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Abstract

New semiconductor materials with more beneficial properties are continuously demanding
for device applications. The heaviest group V and least studied bismuth containing
compounds have potential applications in electronics, optoelectronics, thermoelectric field
and also in fundamental physics. Dilute bismides offer large bandgap bowing in valence band
by shifting up the valence band edge. This property offers a grand freedom to engineer band
structure of semiconductors for potential high-speed electronic and infrared optoelectronic
applications. Also it provides a large spin orbit coupling effect which is useful to suppress
inter-valence band Auger recombination processes in 1.55 um lasers. The potential
applications for dilute bismides alloys are expected in heterostructure bipolar transistors,
light emitting devices, laser diodes and solar cells. Another Bi-containing material Bi.Te; has
great thermoelectric property; this property can be used for the applications of cooling
different types of devices and for power generation from waste heat.

In this research project, different features have been found and studied for different Bi
containing compounds. The samples were grown by a Riber Compact21 MBE system with
varying growth temperatures and Bi flux. MBE grown Bismuth containing compounds
GaSbBi, GaAsBi, InGaAsBi QW, InSbBi and also Bi.Te; are investigated by atomic force
microscopy (AFM), X-ray diffraction (XRD) and Photoluminescence (PL) techniques and
then surface morphologies, structural and optical properties are explored from these
characterizations, respectively. The MBE grown GaSb.Bix thin films are established for the
first time. Strategies have been taken care of to avoid the formation of Bi droplets and
enhance Bi incorporation. From XRD and AFM, maximum
Bi incorporation with smooth surface has been obtained for growth temperature of 370 °C
and then saturation occurs. InGaAsBi QW samples are characterized by PL at room
temperature (RTPL) and also at low temperature (LTPL) for different sample positions and
temperatures, respectively. When Bi is incorporated, 10 times higher PL intensity has been
achieved comparing with the reference InGaAs QW sample. For Bi,Te; samples grown on Si
substrates, growth temperature of 240°C showed the best feature both in AFM and XRD
characterizations.

Since this project on Bi-containing compounds is still under experimental demonstration,
there is a lot to do for improving the material quality. One important future goal of this
project is to establish the relation between the fundamental physical parameters such as
lattice constant, bandgap and effective mass etc and the Bi composition. Getting hold of
improved quality Bi containing QWs at 1.55 um is another goal of this research in future. The
future Bi containing compounds research is expected to be accelerated at a much fast pace.

Keywords: molecular beam epitaxy, atomic force microscopy (AFM), photoluminescence
(PL), X-ray diffraction (XRD), dilute bismide, band gap bowing effect, GaSbBi, GaAsBi,
InSbBi, InGaAsBi, Bi,Tes.
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1.1  Motivations

Chapter 1

1. Introduction

Because of a number of interesting material properties, striking interests have been observed
on Bismuth containing compounds in last few years. Bismuth is the heaviest group V, non-
toxic, non-radioactive and least-electronegative element, which has a large atomic radius.
Bismuth containing compounds have potential applications in electronics, optoelectronics,
thermoelectric field and also in fundamental physics. The interesting properties of Bi are the
surfactant effect, large bandgap bowing effect [1] and strong spin-orbit coupling [2] for its
incorporation into normal III/V materials. For dilute Bismides, only the large bandgap
bowing effect and the strong spin-orbit coupling property are considered. By adding a small
amount of Bi atoms in conventional III-Vs, large bandgap bowing effect, i.e. lower bandgap
between conduction band and valence band, can be achieved. Incorporation of Bi is predicted
for initiating large spin-orbit split for suppressing Auger recombination in 1.55 um lasers [3].

A schematic view of group V elements of periodic table is shown in Figure 1.1.

Group V

N

P

As
Sb

LD

Figure 1.1: Group V elements in periodic table; the marked one is, ‘Bismuth’, the last and least studied

element in this group.

By using the above discussed properties, it is possible to improve material quality and
wavelength extension of lasers and photo-detectors, and also less temperature dependent
device performances are expected. Other Bi containing materials such as Bi.Te; are predicted
for having a great blow on thermoelectric cooling and power generation because of its
superior thermoelectric performance at room temperature [4] [5]. The very recent predicted

application of Bi.Te; is topological insulator, which is under experimental demonstration



1 Introduction

now. Dilute bismides e.g., GaAsBi, InGaAsBi, GaSbBi and InSbBi have been grown for
optoelectronic devices; whereas, Bi,Te; bulk structures have been grown for the application

of thermoelectric cooling.

Because of ultra high vacuum growth environment and possible low growth temperature
(Tg), molecular beam epitaxy (MBE) method is used to produce bismuth containing
compound materials. The samples were grown by a Riber Compact21 MBE system with
varying growth temperatures and Bi flux. Atomic force microscopy (AFM) is used to
characterize surface morphology of both dilute bismides and Bi,Te; materials and
photoluminescence (PL) measurement technique has been operated to characterize optical

properties of dilute bismides quantum wells (QWs).

