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ABSTRACT

Bismuth telluride, BisTes, has been predicted to be a topological insulator; it has however
been difficult to manufacture good quality thin films of it. This project focuses on the
characterization and analysis of bismuth telluride thin films that have been manufactured
using molecular beam epitaxy in the Chalmers cleanroom. Substrate material and
several growth condition parameters have been varied and are here analyzed using X-ray
diffraction and atomic force microscopy to draw conclusions about the optimal growth
conditions. It turns out that the growth mode of the bismuth telluride thin films changes
when grown on vicinal vs. flat substrates. Other effects include a phase change from
BisTes to BigTes when the tellurium flux is decreased below 20 times the bismuth flux.
This phase change leads to the destruction of the topological insulator properties.

Keywords: Bismuth telluride, BisTes, BisTes, Topological insulator, Atomic force mi-
croscopy, AFM, X-ray diffraction, XRD, Molecular beam epitaxy, MBE
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Chapter 1

Introduction

New materials for semiconductor devices are continuously investigated and discovered.
Among the group V elements bismuth is one of the historically least researched ones. It
is the heaviest non-radioactive element and has during the past few years been found
to have some interesting properties. This project will focus on the compound bismuth
telluride, BisTes, a crystal with properties that make it interesting for several different
applications.

1.1 Bismuth telluride

Bismuth telluride has historically been used for thermoelectric applications because of its
high figure of merit, ZT'|1]. Recently however, it has been shown to have more exotic
physical properties. When manufactured cleanly enough it has been predicted|2] and
demonstrated|3, 4] to be a topological insulator, a material that is insulating in its bulk
and conducting on its surface.

BigTes has a layered crystal structure, not totally unlike that of graphene. It belongs to
the trigonal space group R3m but is usually described to have a hexagonal structure with
a large unit cell. The hexagonal unit cell is 30 A tall and contains three quintuple layers
of Te-Bi-Te-Bi-Te. Each quintuple layer is only weakly bonded to the next with van der
Waals bonds. A schematic of the unit cell can be seen in Figure (1.1)[5].

1.2 Thermoelectric effect

A thermoelectric device consists of a junction between two conducting materials. One of
them contains excess holes, while the other contains excess electrons. By applying current
in one direction the carriers separate and effectively cool the junction, while by applying
heat to the junction a current is generated in the opposite direction|[1].
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Figure (1.1): The layered structure of a BiyTes unit cell. Black rings correspond to

tellurium atoms while the red ones are bismuth atoms. One Te-Bi-Te-Bi-Te quintuple
layer is marked.

The cooling effect discovered by Jean Peltier in 1834 can be described by Equation (1.1):

Ea g (1.1)

where I is the current driven through the junction and II is the Peltier coefficient of
the junction that depends on the two materials according to II = (S, — Sy)7. The
Seebeck coefficients, S, and Sy, are properties of each material that describe the voltage
between the two ends of the given material when placed in a temperature gradient. The
temperature 7" is the temperature of the junction.

To be able to compare different thermoelectric devices, the figure of merit, ZT, can be
used as defined in Equation (1.2):

(Sp — Sh)?
pPK

2T = T. (1.2)

Here p and x describe the electrical resistivity and thermal conductivity of the device.
A ZT value of 1 corresponds to roughly 10 % Carnot efficiency, while a ZT of co would
correspond to 100 %][1].

1.3 Topological insulators

The term topological insulator describes a material that is insulating in its bulk and
conducting on its surfacel6, 7|.

Many properties of a material can be described by, or derived from, its electronic states
and bands. The simplest topologically ordered state, the quantum Hall state, occurs when
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Figure (1.2): Simplified topological insulator band structure.

a strong magnetic field is applied to a 2D electron gas between two semiconductors|8, 9.
Due to the resulting Lorentz force the electrons will enter quantized orbits within the
material. However, at the edges, these orbits will bounce and lead to an electronic state
that conducts in one direction[10].

A 2D topological insulator however, does not require an applied magnetic field to conduct
at the edges. The inherent spin-orbit coupling is enough to cause similar effects in heavier
nuclei. This leads to conductance in both directions, where the direction depends on
the spin of the electron due to the spin-dependence of the spin-orbit coupling. A 3D
topological insulator behaves in a similar way, here the direction of the conductance also
depends on the spin of the electron, however it does so in a continuous manner|[10-12].

