intensity at the center of the groove.
This peak decreases in intensity as the excitation is moved toward the side of the
groove, while a peak at 7050A appears. The intensity of the 7050A peak continues
to increase as the excitation is moved onto the side of the groove, while the peak at

6700A disappears entirely (not shown). The two peaks remain distinct in cathodo-
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Epilayers

Patterned
Substrate

Figure 3.1: Diagram of the AlGaAs epilayers grown by molecular beam epitaxy on a non-
planar substrate. Growth in the groove takes place on well-defined facets, which are labelled

on the diagram, together with their dimensions.
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Figure 3.2: Spectrally resolved cathodoluminescence micrographs of a cross section of
a groove in the surface. The micrographs represent spatially resolved luminescence at
6700A (a), and 7000A (b). Note that at 70004, only the sides of the groove luminesce,

whereas at 67004, the other facets luminesce and the sides of the groove are dark.
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Figure 3.3: Cathodoluminescence spectra measured using spot excitation at various points
around the border between the bottom of the groove (facet a) and the side of the groove
(faceAt b) (see Figure 3.1). The two peaks remain distinct through the transition from facet
a to facet b, consistent with an abrupt change in composition at the facet boundary. Dotted
line: spot excitation of the center of facet a. Short dashes: excitation spot moved roughly
0.7 pm from the center of facet a. Long dashes: spot moved roughly 1.4 ym from the ceﬁter

of facet a. Solid line: excitation of the border between facets a and b.



44

luminescence spectra at all of the points sampled. This is consistent with an abrupt
lateral change in the composition, from higher bandgap material on the bottom of the
groove, to lower bandgap material on the side of the groove. The spatial resolution
of cathodoluminescence, which is on the order of a micron in GaAs, is insufficient to
measure the length scale on which the compositional transition takes place. In ordey
to determine this, transmission electron microscopy was performed on a cross section

of a groove.

3.4 Transmission electron microscopy of a groove

The sample was prepared for cross sectional transmission electron microscopy using
the standard techniques of mechanical thinning and argon ion milling. The sample
was cooled with liquid nitrogen during the final thinning. Dark field imaging of the
sample was done with a Philips EM430 transmission electron microscope, using the
(200) diffracted beam to reveal variations in the AlGaAs composition [7]. We observe
a quasi-periodic modulation in the composition of AlGaAs grown on the si(ie of the
groove (see Figure 3.4). The modulation occurs in the side facets of the groove,
which are misoriented (111)Ga facets. While not perfectly uniform, the layers are
oriented approximately along the [111] direction. The period is typically in the range
of 50-70A. On the bottom [~ (811) orientation] and top [~ (411) orientation] facets,
the AlGaAs composition is observed to be uniform. At the interface between these
facets and the side facet, the composition undergoes an abrupt lateral transition from

uniform to compositionally modulated AlGaAs (Figure 3.5).
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Figure 3.4: Dark field transmission electron micrograph of a cross section of the side of the
groove, using the (200) reflection. The quasi-periodic contrast corresponds to compositional
modulation of the AlGaAs grown on the side facet of the groove. The segregation of Al and
Ga occurs spontaneously during the growth, forming layers of alternating Al concentration

approximately along the [111] direction. The period in this area is about 70A.
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Figure 3.5: Dark field transmission electron micrograph of a cross section of the groove,
showing the interface between material grown on the side of the groove and on the bottom
of the groove. The left half of the micrograph shows material grown on the bottom of the
groove. The right half, in which compositional modulation is seen along the [111] direction.

shows material grown on the side of the groove. The compositional modulation is observed

to terminate abruptly at the border between facets.
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The period of the modulation is not correlated with the period of rotation of the
substrate. Approximately 3-5A of AlGaAs was deposited in the time required for
one rotation of the sample holder. This is approximately the thickness of a single
monolayer of growth.

Transmission electron microscopy was done on another growth to verify the exis-
tence of compositional modulation on the sides of the groove. The growth was done
under the same conditions as were described above, and the results confirm the ob-
servations presented in this letter. Compositional modulation was observed to occur
only on the side facets of the groove, along the [111] direction. The modulation was
associated with a reduction in the bandgap observed by cathodoluminescence.

The compositional modulation observed in growth of AlGaAs on grooves in a
GaAs substrate occurs selectively on particular facets in the growth. Furthermore,
the abrupt termination of the modulation indicates that the mechanism responsible
for the segregation is strongly dependent on the orientation of the surface. This
constitutes a uqique structure in III-V crystals. For this reason, we have named the
growth technique orientation selective epitazy (OSE), and refer to the compositional

modulation as an OSE superlattice.

3.5 Zinc diffusion induced disordering of the OSE

superlattice

In order to verify that the OSE superlattice observed by TEM is responsible for

the facet dependence of the cathodoluminescence emission, zinc was diffused into the
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sample. Zinc diffusion is known to disorder GaAs/AlGaAs superlattices by facilitating
the intermixing of Ga and Al atoms within the column III sublattice. This technique
has been shown to disorder the column III sublattice in other ordered alloys [8,9,10].
The sample was sealed in an evacuated quartz ampoule with ZnAs, as the diffusion
source, and placed in a 650°C furnace for one hour. The diffusion parameters were
chosen to completely disorder the compositional modulation. After the diffusion,
ca.thodoluminescence spectra taken at 77 K showed that the emission peak occurred
at 6920A throughout the sample. The luminescence peak of the Zn-diffused AlGaAs
is expected to be shifted toward longer wavelengths, due to band tailing and bandgap
shrinkage [13]. Relative to the spectra taken from the sample before the diffusion,
the luminescence peak from the unpatterned région shifted toward lower energies by
60 meV, and the peak from the sidewall shifted to higher energies by 67 meV. A
similar diffusion, done at 600°C for one hour, resulted in only partial disordering of
the superlattice.

The CL spectra of the sample after the 650°C diffusion indicate that the com-
position of the AlGaAs epitaxial layers was uniform. Thus, the OSE superlattice is
responsible for the differences in the spectra from the various facets. Furthermore,
the average aluminum concentration of the AlGaAs grown on the (111) facet is about
the same as the aluminum concentration of uniform Alg 25Gag 75As grown on the (100)

areas of the sample.
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3.6 Discussion: Orientation selective epitaxy

Previous work has shown that compositional modulation due to alloy ordering is
associated with a reduction in the effective bandgap of the material [8,9,10,11]. Thus,
the TEM data are consistent with the cathodoluminescence data, which show that the
peak in the luminescence spectrum of the side of the groove is shifted to lower energy
by 130 meV relative to the corresponding peak in the spectrum of the bottom of the
groove. A first order calculation, based on an envelope function calculation of the
electronic states in a superlattice [12], indicates that the amplitude of the modulation
is quite large (Az > 0.3), with a minimum Al concentration near zero (Tmin < 0.1).
In Figure 3.6, the expected shift in the luminescencé peak of a periodic superlattice,
relative to the position of the spatially averaged potential, is plotted as a function
of the minimum aluminum fraction. The increased linewidth of the AlGaAs peak
from the side of the groove, relative to the peak from the bottom of the groove, is
attributed to fluctuations in the amplitude and period of the OSE superlattice.

In III-V materials other than AlGaAs, ordering has been observed in the form
of monolayer superlattices in the [111] direction, sometimes accompanied by com-
positional modulation along the [100] growth direction [8,11,14,15,16,17]. Bellon et
al. showed that the compositional modulation occurs exactly along the [100] direc-
tion, even though the growth direction was tilted by 6° [17]. Monolayer superlattices
in the [110] growth direction have bgen observed in InGaAs [18].

Segregation in Al,Ga;_,As is surprising because of the unique properties of this

alloy. The sizes and electronegativities of Al and Ga are nearly identical, and the
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bulk phase diagrams indicate that AlAs and GaAs should be fully miscible under
normal growth conditions [19]. Nevertheless, long-range ordering of the Al,Ga;_,As
alloy has been observed [20,21,22]. Compositional modulation of AlGaAs grown by
conventional MBE has only been seen in the [110] and [100] directions [20,21]. In
both cases, the modulation is observed to occur along the growth direction. Our
observation of compositional modulation occurring spontaneously in growth on a
(111) surface is new for the Al;Ga;_;As alloy.

The OSE superlattice bears some similarity to a tilted superlattice grown on vic-
inal (100) GaAs substrates [23]. There are several significant differences between
these results and ours. First, the direction of growth is different. Second, in our work
the molecular beams were on continuously, whereas the growth of tilted superlattices
requires the use of alternating beam deposition to induce the segregation. Finally,
the junctions formed between compositionally modulated material and uniform ma-
terial are lateral to the growth plane in our work, whereas they occur in the growth
plane in tilted superlattices. Still, there may be a connection between the mecha-
nisms responsible for alloy segregation in the two experiments. This is investigated

in Chapter 4.

3.7 Conclusions

The spontaneous, selective growth of a superlattice by orientation selective epitaxy
represents a new capability in crystal growth, with potential application to in situ

growth of higher dimensional nanometer scale structures. Qur observation of an
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abrupt lateral junction in a semiconductor alloy grown by MBE is new and potentially
useful, because of the associated change in the bandgap. The termination of the OSE
superlattice at the facet boundary effectively forms a lateral heterojunction, providing
one way to use the orientation dependent properties of crystal growth to yield three
dimensional control of the electronic states in a crystal. The theory and applications
of OSE growth are discussed in Chapter 4, and the work is extended to growth on

different surface orientations in Chapter 5.
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Chapter 4

Orientation selective epitaxy:

Theory

4.1 Introduction

In the last chapter, growth on patterned substrates was shown to be capable of the
selective growth of a superlattice on particular facet orientations. ThltS capability,
named orientation se.lective epitaxy, suggests the possibility of using substrate orien-
tation as a tool for growing three dimensional structures in situ.

The optical and electronic properties of a nanometer scale structure depend on
the nature of surrounding surfaces and interfaces. Using molecular beam epitaxy,
it i1s possible to fabricate a heterojunction which is abrupt to within a few atomic
layers. While t‘hlis capability ﬁas made possible the growth of quantum wells with
extremely high luminescence efficiency, the interfaces are not, in fact, perfect. Recent

understanding of the mechanisms involved in MBE growth has resulted in improve-
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ment of the quality of heterointerfaces through modification of the growth technique.
The question therefore arises as to whether optimization of the growth parameters
can improve the quality of superlattices, and other structures, grown by orientation
selective epitaxy.

Monte Carlo simulations have been used to study molecular beam epitaxial growth,
and to point toward techniques for improving the quality of crystals grown by molec-
ular beam epitaxy. Interruption of thé growth was predicted, and later shown, to
reduce the roughness of heterointerfaces in the MBE growth of AlGaAs/GaAs quan-
tum wells. Similar simulations, applied to orientation selective epitaxy, might provide
information about the nature of the observed structures and interfaces, and suggest
ways to modify the growth for improved characteristics.

In this chapter, the mechanism of orientation selective epitaxy will be discussed.
The nature of MBE growth will be introduced, and issues relevant to orientation se-
lective epitaxy will be discussed. Migration enhanced epitaxy and the growth of tilted
superlattices will be presented, because the issues involved are directly applicable to
orientation selective epitaxy. It will be shown that there is a connection between
orientation selective epitaxy and the growth of tilted superlattices by migration en-
hanced epitaxy. This connection is based on the effect of the surface orientation in
a patterned substrate on the fluxes of atoms and molecules arriving at the surface.
Calculations of time dependent fluxes on patterried substrates and simulations of
crystal growth will be presented in support of this model. Finally, applications of

these techniques to the in situ growth of nanometer scale structures and devices will
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be discussed.

4.2 Molecular beam epitaxy

Molecular beam epitaxial growth of crystals is accomplished through the deposition
of atoms and molecules on a heated substrate in an UHV environment (Figure 4.1).
The growth rate is sufficiently low that, by shuttering the fluxes, it is possible to
control the composition with precision along the growth direction approaching one
monolayer. Critical to the quality of heterointerfaces is the surface roughness dur-
ing growth. If atoms and molecules were incorporated randomly into the crystal,
the surface would become rough, and it would be impossible to grow abrupt hetero-
junctions. Because interface roughness affects the electrical and optical properties of
heterostructures grown by MBE, the surface morphology during growth is important
for device structures [1]. Therefore, MBE must promote planar growth if it is to
produce optimized structures. This is highly dependent on the surface kinetics of

adatoms during growth, which are related to the growth conditions.