The potential application for dilute bismides alloys are expected in transistors, light emitting
devices and solar cells. Normally the output amplifiers of portable wireless devices have
relatively high power consumption [6]. Bandgap bowing effect of incorporated dilute Bi into
normal III/V materials can be utilized to reduce power consumption of heterojunction
bipolar transistors (HBTs) [7] [8] [9]. 0.9 — 1.1 eV band gap layer in four junction solar cells
grown on Ge substrates is another potential application of the dilute bismides [6]. Both the
electronic properties and the surface morphology of the deposited layers can be improved by
using Bi as a surfactant. Many promising device applications of Bi containing compounds
have already been recognized [6]. In future, the Bi containing compounds research can be
divided into different areas including materials science, electronic properties and devices.

The large increase in spin orbit splitting for electrons is attractive to make spintronic devices
feasible [6].

1.1 Motivations

Both dilute nitrides and bismides have large bandgap bowing effect. Dilute nitride is
renowned for its large bandgap bowing effect by lowering the conduction band edge and
providing better confinement for electrons, whereas, dilute bismides offer large bandgap
bowing in valence band by lowering the valence band edge and provides large valence band
offset to confine holes. A schematic illustration of band gap bowing property for a dilute
bismide, GaAsBi, is shown in Figure 1.2. This property offers a grand freedom to engineer
band structure of semiconductors for potential applications. Dilute bismide provides a large
spin orbit coupling effect and this property is useful to suppress inter-valence band Auger

recombination processes [3]. Moreover, only gas source can be used to grow dilute nitride



1.1 Motivations

containing materials in MBE. On the other hand, both solid and gas sources can be used for
growing dilute Bi containing materials by MBE system. The motivation to work on Bi,Tes
material is its great thermoelectric property, which has a handsome number of applications

for cooling different types of devices and for power generation from waste heat.

CB

Eg, (reduced)
E,=1.42eV

GaAsBiI

| VB
GaAs

Figure 1.2: Schematic illustration of band gap bowing property for GaAsBi.
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2.1 MBE growth system

Chapter 2

2. Molecular beam epitaxy (MBE) growth and

property of Bismuth (Bi) containing compounds

2.1 MBE growth system

Molecular beam epitaxy (MBE) is a sophisticated and finely controlled multipurpose
technique to grow thin epitaxial films, such as metal, semiconductor and insulator structures
[10]. The meaning of epitaxy is the preparation of atoms on a well-arranged substrate. The
three important factors to define MBE technique are the thermal energy molecular or atomic
beams, substrate with elevated temperature or growth temperature and high vacuum (typical
range for background pressure 10°to 109 torr) or ultra-high vacuum environment (typical
range for background pressure up to 107 torr) [11]. At an appropriate temperature for
chemical reaction and epitaxy, thin films are grown by gradually evaporating materials on
single-crystal in MBE [10]. Because of the low growth rate (generally around 1 monolayer per
second), it is possible to grow thin films epitaxially up to the sub-monolayer level with a
precise thickness control [11]. Since MBE has practiced enormously rapid growth on many
applications, such as electronics, optoelectronics, ferromagnetics etc., over the past few years,
it is now one of the most advanced and well-known epitaxial techniques to grow state-of-the-
art devices [10] [11]. During the growth, the in-situ characterization can be considered by
using reflective high-energy electron diffraction (RHEED) to examine the surface
reconstruction process and to calibrate the growth rate. This is a big advantage of using MBE
over other technologies [11]. Other advantages of MBE Technique are the clean growth
environment, precise control of the beam fluxes and growth conditions, and compatibility

with other high vacuum thin-film processing methods.



2 Molecular beam epitaxy (MBE) growth and property of Bismuth (Bi) containing compounds

Figure 2.1: A Riber Compact21 MBE system model

Figure 2.1 shows a Riber Compact21 MBE system model, which is a very flexible and
affordable MBE system designed for materials research. It has in-situ characterization
abilities and all other essential MBE tools to grow high quality semiconductor materials. This
system consists of the growth chamber, pumping system and wafer handling system.
Everything starts from the wafer handling system. The in-between step before epitaxy is the
buffer or preparation chamber, which is a comprehensive and self-governing chamber with
its own control and pumping system. The growth chamber, a vertical UHV reactor, is situated
in the heart of the system and is designed for use with solid, gas, or special sources. In order
to eliminate any type of contamination during growth, facing down wafers are planned. To
reach high level of layer performances, the effusion cells have been improved for this MBE

system model [10].