A simplified band structure for a topological insulator can be seen in Figure (1.2). In the
bulk, there is the visible band gap between the conduction and the valence band. As long
as the Fermi level stays within the band gap, we have insulating behaviour. The position
of the Fermi level is of course dependent on doping and defect densities. On the material
surface however, there are states that connect the two bands and lead to conductivity.



Chapter 2

Experiment and tools

The BigTes samples were grown using molecular beam epitaxy (MBE) and were measured
and characterized by X-ray diffraction (XRD), atomic force microscopy (AFM) and Hall
measurements. This chapter will describe the working principles of these techniques.

2.1 Molecular beam epitaxy

Molecular beam epitaxy is one way to grow, or deposit, crystalline materials. This
fabrication method allows materials to grow atomic layer by atomic layer|[13].

2.1.1 MBE basics

The general principle is that a substrate is placed upside-down in a growth chamber that
is kept in ultra-high vacuum. Several different material sources are attached to the bottom
of this chamber. Each material source can be controlled and streamed onto the substrate
separately or together. To deposit a material, it has to be heated up and a shutter has to
be opened between it and the substrate. This gives a very slow and precisely controllable
environment for thin film and crystal growth.

By adjusting the substrate temperature and the source temperatures it is possible to
fine-tune the growth conditions to match the intended speed and relative material
concentrations.

2.1.2 Choice of substrate

In general, greater lattice constant mismatch leads to more defects and thus worse crystal
quality. However, for BisTes, we have van der Waals bonds between the quintuple layers
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which means that it should be able to relax and avoid strain very quickly[14] and thus
have less strict requirements on lattice matching.

The available substrates are Si(111), GaAs(100), GaAs(111), GaN and GaSb. Out of
these Si(111) and GaAs(111) have a fitting crystal structure with 14 % and 9.5 % lattice
mismatches respectively.

A vicinal substrate is a substrate where the surface has been cut at a small angle, so that
the primary crystal direction is no longer pointing perpendicularly out of the surface.
It has been noted that BisSes, a crystal very similar to BisTes in terms of structure,
has better growth characteristics when grown on vicinal Si substrates compared to flat
ones|15, 16]. This is due to the fact that vicinal substrates suppress crystal twinning and
screw dislocations|17, 18]. The same kind of effect has also been seen with BiyTes|[19].
Here however the step-flow growth mode on the vicinal substrates does not necessarily
give better crystal characteristics than the spiral growth on the flat substrates.

2.1.3 Substrate preparation

Before growth of BisTes can start, the native oxide layer that has been formed on the top
of the substrate has to be removed. This is typically done inside the MBE machine by
heating. After the oxide layer has been removed the ideal substrate would be completely
flat. To compensate for any substrate surface roughness it is possible to grow a few layers
of the substrate material before the bismuth telluride. This may not always be trivial, if
the preferred growth direction of the substrate crystal is different than the z direction of
the substrate.

2.2 X-ray diffraction

By using X-ray diffraction it is possible to determine and analyze the crystal structure
of a material. The method is based on Bragg’s law and is realized using commercially
available equipment together with MATLAB scripts for the analysis.

2.2.1 Bragg’s law

Bragg’s law states that if an incident beam reflects on two different planes that are just
the right distance apart, the reflected beam will show constructive interference according
to Equation (2.1):

2dsin @ = nA. (2.1)
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Figure (2.1): Concept of Bragg diffraction. Based on "Bragg diffraction planes"[20].

Figure (2.2): Concept of an w-260 scan. Based on “X-ray diffraction transmission”|21].

Here d is the distance between the planes that cause the diffraction, n is the order, A
is the wavelength of the X-rays and 6 is the incident angle (compared to the crystal
plane, not the sample surface!), see Figure (2.1) for an illustration. Using this model, it
is possible to draw conclusions about the structure of the crystal by shining light on it
from different angles.

2.2.2 Equipment

A Philips X’Pert Materials Research Diffractometer (MRD) was used to do the XRD
measurements. It contains a goniometer which allows the sample to be rotated along
all axes. The radiation comes from a CuKa source combined with a Ge[220] 4-crystal
monochromator that in the end provides X-rays with wavelength Acuker = 1.5406 A.

2.2.3 w-20 scans

The scan method used for the XRD measurements is called an w-20 scan. The angle w
is the angle between the sample surface and the incident beam. It is important to note
that this is not the same thing as 6, which is the angle between the crystal plane and the
incident (and diffracted) beam, see Figure (2.2) for an illustration.