4.2.1 Nucleation and growth

In MBE, atoms and molecules migrate on the surface before being incorporated into
the crystal. Incorporation into the crystal occurs at kinks and steps in the surface,
where the binding energy is higher and adatoms are stabilized against migration.
Whether the surface becomes planar or rough depends on the nucleation and growth

mechanism.
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Figure 4.1: MBE growth chamber.
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Much of what is known about GaAs nucleation and growth by MBE is determined
by reflection high energy electron diffraction (RHEED). This method of monitoring
the surface during growth is unique to MBE, because the growth is done in ultra-
high vacuum conditions. During the growth, the RHEED electron beam impinges
on the surface at a glancing incidence. Electrons, diffracted by the crystal surface,
are imaged on a screen. The intensity of the RHEED signal is related to the surface
roughness, so oscillations in the RHEED intensity are interpreted as oscillations in
the step density on the surface [2,3].

For growth on a flat surface, atoms and molecules arriving at the surface will form
islands, and growth will proceed via addition of atoms to the edges of the islands.
The density of steps on the surface will then increase as islands start to form, and
decrease as separate islands merge to form a complete layer. If the growth is done on
a substrate which is misoriented from a low index crystalline plane, the surface will
have terraces and steps, with a cha,racteristic‘ terrace width determined by the degree
of misorientation. If the adatoms are sufficiently mobile, they will migrate to the steps
at terrace edges, where they can be incorporated into the crystal. In this case, growth
will occur by step flow, resulting in smooth, layer by layer growth [2] (see Figure 4.2).
Otherwise, growth will occur by island nucleation, producing rough surfaces and
interfaces. Whether island or step nucleation dominates is highly dependent on the
conditions which affect the surface diffusion of adatoms.

Under some growth conditions, the RHEED oscillations have been observed to

disappear. This phenomenon has been interpreted as a transition from 2-D nucleation
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Figure 4.2: Growth by step flow and island nucleation.
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to step flow, and has been used to estimate the surface diffusion length. Surface
diffusion is found to be very sensitive to the growth conditions, depending on the Ga

flux, the As flux, the substrate temperature, and the surface reconstruction [2,3].

4.2.2 Kinetics of GaAs/AlGaAs growth

The growth of a crystal by MBE involves the deposition of atoms and molecules
from the vapor phase. Subsequent rearrangement of atoms on the surface can occur
by surface migration, desorption, reactive incorporation of molecules, and exchange
reactions. However, these processes occur far from thermodynamic equilibrium, so
that the composition of the crystal is determined by configuration dependent kinetic
rates, rather than by thermodynamic stability [4]. Once the crystal is formed, the
bulk diffusion parameters are far too slow to allow relaxation into the lowest energy
state. For this reason, it is possible to grow epitaxial layers which have a significant
amount of excess strain energy and a low defect density. Furthermore, uniform alloys
can be grown, in spite of the presence of a miscibility gap in the mixture.

In the application of MBE to GaAs/AlGaAs growth, the group III atoms, Ga and
Al, are supplied as atomic species, and the group V element, As, is supplied as either
diatomic or tetratomic molecules. At substrate temperatures below 650°C, Ga and Al
have sticking coeflicients of essentially unity, meaning that desorption of these atoms
is negligible. Upon arrival at the surface, Ga and Al atoms bind to atoms in the layer
beneath. They subsequently migrate on the surface, until encountering a step, a kink
site, or other unbound group III atoms, whereupon reaction with arsenic can stabilize

them against further migration. Arsenic, on the other hand, is much more volatile,
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and desorbs fairly readily, unless it finds a suitable site for incorporation. For this
reason, growth is usually done with an excess of arsenic to ensure that stoichiometry
is maintained. The fluxes of Ga and Al, in this case, determine the growth rate, and
the incorporation of arsenic is determined by the time dependent atomic configuration
of the surface.

Arsenic plays a significant role in determining the kinetics of growth. Growth
of a crystal by step flow requires that the Ga and Al atoms be able to migrate to
step edges, before reacting with arsenic. If this is not possible, islands will form on
the surface, and the growth will occur by 2-D nucleation. Arsenic, which arrives as
diatomic or tetratomic molecules, undergoes a dissociative reaction with Ga and Al
on the surface, to form GaAs and AlAs molecules. Whereas Ga and Al atoms migrate
readily on the surface, GaAs and AlAs migrate more slowly [5].

In the absence of As, migration of Ga and Al is significantly enhanced. Island
formation is reduced, because the islands are less stable against breaking up. The
surface roughness decreases significantly, because the group III atoms, in the absence
of arsenic, will form a single monolayer on the As-stabilized substrate. Gallium
or aluminum atoms are only weakly bound to a Ga-stabilized surface, and quickly
migrate until they encounter a step edge, where they can bind to an arsenic atom. The
kinetics of growth under these conditions have been used to advantage in migration
enhanced epitaxy, which will be discussed in section 4.4.

Incorporation rates for arsenic, and hopping rates for gallium and aluminum, have

a significant dependence on the configuration of atoms on the surface. Therefore, the
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evolution of the surface is determined by the interaction of these kinetic processes.
The rates for various processes depend on user-defined parameters, such as atomic
and molecular fluxes, substrate temperature, and substrate orientation. Unfortu-
nately, these configuration dependent rates are essentially unknown. Measurements
of such pararneters as surface diffusion length have been made, but these represent an
average over all atomic processes, and may depend on parameters such as impurity
concentration and the condition of the substrate. In order to simulate the kinetic
nature of MBE growth, rates for these processes must be estimated from bulk crystal

parameters and whatever measurements are available [4].

4.2.3 Monte Carlo simulation of MBE growth

Lack of knowledge of the configuration dependent rates limits the quantitative ac-
curacy of Monte Carlo simulations of growth, particularly with regard to specific
material systems and growth conditions. Nevertheless, the surface kinetic nature of
atomistic growth, which is essential to the MBE growth process, is inaccessible to
other forms of simulation. The usefulness of these simulations lies in developing a
conceptual framework for understanding MBE growth, in which the relative impor-
tance of various processes can be understood, related to the growth conditions, and
applied to improve the quality of crystals grown under modified conditions. This has
been demonstrated by the advent of Agrowth interruption as a technique for obtaining
smoother heterojunctions and improved optical properties of heterostructures [6].
Growth of a crystal by molecular beam epitaxy takes place far from thermody-

namic equilibrium. The crystal composition and surface roughness during growth are
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determined by kinetically controlled atomic processes, with rates which depend on
user-defined growth conditions. For the purposes of Monte Carlo simulation, these
atomic processes, which include the migration of adatoms on the surface, reactive dis-
sociation of molecular species, desorption of atoms and molecules from the surface,
and Ga-Al exchange reactions, can be modeled as Arrhenius processes with configu-
ration dependent activation energies [4]. A representative process, with an activation

energy, E,, and a rate constant, Ry, will occur with a rate, R, defined by

—E,
R = Ryexp oT (4.1)

where k is Boltzman’s constant, and T is the substrate temperature during the growth.
The configuration dependence of the rates can then be incorporated into the values
of Ry and E,.

A simulation begins with the random arrival of an atom on the substrate surface.
The times for the various processes are calculated, based on configuration dependent
rates, and events are allowed to occur in temporal order. Whenever the arrival or
departure of an atom from a site in the crystal affects the rate of processes for a
nearby atom, the times for the processes are recalculated. In this way, all of the
configuration dependent processes can be tracked through the history of the growth.
Before proceeding to the application of such a simulation to orientation selective
epitaxy, the kinetic nature of ordering and segregation in the AlGaAs alloy will be

discussed.
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4.3 Alloy growth in ITI-V epitaxy: Ordering and
segregation

Semiconductor III-V alloys, such as Al,Ga;_,As, exhibit a composition dependent
bandgap. This has been used for bandgap engineering in heterostructure device de-
sign and fabrication, by applying crystal growth techniques to control the alloy com-
position. In AlGaAs, the aluminum and gallium are incorporated into (nominally)
random sites in the group III sublattice. This random distribution affects electrical
transport in the alloy, by causing scattering of electrons and holes. Local variations
in the composition, which would result from alloy clustering, have an effect on the
electrical and optical properties of the crystal. Nonrandom distribution of atoms in
the alloy is, therefore, important to the performance of devices fabricated from these

_crystals.

Recently, there has been a lot of research on ordering effects in semiconductor
alloys. Ordering, in the sense of preferential incorporation of the different atomic
species at specific sites in the crystal lattice, has been observed in séveral material
systems. This often takes the form of a monolayer superlattice, in which two compo-
nents of the alloy are incorporated in alternate monoatomic layers of the growth [7].
This type of superlattice is detectable by electron diffraction from the crystal, causing
the appearance of forbidden reflections in TEM diffraction patterns. Compositional
modulation has also been observed, in which the alloy segregates into layers se§eral
unit cells thick, which alternate in composition. This has been observed by imaging

the layers with transmission electron microscopy [8].
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In several of these alloys, spinodal decomposition of the alloy into separate phases
occurs, as a result of a miscibility gap in the alloy under the growth conditions
employed. In some cases, spinodal decomposition has been observed under conditions
which would not give rise to a miscibility gap for the bulk material. The observation
of spinodal decomposition in these cases was attributed to strain in the growing layer
imposed by a lattice mismatch between the epitaxial layer and the substrate. Petroff
et al. observed compositional modulation in AlGaAs grown by MBE on (110)GaAs [8].
The compositional modulation was oriented approximately along the (110) direction
of growth, exhibiting small deviations from that orientation. This was the first such
observation of compositional modulation in AlGaAs, and it was attributed to spinodal
decomposition of the alloy. The authors proposed that a miscibility gap exists in
AlGaAs grown on (110)GaAs, due to an orientation dependent phase diagram in
MBE [8]. Compositional modulation in AlGaAs growth on (110)GaAs was later
verified by Kuan et al., in a seminal paper published in 1985 [7]. The primary purpose
of this paper was to show the existence of long-range order in AlGaAs grown by MBE
and OMVPE on both (100) and (110) substrates. This was the first observation of
long-range ordering in any III-V semiconductor ternary alloy. The order, which took
the form of a monolayer superlattice, was assertéd to be the equilibrium phase of
AlGaAs below 800°C. Kinetic effects, as an explanation for the ordering, were ruled
out by the authors on the basis of observed ordering in the [010] and [001] directions
for [100] growth [7].

The existence of spinodal decomposition in AlGaAs would be very surprising. Al-
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GaAs is unique in that the sizes and electronegativities of aluminum and gallium
are nearly identical, so that there is very little strain involved in the formation of
the alloy. In this case, the free energy which could drive the alloy into a segregated
equilibrium state would not be expected to overcome the entropy of mixing. In fact,
AlAs and GaAs are expected to be completely miscible under normal growth condi-
tions. Calculations of the effect of strain on the phase separation of alloys were done
by Zur and McGill, who concluded that the strain in AlGaAs is too small to open
a miscibility gap [9]. They further concluded that a negative enthalpy of mixing,
induced by charge transfer from weaker Ga-As bonds to stronger Al-As bonds [10],
is not sufficient to stabilize an ordered state of AlGaAs at the growth temperatures
employed [9]. Cohen and Schlijper [11] explicitly recognize that the bulk interdiffu-
sivity of aluminum and gallium is too small for thermodynamic phase separation itoA
occur, and that the material will probably be out of global thermodynamic equilib-
rium. For this reason, they do not consider phase separation. With regard to the
ordering observed by Kuan et al., they argue that surface diffusion can generate an
ordered state, and that strong multiatom interactions can account for stability of
long-range order without invoking strain. Having concluded that the ordered state is
thermodynamically stable under the growth conditions used by Kuan et al., and that
the arrangement of atoms can be modified by diffusion on the surface, they conclude
that the ordering observed by Kuan et al. is thermodynamic.in origin [11].

The arguments based on thermodynamic stability of ordered states do not ade-

quately demonstrate the relevance of thermodynamic stability to MBE growth. Fur-
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thermore, Gaines et al. [12] have grown AlGaAs under conditions which maximize
surface diffusion of gallium and aluminum, and rather than ordering, they find that
the gallium and aluminum exhibit kinetic segregation on terraces in the substrate
(see section 4.4.2). Thermodynamically driven segregation and ordering in AlGaAs
were contested by Madhukar, who contended that MBE growth occurs far from ther-
modynamic equilibrium, and that segregation of aluminum and gallium is caused by
kinetic effects in MBE growth [4,13]. Madhukar suggested that the orientation de-
pendent surface geometry, based on tetrahedral bonding in GaAs/AlGaAs, should
play a significant role in interlayer diffusion during growth. Furthermore, exchange
reactions should play a greater role in [110] growth than [100] growth [13]. Finally,
Ma,dhuka.r has stated that the nearly periodic Al conceﬁtration fluctuation, observed
by Petroff et al. [8], may be explained by a strain dependent activation barrier for
Al-Ga exchange reactions [4]. If segregation were caused by thermodynamics, then
decreasing the growth rate would be expected to enhance the effect [4,14]. This ex-
periment was performed by Wang et al., in a study of segregation in AlGaAs growth
on GaAs(110) [15]. Reduction of the growth rate from 1 gm/h to 0.3 um/h re-
duced the 10 nm scale compositional modulation, contrary to expectations based on
thermodynamic segregation, but a monolayer superlattice existed under all growth
conditions employed [15]. On the basis of this observation, Van Vechten introduced
a model for kinetic segregation of aluminum and gallium into a monolayer superlat-
tice. The model, which is based on Ga-Al exchange reactions driven by the energy

release in bond formation, predicts that steps in the surface can give rise to the type
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of segregation reported by Wang et al. [14,15].