2.2 Dilute Bi containing compounds

From the late 1970s, research has been carried out to reach the narrowest possible band gap
of III-V materials for long wavelength infrared detectors by growing InSbBi bulk materials
[12] [13] [14]. Strong research has also been employed after realizing the epitaxial growth of
GaAsBi and related materials by metal organic vapor phase epitaxy (MOVPE) in 1998 [15]
and by molecular beam epitaxy (MBE) in 2003 [16]. Dilute GaAsBi pioneers a large spin-

orbit split property that is recommended to use for suppressing Auger recombination for 1.55

6



2.2 Dilute Bi containing compounds

um lasers on GaAs [3]. The schematic illustration for spin-orbit coupling is shown in Figure
2.2. The first time demonstrated GaSb.Bi,.x material has huge potentials for near and mid
wavelength infrared optoelectronics applications [17] [18]. Some examples of applications,
such as high performance solar cells, light emitting materials with temperature-insensitive
output wavelengths, low power consumption transistors for wireless devices etc. have need of
semiconductor materials with new properties [6]. Dilute Bismuth containing compounds are
supposed to have potential applications in transistors, light emitting devices and solar cells. If
dilute Bi alloys are incorporated into the base of a heterojunction bipolar transistor (HBT), it
is expected that it will reduce power consumption of devices with the help of bandgap bowing
property of dilute Bi [7] [8] [9].

CB

Bi

LH

SO

Figure 2.2: Schematic illustration for spin-orbit split property describing the anticrossing of the

valence band of Bi-containing III-V materials.

Bi can be considered as an ideal surfactant due to its strong tendency to surface segregation
during MBE growth [19] [20] [21] [22]. As Bi can stay on the surface without incorporating
into materials, it is an excellent surfactant for III-V semiconductor growth and thus the
electronic properties and the surface morphology of the deposited layers can be improved [6].
It is predictable that the lattice constant of III-V-Bi should be higher than that of III-V
compounds. This prediction is because Bi is the last column V element with the largest
atomic radius [17] [18]. Because of the large size and low electronegativity of Bi (i.e., exactly
the opposite of the small size and high electronegativity of nitrogen) compared with other
conventional group V element, the III-V-Bi compounds have unusual electronic properties.
Also the required growth conditions are rather different than standard III-V growth
processes [1] [16] [23]. According to bandgap bowing effect, only the valence band structures
have some affects, when Bi is incorporated. In other word, the giant bandgap reduction,

which is about 88 meV/%Bi in GaAsBi, happens only in the valence band and has very small



2 Molecular beam epitaxy (MBE) growth and property of Bismuth (Bi) containing compounds

influence on electrons [9] [17] [18]. Bi alloying are expected for making stronger scattering of
holes than electrons. Consequently, the hole mobility would be decreased more than the
electron mobility [6]. In case of Bi incorporation, the electron mobility of dilute GaAsBi is
much less affected compared with the case of dilute nitrides incorporation [18]. For dilute Bi,
photoluminescence intensity increases with the Bi incorporation [18]. In the field of
spintronics, it would be an important and great development if a large increase in spin orbit

splitting for electrons occurs [6].

In this thesis, dilute Bi containing thin films grown by MBE are inspected in order to
optimize the growth conditions. The effects of different parameters, growth rate, growth
temperature and Bi flux (i.e., V/III ratio) were examined to achieve maximum Bi
incorporation. Samples were grown on undoped (100) GaSb, undoped (100) GaAs and InP
substrates for dilute Bi alloys in the Riber MBE system. During the growth, sample surface
was in-situ observed by RHEED to examine the growth front of the samples. For having
effective Bi incorporation, a large Bi flux is required for the slightly weak bonding of III-Bi
compared with conventional other III-V alloys. Due to the weak bonding of III-Bi, there are
possibilities for Bi atoms not to be incorporated or to be segregated to the growth front at

high growth temperature [17] [18].

2.3 Bi:Tes for thermoelectric cooling

Bismuth telluride (Bi.Te;) is likely for having application in thermoelectric devices,
particularly for cooling of electronics because of their greater thermoelectric performance at
room temperature [4] [5]. The thermoelectric cooling system is an ideal system when precise
temperature control is needed [24]. The potential applications are in electronic systems and
computers to cool sensitive components, in a satellite or space probe to modest the excessive
temperatures, in digital cameras and also in charge-coupled devices (CCDs) to minimize
thermal noise [25]. Some other applications are in laser diodes, laboratory instruments,
temperature baths, refrigerators, and telecommunications equipments etc. [24]. This cooling
system, which is also known as Peltier heat pump, is a way to take out thermal energy from a
device by applying a constant polarity voltage to a junction between two different conductors
or semiconductors [25] [26]. Bi,Te; is sandwiched between these two conductors [24].
Because of its relatively high figure of merit, Bi.Te;is the most common semiconductor for

electronics cooling applications. But, the performance of this material is still quite low [27].



2.3 Bi2Te3 for thermoelectric cooling

Figure 2.3: The schematic crystal structure of Bi,Te;

Figure 2.3 shows the schematic view of rhombohedral crystal structure of Bi,Te; material, a
narrow gap layered semiconductor with a trigonal unit cell [28] [29]. According to above
shown structure, Bi,Te; along its [111] crystallographic direction has five atomic layers with a
stacking sequence of Te(1)-Bi-Te(2)-Bi-Te(1) , which forms a quintuple layer (QL) [29]. Since
the interaction between two neighboring tellurium atoms are actually weak van der Waals
bonding, the QLs are easily cleaved by the Te(1) atomic layers on both sides [29] [30].

Because of its too low surface energy, this material always confirms a Te-terminated surface

[29].

