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ABSTRACT
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Bachelor’s thesis

Tampere University
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The process of growing single crystal semiconductor structures using molecular beam epitaxy
(MBE) has been developing rapidly since the first MBE systems were developed in the late 1960s.
These were high vacuum systems where molecule fluxes were used to create crystals with well-
defined orientations. It has since enabled the research and production of a wide arrangement of
semiconductor devices, such as lasers, photodiodes, transistors, LEDs and solar cells.

The goal of this thesis is to understand the process of growing gallium antimonide (GaSb) by
MBE on multiple levels. There are three main parts in the process that need a theoretical inves-
tigation. Firstly, the physical properties of GaSb are explored to understand what makes GaSb a
semiconductor and to lay out groundwork for other processes. Secondly, the physical principles of
MBE are studied to understand the different processes that enable single crystal epitaxial growth.
And finally x-ray diffraction (XRD) is studied, as it is one of the most powerful techniques for char-
acterizing MBE grown samples.

The theoretical part is applied by growth and analysis of a GaSb sample structure using equip-
ment at the Optoelectronics Research Center in Tampere university. The processes involved in
using the equipment are explored. The sample grown is used to determine growth parameters for
the MBE system. More specifically, in this thesis a sample consisting of a top layer of GaSb and
a buffer layer of AlIGaSh is grown. The sample is then analysed with high resolution XRD and an
algorithmic fitting tool to determine the thicknesses of these layers. With these thicknesses and
the known layer growth times new growth rates were determined for these compounds in the MBE
system.

Keywords: gallium antimonide, molecular beam epitaxy, semiconductor, x-ray diffraction, high
resolution x-ray diffraction

The originality of this thesis has been checked using the Turnitin OriginalityCheck service.
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Puolijohde-erilliskiteiden kasvatus molekyylisuihkuepitaksia-menetelmalla kehitettiin 1960-luvun
lopussa, ja kehitys on ollut nopeaa siitd lahtien. Tama menetelmé hyddynsi korkeatyhjidjarjes-
telmi&, joissa molekyylivoita kaytettiin kristallien kasvatukseen siten ettd kasvatettujen kristallien
orientaatiot olivat selkeasti maariteltyja. Tama mahdollisti puolijohdelaitteiden, kuten laserien, fo-
todiodien, transistorien, ledien ja aurinkokennojen valmistuksen ja tutkimisen.

Taman tyon tavoitteena on ymmartaa usealla tasolla galliumantimonidin (GaSb) kasvatusproses-
si molekyylisuihkuepitaksia-menetelmalla. Tyd koostuu kolmesta teoreettisesta osa-alueesta. En-
simmaisend tybssa tutustutaan GaSb:n fyysisiin ominaisuuksiin, jotta voidaan ymmartaa mika
tekee GaSh:sta puolijohteen seké luodaan perusta muille prosesseille. Yksi tarkeimpia fyysisia
ominaisuuksia téassa tapauksessa on puolijohteen energia-aukko, joka on GaSh:lle noin 0,73 eV.
Taman jalkeen tutustutaan molekyylisuihkuepitaksian fyysisiin toimintaperiaatteisiin, jotta voidaan
ymmartaa eri prosessit, jotka mahdollistavat puolijohde-erilliskiteiden epitaksian. Viimeisena tutki-
taan rontgendiffraktiota, koska tdméa on yksi monipuolisimmista tavoista karakterisoida molekyyli-
suihkuepitaksialla kasvatettuja naytteita.

Teoreettista osaa sovelletaan kasvattamalla GaSb-nayte ja tutkimalla sen rakennetta kayttéden Op-
toelektroniikan tutkimuslaitoksen laitteistoa Tampereen yliopistossa. Kasvatettua naytetta kayte-
taan molekyylisuihkuepitaksia-jarjestelman kasvatusparametrien maarittamiseen. Tarkemmin sa-
nottuna, tdssa tydsséa kasvatetaan nayte, joka koostuu GaSbh-pintakerroksesta sekéd AlGaSbh-merk-
kikerroksesta. Pintakerroksen ja merkkikerroksen paksuuksiksi tavoiteltiin vastaavasti 500 nm ja
100 nm. Kasvatuksen jalkeen nayte analysoidaan korkean resoluution rontgendiffraktiolla, jon-
ka tuloksiin sovelletaan algoritmista sovitustydkalua. Tamén tyokalun avulla saadaan selvitet-
tya kasvatettujen materiaalien kerrospaksuudet. Sovitustytkalulla méaéaritettiin pintakerrokselle ja
merkkikerrokselle paksuuksiksi vastaavasti 459,853 nm ja 100,083 nm. Naiden paksuuksien se-
k& tiedettyjen kasvatusaikojen perusteella pystyttiin maarittdmaan uudet kasvatusnopeudet kas-
vatetuille yhdisteille, jotka olivat vastaavasti GaSb-yhdisteelle 0,5094 um/h ja AlGaSb-yhdisteelle
0,7331 um/h.