Before an w-20 scan is done, the measurement setup first has to be calibrated to a
known peak. This is usually a peak that belongs to the substrate. By optimizing all
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Figure (2.3): Example of an w-26 scan containing Si and BiyTesg peaks. The bottom blue
rocking curve is the result of an w-20 scan of a pure Si substrate while the upper red
curve is an w-20 scan of a BigTes sample on a Si substrate. Note that the Si peaks are
present in both curves.
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Figure (2.4): Example of a mapping scan showing misaligned peaks. The black solid line
shows the center of the BigTes peaks while the red dotted line goes through the center
of the Si substrate peaks. Here the BisTes layer is misaligned by 0.7° compared to the
Si(111) substrate as can be seen on the y axis.

available angles, usually called w, ¢ and v, this peak is made as narrow and as tall as
possible. The variables ¢ and 9 describe the sample’s in-plane rotation and the sample’s
tilt perpendicular to w.

The w-20 scan itself is done by sweeping w and 26 together to get a plot, a rocking curve,
that can identify all the planes parallel to the chosen first reference peak. This can be
used to, at least partially, identify and characterize the crystalline material grown on top
of the substrate. An example of a curve from an w-26 scan can be seen in Figure (2.3).

2.2.4 Mapping scans

While using w-20 scans is good for basic identification of crystal planes in one direction,
it doesn’t tell us anything about the alignment of the planes. If, let’s say, the BisTeg
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(007) planes are not perfectly aligned with the Si(111) plane of the substrate, an w-20
scan might only show a very weak peak or even miss them completely. This is where the
2D mapping scans come in. On the z axis, these scans vary w together with 6 just like
before, but on the y axis w is varied alone, which results in a map where one can spot
and identify peaks that are slightly misaligned compared to their expected positions. An
example of this can be seen in Figure (2.4).

2.3 Atomic force microscopy

When analyzing samples grown with molecular beam epitaxy, regular optical microscopy
can not be used. This is due to the fact that the wavelength of visible light is more than
a hundred times longer than the differences in height that we are interested in measuring.
Instead, a technique called atomic force microscopy is used.

2.3.1 Basics

In general, AFM is a measurement where a very sharp tip attached to a cantilever is
used to scan the surface of a sample. This is done by shining a laser on the tip and
measuring the reflection using a position sensitive photodetector. The tip is kept at a
constant height compared to the sample surface using a piezoelectric motor and feedback
from the detector, see Figure (2.5) for a basic block diagram. There are several different
ways that can be used to scan the surface of a sample. The mode used in this project is
called the tapping mode.

2.3.2 Tapping mode

The term tapping mode describes a mode of operation where the tip is oscillating near
its resonance frequency. When the tip gets close to the sample surface the oscillation
amplitude decreases due to van der Waals forces. The tip is kept at a constant distance
from the surface by keeping this amplitude constant. This mode causes less damage to
both the tip and the sample than the contact mode, where the deflection of a stationary
tip is measured, while only slightly decreasing the resolution.

2.3.3 Measuring step heights

Measuring steps by plotting the height as a function of position along a line on the sample
is very sensitive to noise and will not lead to clear enough steps to be able to give an
accurate value for the step height. This is solved by giving this line on the sample a width
over which the heights are averaged. If the line is then drawn perpendicularly to the step,
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Figure (2.5): Block diagram showing the basic components of an AFM setup. Based on
“Atomic force microscope block diagram”|[22].

this will lead to a clear measurable step, see Figure (2.6) for an example showing the
difference.

2.3.4 Sources of error

The AFM scans are sensitive to both the tip condition and the sample’s surface. This
can lead to some uncertainty regarding the resolution of the scans as well as the accuracy
of the visible details.

If the tip is worn or dirty, the resolution of the scans, both in horizontal and vertical
directions, will be reduced. This will also cause artifacts, or extra non-existent details, to
appear in the images.

After a scan is done, some extra post processing is necessary for the step height mea-
surements to be correct. Surfaces that are flat in reality might appear tilted in the scans
due to the way the internal height averaging works, this needs to be corrected for. Only
after the flat areas have been made flat can the step height measurements be performed.
Depending on how noisy the scan is, this flattening can be more or less accurate and thus
cause some uncertainty in the step height measurements.

10
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Figure (2.6): Height curves showing the steps on the surface of a sample illustrating the
advantage of width averaging.

2.4 Hall measurements

Since BisTes is supposed to be a topological insulator, the electric transport properties
of the manufactured thin films are of interest. Hall measurements are used to measure
the carrier density and mobility in a material. This can be used to get a picture of the
amount of impurities and scattering centers in the BisTes thin film.