A very promising way to obtain a true bulk structure with high quality is to grow the Bi.Te;
films by MBE [29]. With the MBE technique, Bi.Te; thin films for thermoelectric cooling have
been successfully grown on Si(111)N+ and Si(111)SI substrates. In this case, the critical
growth parameters are the flux ratios (i.e., Bi/Te ratios), growth temperatures and
differences in step-by-step growth methods. In this thesis, MBE grown Bi.Te; materials are
investigated with help of different characterization techniques and discussed with consider of

different growth conditions.
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3.1 Atomic Force Microscopy (AFM)

Chapter 3

3. Measurement Techniques

Atomic Force Microscopy (AFM) and Photoluminescence (PL) measurement techniques have
to be implemented for the MBE grown samples. AFM has been used to characterize surface
morphology of both dilute bismides and Bi.Te; materials; while PL has been performed to
characterize optical properties of dilute bismides. The mechanisms of AFM and PL are

explained below.

3.1 Atomic Force Microscopy (AFM)

Scanning Probe Microscopy (SPM) consists of a sharp probe with a cantilever that can scan
across a surface and from the probe-sample interactions the surface morphologies are
monitored on computer screen. Two primary forms of SPM are Scanning Tunneling
Microscopy (STM) and Atomic Force Microscopy (AFM). AFM is also known as Scanning
Force Microscopy (SFM). Three primary modes of AFM are Contact Mode, Non-contact
Mode and Tapping Mode AFM. Tapping Mode AFM is considered to characterize the surface
morphology of bismuth containing compound samples. The advantages of Tapping Mode
AFM are higher lateral resolution on most samples, minor forces, negligible damage to soft
samples and no scraping. The only demerit is slightly slower scan speed compare to Contact
Mode AFM.

11



3 Measurement Techniques

Figure 3.1: SPM- Veeco Dimension 3000 SPM (Model: Dimension 3000/Nanoscope I11a )

Computer
§ Microscope

Controller |
(Analog
Electronics)

Vibration Isolation

"

=

Display Monitor

l Control Monitor ]

Figure 3.2: Schematic diagram of basic SPM components

Figure 3.1 shows a SPM tool (Model: ‘SPM-Veeco Dimension 3000 SPM’) and Figure 3.2
shows a schematic diagram of the SPM tool with its basic components. In these figures, the
left monitor is for controlling the scanning and the right one is ‘Nanoscope image’ for
monitoring surface morphology of the sample. Tapping Mode AFM characterization has been
performed for different scan sizes (normally for 1x1 uym? and 10x10 pm?) and for different
scan directions (usually 0°, 45° and 90°). Nanoscope software is used to control sample

scanning and post data analysis.

12



3.2 Photoluminescence (PL)

Feedback Loop Maintains
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Figure 3.3: Schematic diagram of a Tapping Mode AFM with basic components

Figure 3.3 shows the schematic diagram of a Tapping Mode AFM with basic components,
where a tip is attached to the end of an oscillating cantilever so that the tip can scan across
the sample surface. The resonant frequency of the oscillated cantilever follows amplitude,
ranging from 20 nm to 100 nm. Split photodiode detector helps to keep a constant RMS of
the oscillation signal and then the feedback loop maintains constant oscillation amplitude.
Thus during the scanning, a constant tip-sample interaction is maintained. In order to form
the image of the sample surface, the vertical position of the scanner (i.e., each (x, y) data

point) maintains a constant amplitude, which is stored by the computer.

3.2 Photoluminescence (PL)

Two different types of Photoluminescence (PL) measurement techniques have been
considered to characterize optical properties of dilute bismides. One technique was ‘Room-
Temperature PL’ or RTPL for examining different positions on the samples and the other one
was ‘Low-Temperature PL’ or LTPL by varying temperature starting from a very low
temperature (e.g., 45 Kelvin). MATLAB (with configured PLtool) software was required to
perform these PL measurements. One typical example during an ongoing measuring process
is shown in Figure 3.4. Bandgap changing with different Bi concentrations of the samples, in
another word, material quality for different Bi containing samples can be judged from this

kind of amplitude vs. wavelength graph shown in Figure 3.4.

13



3 Measurement Techniques

Figure 3.4: Configured PLtool in MATLAB software showing ‘Photoluminescence: Measurement and
Analysis’ during an ongoing measuring process

The Room Temperature PL (RTPL) and Low Temperature PL (LTPL) are explained shortly
with their own set-up components below.

3.1.1 Room Temperature PL

The four basic components for a PL system are a light source, a sample, a light filtering
system and a photo detector. When the light from the light source (here, an Ar+ laser) hits the
sample, it generates electron-hole pairs and also interactions among the electrons. Because of
these interactions, emission of light occurs. And the emitted light is then filtered to its
different energies, or in other word, in different wavelengths by a monochromator, which is

then recorded by the photo detector.