The ordering observed by Kuan et al. [7] has been explained by Ogale et al. in
terms of the surface reconstruction during growth [16]. In particular, Ogale et al. were
able to reproduce long-range ordering, both in-plane and normal to the growth plane,
using Monte Carlo simulations of Aly33GagerAs growth on a reconstructed (100)
surface. The kinetically based in-plane ordering, demonstrated by this calculation,
serves to refute the statement made by Kuan et al. that long-range order must be
thermodynamic in origin [7], thus resolving the theoretical difficulty presented by
observed long-range ordering in nonequilibrium MBE growth of AlGaAs. There is yet
another mechanism for spontaneous segregation in AlGaAs, which is explicitly kinetic
in origin. This involves the growth of tilted superlattices, via migration enhanced

epitaxy, and will be discussed in section 4.4.

4.4 Migration enhanced epitaxy

Migration enhanced epitaxy (MEE), a modification of molecular beam epitaxy, pro-
duces crystals with interfaces smooth to within a monolayer. In MEE, the surface
of a growing crystal exhibits a self-flattening effect, resulting from the kinetics of Ga
migration in an arsenic-free environment [5]. By shuttering the atomic and molecular
beams, Ga and As are supplied to the surface in cycles. The period of the cycle is
typically chosen so that one complete monolayer is deposited per cycle.

The cyclic deposition scheme used in the growth of GaAs by migration enhanced

epitaxy is shown in Figure 4.3. Ga is deposited in an As-free environment during
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the first part of the cycle. When enough Ga has been deposited for one complete
monolayer of coverage, the Ga flux is turned off. For a short period of time, none
of the beams are active. Ga atoms may migrate freely during this half of the cycle.
The kinetics of growth in the albsence of arsenic are such that the Ga -atoms form a
single monolayer on the As-stabilized substrate. During the final part of the cycle,
As is deposited to complete the growth of the monolayer. Because Ga is deposited
in an As-free environment, the effective diffusion length of Ga atoms is significantly
longer than would be the case in conventional molecular beam epitaxy at the same
substrate temperature. Consequently, one of the applications of this technique is to
grow high quality GaAs epitaxial layers at considerably lower temperatures than are

normally required.

4.4.1 Tilted superlattices

Migration enhanced epitaxy can be applied to the growth of AlGaAs as well. By
arranging the shutter sequence so that Al and Ga are deposited during different parts
of the cycle, layer by layer growth is possible, in which the Al and Ga are deposited on
different parts of terraces on a vicinal substrate. Such a deposition scheme was pro-
posed by Petroff et al. [17], prior to the development of migration enhanced epitaxy,
in order td grow superlattices oriented at an angle with respect to the substrate. The
idea was to deposit partial layers of GaAs and AlGaAs, which would, in growth by
step flow, be incorporated at steps in the surface. Such a deposition scheme would,
ideally, result in the formation of a superlattice, (GaAs),,(AlGaAs),, with a tilt an-

gle that depends on the total amount of surface coverage per cycle, m + n. Initial
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efforts to grow such structures failed, because of a stated inability to grow ordered
superlattices with m + n <= 1.7 [17]. The failure was probably due to nonuniform
growth at step edges, related to the relatively short diffusion lengths of Ga and Al at
the growth temperatures employed. Fractional layer superlattices were successfully
grown using MOVPE [18], a t(_echnique which has a higher surface diffusion rate than
conventional molecular beam epitaxy.

Tilted superlattices (TSL) were successfully grown by MBE only after the alter-
nating deposition technique of migration enhanced epitaxy was utilized to increase
the surface diffusion length [12,19]. By introducing another stage into the MEE cycle,
in which Al atoms are deposited and allowed to migrate, Gaines et al. succeeded in
getting kinetic segregation of Al and Ga on the terraces (see Figure 4.4). During each
of the group III deposition stages, the Ga and Al atoms are preferentially deposited
at steps in the surface. The existence of the TSL, which was observed directly by
transmission electron microscopy, shows that the layer by layer growth via step flow
is of sufficient quality to form periodic structures lateral to the growth direction.

The role of the arsenic flux in TSL growth is not as important as that of the group
IIT fluxes. In the experiments of Gaines et al., this was tested by attempting TSL
growth without shuttering of the arsenic beam. No difference in the TSL growth was
observed [12].

One very interesting result was the formation of a TSL on substrates misoriented
toward the [011] direction on a (100) substrate, but not on substrates misoriented

toward the [011] direction [12]. This was attributed to differences in the structure
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Figure 4.3: Shutter sequence used in migration enhanced epitaxial growth of GaAs.
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Figure 4.4: Deposition scheme for tilted superlattice growth. (After Gaines et al., 1988.)
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of steps on a (100) substrate for the different misorientations, observed by Pukite
et al. [20]. Steps on substrates misoriented toward the [011] direction have a large
variation in step width and a low density of kinks, whereas substrates misoriented
toward [011] have regularly spaced steps and a high density of kinks. These differences
would be evident in the TSL growth, because the period of a TSL originates from
the period of steps in the surface. Based on Pukite’s observations, misorientation
toward [011] would result in TSL’s which have relatively straight boundaries, but
which are not very periodic. Misorientation toward [011] would result in a periodic
TSL, which does not have straight boundaries. The second case may not be conducive
to observation by transmission electron microscopy, because transmission of électrons
through a TSL with crooked boundaries would result in a reduction of contrast. The
first case corresponds to the observations of Gaines et al. It is possible that growth
of a GaAs layer by MEE results in regular terrace widths, accounting for the periodic

nature of the TSL growth reported by Gaines et al. [12].

4.4.2 Coherent tilted superlattices

TSL growth has also been achieved with coherent deposition of Ga and Al during
MEE growth [21] (see Figure 4:5). The resulting coherent tilted superlattice (C-
TSL) resembles the TSL reported by Gaines et al. [12]. C-TSL growth was only
observed for misorientation toward the [011] direction. By comparison of the phases |
of segregation in the growth of TSL on C-TSL, and vice versa, it was determined that
Al is deposited preferentially at the step riser, and Ga is deposited at the step edge.

This was attributed to the difference in the kinetics of Ga and Al migration during
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Figure 4.5: Deposition scheme for growth of a coherent tilted superlattice (after Tsuchiya

et al., 1989).
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crystal growth, in the following manner. As the growth of the layer proceeds, Ga
atoms which encounter the step risers are weakly bound, relative to aluminum atoms.
Therefore, aluminum atoms displace the gallium atoms at the steps, so that after one
monolayer is deposited, aluminum is concentrated at the step riser, and gallium at
the step edge. The modulation amplitude of the C-TSL, as expected, is not as strong

as for the TSL.

4.5 Orientation selective epitaxy

Orientation selective epitaxy, as we have shown in previous chapters, produces a su-
perlattice selectively on particular crystal facets in AlGaAs grown on a patterned
substrate. Growth on unpatterned areas of the same crystal do not exhibit the super-
lattice structure. We propose that orientation selective epitaxy can be attributed to
the kinetics of MBE growth on stepped surfaces, Ausing time dependent fluxes induced
by rotation of the substrate. In support of this hypothesis, we will present the results
of calculations of the time dependent fluxes in the growths discussed in this thesis,

and of Monte Carlo simulations based on these calculations.

4.5.1 Surface chemistry

The chemistry on the growing surface, which determines the growth kinetics, is a
function of the surface orientation. The geometry of bonds, the surface interatomic
distance, and the surface reconstruction are facet dependent, so that kinetic rates

vary from facet to facet. An example of this orientation dependence is given by
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grooves oriented in the [01I] and [001] directions. The sides of the grooves in these
cases are {111}Ga and {101} planes, respectively. The former is a polar surface,
consisting of alternate layers of group III and group V atoms, whereas the latter is a
nonpolar surface, consisting of layers containing equal numbers of group III and group
V atoms. Clearly, the chemistry of these two radically different surfaces will affect
the nature of growth. These effects were cited by Madhukar as potential causes of the
Al-Ga segregation observed in AlGaAs grown on (110)GaAs [13] (see section 4.3). In
particular, growth on {101} planes is susceptible to the formation of facets, creating
local changes in the surface orientation.

As we have seen in the case of the tilted superlattice, the chemistry can be mani-
fested in subtle ways as well. TSL growth was observed in growth on (100) substrates
misoriented toward the [011] direction, but not on substrates misoriented toward the
[011] direction, due to a difference in the structure of steps on the misoriented sur-
faces. In the same way, growth on the sides of grooves can be expected to depend on
subtle misorientation of the side facets, as well as on gross changes in the activation
barriers for migration on different crystal planes. The degree of misorientation, the
direction of the steps, and the step roughness will depend on the preparation of the

substrate, and on the growth conditions during deposition of the buffer layer.

4.5.2 Geometry of MBE growth on nonplanar surfaces

The effect of the geometry of the MBE chamber on growth on patterned substrates
has long been recognized [22]. The atomic and molecular beams, impinging on the

substrate at an angle dictated by the relative orientation of the effusion cells and
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the substrate, will have different effective fluxes on variously oriented crystal facets.
It was believed, however, that rotation of the substrate compensates for this effect,
because the time averaged flux arriving at the surface is proportional to the cosine
of the angle between the surface normal and the rotation axis, assuming that the
Ga and Al beams are incident at a sufficiently shallow angle that the fluxes do not
go to zero during any part of the rotation. In this case, the relative fluxes averaged
over time would be independent of surface angle. We have seen, however, that time

dependent fluxes can have an important effect on the kinetics of crystal growth.

4.5.3 Time dependent fluxes

In the MBE growth chamber, the effusion cells are located on the periphery of the
chamber. The atomic and molecular beams impinge on the substrate surface at an
angle with respect to the rotation axis (see Figure 4.6).

The time dependence takes the form of
F(t) = Fy[cos®gq,aic088 — sin®g, a15inbcos(wt — vg,, 1)) ) (4.2)

where Fycosf is the time averaged flux, € is the angle between the surface normal
and the rotation axis, w is the angular frequency of substrate rotation, g, s is the
projection of the effusion cell position on the plane of the substrate, and ®g, 4 is
the azimuthal angle of the effusion cell. Because this equation gives a negative flux
if § +® > 7/2, it is understood that the flux is zero in this case. When 6 + & = 7/2,

equation 4.2 takes the simpler form

t a
F@t)= 2Focos‘I>Ga,A1cosﬁlsin2(f2— — %) (4.3)
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There are two important points to be made here. First of all, if the § + & < /2,

then the time averaged flux is given by
F = Fycos®g, gic0s6. (4.4)

Therefore, each of the atomic and molecular beams has the same cosf dependence
of the time averaged flux. If interfacet diffusion were neglected!, the growth rate
on the different facets would be proportional to cosf. This implies that the average
composition should be independent of facet orientation. The second point is that
the time dependent fluxes may give rise to compositional modulation, in spite of the
average composition being independent of facet angle. In the following sections, we

‘will consider the various ways in which this can occur.

4.5.4 Substrate rotation induced compositional modulation

Substrate rotation has been cited as the cause of periodic variation of alloy composi-
tion along the growth direction [24,25]. This effect results from time dependent fluxes
due to inhomogeneities in the beams arriving at the substrate. The spatial period
of the compositional modulation was shown to be equal to the temporal period of
the substrate rotation during growth, multiplied by the growth rate. For several rea-
sons, this effect could not be responsible for the compositional variations observed
in. our experiments. The primary evidence for this is that the observed period of
compositional modulation in our experiments is much larger than the product of the

rotation period and the growth rate. With a growth rate of 0.88um/h, and a rotation

Tt is reasonable to neglect interfacet diffusion for the growth temperature used in our experiments

(600°C), but at higher growth temperatures the interfacet diffusion becomes very important [23].
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rate of 26 rpm, approximately 5.6A of AlGaAs was deposited on the (100) facets per
revolution, corresponding to two monolayers of growth. Because the growth rate is
smaller on angled facets, compositional modulation with the observed period of 70A
could not originate from this mechanism. Furthermore, compositional modulation in
our samples is observed to intersect with the substrate/epilayer interface, which rules

out mechanisms that predict compositional modulation along the growth direction.