Avainsanat: galliumantimonidi, molekyylisuihkuepitaksia, puolijohde, rontgendiffraktio, korkean re-
soluution rontgendiffraktio

Taman julkaisun alkuperaisyys on tarkastettu Turnitin OriginalityCheck -ohjelmalla.
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1. INTRODUCTION

Gallium antimonide (GaSb) is a crystalline semiconductor material. Semiconductors are
materials that have discreet energy separations at the atomic level. These separations
give effect to different physical properties that are useful in many kinds of technologies.
More specifically, the inherent properties of gallium antimonide enable it to emit and ab-
sorb photons in the infrared radiation (IR) range. This enables us to make different opto-
electronic applications in the IR-range such as lasers, detectors, LEDs or photodiodes.

Molecular beam epitaxy (MBE) is a method for growing single crystal structures. Many
different materials can be grown with this method but in this thesis we will be focusing on
[1I-V compound semiconductors. The growth process involves beaming molecular fluxes
on to a heated substrate in ultra-high vacuum. MBE is a very popular epitaxy method as
the process is easily controllable and yields accurate and complex heterostructures. [1]

This thesis will be focusing on GasSb, its properties and how molecular beam epitaxy
can be used to grow it. An X-ray diffraction (XRD) measurement will also be done on
a MBE grown GaSb sample. This measurement is a common method for checking the
quality of the crystal structure and determining growth parameters for the MBE system.

Chapter 2 or Theory will be focusing on the physics of semiconductors, especially gal-
lium antimonide. After this we will be looking at the physics behind MBE and XRD. In
chapter 3 we will go over the technological details of MBE and XRD systems. Then we
will go over the results from the growth and XRD measurement in chapter 4. And finally
in chapter 5 we will gather our thoughts and reflect on them.



2. THEORY

This section will be focusing on the physical background of GaSb and the most important
physical processes in molecular beam epitaxy.

2.1 Physical properties of GaSb

GaSh is a crystal structure formed of gallium and antimony atoms. Gallium is a soft metal
with an atomic number of 31 and antimony a metalloid with an atomic number of 51. The
elements can be seen in the periodic table in figure 2.1 where it is shown that they are
from group 11l and V which is usually the case with semiconductor materials.
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Figure 2.1. Periodic table where group Ill elements are marked with red and group V
elements with blue [2]
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2.1.1 GaSb crystal structure

In a crystal, the structure can be thought as a periodic set of points which in turn is called
a lattice. This lattice contains different atoms or sets of atoms called cells which repeat
in the structure. In the case of semiconductors the cell is usually a cubic structure which
can be further divided into 3 categories. [3, pp. 25—-26] These are depicted in figure 2.2.
The cell structure is commonly characterized by the lattice constants. In the case of cubic
arrangement there is only one lattice constant which is the length of the side. For the
GasSb structure the lattice constant has been determined to be about 6.1 A [4].

(a) Simple cubic (b) Body centered cubic

(c) Face centered cubic

Figure 2.2. Three possible variations on cubic lattice cells. Simple cubic has atoms in
each corner of the cell. When an atom is in the middle of the cell, it becomes body
centered cubic. And when there is an atom in the middle of each side, the cell becomes
face centered cubic. [3, pp. 25-26] lllustrations created with VESTA [5]

For GaSb and most other semiconductors the cell structures are similar to diamond cu-
bic structures which fall into the face centered cubic structure category. This is called
the zinc blende structure which can be seen in figure 2.3. The zinc blende and diamond
cubic structures can be thought as consisting of two interpenetrating fcc-lattices. In the
zinc blende structure these two interpenetrating lattices consist of different atoms. For
GasSh, one of the fcc lattices is made up of gallium atoms and the other antimony. These
structures have the ablity to trade group Il elements to create ternary alloys. Or even
quaternary or quinary alloys when introducing more group Ill or V elements. [3, pp. 29—
30]



Figure 2.3. The zinc blende structure [6]. The yellow points represent gallium and grey
points represent antimony. A tetrahedral arrangement can be observed.