14



3.2 Photoluminescence (PL)

Ar” Laser Photo Detector  controlbox  Lock-in- Amplifier

Monochromator

Filter

Sample Holder
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Safety Goggles

Figure 3.5: Photoluminescence (PL) system with Room Temperature components set-up

Figure 3.5 shows the room-temperature Photoluminescence (RTPL) system for Bi samples.
The light beam can be followed by the direction of green arrows showing in the figure above.
The system contains an Ar+ laser as the light source, a water cooling circulation system for the
laser, a photo detector (need to be cooled by liquid nitrogen), some adjustable aligned
mirrors to guide the light beam in a required path, a chopper to chop the laser light up to
higher frequencies, a filter to filter out visible and ultra-violet (UV) light, two lenses: first one
for focusing the light on the sample and second one for focusing the light into the
monochromator, an attenuator to prevent the monochromator from damaging, a small
mirror helping to shine the light on to the sample from the laser, a bismuth containing
sample mounted on a sample holder, a lock-in-amplifier, a control box for linking the whole
process with a controlling computer and a monochromator as the light filtering system.
When the light finally goes into the monochomator, it splits into different energies or in other
word, wavelengths and then detected by the detector. Then the data goes to the lock-in
amplifier and this component is responsible to make sure that frequency of the chopper is
matched. Then the data is sent back through the control-box to the controlling computer and
program (MATLAB with configured PLtool).
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3 Measurement Techniques

3.1.2 Low Temperature PL

Vacuum Pump

Figure 3.6: Photoluminescence (PL) system with low temperature components set-up

Figure 3.6 shows a Low-Temperature Photoluminescence (LTPL) system with Cryo
Temperature components for Bi samples. The light beam can be followed by the direction of
green arrows showing in the figure above. The set-up is similar to RTPL; the only difference
is that LTPL includes Cryo Temperature PL components, which consist of a vacuum pump, a
compressor, a temperature controller, a vacaum chamber for the sample and two valves for
water cooling circulations. The sample has to be mounted inside the vacuum chamber and
the vacuum chamber is used as a sample holder to keep the temperature at a desired value.
The vacuum pump is responsible to make the chamber totally vacuumed. The compressor
works for decreasing temperature inside the vacuum chamber as low as possible.
Temperature controller takes a vital role in order to scan the sample at different

temperatures.
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4.1 Analysis with AFM and XRD

Chapter 4

4. Characterizations, results and analysis on dilute
bismides

AFM characterization has been implemented on MBE grown different dilute bismide
materials to investigate the surface morphologies. Room temperature and also low
temperature Photoluminescence (PL) techniques have been implemented only on InGaAsBi
QW samples to determine the optical properties. The characterization results and analysis on

different dilute bismide materials are discussed below.

4.1 Analysis with AFM and XRD

Below are the discussions of MBE grown dilute bismides GaSbBi, GaAsBi, InGaSbBi QW and
InSbBi, which are investigated by AFM and also X-ray diffraction (XRD) techniques. XRD

was considered to study structural properties of the samples.

4.1.1 Analysis of GaSbBi material (grown on GaSb Substrate)

Sample Name Project Growth Temperature, Tg [°C]| Top layer thickness [nm] Sl Rvlisarfaceliouhuesslinlnm)
[um/h] For 1x1 pm | For 10x10 um
RO371 GaSbBi 330 200 0.1 0.4 0.8
RO373 GaSb (Reference) 370 200 0.1 0.11 0.6
RO374 GaSbBi 360 200 0.1 0.19 0.64
RO375 GaSbBi 370 200 0.1 3.93 2.86
RO376 GaSbBi 380 200 0.1 0.27 0.93
R0O380 GaSbBi 390 200 0.1 4.71 5.43
R0O388 GaSbBi 380 500 0.1 0.12 0.68

Table 4.1: GaSbBi (on GaSb substrate) samples grown at different growth temperatures with 0.1 um/h
growth rate. Different RMS roughness of surface is achieved for different growth conditions.

In GaSbBi, Bi is incorporated with Sb and GaSb is used as substrate. The thickness of GaSbBi
was 200 nm in most cases and the Bi samples were grown by varying Bi flux and growth
temperature (Tg) from 330 °C to 390 °C. The growth rate was 0.1 pym/h. Since the III-Bi has
slightly weak bonding compared to III-Sb, it requires a large Bi/Sb flux ratio for capable Bi

incorporation.
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4 Characterizations, results and analysis on dilute bismides

Figure 4.1 shows the AFM images of GaSbBi from mirror-like surface for (a) 1x1 um2 and (b)
10x10 um? scan size. In this case, the growth temperature was 360°C. The atomic steps can
be observed from the Mirror-like flat surface for 1x1 um2 scan size. Triangle shaped feature
with small droplets are found during large scale AFM characterization. The surface roughness
for this sample are 0.185 nm and 0.635 nm for 1x1 um2 and 10x10 um?2 scan size, respectively.
For the sample shown in Figure 4.1 (the mirror-like flat surface), the Bi flux is set to the
calculated vapor pressure are same at the corresponding Tg. The Sb flux is a bit higher than

the transition point for the Ga droplet formation.