2.4.1 The Lorentz force

The Hall effect is exploiting the effects of the Lorentz force, which basically states that a
moving charged particle in a perpendicular magnetic field feels a force perpendicular to
both the velocity of the particle and the magnetic field. The exact formulation can be
seen in Equation (2.2):

F =q(E+ (vxB)). (2.2)

2.4.2 The Hall bar

The Lorentz force results in a potential difference between the two ends of the material
according to Equation (2.3):

Uy = RuBI (2.3)

11
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where Uy is the Hall voltage, B the magnetic field, I the current and Ry is the Hall
coefficient according to Ry = —1/(n|e|d) with n being the electron density, |e| being the
elementary charge and d the thickness of the material|23].

By connecting probes to four corners of the sample it is possible to send current and
measure in all interesting directions. This will in the end give us the surface carrier
density, ns, and the mobility, x, shown in equations (2.4) and (2.5)[23]:

1
P 2.4
" = Jeldpey/dB ‘B:O, 24)
dpgy/dB
W= 75 ’B:O (2.5)

2.4.3 Equipment

Room temperature Hall measurements were done with commercially available equipment
that measures and gives all three values of interest: the mobility, the surface carrier
density and an approximation of the volume carrier density. The method used here is
called the van der Pauw method where four ohmic contacts are attached to a flat sample
and resistances are measured at constant magnetic fields.

For the low temperature Hall measurements, done at a few Kelvin, a more complex
measurement setup was used where the magnetic field was varied, similarly to the
description in Subsection (2.4.2).

12



Chapter 3

XRD analysis

To be able to use the acquired data for drawing conclusions some post processing and
analysis needs to be done. For the XRD scans this includes peak identification as well as
some amount of error correction.

3.1 Peak identification

The lattice structure of BisTes is complicated, but can be analyzed as a hexagonal
structure where each unit cell contains three quintuple layers of bismuth and tellurium,
see Section (1.1).

The distances between two (hkl) planes in a hexagonal crystal are described by Equa-
tion (3.1):

1 4R+ hk+Ek> P
£°3 @&

(3.1)

where d is the plane distance from Bragg’s law, a and c are the two distances that define
a hexagonal lattice structure and h, k and [ are the plane parameters.

By scanning for (001) planes it is possible to identify the lattice constant ¢. The (001)
planes are the only ones visible when an w-20 scan is done around substrate peaks since
they are parallel to the surface.

3.2 Semi-automated peak search

To reliably and reproducibly find the positions of the visible peaks, a semi-automated
process is needed. A rough scan and peak position identification can be done by hand,

13
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but the peaks will in practice rarely have clear enough shapes, mainly due to noise,
for this method to reliably and accurately give the peak center positions. Therefore,
after manually estimating the peak positions a fit of a pseudo-Voigt profile is done using

MATLAB.

A pseudo-Voigt profile is a combination of a Gauss profile and a Lorentzian profile. This
is motivated by the fact that both Gaussian and Lorentzian broadening occur for the
diffraction peaks for various physical reasons such as strain and size broadening. The
pure Voigt profile is the convolution of the Gaussian profile and the Lorentzian profile
according to Equation (3.2):

V(z,0,7) = / G(2',0)L(x — 2/, v)da’ (3.2)

where G(2',0) is the Gaussian profile with standard deviation o and L(z',7) is the
Lorentzian profile with standard deviation . This is however a computationally difficult
profile to fit to and has thus been simplified to a pseudo-Voigt profile; the sum of a
Gaussian and a Lorentzian peak[24-26]. In practice the fit also has to be around a
non-zero center xp, so the final fitting function will look like the one in Equation (3.3):

(v — 0)? 1
Vp(.%', Zo, w) = AG exp <—4 lOg(2)T + ALW (33)

The fitting is done using a least-squares method with respect to the following variables:
the peak center position xg, the Gaussian amplitude A, the Lorentzian amplitude A, and
the full-width-half-maximum w. The reason for the presence of the seemingly arbitrary
numerical constants is to make sure that the FWHM of the whole profile V,(x, zg, w) is
w.

3.3 Sample displacement

Before the measurement, the sample is moved to a position within the X-ray beam
path. Its position will however not be precise enough. Even a few micrometers of
displacement in the z direction causes visible effects by displacing the peaks according to
Equation (3.4)[27]:

scosf

Af = —
R

(3.4)

where R is the radius of the diffractometer and s is the displacement of the sample
compared to the beam path.