4.5.5 Beat frequency compositional modulation

If the period of rotation were different than the time required for the growth of a
single monolayer, then the composition of the monolayers may exhibit modulation
due to the beat frequency between the rotation frequency and the monolayer growth
rate. This could result in periodic compositional modulation, with a spatial period
similar to that observed in our experiments.

The beat frequency modulation can be parameterized in terms of a frequency
mismatch parameter, M, which is defined as the ratio of number of atoms in a mono-
layer to the number of atoms deposited in one rotation period. This is approximately
equivalent to the time to grow a monolayer, t,,;, divided by the rotation period of the

substrate, t,o::

# of atoms in a layer _ tm

M= ~

# of atoms in one rotation  t,,

(4.5)

With this definition of M, and a specified geometry of the MBE growth chamber,
the fluxes can be integrated to get the expected composition of successive layers in

the growth. In Figure 4.7, the compositional modulation for two different geometries,
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with M = 1.05, has been plotted. The amplitude of the modulation is not very
large, however. For a mismatch of M = 1.05, we calculate that the aluminum frac-
tion will vary in the range of approximately = 0.25(+0.02, —0.01), with a spatial
period of approximately 56A. An effect of this magnitude would have a negligible
effect on the spectral emission, and it would be at the very limits of detecti(_)n by
transmission electron microscopy. Compared to the in-plane compositional modula-
tion discussed in section 4.5.6, beat frequency compositional modulation is a small
effect, and would only be expected to dominate in the two dimensional nucleation and
growth regime. In this case, a multilayer growth front would reduce the amplitude
still further, and clustering effects [26] would probably have a more significant im-
pact on the bandgap than béat frequency compositional modulation. If the mismatch
parameter were larger, the spatial period of the modulation would be shorter, with
a corresponding increase in the amplitude. This would, possibly, improve the ease
of detection by transmission electron microscopy, but it would not alter the spectral
emission significantly, because the effects of amplitude and period on the bandgap
offset one another.

To the extent that the growth rate does not fluctuate, beat frequency compo-
sitional modulation would be expected to be perfectly periodic and aligned to the
growth direction, which does not correspond to our observations. Changing the ge-
ometry, by increasing the angular separation between the group III effusion cells, in-
creases the amplitude by a small amount, and increases the thickness of the gallium-

rich layers. This would improve the robustness of the compositional modulation
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against being smeared out by a rough growth front. The modulation can be tuned,
to a certain extent, by changing the rotation rate of the substrate. However, the
amplitude of the compositional modulation is related to the period in a way which is
fixed by the geometry and the mismatch parémeter, so that the amplitude and period
cannot be changed independently. Furthermore, as we have mentioned, changes in
amplitude and period tend to offset one another with respect to the bandgap of the
resulting superlattice structure.

For the reasons outlined in the preceding discussion, beat frequency compositional
modulation is not likely to be responsible for the compositional modulation observed
in our experiments. A more likely candidate is a mechanism which is related to the
growth of tilted superlattices by migration enhanced epitaxy, which is the subject of

the next section.

4.5.6 Orientation selective epitaxy and the OSE superlattice: Selective

migration enhanced epitaxy

In the last section, we considered the effect of time dependent fluxes on the composi-
tion of layers grown in the nucleation and growth regime of MBE. We found that there
could be compositional modulation induced by a beat frequency between the rotation
rate and the monolayer growth rate. This type of modulation would appear in the
nucleation and growth regime, because atoms in a given layer would be deposited
randomly. However, the form of the beat frequency compositional modulation does
not match our observations, so we have to look elsewhere for the origin of the OSE

superlattice.
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When growth proceeds by step flow, we have seen that time dependent fluxes
can have a significant effect on the in-plane composition (see section 4.4). In fact,
if the growth proceeds strictly by step flow, the entire growth can be viewed as
the propagation of individual steps across the surface, and periodic variation of the
con_lposition can take place in the plane of growth. In this section, we will calculate
the impact of substrate rotation on the in-plane composition, in the step flow growth
regime. Finally, in section 4.6, we will compare the results of a Monte Carlo simulation
to this calculation.

For the experiments presented in this thesis, the aluminum and gallium cells were
separated by approximately 45° in the (100) projection, and the arsenic cell was
located opposite these two cells. Furthermore, the nominal aluminum fraction was
approximately 0.25. The azimuthal angle of the effusion cells, ®, is approximately
33° Given these parameters, we can use equation 4.2 to calculate the total group III
flux, the group V flux, and the V-III flux ratio as a function of time, for the (111)
facet (Figure 4.8). From this, we find that the V-III flux ratio is quite low during the
time in which most of the group III deposition occurs. This is to be compared with
the deposition scheme for migration enhanced epitaxy, in which the group V flux is
shut off during the group III deposition (see section 4.4).

Based on the kinetics of growth during migration enhanced epitaxy, we expect
that the migration of adatoms will be enhanced in orientation selective epitaxy, for

highly inclined facets®. Even if the gallium and aluminum were deposited in phase,

2 According to the experimental measurements of diffusion length [2,3], the diffusion of adatoms is en-

hanced for low V-III ratio at a given group III flux, and for low group III flux at a given V-III ratio. From
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Figure 4.8: Group III and group V fluxes, and the V-III ratio, plotted vs. time for growth

on the (111) facet of a rotating, patterned (100) substrate.
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we might expect segregation to occur on steps in the growing surface, producing a
structure analogous to a C-TSL (see section 4.4.2) selectively on the (111) facets. The
angular separation between the group III cells produces a phase difference between
the deposition of gallium and aluminum, so that the amplitude of compositional
modulation in orientation selective epitaxy will be significantly larger than that of a
C-TSL.

Continuing with the calculation, we can plot the gallium and aluminum fluxes,
and the instantaneous aluminum fraction for deposition of a single monolayer, as
functions of time (see Figure 4.9). The aluminum fraction in the incoming beams
varies between 0 and 1 during the growth of a mionolayer. If the growth occurs by
step flow, this will result in a significant in-plane variation of the aluminum fraction.
By integrating the flux in equation 4.2, we can convert the instantaneous aluminum
f;action in Figure 4.9 to a function of the fraction of the layer grown. The resulting
function can be integrated to calculate the average aluminum concentration for each
column of atoms in a step, for a given terrace width. This is shown in Figure 4.10.
We find that, for ideal growth by step flow, the composition of the layer will have
a large in-plane variation, with an amplitude which is nearly independent of terrace
width.

The expected in-plane variation of the aluminum concentration depends on the
relative orientation of the group III effusion cells, the fa.cef orientation, and the ori-

entation of the group V cell. For facets which are not as highly inclined with respect

a combination of these considerations, the migration rate will be enhanced through most of the growth on

highly angled facets (see Figure 4.8).
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top graph shows the gallium and aluminum fluxes, plotted vs. time, for growth on the (111)

facets of grooves in a rotating (100) substrate. The bottom graph shows the instantaneous

aluminum fraction impinging on the surface, as a function of time.
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to the (100) surface, the amplitude of the OSE superlattice would be correspondingly
smaller. Calculation of the expected amplitude for the (211) facet, for the same geom-
etry as was used for the (111) facet, gives a composition which varies from 0.18 to 0.33,
within a 20 column terrace width. The amplitude may be further reduced, because
the smaller modulation of the arsenic flux will reduce the mobility of adatoms on the
(211) facet. However, near a local perturbation in the surface orientation, there may
be an enhancement of the OSE superlattice in the shadow of the perturbation. This is
a possible explanation for the observed enhancement of the compositional modulation
in the (211) facet of sample NSI2, near small (111) facets (see Chapter 5).

In-plane variation of the aluminum concentration results in an OSE superlattice
when successive layers are grown (see Figure 4.11). The angle between the OSE
superlattice planes and the substrate is determined by the magnitude of the mismatch
parameter, M, discussed in section 4.5.5. The quality of the OSE superlattice is
determined by the kinetic rates during growth, which are in turn related to the
growth conditions and the facet orientation. In section 4.6, a Monte Carlo simulation
of the growth of an OSE superlattice will be presented to explore some of these
considerations.

The geometrical dependence of OSE superlattice growth suggests methods for
optimization and manipulation. Increasing the angular separation of the group III
cells would increase the expected amplitude of the OSE superlattice. The use of larger
azimuthal angles for the effusion cells would extend the range of facet orientations

which exhibit an OSE superlattice. If a group V cell with an azimuthal angle near
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Figure 4.11: Diagram showing deposition of an orientation selective epitaxy superlattice.
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0° were installed into the MBE growth chamber, its use would reduce the effective
migration length of adatoms on all of the facets, thus reducing or eliminating the
appearance of an OSE superlattice. The tilt angle of the OSE superlattice could
be varied by adjusting the rate of substrate rotation. This suggests a technique for
fabricating a two dimensional array of quantum wires. By periodically increasing the
rotation rate, the OSE superlattice could be sharply bent at regular intervals, in such
a way as to provide two dimensional confinement of electrons and holes. A more
sophisticated variation of the rotation rate might provide a complicated variation of
the two dimensional composition. It should be possible to grow an OSE superlattice
on a flat substrate by tilting it with respect to the rotation axis. This would require
a modification of the éubstrate holder, which should not be difficult to impiement.
Finally, the assumptions of the model are not specific to the growth of AlGaAs on
patterned substrates. Therefore, it should be possible to applyvorientation selective
epitaxy to other material systems.

It should be noted that the use of RHEED, a powerful method for monitoring
MBE growth, is not possible for an inclined, rotating surface. This will make it
more difficult to do a controlled growth of an OSE superlattice. Nevertheless, the
experimental results in this thesis show that OSE growth is possible, even under non-
optimized conditions. In section 4.6, the feasibility of the model presented in this

section will be examined with a Monte Carlo simulation.
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4.6 Monte Carlo simulation of orientation selective epitaxy

In section 4.5.6, a mechanism for the growth of an OSE superlattice was presented.
Rotation of the substrate was predicted to result in an in-plane variation of the
aluminum concentration, during growth by step flow. In this section, results of a
Monte Carlo simulation of OSE growth on a step will be presented. We will attempt
to address the question of whether or not this mechanism can produce a superlattice,
when random variations in the deposition and migration of atoms are allowed.

The purpose of these simulations is to present a model of the growth, in which
the kinetic processes relevant to OSE growth can be evaluated in terms of their qual-
itative importance to the OSE superlattice. We do not intend to derive quantitati\}e
conclusions about OSE growth. Quantitative results are precluded by lack of knowl-
edge of the configuration dependent kinetic rates (see section 4.2.3). The simulations
presented here are similar to those presented in references [4] and [27]. As in all
such simulations, a number of simplifying assumptions are made in order to make the
problem tractable. We attempt to retain the kinetic processes which are important

for the growth conditions employed in the experiments presented in this thesis.

4.6.1 Parameters of the simulation

The simulations are done on a cubic lattice, with isotropic nearest neighbor hopping
probabilities (i. e., nearest neighbor hopping of adatoms is done with the same rate
for the two orthogonal directions). This geometry is similar to that of a (100) surface,

although the assumption of isotropic hopping is probably not accurate [28]. Surface
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reconstruction, neglected in these simulations, may have an effect on the formation of
steps and on the kinetic rates [16,29,30]. Simulations of (111) growth, and especially
(110) growth, would have to be modified to represent the geometry of the bonds, and
the kinetic rates, more accurately.

We consider the growth of a single monolayer at a time. This approximation
is justifiable by the conditions of growth, in which the substrate rotation-induced
modulation of the beams reproduces the conditions of migration enhanced epitaxy,
which has been shown to produce layer by layer growth [5] (see section 4.4). For
the same reason, the group V incorporation kinetics are not included explicitly in
the simulations. At the growth temperatures employed, desorption of the group III
elements is negligible, so these events are also neglected [31].

The kinetic processes considered are random deposition of group III atoms, ran-
~ dom migration of group III atoms, and, in some of the simulations, exchange reactions
between group III species, stimulated by the release of chemical binding energy during
incorporation into the lattice [14]. Kinetic processes are modelled by Arrhenius pro-
cesses with configuration dependent activation energies, as discussed in section 4.2.3.

The arrival of group III atoms, which is the limiting process determining the

growth rate, is governed by the fluxes

T: = GiA, (4.6)

where F'; is the time-averaged flux of element 7, and A is the area of the substrate.
The value of G; is proportional to the arrival rate for element ¢, and is chosen so that

the time for completion of a monolayer corresponds to a specified growth rate for
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the crystal. Therefore, for the control growths, in which the fluxes are chosen to be
independent of time, the arrival rates are given by F;, ¢ = Ga, Al (see equation 4.4).
For time dependent fluxes, equations 4.4 and 4.2 determine the instantaneous fluxes,
together with the values of F;, i = Ga, Al. The technique for converting the fluxes
into arrival times is discussed in section 4.6.2.