(a) (b)

Figure 4.1: AFM images of GaSbBi from mirror-like surface for (a) 1x1 um2 and (b) 10x10 pm?2 scan size

Figure 4.2 shows AFM images of sample surface from the hazy regions for different growth
temperatures. For Figure 4.2 (a), Tg was 360 °C and for Figure 4.2 (b), Tg was 370 °C. In
Figure 4.2 (a), the clearly observable Bi droplets are ring shaped with facets while in Figure
4.2 (b), common spherical shaped Ga droplets are monitored from the hazy region of the

sample grow at a higher temperature.

The reason for forming these droplets is of having excess of Bi atoms on the growth front,
which were neither incorporated nor evaporated. Corresponding to the growth temperature
(Tg), the Bi flux should be preferred closed to its vapor pressure to avoid Bi droplets. Higher
Bi flux has need of higher Tg, which may cause non-incorporation of Bi. Sb flux should be
kept as low as possible to facilitate Bi incorporation but not to have any Ga droplet. Because

of this trade-off, an optimal growth temperature for Bi incorporation should be chosen.
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4.1 Analysis with AFM and XRD

(a) d)

Figure 4.2: AFM images of GaSbBi from (a) surface with Bi droplets and (b) Ga droplets

Figure 4.3 shows the surface roughness (in nm) of GaSbBi samples on GaSb substrates for
different growth temperatures (Tg in °C) for 1x1 um? (indicated by blue) and 10x10 um?
(indicated by red) scan size. Surface RMS roughness of reference sample is also shown
separately in this figure. From the below graph, it can easily be seen that the surface
roughness is relatively lower in the range between 330 °C and 380 °C temperature variation.
For 1x1 um? scan size, roughness varies from 0.10 nm to 0.40 nm and for 10x10 um? scan
size, roughness varies from 0.60 to 0.95 nm for almost flat sample surfaces. But for one
sample, there is a surprising exception in roughness at T;=370 °C, which has a relatively
higher roughness of surface (3.9 nm for 1x1 um?2 scan size) shown in Figure 4.4. For this
sample, the surface pattern is very different and interesting than others. The reason of having
it is not known yet.

Project GaShBi on GaSh Substrate
5 T T T T T T T

—=— 1x1 pm

—=— 10%10 pm
5 4 Ref 1% um T
+  Ref 10x10 pm

Surface RMS (Rq ) Roughness [nm]

330 340 350 360 370 380 390 400
Growth Temperature, Ty [ *C)]

Figure 4.3: Surface RMS roughness (in nm) of GaSbBi samples on GaSb substrates for different growth
temperature (T in °C) for 1x1 um2 (blue) and 10x10 pm?2 (red) scan size. Surface RMS roughness of
reference sample is also shown separately in above figure.
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4 Characterizations, results and analysis on dilute bismides

Figure 4.4: 1x1 pm2 AFM amplitude image of a GaSbBi material showing very different and rough
surface morphology at growth temperature 370 °C.

High quality surfaces with observable atomic steps and a little higher RMS roughness
compare to that of the reference sample have been obtained for the GaSbBi samples grown at
330 °C, 360 °C and 380 °C. But, for a higher growth temperature i.e., at 390 °C, the sample
surface became very rough with elongated dots. The possible reason for this could be the

relaxation of layers.

Figure 4.5 (a) shows XRD (004) rocking curves of GaSbBi samples grown at different
temperatures and Bi beam equivalent pressures (BEPs). The graph is shown in logarithmic
scale. Figure 4.5 (b) shows the separation between the GaSbBi peak and the GaSb substrate
peak vs. the Bi BEP. At growth temperature 370 °C or lower, interference fringes can be
observed from the samples. But no interference pattern can be seen at higher T, due to
inferior GaSbBi/GasSb interface. Though the lattice constant of III-V-Bi should be larger than
that of III-V, in this case, it is very surprising that the oth peak of the top layer GaSbBi
appears at the higher angle than the diffraction angle of the GaSb substrate indicating a
smaller lattice constant for GaSbBi than that of GaSb substrate. It can be realized from Figure
4.5 (b) that the difference in angle relative to the GaSb peak increases with increasing Ty up
to 380 °C and then suddenly decreases. Lattice constants can also be figured out from this

peak separation vs. Bi BEP curve.
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Figure 4.5: a) XRD (004) rocking curves of GaSbBi samples grown at different temperatures and Bi
beam equivalent pressures (BEPs), which are mentioned to the right side of each curve. The graph is
shown in logarithmic scale. (b) The separation between the GaSbBi peak and the GaSb substrate peak
vs. the Bi BEP.
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4.1.2 Analysis of GaSbBi material (grown on GaAs Substrate)

In order to compare the GaSbBi samples grown on GaSb substrate, a good number of
samples were grown on GaAs substrate maintaining unchanged growth condition. Table 4.2
describes how the RMS surface roughness of the samples differs for different growth

conditions applied on different GaSbBi (grown on GaAs substrate) samples.