14
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Figure (3.1): XRD measurement example showing the rocking curve and the resulting ¢
lattice constant plots for each identified BisTeg peak.

When an w-20 scan with multiple visible peaks is complete, it is possible to calculate and
correct for this displacement by roughly identifying what planes the peaks correspond to
and then minimizing the spread of the calculated lattice constants.

An example showing the effect of this can be seen in Figure (3.1). In Figure 3.1(b) the
lattice constant ¢ varies according to a decreasing pattern for each identified peak. The x
axis shows the corresponding [ values for the peaks. After correcting for the displacement
in Figure 3.1(c) almost all peaks give the same lattice constant.

3.4 Phase identification

Since BiTe, BigTes and several other bismuth telluride crystals have a very similar crystal
structure to BisTes[28, 29| a method is needed to identify any samples that contain those.
BisTes for instance, contains the same Te-Bi-Te-Bi-Te quintuple layers as BisTeg with
the difference that it has a bi-layer of bismuth between each. The unit cell is thus 42 A
tall instead of 30 A.

A weakness in the method of peak identification shown earlier is that one has to have some
vague idea about the value of the lattice constant ¢ to be able to begin the identification.
If the wrong value is chosen as starting assumption, let’s say we assume ¢ ~ 30 A when in
fact we have BisTes with ¢ ~ 42A, the peaks will be identified incorrectly.

By assuming different ¢ values, the peaks will be identified differently. Once each peak is
identified for a given assumed value of ¢, a real corresponding ¢ value may be calculated
using Bragg’s law and Equation (3.1). The resulting values will be slightly different for
each peak. If a good starting assumption was chosen for ¢ all interesting peaks will be
identified and the spread, or standard deviation, of the calculated ¢ values will be small.

To make sure the right value is chosen, the initial ¢ assumption can be swept over a broad
range of values, including, but not limited to, the documented values for BiTe, BisTes

15
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and BiyTes.

The final ¢ value that has the lowest spread among the relevant peaks will be the most
likely candidate for the crystal structure.

3.5 Reciprocal space and QQ scans

When plotting and analyzing mapping scans, it is often of interest to convert the coordi-
nates to reciprocal space first. This can make it easier to relate different peaks to each
other. The reciprocal coordinates are calculated using equations (3.5) and (3.6)[30]:

Q. = R(cosw — cos (20 — w)), (3.5)
Qy = R (sinw +sin (20 — w)).

Here R is the Ewald sphere radius.

In the reciprocal space the peaks will be arranged in a rectangular grid-like manner. The
(001) peaks will be along the y axis with the (111), (111), (221), (221), etc. in parallel.

3.6 Measurement accuracy

The accuracy of the XRD measurements was greatly improved by correcting for the
sample displacement in the z direction. Sample displacement in z or y direction over
time in the machine could however not be corrected for, neither could sample impurities.

3.6.1 Displacement over time

It is possible to combine and simplify equations (2.1) and (3.1) for (00l) peaks into
Equation (3.7):
Y
“T 2sing’

(3.7)

Using this equation it is possible to calculate a value for the lattice parameter ¢ from
every (001) diffraction peak. Observing the same diffraction peak from different angles
gives a feeling regarding the uncertainty of these measurements. The (006) peak was thus
measured for a sample from six different angles. The results from this measurement can
be seen in Table (3.1).

The reason for the decreasing 6 (and increasing c) as a function of ¢ can not be due to a
tilt since then it would have had a sinusoidal dependence.

16



CHAPTER 3. XRD ANALYSIS 3.6. MEASUREMENT ACCURACY

© 0° 60° 120° 180° 240° 300°
9 8.7415° 8.7387° 8.7380° 8.7379° 8.7366° 8.7356°
¢ 30.4112A 30.4209A 30.4233 A 30.4237A  30.4282 A 30.4316 A

Table (3.1): Values for 6 for the 006 peak from six different angles. Note that the values
for ¢ were calculated directly from the 6 angles, no compensation for z displacement was
possible since that would have required data from multiple peaks.

The most likely reason is that the sample had moved slightly during the long 60 hour
measurement. The calibration done in the beginning with regards to the sample tilt and
position was thus becoming less and less correct as time passed. Based on what is seen
here, it is reasonable to expect an accuracy for ¢ at about +0.01 A.