The hopping rates used in our simulations are chosen to correspond to growth on
the GaAs (100) surface, because this is the only surface for which the rates have been
measured. After Neave et al. and Madhukar et al. [2,4], we choose the hopping to be

governed by the rate
(EhOP —4A)

). (4.7)

Rhop = hOexp[_

The rate constant, ko, is chosen to be equal to 8.9 x 10!, and the activation energy

is given by the configuration dependent
Ehop(?) = NasVieas + NaoViega + NatVie as. (4.8)

. The interatom binding energies, V;_;, are chosen to give an activation energy of 1.3-
1.5 eV for migration on an arsenic (100) plane, with an additional 0.2-0.3 eV for each
group III nearest neighbor. The values of N; are the configuration dependent number
of group III and V nearest neighbors present when the hopping event is to occur.

Exchange reactions have been cited as possible causes for segregation in Al-
GaAs [13,14,4]. For this reason, we have included exchange reactions in some of
the simulations, to see what effect they have on the resulting composition. The ex-
change reactions in our simulations are based on the prescription laid out by Van

Vechten [14]. The release of chemical binding energy when an atom is incorporated
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into a kink site is presumed to leave the site in an excited state. For a characteristic
time, 7 = 1.0 x 10~7 s, the arrival of another atom at the kink site will be affected by
this energy release. Gallium atoms, arriving during this time, will also have a high
probability of being rejected from the site. Aluminum atoms, arriving at an excited
kink site occupied by another aluminum atom, will have the same probabiiity of being
rejected. Aluminum atoms, arriving at an excited kink site occupied by a gallium
atom, can eject the gallium atom from the kink site, and bind there instead. After

the characteristic time expires, the kink site will have dissipated its excess energy.

4.6.2 Simulation algorithm

The simulation follows the prescription outlined in section 4.2.3, which is based on the
method of Madhukar and coworkers [4]. Growth is done on a 20 x 10 substrate, with a
step edge at one of the boundaries, and a kink site at the corner. Therefore, the terrace
width on the substrate is 10 times the vinteratornic spacing, and the mean distance
between kink sites on the substrate is 20 times the interatomic spacing. Periodic
boundary conditions are applied for atoms which migrate out of the area of simulation,
so that no atoms are lost or created in the simulation by hopping events. Atoms bind
more strongly to the step riser in the first column than in subsequent columns, because
of the presence of an extra arsenic bond at these sites. This corresponds to growth
on a (100) substrate, with steps aligned to the [01T] direction.

The geometry of the MBE chamber is chosen to simulate the growth of the samples
in this thesis. The azimuthal angles of the effusion cells, @G, 41, are chosen to be 33°.

The angle of the surface normal is chosen to correspond to growth on a (111) plane,
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6 = 54.7°, so that § + ® ~ Z. The in-plane angles of the effusion cells are chosen to
be 41 = —%, and vg, = &, so that the angular separation of the group III cells is
% radians (see section 4.5.3). When the simulations are started, at time ¢t = 0, the
instantaneous ﬂukes are equal, and the aluminum flux initially increases, while the
gallium flux initially decreases.

The simulation begins at time ¢ = 0. The times for arrival of the next gallium
and aluminum atoms are selected randomly according to the time dependent fluxes,
and these two events are put into an event list. Throughout the growth, events are
calculated according to their respective rates, and put into the event list in temporal
order. With each iteration of the growth, the first event on the list is done, and the
event list is modified by recalculating all events which are thereby affected, and adding
any new events to the list which are made possible by the new surface configuration.
Therefore, the first event to occur will be the random incorporation of either a gallium
or aluminum atom. A hopping event for the new atom will be calculated and added to
the list. Every time a new group III atom is incorporated, an event corresponding to
the next incorporation of the same type of atom is calculated and added to the list. As
each event occurs, the simulation time is incremented to the time at which the current
event was scheduled. Thus, group III .incorporation events with time dependent rates
are calculated based on the current simulation time. Hopping events are calculated
based on the local configuration of atoms. When the configuration changes, affected

hopping events must be recalculated. This process of iteration allows the surface to

evolve, with kinetic rates determined by the local environment.
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The simulation is terminated when one monolayer is completed. Because the times
for deposition are chosen randomly, the time for termination will vary from simulation
to simulation. This corresponds to statistical variation of the local growth rate, which
has an important effect on the quality of the interfaces in an OSE superlattice.

In order to select the time at which an event will occur, the time dependent rate
must be known. Suppose that the rate governing the occurrence of an event is a
function of time, so that at a time, ¢, the probability that the event will occur during
an infinitesimal time, dt, is given by r(¢)dt. It can easily be shown that, starting from
time %o, the probability, p(t)dt, that the next event will occur in the time interval
[t,¢ + dt] is given by

p(t)dt = r(t)ezp(— /t:r(r)dr)dt. (4.9)

Using a random number generator, a number, z, can be generated with uniform
probability, ¢(z)dz = dz, in the interval [0,1]. This can be converted to a time,

generated with probability distribution given in equation 4.9, using

/ " a(X)dx = /tt p(T)dT. (4.10)

The limits of the integrals were chosen to put the result in its simplest form. Solving

equation 4.10 for t, we get
t
[ r(r)dr = ~in(a). (4.11)
to

For the calculation of hopping rates, the rate is given by r(t) = R, where R is
dependent on the configuration, and independent of time. To calculate the group III

arrival rates according to time dependent fluxes, we use r(t) = Fi(t), where Fi(t) is
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given by equation 4.2, and the time averaged fluxes, defined in equation 4.4, are given
by equation 4.6.

If exchange reactions are to be included in the simulation (see section 4.6.1), then
the arrival of an atom into a site must be accompanied by a check to see if (1) the
site is adjacent to an excited kink site, in which case an exchange or rejection may
take place, or (2) the site is a kink site, and should be labeled as excited. In the
second case, adjacent sites must be checked to see if they contain atoms which may
be affected by the excitation. Furthermore, whenever a site is excited, a de-excitation
event must be entered into the event list, to model the dissipation of energy from the

excited site.

4.6.3 Results of OSE simulations

Using the algorithm outlined in section 4.6.2, Monte Carlo simulations of OSE growth
were carried out. We find that, qualitatively, the results are relatively insensitive to
changes in the kinetic rates. The spatial dependence of the aluminum concentration is
determined, primarily, by three features of the simulation. First, it is important that
the substrate temperature be sufficiently high to allow growth by step flow, as opposed
to 2-D nucleation 3 Second, the time dependence of the fluxes determine the average
spatial variation of the aluminum concentration. Third, statistical variations, induced

by roughness of the growing step, random variations in the arrival rates, and island

3Large differences in the kinetic rates of the two group III species might preclude growth by step flow.
Therefore, as in the case of tilted superlattices, an OSE superlattice may not be possible for all material

systems [27].
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formation, cause local variations in the aluminum concentration which deviate from
the average spatial dependence of the composition. Minimization of these clustering
effects, by optimization of the growth conditions, may be important to improving the
quality of the OSE structures and interfaces.

For each set of parameters, 20 layers were grown in independent simulations.
The substrate size was 20 x 10, with 10 atom wide terraces bounded by steps, as
described in section 4.6.2. Average aluminum concentrations were calculated for each
of the 10 columns in the terraces. The results of a typical simulation are shown
in Figure 4.12, together with a table of the input parameters. For comparison, the
aluminum concentration variation for the ideal case is plotted on the same graph, as
calculated in section 4.5.6 (see Figure 4.10). For this set of parameters, growth occurs
by step flow, and the resulting average composition is close to the ideal value. The
composition of columns 9 and 10 are somewhat higher than in the ideal case, because
of statistical averaging of the composition of adjacent columns, due to variation of
the growth rate and roughness of the steps. We can model this in our calculation
of the expected column composition, by extending the limits of the time integral of
the fluxes to allow for spatial averaging. Figure 4.13 shows the same data as the last
figure, with the averaged column composition. Columns 9 and 10 are consistent with -
this averaged composition. Column 1, because the simulations are always started at
t = 0, matches the original plot;

As the roughness of the steps increases (because, for example, the growth temper-

ature in the simulation is reduced), the extent of averaging between adjacent columns
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Figure 4.12: Simulated variation of the aluminum concentration in the growth of AlGaAs
on a 10 column wide terrace, averaged over 20 independent layers, using the time dependent
fluxes expected for orientation selective epitaxy. A plot of the ‘ideal’ variation of the average

aluminum concentration is given for comparison (see text).
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Figure 4.13: Plot of simulation results, compared to an averaged ideal plot, which has been
modified to include averaging effects between adjacent columns. The simulation data in

columns § and 10 match the averaged ideal plot much better than the unaveraged ideal

plot.
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increases, until islands begin to form. The growths then undergo a transition from
step flow to 2-D nucleation, and the averaged composition of the columns becomes
uniform across the terrace. In Figure 4.14, the results of simulations in the 2-D
nucleation and step flow regimes are shown, in comparison with an averaged ideal
plot.

As mentioned in section 4.6.1, some simulations were done which included gallium-
aluminum exchange reactions. The exchange reactions made no noticable difference in
the qualitative conclusions presented here, and very little difference in the quantitative
results. Exchange reactions may play a more significant role in the absence of time
dependent fluxes, which dominate the spatial dependence of the composition in these
simulations.

When time dependence of the fluxes is neglected, there can still be a small spatial
variation of the aluminum concentration, due to the difference in kinetic rates for
aluminum and gallium, but the amplitude of the variation is far too small to account
for the observed luminescence properties of the OSE growths. This has been observed
experimentally in growth of coherent tilted superlattices, as discussed in section 4.4.2.
The simulations show a small tendency for aluminum to be incorporated preferentially
near the step riser, while the gallium gets pushed toward the step edge (Figure 4.15),
but the amplitude of the resulting modulation in composition is insignificant com-
pared to the results of simulations using time dependent fluxes. The amplitude of
the compositional modulation resulting from coherent deposition of group III atoms

on a stepped surface is not sufficient to have a significant impact on the luminescence
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Figure 4.14: Plot of simulations done at two different temperatures, compared to an aver-
aged ideal plot. The lower temperature simulation corresponds to growth by 2-D nucleation,
while the higher temperature simulation corresponds to growth by step flow. Note that the

appearance of compositional modulation in the growth dep-ends on the conditions being

conducive to growth by step flow.
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properties of the AlGaAs alloy. No luminescence data on coherent tilted superlattices

have been reported.

4.7 Conclusions

In this chapter, we have presented a model for the growth of a superlattice by orienta-
tion selective epitaxy. Based on the nature of molecular beam epitaxy, we concluded
that segregation of aluminum and gallium in the growth of AlGaAs is caused by the
growth kinetics. We then presented calculations of the time dependence of the arrival
of atoms on a surface tilted with respect to the substrate rotation axis, and suggested
a mechanism for the growth of an OSE superlattice based on the kinetic consequences
of the time dependent fluxes when steps are present on the surface. Finally, the con-
sequences of this mechanism were addressed by a Monte Carlo simulation of growth
on a terrace with time dependent fluxes.

The geometrical dependence of OSE superlattice growth suggested several meth-
ods for optimization and manipulation of OSE growth. Increasing the angular sepa-
ration of the group III cells, using larger azimuthal angles for the effusion cells, and
varying the rate of substrate rotation are potential methods for controlling the pa-
rameters and properties of OSE growth. This suggests a technique for fabricating a
two dimensional array of quantum wires. By periodically varying the rotation rate,
the OSE superlattice could be sharply bent at regular intervals, in such a way as to
provide two dimensional confinement of electrons and holes. More sophisticated vari-

ation of the rotation rate might provide a complicated variation of the composition
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in two dimensions. It should be possible to grow an OSE superlattice on an unpat-
terned substrate, by tilting the substrate with respect to the rotation axis. Finally,
the assumptions of the model are not specific to the growth of AlGaAs on patterned
substrates. Therefore, it should be possible to apply orientation selective epitaxy to
other material systems.

The perfection of the interfaces in superlattices grown by orientation selective epi-
taxy is related to the statistical variations in the growth rate, step roughness, and
island formation during the growth. In addition, variation of the step width will have
an effect on the period of the superlattices. These issues have a direct effect on the
optical properties of the resulting crystal. We have seen in the experimental chapters
that the luminescence peak is relatively broad. This is to be expected when there is
a significant roughness of the interfaces and variation of the period of a superlattice.
In order to improve the quality of structures grown by orientation selective epitaxy,
the substrate preparation and crystal growth must be optimized, to ensure that the
terrace width is uniform, the step edges are straight, and the growth occurs by step
flow. Absolute control of these features is probably impossible, so that the inter-
faces in OSE superlattices and structures will not be of the same quality as planar
heterojunctions grown by MBE. However, the unique capability of OSE for the selec-
tive g.rowth of superlattices tilted with respect to the substrate makes OSE a viable

candidate for the growth of three dimensional nanometer scale structures.
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Chapter 5

Orientation selective epitaxy:

Dependence on groove orientation

5.1 Introduction

We have seen in Chapter 3 that orientation selective epitaxy can be used to selectively
grow a superlattice on the sides of grooves in a (100) GaAs substrate. In addition, an
abrupt heterojunction was observed oriented lateral to the growth direction, at the
boundary between adjacent facets. These results suggested possible application of
growth on patterned substrates to achieve in situ growth of two or three dimensional
structures, with bandgap modulation on a nanometer scale.