Sample Name Project Growth Temperature, Tg [°C]| Top layer thickness [nm] G";:vr:‘h/:; te :)hf::lu:;ce Rolugh:(e):sl((;:;:)n;)m
R0O390 GaSbBi/GaAs 360 200 0.1 1.2 1.11
R0O391 GaSbBi/GaAs 370 200 0.1 4.12 5.2
R0394 GaSb/GaAs (Reference) 370 200 0.1 0.62 0.8
R0401 GaSbBi/GaAs 380 200 0.1 2.47 5.36
R0402 GaSbBi/GaAs 390 200 0.1 2.42 5.7

Table 4.2: GaSbBi (on GaAs substrate) samples grown at different growth temperatures with 0.1 um/h
growth rate. Different RMS roughness of surface is achieved for different growth conditions.

By comparing Table 4.1 and Table 4.2, it can be noticed that surface RMS roughness is
relatively higher for samples grown on GaAs substrate; this is due to the strain relaxation.
Surface morphologies for these samples are shown in small scale (i.e., 1x1 um?) and also in
large scale (i.e., 10x10 um?) in Figure 4.6 and Figure 4.7, respectively. Though from Table 4.2,
it is understandable that surface roughness is similar for all samples except Ro390 (T 360
°C) in large scale (i.e., 10x10 um2), but the morphologies are different to each other which can

be observed from morphology figures in large scale.
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4 Characterizations, results and analysis on dilute bismides

30.00 nm

(a) Ro390 (b) Ro391 (c) Ro394
(d) Rogo01 (e) Rogo2

Figure 4.6: 1x1 um2 AFM height images of GaSbBi (on GaAs substrate) materials grown at different
growth temperatures showing different surface morphology with 0.1 um/h growth rate. Sample names
are mentioned below each image (from (a) to (e)).
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4.1 Analysis with AFM and XRD

Data type 3
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(a) Ro390 (b) Ro391 (c) Ro394

(d) Rogo1 (e) Rogo02

Figure 4.7: 10x10 um2 AFM height images of GaSbBi (on GaAs substrate) materials grown at different
growth temperatures showing different surface morphology with 0.1 um/h growth rate. Sample names
are mentioned below each image (from (a) to (e)).

Sample ‘R0390’ has elongated feature with a little higher roughness in surface compare to
round shape featured reference sample ‘Ro394’. Otherwise in all other samples, discrete
platform-like features have been originated and the individual area of platforms increases

with growth temperature, Ts.
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4  Characterizations, results and analysis on dilute bismides

Figure 4.8 shows the surface roughness (in nm) of GaSbBi samples on GaAs substrates for
different growth temperatures (Tg in °C) for 1x1 um? (indicated by blue) and 10x10 pm2
(indicated by red) scan size. Surface RMS roughness of reference sample is also shown
separately in this figure. From the below graph, it can easily be seen that the surface RMS
roughness is much lower at Ty = 360 °C. For this set of samples, the highest RMS roughness
is obtained from the sample ‘Ro391’ grown at T, = 370 °C for small scale AFM
characterization. Otherwise, roughness varies from 1.2 nm to 2.5 nm for 1x1 um?2 scan size.
For 10x10 pm?2 scan size, RMS roughness is higher and similar for all samples except Ro390
at Ty = 360 °C. Much rougher surface morphologies have been obtained for GaSbBi samples
grown on GaAs substrates comparing to samples grown on GaSb substrates.

Project GaSbBi on GaAs Substrate
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Figure 4.8: Surface RMS roughness (in nm) of GaSbBi samples on GaAs substrates for different growth
temperature (Tg in °C) for 1x1 um?2 (blue) and 10x10 um2 (red) scan size. Surface RMS roughness of
reference sample is also shown separately in above figure.
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4.1 Analysis with AFM and XRD

4.1.3 Analysis of GaAsBi material (grown on GaAs Substrate)

Table 4.3 describes how the RMS surface roughness of the samples differs for different
growth conditions applied on different GaAsBi samples grown on GaAs substrate.

Sample Name Project Growth Temperature, Tg [°C]| Top layer thickness [nm] Gr‘;::‘h/:; te ':Z I\:I:xslu::ce RolughrFl::sl((;: E;Z)m
RO356 GaAsBi 380 500 1 0.09 0.13
RO357 GaAsBi 360 500 1 0.26 0.46
R0358 GaAsBi 340 500 1 5.87 30.7

Table 4.3: GaAsBi (on GaAs substrate) samples grown at different growth temperatures with 1 um/h
growth rate. Different RMS roughness of surface is achieved for different growth conditions.

In Figure 4.9 and 4.10, much rougher surface morphology with very many big non-uniformed
droplets has been obtained for sample Ro358 at lower Tg, 340 °C. Though no atomic steps
have been observed, the morphologies are very flat for two other samples grown at
comparatively higher T; i.e., 360 °C and 380 °C. The RMS roughness of surface decreases

with increasing growth temperature, Ts.