2.1.2 Band gap

With semiconductors we are interested in the energy separation between the conduction
band and the valence band. It is known that metals can conduct electricity because elec-
trons can move freely in the material. But if we think about semiconductors there is a
gap between the conduction and valence band which doesn’t allow the electrons to move
freely. When this band gap gets sufficiently big, the material can be thought as an insula-
tor. With a certain band gap we can easily get the electrons to move between the bands
which gives us useful physical effects like absorption and photon emission. We can think
that the band gap for semiconductors is about 1 eV although no strict definitions exist in
terms of the band gap threshold value. [3, pp. 90-91]

To understand this band gap we must think about how electrons move around atoms.
Electrons can be understood as clouds of probabilities around the atoms which are re-
gions that have a high probability of containing electrons. These clouds can be calculated
using the Schrédinger equation which also gives us discreet energy levels for electrons.
And when atoms are brought together they interact with each other causing a change
in electron energy levels. The change can be understood with linear combination of the
electrons’ wave functions. Two new types of energy levels are created: one antibonding
and one bonding. These bonding states are filled up with electrons since they are on the
lower energy while the antibonding states are empty since there are no electrons left to
populate them. This is because of Hund’s rule of maximum multiplicity which states that
lowest energy levels must be filled up in pairs before going to a higher energy level. These
lower and higher level energies can be thought as the valence and conduction band. [3,
pp. 86—89] The lattice constant can now be associated with the band gap since the dis-
tance between the atoms affects the way electrons interact with neighboring atoms. The



general trend we can see from figure 2.4 is that larger band gap constitutes to a smaller
lattice constant.

For GaSb the band gap has been measured to be about 0.73 eV at room temperature
which can also be seen in figure 2.4. This band gap can be controlled by replacing gal-
lium atoms with aluminium or indium or by replacing antimony atoms with arsenic. For
example the line between GaSbh and InSb represents the composition change of gallium
and indium in InGaSh. By starting to add indium to GaSb the crystal lattice starts to
change shape and therefore the band gap changes. There is about a 0.5eV band gap
drop before all the gallium is replaced by indium in GaSb. As it can be seen, it is possible
to play around with the composition of the compounds which in turn gives us a range of
possibilities for different band gap materials. [4]
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Figure 2.4. Lattice constant vs band gap figures for Ill - As - Sb compounds based on
data from Vurgaftman,l. et al[4] where the lines represent ternary alloy compositions

2.2 Physical principles of molecular beam epitaxy

The basic idea of molecular beam epitaxy is to create single crystal structures by directing
atomic or molecular fluxes onto a heated substrate. This substrate is set in a ultra high
vacuum chamber which is surrounded by cells that are the sources for the beams. And
when group Il and V elements are directed to the substrate crystal growth can take place.
The growth process is based heavily on the surface properties and the properties of the
molecular or atomic beam fluxes interacting with the substrate surface.



2.2.1 Thermal evaporation

The molecular beams in MBE are commonly achieved by thermal evaporation. Thermal
evaporation is based on the vapor pressure of the material. Different materials require dif-
ferent temperatures to achieve a certain vapor pressure. The vapor pressures for gallium
and antimony can be seen in figure 2.5. In MBE the elements are heated in a crucible
and the resulting molecular flux can be calculated using a modified Knudsen equation [7,
p. 114]

dN _ AP _
dt " 2pikg TM=NA'

2.1)

where A is the area of the evaporation surface, M is the molecular mass, P is the equilib-
rium vapor pressure of the source, N is the number of atoms, t is time, T is the tempera-
ture of the material, N, is the Avogadro constant and kg is the Boltzmann constant. The
amount of atoms evaporating is the main contributing factor in monolayer growth rate. [7,
p. 115]

Partial pressure (mbar)

— Ga
Sh

] 500 1000 1500 2000 2500
Temperature(*C)

Figure 2.5. Partial pressure figures of Ga and Sb. Approximated with the equation P =
10* B=T and data from MBE komponenten website [8].