3.6.2 Peak shifts

The main source of peak shifts is sample displacement in the z direction. After com-
pensating for that the peaks move closer to their expected positions. Apart from the
displacement, stacking faults can also cause peaks to shift by either increasing or decreas-
ing the value of the Bragg angle 0|31, 32]. This leads to some amount of uncertainty
regarding the calculated lattice parameters.
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Chapter 4

Growth mode

In the ideal case, when the growth is done, there would be one single crystal of BioTes on
the substrate. This would require either layer-by-layer growth or an island growth where
the islands coalesce once they reach each other. In practice, large scale layer-by-layer
growth is hard to achieve and the islands that grow do not always merge cleanly into
single crystals.

The following chapter discusses how growth on different substrates in different conditions
affect the sample surface and the growth mode.

4.1 Different substrates

Samples have been grown on Si(111), GaAs(100), GaAs(111) and GaN substrates.
GaAs(111) substrates have two possible configurations, GaAs(111)A and GaAs(111)B.
The ones that seemed most promising based on earlier measurements were the GaAs(111)B
ones, so those were examined more carefully than the others. Measurements have however
been done on previously grown samples as well, particularly those grown on Si(111)
substrates.

4.1.1 Preparation of GaAs substrates

To compensate for any potential roughness of the substrate, an additional layer of GaAs
can be grown as described in Subsection (2.1.3). The conditions during this growth are of
critical importance however. If the growth conditions are chosen poorly, GaAs islands
will start to grow before the surface has become smooth and the surface will end up being
worse than at the start. This could potentially be due to that GaAs grows slower on the
(111) plane than it does on for example the (100) plane.
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CHAPTER 4. GROWTH MODE 4.1. DIFFERENT SUBSTRATES

(a) Flat substrate. (b) Vicinal substrate with 1° (c¢) Vicinal substrate with 3°
cut. cut.

Figure (4.1): 10 pm x 10 pm AFM scans of BisTez grown GaAs(111)B substrates with
different off-cut angles.

4.1.2 Flat and vicinal substrates

The surface of the grown BiyTes looks visibly different on vicinal GaAs(111)B substrates
compared to flat ones as can be seen in Figure (4.1).

For the flat substrates we get strictly island based growth with clear triangular shaped
spirals whereas for the vicinal substrates the growth mode is more complex. There is
considerable island formation happening here as well, however the islands have layer-like
properties. For the substrates with 1° cut the islands are not growing straight up but
along the tilt of the substrate, giving a certain layer-by-layer growth look. As can be
seen in Figure (4.2), there are valleys among the islands that show layer-by-layer growth.
Even the islands are layered by growing in a ridge-like fashion towards one direction. For
the 3° substrate the islands still have tilts, but their pointing directions are less regular.

The spiral islands on the flat substrates can grow in two possible rotation directions,
clockwise and counter-clockwise. This however, does not have an effect on the island
coalescence. Triangular islands pointing in the same direction with opposing spiral
directions can coalesce without problems while triangles having the same spiral direction
but different pointing directions have problems, see Figure (4.3) for clarification and
Figure (4.4) for some examples.

4.1.3 Reproducibility

The surfaces of samples grown on substrates with a 1° vicinal angle have been quite
reproducible. The direction of the tilt does not matter as can be seen in Figure (4.5). All
samples have the same kind of triangular features. The tellurium flux was kept roughly
the same for them as well.
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(b) Zoomed-in view of
layered valley.

e

(a) 10 pm x 10 pm scan of sample R0838.

(¢) Zoomed-in view of
layered triangles caus-
ing a ridge.

Figure (4.2): AFM scan of sample on a vicinal substrate with 1° cut.

At one point, when the tellurium source in the MBE was getting depleted, the growth
produced samples with the surfaces seen in Figure (4.6). Especially the sample on the
vicinal substrate looked very promising. These two samples were also the only ones that
showed a visible (009) peak in the XRD measurements, see Figure (4.7). Unfortunately,
the continuously decreasing tellurium flux created an environment that is hard to replicate.
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CHAPTER 4. GROWTH MODE 4.1. DIFFERENT SUBSTRATES

Figure (4.3): Spiral islands with the same pointing direction (upper row) coalesce irrespec-
tively of thelr rotation directions while islands with different pointing directions (bottom
row) do not.

0.34 pm
0.2 pm it/
(a) One pair of coalescing spiral (b) Two pairs of non-coalescing spiral islands.
islands.