The experimental results thus far have been limited to growth on grooves parallel
to the [01I] direction. In this chapter, we present results of measurements on the
dependence of the bandgap on groove orientation. The purpose of this measurement

is to more fully characterize orientation selective epitaxy. In particular, we want to
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test the possibility of bandgap tuning by varying the substrate orientation.

5.2 Orientation selective epitaxy: Variation of groove

orientation

Three new growths will be discussed in this chapter, NSI1, NSI2, and NSI3. The
geometry and conditions in the growth of MBE 815, discussed in Chapter 3, are most
closely duplicated in NSI1. The relative orientations of the effusion cells are similar,
the layer thicknesses are the same, and the growth rate has been adjusted so that
the ratio of the growth rate to the substrate rotation rate is roughly the same as for
MBE 815. Measurements on the new samples confirm the results of Chapter 3, and

provide additional information on the nature of OSE growth.

5.2.1 Sample preparation

In order to study in detail the dependence of orientation selective epitaxy on the
groove orientation, substrates were prepared with grooves varying i orientation be-
tween [011] and [011], using the procedure outlined in Chapter 3 (see Figure 5.1).
Growth of the epilayers was done in a Varian GEN IT molecular beam epitaxy ma-
chine, with a substrate temperature of 600°C. The Aly,5Gag75As growth rate was
0.88 pm/h. The growth of sample NSI1 consists of a 1 ym GaAs buffer layer, fol-
lowed by a 1 pm Alg25Gag rsAs layer. Samples NSI2 and NSI3 consist of a 0.5 pm
GaAs buffer layer, followed by 0.5 pm Alg,5Gag.75As layer. In these growths, the

allium and aluminum cells were separated by Z radians, in the projection onto the
g P 1 proj
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Figure 5.1: Schematic representation of the pattern of grooves etched into samples NSI1,
NSI2, and NSI3. The grooves are approximately 15 pm wide and 5 pum deep. This ar-

rangement of grooves provides the means for a systematic study of the dependence of OSE

growth on groove orientation.



117

(100) plane. All layers were undoped.

5.2.2 Orientation considerations

As the angle of the groove, relative to the [011] groove, changes from 0° to 90°, the
facets exposed by the chemical etch change orientation. The facets which appear
depend on the chemical etchant, and on the conditions and duration of the etch.
Because selective etches tend to cause pitting of the surface, the etchant which we
have chosen is a slow, nonselective etch. The cross section of grooves oriented near
0° and 90° has a flattened “V” shape, with straight sides and a flat bottom. This
is a similar profile to that observed in the growths of Chapter 3. Grooves oriented
near 45° have a more rounded profile, with a gradual transition between the sides and
bottom of the grooves.

The growths exhibit some variation of the surface morphology in the grooves, and
in luminescence characteristics. The differences in morphology of the three samples,
and the differences in luminescence characteristics, may be due to variation in either
the etch conditions or the MBE growth conditions. Orientation selective epitaxy is
sensitive to the surface profile in the groove, which may in turn depend upon the
conditions of the etch. In particular, small misorientations can have a significant
effect on the quality of épita,xial growth on a {110} surface [1]. The etch rate is
quite sensitive to the concentration of H,0,, which changes as the etchant ages.
Uncertainty in adjusting the substrate temperature and growth rate in MBE may

result in a slight variation of the growth conditions for the samples studied.
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5.3 Cathodoluminescence of grooves: Dependence on

surface orientation

Cathodoluminescence scanning electron microscopy of these samples reveals a de-
pendence of the peak AlGaAs emission on surface orientation. The position of the
cathodoluminescence peak, as a function of groove angle, is shown in Figure 5.2,
for NSI1. The epitaxial layers luminesce strongly, indicating that the quality of the
growth is good. The positions of the luminescence peaks are to be compared to the
luminescence peak from the unpatterned (100) AlGaAs, which occurs at 669 nm for
NSI1, 672 nm for NSI2, and 663 nm for NSI3. Emission from the sides of the grooves
1s, in general, considerably stronger than emission from the unpatterned (100) Al-
GaAs epilayers. Red shifts, relative to luminescence from the unpatterned regions,
are observed on the side facets of most groove orienté,tions. The largest shifts, and
the strongest luminescence, are observed in grooves oriented between 40° and 45°. In
addition, some grooves exhibit strong blue shifts in NSI3.

For all three samples, the position of the luminescence peak from the side facets is
nearly independent of groove orientation from 0° to 20° and from 70° to 90°. Between
20° and 60°, the position of the luminescence peak depends on the groove orientation.
The samples exhibit different faceting characteristics in this range of angles. Samples
NSI1 and NSI2, in which the faceting is similar, have a similar dependence of the
luminescence on groove angle.‘ Sample NSI3 has both different faceting behavior and
different luminescence characteristics.

Monotonic dependénce of the bandgap on surface orientation is observed for some
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Figure 5.2: Plot of the AlGaAs peak as a function of groove orientation, relative to the [011]

groove, for sample NSI1. The unpatterned AlGaAs luminesces at 669 nm in this sample.
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ranges of groove angles in these samples. For the side facets, NSII shows a shift in
the luminescence peak from 687 nm in the 62° groove, to 717 nm in the 48° groove.
The surface morphology in this range of groove angles is very good. Similarly, NSI2
exhibits a dramatic shift in the luminescence peak for grooves between 50° and 45°.
In the 50° groove, the peak occurs at 687 nm and by the 45° groove, the peak has
shifted to 745 nm. This represents a difference of 140 meV in the effective bandgap
for a mere 5° change in groove angle. Grooves in the range 46°-55° have good surface
morphology, but in the 45° groove, some faceting is evident. Sample NSI3 has a much
smaller dependence of the luminescence peak on groove orientation in this range of
angles. As indicated by the lack of faceting characteristic of growth on misoriented
(110) surfaces, which was observed in NSI1 and NSI2, this is probably due to a
different groove profile in NSI3.

The top facet, which is distinct from the side fac;et in grooves from 0° to approxi-
mately 40°, also exhibits a strong dependence of the bandgap on groove orientation.
Again, NSI1 and NSI2 are similar, while NSI3 has markedly different properties. In
the 30° groove of NSII, the top facet exhibits peak luminescence at 660 nm. As the
groove angle changes from 30° to 39°, the luminescence peak shifts to 697 nm. In
NSI2, from the 27° to the 33° grooves, the luminescence peak shifts from 662 nm
to 687 nm. In NSI3, the top facet first appears in the 41° groove, where it has a
luminescence peak at 621 nm. Compared to the 663 nm peak of AlGaAs grown on
unpatterned regions of this sample, this is the strongest blue shift observed in any

of the growths. From the 41° to the 35° grooves, the luminescence shifts to 650 nm.
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Between 35° and 25°, the peak shifts toward 638 nm.

Because luminescence from low bandgap material is expected to dominate in cases
of adjacent areas of low and high bandgap, it is interesting that emission from the top
facet in NSI3 is blue-shifted relative to unpatterned growth, from groove angles 0° to
40°. NSI1 and NSI2 emit blue-shifted luminescence for some of the grooves in this
range of angles, but the magnitude of the shifts is much smaller, and occurs in a lim-
ited range of groove angles (25° to 30°). In some cases, the peak in NSI3 is shifted by
40 nm (120 meV) to shorter wavelengths, relative to luminescence from unpatterned
areas of the sample. In addition, the blue-shifted emission appears to emanate uni-
formly from the top facet, rather than being localized to growth near perturbations in
the surface. In fact, the diagonal facets crossing the surface are associated with local-
ized emission at longer wavelengths. Because the dominant emission is blue-shifted,
the aluminum fraction must be higher than the nominal value in a significant fraction
of the AlGaAs in the top facets. This suggests that surface diffusion is responsible
for the low. aluminum concentration in the top facet of grooves in NSI3. Significant
surface diffusion at this growth temperature, 600°C, is surprising. The excess gallium
may be accumulating at the edge of the facet or in the diagonal facets, where localized
red shifts are observed.

Significant scatter in the position of the luminescence peak is associated with rough
surfaces and/or faceting in the corresponding grooves. This is the case, for example,
for grooves between 25° and 45° in NSI1 and NSI2, between 60° and 90° in NSI2, and

between 0° and 20° in NSI3. Faceting of growth is particularly important to consider
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in orientation selective epitaxy. In addition to the dependence of orientation selective
epitaxy on the azimuthal angle of the surface normal (see Chapter 4)., the chemistry
on different facet orientations may affect the composition, and interfacet diffusion may
affect the relative composition of adjacent areas in the growth. Luminescence from a
_ faceted surface is expected to be dominated by the facets with the lowest bandgap.
In our cathodoluminescence measurements, differences in the surface morphology
are associated with different luminescence characteristics. This association can be
dramatic, as in the case of diagonal facets crossing the sides of grooves in samples
NSI1 and NSI2, for grooves between 35° and 45°. Such facets can have emission peaks
red-shifted by as much as 10004, relative to luminescence from AlGaAs grown on the
unpatterned (100) substrate.

A dramatic illustration of the spatial dependence of the luminescence in the pres-
ence of faceting is given by the 38° groove in NSI2, and the 39° groove in NSI3. Both
samples exhibit faceting which is associated with strong red shifts of the luminescence.
The facets are accompanied by localized, very bright luminescence. CL images show
bands of red-shifted luminescence following diagonal facets in these grooves. In NSI2,
spectra taken from adjacent areas have peaks at 707 nm and 770 nm, representing a
difference in bandgap energy of 144 meV. In NSI3, the luminescence from a diagonal
facet has a peak at 689 nm, while luminescence away from this facet has a peak at
642 nm. This represents a shift in energy of 132 meV. The magnitude of the shifts in

these samples is about the same.
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5.4 Transmission electron microscopy

Transmission electron microscopy was used to look at the composition of samples
NSI1, NSI2, and NSI3. The sample preparation and diffraction conditions are de-
scribed in Chapter 3. Because of practical considerations regarding sample prepa-
ration and imaging in the microscope, only grooves oriented roughly along the [01T]
and [010] directions were studied. The results of the TEM measurements confirm the
results of Chapter 3. Two new results will be discussed in this section.

The sides of [Olﬂ grooves in NSI2 are observed to consist of a wide (211) facet,
and a narrow (111) facet adjacent to the bottom of the groove. Strong compositional
modulation is observed on the (111) facet, similar to that observed in Chapter 3.
The (211) facet shows some interesting features. Compositional modulation in other
samples has been observed to intersect the substrate/epilayer interface, but at a
relatively shallow angle. In the (211) facet, there is a 22° angle between the planes
of compositional modulation and the substrate/epilayer interface (see Figure 5.3).
Furthermore, the contrast is observed to be stronger for compositional modulation
in the vicinity of small (111) facets in the surface. A possible explanation for this
enhancement of the modulation, based on the model discussed in Chapter 4, is that
the amplitude of the rotation-induced flux modulation is larger near the (111) facets,
due to locally enhanced shadowing of the fluxes.

In the side facet of a groove oriented approximately along the [010] direction in
NSI3, we observe quantum wire-like structures showing very strong contrast, with

a width of approximately 60A (see Figure 5.4). Narrow bright bands, oriented ap-
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proximately parallel to the (101) facet, run through the epilayers. The bands are
continuous for length scales of up to a micron, and they appear to terminate at per-
turbations, or small facets, in the substrate/epilayer interface and the surface. The
contrast indicates that these bands are aluminum rich; however, their origin is un-
known. Wire-like structures are observed as an array of Ga-rich and Al-rich layers,
which are terminated by the narrow Al-rich bands. The phase between wire structures
in adjacent layers varies during the growth.

In the bottom of the groove, and in AlGaAs grown on unpatterned (100)GaAs,
we observe a weak superlattice, which is due to an external modulation of the fluxes.
The external modulation is attributed to a small fluctuation in the temperature(s) of
one or both of the group III effusion cells. The period of the external modulation is
short (approximately 25A on the bottom of the groove). One possible explanation for
the wire-like structures is superposition of the external modulation and the Al-rich

bands discussed in the last paragraph.