One important aspect of the evaporated atoms is that the mean free path for an evapo-
rated atom needs to be larger than the distance between the source and substrate. This
means that on average, the moving atom will not interact with any other atoms before
touching the substrate. This is one of the reasons why the operating pressure in MBE



needs to be very low. [7, pp. 113-114]

Equation 2.1 allows us to theoretically determine the molecular flux but in practice the
actual flux in the growth chamber is difficult to determine by theoretical calculation. This
is why the true fluxes in MBE need to be calibrated by various experimental methods. [9,
pp. 29-48] This will be addressed later in the work.

2.2.2 Surface reaction kinetics

When a single crystal substrate is beamed with group 11l and V fluxes under suitable pa-
rameters single monolayers of material can be deposited such that the underlying crys-
talline structure is copied to the deposited epilayer. The layer creation process depends
on many different growth properties like the temperature of the substrate, the molecular
fluxes, and the allotropes of the elements.

To understand how epitaxial growth happens we must look at what happens on the sur-
face of the substrate when it is impinged by atomic or molecular beams. There are 4 main
surface processes during epitaxial growth that we want to focus on. First we can think
that when an atom or a molecule approaches the substrate surface adsorption occurs.
Adsorption can be divided into two types: physisorption and chemisorption. Physisorp-
tion means that there is van der Waals interaction and no electron exchange between the
impinging atoms or molecules and the surface. If these particles start to chemically react
with the surface and create a bond the process is known as chemisorption. Generally
molecules impinging on the substrate surface first experience weaker physisorption and
then chemisorption given that the molecule or atom and surface are capable of bond for-
mation. [9, pp. 9-10]

After adsorption the atom has 3 relevant processes that can manifest on the surface.
Firstly the atom can diffuse along the surface of the crystal lattice. Once it finds a suit-
able spot it can itself incorporate into the crystal lattice. Finally the atom can experience
desorption which means that the chemical bond is severed with the surface and the atom
can leave back into the vacuum. All these processes can be seen in figure 2.6. [9, p. 9]
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Figure 2.6. The most relevant surface kinetics processes where 1 depicts adsorption,2
surface diffusion, 3 incorporation into the crystal lattice and 4 desorption.

The adsorption and desorption of group Il and V elements on the substrate surface have
been studied to understand the growth process. Group Il atoms have the potential to
nucleate on the surface and cause metal droplets to form on the surface if the fluxes are
not controlled properly. Such droplets are often unwanted as they break the crystal or-
der and severely hinder the growth of subsequent layers. The droplets form if there is
insufficient group V flux arriving on the substrate surface in comparison to the group Il
flux. Therefore the excess group Il atoms are left on the surface without group V atoms
to bond to. This is why the group Il fluxes are determined with respect to the group V flux
as flux ratios. [9, pp. 236—238]

The group V elements come in different chemical allotropes compared to group Ill. For
example arsenic and antimony vaporize into 4-atom molecules. This makes the adsorp-
tion of these elements on the growth surface harder because it requires more energy
and steps to be incorporated into the layer. This can be made easier by breaking the
4-atom molecules into 2-atom molecules. This lowers the energy to split the molecules
and makes the adsorption faster. [9, p. 12] [9, p. 237] It is also shown that using Sb, and
single atom Sb in GaSb growths improves the optical quality of the sample. This is one
of the main reasons why cracked Sb, sources are used. [10]

2.2.3 Molecular beam sources

To produce molecular beams thermal evaporator cells are commonly used. They work by
heating the source material to give rise to evaporation or sublimation. There is a variety of
different effusion cells for different applications in MBE. In most cases conical and SUMO
sources are used for group Il elements and valved cracker sources for group V elements.
The conical and SUMO source cells get their name from the shape and technology of the



crucible. The shapes of the crucibles have an effect on heat dispersion, beam shape and
capacity.