Figure (4.4): Example of meeting islands. In ((a)) the spirals have different rotational
directions but the same pointing directions, while in ((b)) they have the same rotational
directions but different pointing directions.
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(a) 10pum x 10 pm scan of sam- (b) 10 pm x 10 pm scan of sam- (¢) 10 pm x 10 pm scan of sam-
ple R0832 with 1° tilt towards ple R0835 with 1° tilt towards ple R0836 with 1° tilt towards

(T12). (007). (211).
Figure (4.5): AFM scans of three samples grown on vicinal GaAs(111)B substrates with

1° cuts in different directions.

0.2 pm

(a) 1hour of BisTes growth on (b) 1hour of Bi;Tes growth on
a flat GaAs(111)B substrate.  a vicinal GaAs(111)B substrate
with an angle of 1°.

Figure (4.6): 1pm x 1pm AFM scans of samples with 1hour of BigTes growth on
GaAs(111)B substrates with 0° resp. 1° off-cut angles. The tellurium source was running

low during the growth of these samples.
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Figure (4.7): Results from XRD w-26 scans showing the visible (009) peak for the sample
with decreasing tellurium flux.
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4.2. Te/Bi BEP RATIO CHAPTER 4. GROWTH MODE

(a) 1um x 1 pm scan of sample (b) 1pm X 1 pm scan of sample (¢) 1pm X 1um scan of sample
R0833 with 0° angle. RO0835 with 1° angle. R0834 with 3° angle.

£

: '2 '{m

(d) 10 pm x 10 pm scan of sam- (e) 10 pm x 10 pm scan of sam- (f) 10 pm x 10 pm scan of sam-
ple R0O833 with 0° angle. ple R0835 with 1° angle. ple R0834 with 3° angle.

Figure (4.8): AFM scans of samples grown with high tellurium flux. Te/Bi BEP was
roughly 70-100.

4.2 Te/Bi BEP ratio

The Te/Bi beam equivalent pressure (BEP) ratio for the samples grown on GaAs(111)B
was at first kept around 100 based on previous experiments on silicon wafers. Slightly
changing the relative tellurium flux has only little effect, see figures (4.8) and (4.9). For
flat substrates, lowering the tellurium flux seems to make the amount of triangles pointing
in the two possible directions more even. For vicinal substrates, slightly decreasing the
tellurium flux has even less visible effect.

However, lowering the Te/Bi BEP ratio too much results in an undesired change of phase.
Both XRD and AFM measurements on samples grown on Si(111) substrates show that
using a BEP ratio below 20 will result in BiyTes getting deposited instead of BisTes.

In summary, as long as the flux ratio is kept above 20-30 the growth characteristics will
be quite independent of the actual ratio.
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0.2 pm 0.2 pm

(a) 1um x 1 pm scan of sample (b) 1pm x 1 pum scan of sample
R0837 with 0° angle. R0838 with 1° angle.

(¢) 5pm x 5um scan of sample (d) 10 pm x 10 pm scan of sam- (e) 10 pm x 10 pm scan of sam-
R0837 with 0° angle. ple R0837 with 0° angle. ple R0O838 with 1° angle.

Figure (4.9): AFM scans of samples grown with low tellurium flux. The Te/Bi BEP ratio
was roughly 33.

25



Chapter 5

Phase transition

The following chapter contains results and discussions regarding the measurements showing
that considerable amounts of BiyTes gets deposited instead of BisTes when the tellurium
flux is kept too low.

5.1 XRD scans

During MBE growth, the beam equivalent pressures (BEPs) could be adjusted for the
bismuth and the tellurium sources. For samples grown on Si(111) substrates, it has been
possible to see that if the relative BEP for Te/Bi gets too low, BigTes starts to grow
instead of BisTes.

An initial graphical indication can be seen in Figure (5.1). Note that the peaks from the
BisTes sample almost look as if they had been shifted BisTes peaks with shifts in both
directions.

The method used to check and identify which samples contained what is described in
Section (3.4). Based on this, Table (5.1) shows a list of samples in order of Te/Bi BEP
flux ratio. There is a clear correlation between the flux ratio and the composition of the
deposited material.

5.2 AFM scans

To further confirm the phase transition, AFM scans were done with the intention to
measure the step heights on both BigTes and BisTes samples. Since both phases consist of
unit cells that can be divided into three loosely bound layers, the step heights correspond
to the thickness of these. For BigTes this is roughly 1nm while for BisTes, this should be
around 1.3-1.4 nm.
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" Bi Te (0021)

2 3
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Figure (5.1): XRD w-20 curves of three samples. All three samples were grown on Si(111)
substrates. The top two ones had 17 as Te/Bi flux ratio during growth while the bottom
one had 20. Note that the top sample shows both BisTes and BigTes peaks.