5.5 Discussion

The results presented in this chapter have verified the observations in Chapter 3,
regarding orientation selective epitaxy in a [011] groove. The dependence of orien-
tation selective epitaxy on the substrate orientation was examined by changing the
orientation of the grooves. We found that the bandgap of AlGaAs grown in a groove
depends on surface orientation for grooves between 20° and 60° (relative to the [01T]

groove), but outside this range, the bandgap is relatively independent of groove ori-
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entation. Both red-shifted and blue-shifted luminescence is observed in the samples,
with the strongest shifts occuring in grooves oriented between 40° and 45°. Faceting
in the surface has a strong effect on the luminescence of AlGaAs. This is probably
due to a combination of differences in Al-Ga segregation on the differently oriented
facets, and interfacet diffusion during growth. The bandgap of AlGaAs exhibits a
monotonic shift with respect to groove angle, in some ranges of groove orientations.
This shows that it is possible to tune the bandgap of OSE growth by varying the
surface orientation.

Transmission electron micrographs of sample NSI2 show compositional modula-
tion which intersects the substrate at an angle of 22°. While the modulation has been
observed to intersect with the substrate in other grooves, this is the largest misori-
entation between the compositional modulation and the growth plane which we have
observed. Misorientation with respect to the growth plane rules out mechanisms for
orientation selective epitaxy which would produce modulation along the growth di-
rection. This misorientation is consistent with the predictions of the model presented
in Chapter 4.

Quantum wire-like structures were observed in sample NSI3, in a groove oriented
approximately along the [010] direction. The structures, which are approximately
60A in size, are well defined and exhibit strong contrast between the gallium- and
aluminum-rich regions. The formation of these structures is not yet understood. The
existence of quantum wire-like structures on this size scale, with strong, well-defined

variation in the aluminum concentration, demonstrates that orientation selective epi-
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taxy is a viable technique for the fabrication of higher dimensional nanometer scale

structures.
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Figure 5.3: Transmission electron micrograph, taken using the (200) dark field condition,
of AlGaAs grown on the (211) facet of an [011] groove, in sampie NSI2. Compositional
modulation in these layers is observed to intersect the substrate at an angle of 22°. The
substrate/epilayer interface contains small (111) facets, approximately 250 um in length,

which are associated with an enhancement in the amplitude of the compositional modulation

(see text).
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Figure 5.4: Transmission electron micrograph, taken using the (200) dark field condition,
of AlGaAs grown on the side of a [010] groove. Quantum wire-like structures are observed,

with a width of approximately 604.
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Chapter 6

Orientation selective epitaxy in

oval ‘defects

N

6.1 Introduction

There has been a great deal of interest recently in MBE growth on different substrate
orientations. This interest was fueled by the discovery that growth on substrates
which were slightly misoriented from (100) yielded material with improved electronic
and optical properties, and additionally by the discovery that (111) oriented quantum
- wells were significantly better than (100) quantum wells for laser diode applications.
Growth on nonplanar substrates, which involves simultaneously several surface ori-
entations, has generated some interesting results, and is a promising technique for
introducing lateral variation into epitaxial growth (see Chapters 3, 4, and 5). Be-
cause the formation of oval defects involves growth on nonplanar surfaces and the

formation of facets, the properties of oval defects are relevant to these issues in MBE
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growth.

In this chapter, we present cathodoluminescence data on oval defects in five differ-
ent samples. The defects studied are of the a3 and a4 types, as described by Fujiwara
et al. [1). We examine the spatial variation of the luminescence of Al,Ga;_,As epilay-
ers within oval defects. Comparisqn of the lutninescence of oval defects with growth
on a patterned substrate reveals some similarities in the spectral emission of AlGaAs
in oval defects and grooves. We therefore consider the possibility that orientation
selective epitaxy is responsible for some of the observed spectral characteristics of

AlGaAs in faceted MBE growth, and, in particular, oval defects.

6.2 Oval defects in Al,Ga;_,As grown by MBE

In crystal growth by molecular beam epitaxy, the most common macroscopic defects
are oval shaped hillocks (oval defects), appearing in an otherwise planar surface. Oval
defects are c;)mmon in crystals grown by molecular beam epitaxy, and pose a serious
problem in the fabrication of circuits and devices. The characteristic shape of an
oval defect results from facet dependent growth rates on a nonplanar surface [2).
The defects exist in a variety of types, ranging in size from a few microns to tens
of microns, and differing in morphology. The defect types are distinguished by their
origin. Within a given type, the morphology depends on the thickness of the epilayers
and the growth conditions.

Because they are all roughly oval in shape, and despite the dramatic differences

in morphology and probable origin, the various defect types have been lumped under



132

the general classification of “oval defects.” This generalization has led to a variety of
claims regarding the origin and properties of oval defects. Several mechanisms have
been proposed for the origin of “oval defects,” including spitting from the gallium
cell [3,4], contamination on the substrate surface (particulates, impurities, or ox-
ides) [5,6], and contamination in the effusion cells [6]. In an important classification
of oval defect types, Fujiwara et al. [1] have attempted to cut through the confusion
by distinguishing between defect types when considering the issue of the origin of oval
defects. The oval defects studied in this chapter are of the a3 and a4 types, which
were attributed to anomalous enhancement of the GaAs growth rate due to localized
accumulation of excess gallium [1]. The crystalline quality inside oval defects of these
types has been found to be good [7].

While GaAs oval defects have been studied extensively, there have been only a
few studies of Al,Gai—;As in oval defects. Recent spectroscopic investigations have
revealed a variation o% the aluminum concentration of Al,Ga,_,As epilayers in oval
defects of the a3 and a4 types [7,8,9,10]. It was found that the aluminum concen-
tration is lower in the defects, compared to the surrounding Al,Ga;_,As. Raman
spectroscopy measurements showed that the aluminum concentration is slightly en-
hanced at the surface of these oval defects, and that the crystalline orientation of
material in the defects differs from the orientation outside the defects [7].

While the observation of an enhanced gallium concentration is consistent with the
proposed mechanism for the origin of a3 and a4 oval defects [1], there is no direct

evidence that the variation of aluminum concentration is related to the defect origin.
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In the following sections, the variation of aluminum concentration in oval defects of

five samples will be studied in detail.

6.3 Experimental results

6.3.1 Sample MBE 562

The first sample studied was MBE 562. Growth was done at a substrate temperature
of 650°C. The structure consists of a 5007 Be-doped Alg23Gag 72As surface layer,
a 100A undoped Alg25GagraAs layer, an undoped 130A quantum well, a 100A un-
doped Al 2sGag72As layer, a 0.64 pum Si-doped Alg2sGagr2As layer, a superlat.tice
buffer layer, and a 0.75 pum Si-doped GaAs layer. The growth has a high density
of oval defects (about 4 x 10° cm™2), which are of the ay type. Room temperature
cathodoluminescence data from this growth have been presented elsewhere [8,9].
The defects in this sample are approximately 5 um long and 3 ym wide, with a pit
in the center (see Figure 6.1). Phase contrast optical microscopy of the oval defects
shows a circular area surrounding the each defect, &~ 10 um in diameter, which is
slightly tilted with respect to the nominal (100) growth direction. Due to its shape
and luminescence properties (see Figure 6.1.c), we fefer to this area as the halo.
Cathodoluminescence images and spectra of this sample at 77 K and 13 K reveal
a strong variation of the composition of the AlGaAs in the vicinity of the defects.
Figure 6.1 shows spectrally resolved cathodoluminescence images of the defects at
77 K, at 64004, 6700A, and T100A. At the peak of the AlGaAs emission from the

sample, luminescence from the oval defects (including the halo) is weak. The halo
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Figure 6.1: Oval defects in MBE 562 exhibit strong spatial dependence of the cathodolu-
minescence emission.

(a) Secondary electron image of the sample, showing a high density of oval defects.

(b) Cathodoluminescence image, taken at 77 K, at a wavelength of 6400A. This wavelength
corresponds to the peak of the Aly2sGag 72As spectrum. Luminescence is weak in the vicin-
ity of oval defects at this wavelength.

(<) Cathodoluminescence image, taken at 77 K, at a wavelength of 6700A. At this wave-
length, the halo regions of the oval defects luminesce strongly.

(d) Cathodoluminescence image, taken at 77 K, at a wavelength of 7100A. At this wave-

length, the centers of the defects luminesce strongly.
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luminesces strongly at a somewhat longer wavelength, 67004, but the center of the
defect remains dark at this wavelength (Figure 6.1.c). At 71004, the centers of the
defects exhibit strong luminescence.

Cathodoluminescence spectra quantify the spatially dependent emission observed
in the CL images. Figure 6.2 shows a luminescence spectrum of a defect. The defect-
free spectrum exhibits a broad peak at 81954, which is identified as the superposition
of luminescence from the quantum well, the superlattice, and the GaAs substrate and
buffer layer. The luminescence peak at 6467A corresponds to the Alg23Gag.72As lay-
ers. The oval defect spectrum shows little change in the 8195A peak, compared to
the defect-free spectrum. The halo has a broad luminescence peak at approximately
6800A. The strong luminescence peak at 71474 originates in the center of the defect.
No luminescence was observed from AlGaAs with a higher aluminum concentration
than 0.28 in this sample. This is not conclusive evidence that the oval defects con-
tain only AlGaAs with an enhanced gallium concentration, because the bandgap of
AlGaAs becomes indirect at z ~ 0.37 at this temperature, and ‘the luminescence

efficiency becomes worse as the aluminum concentration approaches this value [11].

6.3.2 Sample MBE 775

The next sample studied was MBE 775. The growth consists of a 0.1 um GaAs
buffer layer, and a 2.3 pm Si-doped Alpo7Gag g3As layer grown on a semi-insulating
GaAs substrate. The oval defects in this sample are primarily of the a3 and a4
types, with a wide variety of external features. The defects have in common an oval

shape, with the long axis oriented along the [011] direction. There is a ridge running
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Figure 6.2: Cathodoluminescence spectra of MBE 562, showing the luminescence peaks
emitted by oval defects. The spectra were taken at 13 K. The upper spectrum shows lu-
minescence from the center of an oval defect. For comparison, the lower spectrum shows
luminescence from a defect-free area of the sample. The lower spectrum, plotted for compar-
ison, was taken under the same excitation conditions from a defect-free area of the sample.

See text for discussion of the compositional variation exhibited by the spectra.
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the length of the defect, sometimes terminated by a triangular facet. The primary
variation in defect morphology is in the center. In the center of the defect, there
sometimes occurs a pit, similar in appearance to the defects pictured in Figure 6.1.
Other defects exhibit a faceted central feature instead of a pit, which may include a
spherical lump on one side (see Figure 6.3). Matteson and Shih noted the presence
of faceted features and spherical protuberences in oval defects. They proposed that
a liquid phase occurs in these oval defects during growth, which results from the
agglomeration of gallium [12]. Defects similar to the faceted defects in MBE 775 were
observed by Bafleur and Munoz- Yague, who attribute the origin of this type of defect
to substrate preparation and contamination [13].

The oval defect in Figure 6.3 is typical of this sample. The low temperature SRCL
.images of the oval defect have a number of interesting features, which illustrate the
spatial variation of the luminescence, and its correlation with the external features
of the defect. The faceted center of the defect exhibits very strong luminescence.
The SRCL image at 6800A shows that the luminescence peak at 68004, which is
very weak, originates from two of the facets in the center of the oval defect (see
Figure 6.3.b). The luminescence at 7500A also originates in the center of the defect,
but in this case all of the facets are luminescing (see Figure 6.3.c). At 7600A, the
defect-free areas of the sample luminesce, but the center still exhibits the strongest
luminescence (see Figure 6.3.d). At 81404, the center luminesces very strongly (see
Figure 6.3.e).

The primary peak in the luminescence spectrum from the center of the defect
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Figure 6.3: Secondary electron and cathodoluminescence images, taken at 77 K, of a typical
oval defect in MBE 775, showing the variation in composition of AlGaAs in the vicinity of the
defect. (a) Secondary electron image of the oval defect, showing the faceting characteristic
of this type of defect. (b) Spectrally resolved cathodoluminescence (SRCL) image of the
defect at 68004, taken at 77 K. This luminescence corresponds to a much higher aluminum
concentration than the nominal value of z 2 0.07. (¢) SRCL image of the defect at 7500A.
(d) SRCL image of the defect at 7600A. This image corresponds to the peak luminescence
of Alo.o7Gagp.g3As in the defect-free areas of the sample. (e) SRCL image of the defect at
8140A. This image corresponds to the dominant luminescence peak from the faceted growth
in the center of the defect, representing an 83 meV shift in energy relative to the defect-free

AlGaAs.
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occurs at 8160A, with a smaller linewidth than the luminescence peak from the defect-
free part of the sample (see Figure 6.4). In addition, there are at least five other
peaks in the spectra from this part of tile sample, at 68104, 75814, 76604, 80304,
and 8300A (this peak is identified as GaAs luminescence, probably arising from a
band to donor transition). The luminescence from the defect-free part of the sample
exhibits a single peak at 7720A. Thus, the aluminum concentration in this oval defect
differs significantly from that of thé defect-free material in the sample, varying (at

least) over the range z &~ 0.01 to z ~ 0.22 in different facets of the defect.