To get a better understanding of the basics of effusion cells, example schematics in figure
2.7 can be studied. A common effusion cell structure for group Ill elements can be seenin
figure 2.7a. A crucible is surrounded by a heating filament which in turn is surrounded by
an outer shield with water cooling. Water cooling is used to thermally isolate the cell from
its surroundings as well as provide improved thermal stability in the cell. Atthe base of the
crucible there is a thermocouple to measure the temperature of the source. [9, pp. 53-56]

Thermocouple Heating filament

= =
=

Crucible
Water cooling

(a) Sketch of a typical effusion cell

Crucible Bulk water cooling

Cracker zone water
cooling
Valve \I
I

—
N
=X

— =

=
=

K

Cracker zone heating
filament

Bulk heating filament

(b) Sketch of a typical cracker effusion cell

Figure 2.7. Examples of effusion cell structure

Group V elements are a bit trickier since they mostly have higher vapor pressure and
tend to effuse as tetrameric molecules. To break these molecules apart a secondary
phase called cracking is introduced to the effusion process. The process is set up in a
way that the material is first heated to get a flux of tetrameric molecules which then flows
through a heated cracking zone that breaks up the molecules even further. Owing to the
high vapor pressure of group V materials, a valve is used to limit and control the flux out-
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put of the cell near instantaneously. [9, pp. 58-62] We can see an example of how this
kind of a system is set up in figure 2.7b. There are two separate heating filaments and
water coolings, one for bulk and one for the cracker, due to different thermal requirements
of the components.

2.3 High resolution X-ray diffraction

One of the most important tools for characterizing MBE grown samples is high resolution
X-ray diffraction. It is a derivation of the usual X-ray diffraction measurement but is set up
in a way that it can resolve diffraction peaks very close to each other. This is very impor-
tant for characterizing single crystal semiconductor thin films as the lattice constants can
differ very little.

X-ray diffraction is the result of incident X-rays interacting with the crystal lattice. A ray
coming in and hitting the top layer atom will partially reflect. Another ray reflecting off the
second or any subsequent layer atom will have travelled a longer path and will have a
different phase. When this longer path is a multiple of the x-rays wavelength, the phases
will interfere constructively and cause interference peaks. The classic illustration of this
can be seen in figure 2.8. This constructive interference follows the Bragg’s law 2.2 [9,
pp. 175-176]

2dsin( ) =n; (2.2)

where d is the distance between planes, is the incident angle, n is an integer and
is the wavelength of the x-rays. The distance between the planes can be calculated by

solving d from Bragg’s law.
n

2sin( )

The lattice constant can have small variations which cause diffraction peaks very close to

(2.3)

each other. HRXRD needs to be sensitive enough to detect these peaks. The Bragg law
can be differentiated to determine the sensitivity. [9, pp. 180-181]

—d 2.4
5 (24

tan
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dsin(6)

Figure 2.8. Bragg diffraction. Identical incident rays diffracting from points in the lattice
where the second beam has travelled 2dsin( ) more than the first. The distance between
the planesis d and marks the incident angle. [9, p. 175]

In order to understand XRD measurements, Miller indices have to be introduced. The
different planes of a lattice cells are described by the Miller indices which are denoted
with h; k and |. A certain plane is expressed with (hKl). For example a cubic lattice cell’s
top side is denoted (001) and the bottom side (001). [3, pp. 27-31] These are important
because in order to understand the measurements, the measured plane needs to be
determined. This is also why a calibration procedure is done in HRXRD to determine
the orientation of the crystal. There are many planes from where a XRD measurement
can be made but in this work the focus is on the (004) plane. This plane is parallel to
the (001) plane but lower down in the cell. An illustration of these planes can be seen in
figure 2.9. The reason for choosing a different plane is because different planes diffract
different amounts of x-rays and give different information about the crystal structure [11,
pp. 159-163].
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(001)

(004)

Figure 2.9. A visual example of planes denoted with Miller indices (001) and (004). Figure
drawn based on reference [3, pp. 21-51]

The distances between planes can be calculated with the following equation [3, p. 29]

a

P @9)

where a is the lattice constant and hkl are the Miller indices. One thing that can be
determined from HRXRD measurements is the lattice constant. To do this equations 2.3
and 2.5 can be put together

n a
o)

- =P 2.6
2sin() ' hZ+kZ2+12 (2.6)
and an equation for the lattice constant can be written
n PrerkeEr .
a= - ; .
2sin( ) @1