Scanning several samples did indeed confirm that there is a significant difference between
the two groups. AFM scans of one BisTes and one BijTes sample can be seen in
Figure (5.2) together with their respective height curves. The step heights were found to
be 1.00 £+ 0.05nm and 1.33 4+ 0.13 nm for the BisTes and the BisTes sample respectively.

5.3 SIMS measurements

As a final way to confirm the phase transition, a selection of relevant samples were sent to
DTU in Denmark where Secondary Ion Mass Spectrometry (SIMS) measurements were
performed on them. SIMS measurements are performed by bombarding the sample with
electrons and thus kicking the atoms out of the surface. The masses of the ejected atoms
are then measured by a mass spectrometer. This can be used to analyze the composition
of a sample as a function of its depth.

The results of such a measurement for two samples can be seen in Figure (5.3). It is visible
that sample R0424 has 2.3 times higher Te/Bi ratio than sample R0431. This confirms
the previous measurements where sample R0431 were measured to contain BigTes, while
sample R0424 contained BisTes. Note that the absolute values of the intensities are not
comparable between samples, only the relative intensities between two kinds of elements
are.
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Te/Bi ratio Composition ¢ (A)  Substrate  Sample id

10 BisTes 41.67 Si(111) R0431
17 BiyTes 41.66 Si(111) R0664
17 BigTes, 30.39, Si(111) R0661
Bi4T€3 41.70
20 BigTes 30.42 Si(111) R0423
20 BipTes 30.40 Si(111) R0O424
20 BigTes 30.40 Si(111) R0428
20 BisTes 30.44 Si(111) R0O671
33 BigTes 30.47 GaAs(111)B RO837
33 BigTes 30.47 GaAs(111)B R0838
75 BigTes 30.43 GaAs(111)B RO0835
82 BiyTes 30.46  GaAs(111)B  R0836
100 BigTes 30.47 GaAs(111)B R0829

Table (5.1): Summary of several samples, their beam equivalent pressure ratios during
growth and their compositions based on the results from the XRD measurements. Note
that sample R0661 contains both BisTes and BigTes.

5.4 Carrier transport

By adding extra bi-layers of bismuth to the crystal structure, in the way that BisTes
does compared to BisTes, the transport properties of the material change. The results
shown in Figure (5.4) indicate that they do in fact become worse, at least for topological
insulator applications. The carrier density is generally higher and the mobility is lower
while the desired qualities are the opposite. This is most likely due to the conduction of
the bismuth layers.
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5.4. CARRIER TRANSPORT
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(a) AFM scan of a BisTes sample.
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(b) AFM scan of a BisTes sample.

Figure (5.2): Plane fitted AFM scans with marked and measured steps. Note that some
of the steps are double steps.
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Figure (5.3): Results of two SIMS measurements. To facilitate the comparison, the data
from sample R0431 has been shifted by 40s since it was significantly thicker than sample
R0424. The slight drop in the beginning of the scan for sample R0424 is a measurement
artifact.
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Chapter 6

Conclusions and outlook

Topological insulators in general, and bismuth telluride in particular, are interesting
materials from not only a physics standpoints, but also for future applications within
fields as varied as quantum computing and spintronics. The focus of this project has been
to measure the quality of the growth of this material and to explore ways to improve it.

6.1 Thin film growth

The characteristics of the crystal growth depend on the conditions during growth. This
affects both the crystal structure and the growth mode.

When the BEP of the tellurium source is below roughly 20 times the BEP of the bismuth
source in the MBE, the deposited material is not BisTes, but BigjTes. This has been
demonstrated using XRD and verified by AFM and SIMS scans.

It has been shown that the substrate surface has considerable effect on the growth mode.
When growing on vicinal GaAs(111)B substrates we have gotten clearer step-like growth
along the steps of the substrate and the islands have had one clear direction. When the
growth has been on flat substrates, the islands have had at least two possible orientations
resulting in increased defect densities when these have met. However, on flat surfaces
the islands had a clear spiral growth mode where they coalesced cleanly as long as the
pointing directions of the islands were the same.

6.2 Future outlook

It will be of interest to analyze in more detail how the island growth can be affected.
There are two different ways one can imagine the growth of large single crystals, either
through layer-by-layer growth or by making sure that the islands coalesce without defect
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formation. The smooth coalescence can be achieved by using slightly vicinal substrates,
but there is still a lack of understanding about the spiral directions and their effects.
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