6.3.3 Sample MBE 815

Thev third sample studied, MBE 815, is interesting, because the substrate was pat-
terned with grooves prior to growth. Luminescence of AlGaAs grown in the grooves
is described in Chapter 3. The structure in this sample consists of a 1 um GaAs
buffer layer, a 1 um Algz5Gag.75As layer, a 1008 GaAs quantum well, and a 1000A
Alp.25Gag.75As cap layer. All layers were undoped. Grooves 15 pm wide were etched
in the GaAs substrate prior to the growth. The growth was done with a Riber 2300
molecular beam epitaxy machine, using a substrate temperature of 600°C. The sub-
strate was rotated at 48 rpm during the growth.

SRCL images of an oval defect in this sample are shown in Figure 6.5. The oval
defect,. shown in Figure 6.5.a, is of the a, type, with a length of approximately 13 um,
and a width of approximately 7 um. The strongest shifts in the luminescence occur
in the ends of the defect, Figure 6.5.d, and the faceted feature in the center of the

defect, Figure 6.5.e. Luminescence from the sides of the defect is shifted to a slightly
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Figure 6.4: Cathodoluminescence spectra, taken at 77 K, showing luminescence from an
oval defect in MBE 775. Luminescence spectra from two facets in the defect are shown.
Facets 1 and 2 have narrow luminescence peaks, which are red-shifted relative to defect-free
AlGaAs in the sample. Facet 2 has a strongly blue-shifted peak, appegring at approximately
6810A, and a weakly blue-shifted peak at approximately 7581A. The spectrum from the

defect-free AlGaAs, shown for comparison, has a peak at 7720A.
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Figure 6.5: Cathodoluminescence images of an oval defect in sample MBE 815. (a) Sec-
ondary electron image of the defect, showing the dimensions of the defect and the external
morphology. (b) Spectrally resolved cathodoluminescence (SRCL) image of the defect,
showing luminescence at 6670A. The defect-free part of the sample , and the center of the
defect, luminesce at this wavelength. (c) SRCL image of the defect at 6700A. The sides
of the defect luminesce strongly at this wavelength, which is slightly red-shifted relative to
the peak of the luminescence from the defect-free AlGaAs. (d) SRCL image of the defect
at 6800A. The ends and faceted center of the defect luminesce strongly at this wavelength.
(e) SRCL image of the defect at 7200A. Only the faceted center of the defect luminesces at

this wavelength.
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longer wavelength (Figures 6.5.b and 6.5.c).

Cathodoluminescence spectra from the faceted feature near the center of the defect
exhibit two peaks (Figure 6.6), appearing at 6950A and 7240A. The ridge running
down the center of the defect has a CL peak at 6650A. Luminescence from the defect-
free AlGaAs has a single peak at 6685A. Luminescence from the side of the defect has
a peak at 6700A. The end of the defect has a CL peak at 6875A. The luminescence
emitted by the faceted central feature in the defect, which is much brighter than
luminescence from other parts of the sample, has a peak at 7240A.

A similar defect, which exhibited a very small pit instead of a faceted protrusion,
had similar luminescence properties (see Figure 6.7). Luminescence from the pit has
three peaks, at 71914, 69194, and 6688A. The center of the defect exhibited peaks
at 7191A and 6651A.

The cathodoluminescence data from oval defects in MBE 815 are to be compared
to data from AlGaAs grown in grooves on the same sample, and in siﬁlilar growths
on grooves in samples NSI1, NSI2, and NSI3. These data are presented in Chapters 3
and 5 of this thesis. Discussion of the implications of similarities in the CL spectra

of oval defects and grooves is deferred to section 6.4.

6.3.4 Sample NSIi

The fourth sample studied, NSI1, contained patterns of grooves arranged to study the
growth of AlGaAs in a variety of surface orientations. A description of the sample,
and results of cathodoluminescence measurements on the grooves, is presented in

Chapter 5. The oval defect studied in this sample is of the a4 type, very similar
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Figure 6.6: Cathodoluminescence spectra of an oval defect in MBE 815. Luminescence
from the faceted center of the defect and the end facet of the defect are sliown, with peaks
at 7240A and 6875A, respectively. A luminescence spectrum from AlGaAs away from the

defect, with a peak a 66854, is shown for comparison.
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Figure 6.7: Cathodoluminescence spectra from a second defect in MBE 815. This defect
is similar to the first defect, except that a pit appears in the center, rather than a faceted
protrusion. Spectra from the pit, the center, and the end of the defect are shown, with the

peak positions labelled. A spectrum from defect-free AlGaAs is shown for comparison.
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motrphologically to the first defect studied in sample MBE 815.
Cathodoluminescence spectra of the oval defect in this sample (Figure 6.8) are
similar to those presented for sample MBE 815. The faceted feature in the center of
the defect exhibits a broad luminescence peak at 7172A. The end facet of the defect,
which is similar to the end facet in MBE 815 (see Figure 6.5), has a luminescence
peak at 6905A. For comparison, luminescence from AlGaAs away from the oval defect

is shown, with a peak at 6735A.

6.3.5 Sample NSI3

The fifth and final sample studied, NSI3, contained patterns of grooves, similar to the
the sample discussed in the previous section. This sample is described in Chapter 5.
The oval defects studied in this sample were of the a4 type. Cathodoluminescence
spectra from the centers of three defects are presented in Figure 6.9, along with a
spectrum from defect-free AlGaAs in the same sample, shown for comparison. The
first two defects resemble the defects of sample MBE 815, and had similar spectral
emission. The AlGaAs luminescence from these defects was shifted from 66394 to
approximately 7100A. The third defect studied had a spherical protrusion in the
center, similar to that observed by Matteson and Shih [12], and identified as a larger
defect of the a4 type by Fujiwara et al. [1]. Cathodoluminescence spectra from this
defect exhibited two peaks, at 7373A and 76504, strongly red-shifted relative to

luminescence from defect-free A1GaAs.
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Figure 6.8: Cathodoluminescence spectra of an oval defect in NSI1. The end facet has a
peak at 6905A, and the center facet has a peak at 7172A. The spectrum from defect-free

AlGaAs, shown for comparison, has a single peak at 6735A.
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Figure 6.9: Cathodoluminescence spectra from the centers of three defects in sample NSI3.
Defects 1 and 2 were similar morphologically, with faceted pits in the center. Defect 3 had

a spherical protrusion in the center (see text).
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6.4 Discussion: Variation of composition of AlGaAs in oval

defects

- The experimental data presented in section 6.3 demonstrate strong variation of the
composition of AlGaAs in oval defects. This has been observed previously, and cor-
related to the mechanism of origin of these types of oval defects (see section 6.2).
The data presented here indicate that there are at least two additional mechanisms

responsible for the variation of aluminum concentration in oval defects.

6.4.1 Orientation selective epitaxy in oval defects

Growth on oval defects involves growth on several different crystalline orientations,
and several different surface orientations. The crystal orientation inside an ove,l defect
is not necessarily the same as the orientation outside the defect, so that the surface
orientation is not a good indicator of the crystal orientation in the center of an oval
defect [7]. This complicates interpretation of the data, because cathodoluminescence
does not provide a direct measure of crystal orientation. Nevertheless, both surface
orientation and facet orientation vary within the defects, and data on the grooves
provide an interesting reference for comparison. In Chapters 3, 4, and 5, the rela-
tionship between facet orientation and aluminum concentration is studied in detail,
for growth on grooves in a GaAs substrate. At a substrate temperature of 600°C,
spontaneous segregation of aluminum and gallium is observed to occur in AlGaAs,
forming a superlattice on the sides of the grooves.

Oval defects in the same samples used for the measurements on grooves were
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studied in this chapter (sections 6.3.3, 6.3.4, and 6.3.5). The centers of two oval
defects in sample MBE 815 luminesced at 7240A (defect with faceted center), and
7191A (defect with pit). AlGaAs on the end facets of this sample, and in the pit of the
second defect, has a luminescence peak at approximately 6900A. Similarly, an oval
defect in sample NSI1 luminesces at 71724 in the center facet, and at 69054 in the
end facet. Two of the defects in sample NSI3 luminesce at approximately 71004 in
the center. These three samples were grown under nearly identical conditions, and
the oval defects were of the same type, with similar morphology®.

Because the developing oval defect presents surfaces with a variety of orientations
during the growth of epitaxial layers, it may be that some of the facets would exhibit
segregation of the group III elements, resulting from the same mechanism responsible
for orientation selective epitaxy. Comparison of the luminescence from oval defects
and grooves shows a similar shift in peak wavelength, and an associated increase in
the linewidth. In particular, the end facets of oval defects, which are expected to
have approximately the same surface orientation as the sides of [011] grooves, exhibit
nearly the same shift in wavelength. Comparison of luminescence from the non-
faceted center of the second defect studied in MBE 815 with the [01T] groove shows
a similar shift in peak wavelength. These comparisons of oriented growth on grooves

and defects in the same samples indicate that orientation selective epitaxy causes

! A third defect in sample NSI3, with a much different morphology than the other defects studied in this
chapter, exhibited two peaks, at 7373A and 7650A. This demonstrates that the composition is associated
with the morphology of the defect, and that there is some diversity in the growth of oval defects within the

same sample.
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some of the observed variation in composition of AlGaAs grown in oval defects.

6.4.2 Surface diffusion in oval defects grown at high temperature

Previous photoluminescence and cathodoluminescence studies found that oval defects
contain material with an enhanced concentration of gallium, but did not find evidence
of an enhanced concentration of aluminum [8;10]. A study of oval defects using Raman
spectroscopy did find evidence of a slight increase of the aluminum concentration, in
a volume limited to the surface of the defects [7].

The spectra from oval defects in MBE 562, grown at 650°C, and MBE 775, grown
at 720°C, have peaks which are quite narrow compared to the peaks present in spectra
of the sample away from the defects. While MBE 562 has a high concentration of
aluminum, which makes observation of an increased aluminum concentration difficult
in cathodoluminescence studies?, MBE 775 has a relatively low nominal aluminum
concentration outside the defects. One of the facets of an oval defect in MBE 775
exhibited a luminescence peak at 68104, representing a 910A blue shift of the lumi-
nescence. In addition, another blue-shifted peak, e;t 75814, is observed in this oval
defect.

Interfacet surface diﬁ'usion of gallium is likely to have caused variation of the alu-

minum concentration in samples MBE 562 and MBE 775, both of which were grown at

2The luminescence efficiency becomes very poor as the aluminum concentration approaches 0.37, where
the transition is made (at low temperature) from a direct to an indirect bandgap. In addition, Juminescence
from material with a lower aluminum concentration dominates luminescence from material with a higher

aluminum concentration, for regions smaller than the minority carrier diffusion length.
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higher temperatures than the other samples discussed in this chapter. Studies of high
temperature growth of Al1GaAs on nonplanar substrates have found that the surface
diffusion length is quite long for some facets, giving rise to variation of the aluminum
concentration on the scale of microns [14]. Surface diffusion induced variation of the
aluminum concentration may also explain the relatively narrow luminescence spectra
from oval defects in these samples. Because surface diffusion results in a gradual
variation of the composition, the electrons in the facets would experience a graded
potential. Carrier diffusion in a graded potential reéults in accumulation of the carri-
ers in the lowest bandgap AlGaAs, accounting for the observed narrow luminescence

spectra.

6.5 Conclusions

The composition of AlGaAs in oval defects of the a3 and a4 types has been found
to vary. Previously, this observation was suggested to be a result of the mechanism
of formation of the oval defects, which involves the accumulation of excess gallium
during the growth. Variation of the aluminum concentration in oval defects was
studied with cathodoluminescence, for five samples. The results were compared with
growth of AlGaAs in grooves on three of the samples, in order to establish a connection
between orientation selective epitaxy in grooves and the observed composition of oval
defects. We conclude that orientation selective epitaxy contributes to variation of the
aluminum concentration in oval defects grown at lower temperatures (= 600°C). At

higher temperatures, oval defects are observed to have both enhanced gallium and
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enhanced aluminum concentration in different areas of the defects. This éuggests
that interfacet surface diffusion during growth is responsible for some of the variation
in composition of oval defects. This is consistent with the observation of narrow,
red-shifted, luminescence lines from the oval defects grown at higher temperatures.
Finally, these additional mechanisms for variation of the aluminum concentration do
not preclude the previously suggested accumulation of gallium during formation of

the defects. The overall composition of an oval defect is determined by several factors,

which include the defect origin, surface diffusion, and orientation selective epitaxy.
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