This is a way for determining the lattice constant for grown thin films but there are other
characteristics that can be derived from a HRXRD measurement. For example, for a
given thin film stack, if there are small changes in the lattice constant that produces small
deviations in the diffraction angle. This lattice constant difference produces additional
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features next to the substrate diffraction peak. Using a dynamical theory of diffraction
one can simulate these diffraction patterns [7, p. 377]. From this simulation you can
determine the thicknesses of the grown layers using an algorithmic fitting to the actual
measured data. The algorithm iterates different thicknesses and lattice constants until
the error between the model and the data is minimized and the thickness is given [12].
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3. RESEARCH METHODS

Research methods chapter will be focusing on what a MBE system looks like and how it
is used to grow a GaSb sample. And then how the sample is commonly characterized
using a HRXRD system.

3.1 The molecular beam epitaxy system

In our experiments a VG V80 MBE system is used. A schematic of this system can
be seen in figure 3.1, which consists of three individually pumped and interconnected
vacuum chambers. The entry point of the system is the fast entry lock (FEL) chamber. It
is followed by the preparation chamber which contains a tray on a track so the sample can
be moved between the chambers. It also has a degassing stage. The growth chamber
has a manipulator for the substrate that holds, rotates and heats it during growth. The
growth chamber is surrounded by source cells directed at the substrate in the middle. The
source cell fluxes are controlled by shutter in front of the cell mouths. These shutters can
be controlled from outside of the growth chamber.

Growth chamber
FEL loading
chamber
Sample cassette Source
/ cells

Preparation chamber /

o) 4 o) /

Degas stage
Manipulator

Shutter

Figure 3.1. A rough schematic of the MBE system used in the growth process
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3.2 Stages of molecular beam epitaxy

To start growing crystals with a MBE system, a substrate needs to be sent to the growth

chamber. This isn't as easy as just opening a hatch and placing it in there. The growth

chamber can’t have any contact with the outside atmosphere so the substrate is sent in
there in steps.

First the substrate is introduced into the system via the FEL chamber, which can be indi-
vidually vented to atmospheric pressures with dry nitrogen gas. After venting, substrates
are placed on substrate holding blocks and placed into a casette. Then the FEL chamber
can be pumped into vacuum rapidly with a turbo pump. When a sufficient vacuum level
is reached, the cassette is heated to 120 C (i.e degassed) to remove any water. Then
it is sent to the preparation chamber where it is heated again to a higher temperature
of 300 C to remove further contaminants. Now the sample can be moved to the growth
chamber where one final heat treatment is done in 560 C to remove the native oxide on

the substrate surface. And then finally the growth process can start. These stages are
visualised in figure 3.2.

600 560°C :
[3° 500°C

_ 4

& 400 .- .

& 300°C |

S \ \

£ 200} [ 2| | |

g 120°C |

E III \

g 1 III | \

o | Sb flux |
‘ Ga flux ‘
time---->

Figure 3.2. A simple overview of MBE stages. Stage 1 represents the initial degassing
in the FEL. Then stage 2 is the next degassing in the preparation chamber. And then the
oxide removal in stage 3 before the growth in stage 4. Antimony and gallium fluxes are

also marked to the figure. The Sb flux is turned on right at the beginning of stage 3 and
growth starts when the Ga flux is turned on in stage 4.
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The duration of the whole process depends on the recipe. The degassing in FEL and
preparation chamber take about 1h and 1-2h respectively. The oxide removal is short and
takes only about 10min. Growth time depends on what materials are grown, what growth
rates are used, and how many layers you want to grow so these are the main contributing
factors in the whole process duration.

3.3 X-ray diffraction measurement

For the HRXRD measurement X'Pert® MRD equipment is used which can be seen in fig-
ure 3.3. In this HRXRD system an X-ray tube produces Cu k-alpha x-rays(Cuk 1) which
in wavelength correspond to approximately 1.54 A. This beam of x-rays is then collimated
with a parabolic x-ray mirror and from the collimator it goes through a monochromator.
The monochromator contains four slabs of germanium which reflect the beam in a way
that only certain wavelengths can get through. After the monochromator the beam is di-
rected onto a sample on the goniometer. The goniometer is used to move the sample
back and forth or rotate the sample around its center point. The reflected beams are then
collected by one of the detectors and the data is sent to a computer. The whole system
is controlled by a computer with the required software. From the computer different mea-
surements containing different sub-measurements can be loaded. The measurement
process usually involves several alignment operations followed by the actual measure-
ment.

Figure 3.3. The HRXRD setup used in the measurement
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4. RESULTS

The sample grown for this thesis was grown on a quarter of a 2" GaSb wafer with (001)
surface orientation. The sample structure consisted of a 100 nm thick AlIGaSb marker
layer, and a 500 nm thick GaSb layer. The whole process takes about 4-5 hours including
degassing periods.

After the growth process, the sample is transferred out to atmosphere through the prepa-
ration and FEL chambers, during which it slowly cools to room temperature. The sample
was then measured using the HRXRD equipment seen in figure In the measure-
ment the grown wafer is taped to the middle of the goniometer. Then, a pre-determined
batch measurement is loaded on the computer program and the measurement process is
started. The process can be divided in to two stages. Firstly, the machine needs to align
itself with respect to the sample and find the right position and angles for the (004) plane
diffraction peak. This is achieved with numerous measurements with different goniome-
ter positions. After the calibration measurements are done, the actual data measurement
can begin. The intensity of the reflected beam is measured while the goniometer changes
the angle of incidence and at the same time, the detector angle is moved along the 2q
arc. This produces a W - 2q plot where the intensity is plotted against the incident angle
W. The x-axis is usually denoted as W - 2q, where w is the incident angle and 2q is the
diffracted angle which is between the incident beam and the detector.

After we have the data from HRXRD, an algorithmic fitting tool is used to fit a theoreti-
cal model to the data and get the thicknesses of the AlGaSb marker layer and the top
GaSb layer. The actual data and fitted data can be seen in figure and the resulting
thicknesses from the algorithm can be seen in table [4.1]
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Figure 4.1. The actual intensity and fitted intensity plotted against the difference of angle
from the zero point. The relatively simple sample allows the fitting tool to produce quite
close fits.

Nominal thicknesses | Fit data thicknesses | Growth time Growth rate
GasSb top layer 500 nm 495.853nm 58 min 24.11s | 0.5094 pm/h
AlGaSb buffer layer | 100 nm 100.083nm 8min 11.48s | 0.7331 um/h

Table 4.1. A table showing expected thicknesses and thicknesses the fitting algorithm
gave out

One of the things that is determined from these results is the growth rate. It gives us an
idea of how long a certain material takes to grow to a certain thickness. Now using a
simple equation

GR = (t—j; 4.1)
where d is the thickness of the sample and t is the growth time, we can calculate a new
growth rate for this specific setup. Growing the GaSb top layer took 58min and 24.11s
and using the new thickness from table a new growth rate can be determined. A
growth rate of 0.5094 um/h was calculated. The same was done for the marker layer
which produced a growth rate of 0.7331 um/h. These results can also be seen in table
[4.1] This new growth rate calibration can be then used to update previous calibrations to
calculate more accurate layer growth times, or different target material compositions, and

thus produce more accurate thin film structures.
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5. CONCLUSION

To understand the MBE process, we first went over the physical properties of semicon-
ductors and more specifically GaSbh. We also looked at the physical background of MBE
to understand the most important parts behind a single crystal semiconductor growth.
Also, the background of XRD was introduced as it is one of the most common tools in
characterizing semiconductor crystals.

It was important to start looking at the physical properties of GaSb to understand what
actually defines this semiconductor. We introduced the concept of the crystal structure
and how GaSb is structured at the atomic level. This could be then connected to the band
gap which is the defining characteristic of a semiconductor.

The physical principles of MBE handled key physical concepts that MBE is built around.
These concepts were related to how molecular beams are created and how the crystal
growth process happens. Additionally, some of the technology related to creating molecu-
lar beams was discussed. Finally, we went over x-ray diffraction physics where we studied
the diffraction process and how the resulting diffraction patterns give us useful information
about the material.

We then went over the practical methods for growth of a GaSb sample structure and
its characterization by HRXRD. This was required as a sample for determining the MBE
systems growth rates was grown. The sample consisted of a AlIGaSb marker layer and
GaSb top layer. The layer thicknesses were determined using HRXRD and an algorithmic
fitting tool and from these thicknesses new growth rates were calculated as the growth
times were known.
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