(a) Ro356 (b) Ro357 (c) Ro358

Figure 4.9: 1x1 um2 AFM height images of GaAsBi (on GaAs substrate) materials grown at different
growth temperatures showing different surface morphology with 1 um/h growth rate. Sample names
are mentioned below each image (from (a) to (c)).
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(a) Ro356 (b) Ro357 (c) Ro358
Figure 4.10: 10x10 um2 AFM height images of GaAsBi (on GaAs substrate) materials grown at different
growth temperatures showing different surface morphology with 1 um/h growth rate. Sample names
are mentioned below each image (from (a) to (c)).
Figure 4.11 shows the surface roughness (in nm) of GaAsBi samples on GaAs substrates for
different growth temperatures (Tg in °C) for 1x1 um? (indicated by blue) and 10x10 pm?
(indicated by red) scan size. From the below graph, it is clearly observable that the surface
RMS roughness is much lower at T, = 360 °C and 380 °C. For this set of samples, the highest
RMS roughness is obtained from the sample ‘R0358’ grown at Ty = 340 °C for both small and
large scale AFM characterization.
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Figure 4.11: Surface RMS roughness (in nm) of GaAsBi samples on GaAs substrates for different
growth temperature (Tg in °C) for 1x1 um?2 (blue) and 10x10 pm?2 (red) scan size.
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4.1 Analysis with AFM and XRD

4.1.4 Analysis of InGaAsBi QW (grown on InP Substrate)

Table 4.4 describes how the RMS surface roughness of the samples differs for different
growth conditions applied on an InGaAsBi QW sample grown on InP substrates.

Sample Name Project Growth Temperature, Tg [°C] RMS Surface Roughness (in nm)
' Forixlpm |  For 10x10 um
R0296 InGaAs QW (Ref.) 400 0.29 0.36
R0297 InGaAsBi QW 400 0.43 1.13
R0301 InGaAs QW (Ref. at high Tg) 510 0.3 0.48

Table 4.4: An InGaAsBi QW sample grown on InP substrate. Different RMS roughness of surface is

achieved for different conditions.

Figure 4.12 and Figure 4.13 show 1x1 um2and 10x10 ym? AFM height images of InGaAsBi
QW samples on InP substrate, respectively. The growth temperature is 400 °C for both
R0296 and R0297. From the large scale AFM characterization, it is found that the surface
RMS roughness is higher for the reference sample ‘Ro301’ grown at higher Ty comparing to
reference ‘R0296’ sample. Also Ro301 has almost flat but elongated feature with very many
different shaped small droplets compared to R0296. It can be observed from the large scale
AFM height image that because of Bi incorporation with InGaAs QW, ‘R0297’ has three times

rougher surface with some non-uniformed and almost round shaped islands or droplets.

range

(a) Ro296 (b) Ro297 (¢) Ro3o1

Figure 4.12: 1x1 pm2 AFM height images of InGaAsBi QW materials grown on InP substrate. Sample
names are mentioned below each image (from (a) to (c)).
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4 Characterizations, results and analysis on dilute bismides

(a) Ro296 (b) Ro297 (¢) Ro301

Figure 4.13: 10x10 pm2 AFM height images of InGaAsBi QW materials grown on InP substrate. Sample
names are mentioned below each image (from (a) to (c)).

Figure 4.14 shows the XRD (004) rocking curves for InGaAsBi QW reference ‘R0296’ (red)
and ‘Ro297’ (blue) samples grown at the same temperature. Here, the highest peaks are
obtained from the InP substrate. The peaks from Bi containing top layers are found at the left
shoulder of substrate peaks. It can be found from the figure that the diffraction angles of
InGaAsBi QW samples are lower than their substrate (InP) peaks, which means the Bi
containing QW layers have higher lattice constants compare to their substrates. The
interference patterns can be observed both in the left and right sides of the XRD curves.

These interferences occur due to the reflections from sample interface.

Omega 3200000 PO X 0.00
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Figure 4.14: XRD (004) rocking curves for InGaAsBi QW reference ‘R0296’ (red) and ‘Ro297 (blue)

samples grown at the same temperature.

Optical properties of these InGaAsBi QW samples are discussed in the next section of the

current chapter, where Photoluminescence measurement technique has been considered.

28



4.1 Analysis with AFM and XRD

4.1.5 Analysis of InSbBi material (grown on GaAs Substrate)

Table 4.5 describes how the RMS surface roughness of the samples differs for different
growth conditions applied on some InSbBi (grown on GaAs substrate) samples. The growth
rate was 0.2 um/h for InSbBi samples. A buffer layer of 200 nm thick GaSb is introduced in
between the GaAs substrate and the Bi containing 200 nm thick top InSbBi layer.

Sample Name Project Growth Temperature, Tg [°C]| Top layer thickness [nm] G";:’:/:]a te FFZ l\rllixslu:r:ce RTgh:z:slg::On;)m
R0384 InSb (Reference) 360 200 0.2 0.34 1.22
RO386 InSbBi 360 200 0.2 1.93 11.07
RO387 InSbBi 370 200 0.2 2.86 23.48
RO389 InSbBi 350 200 0.2 1.89 2.01
R0O396 InSbBi 355 200 0.2 0.26 1.17
R0398 InSbBi 385 200 0.2 4.88 16.82
R0400 InSbBi 395 200 0.2 7.56 35.44

Table 4.5: InSbBi (on GaAs substrate) samples grown at different growth temperatures with 0.2 um/h
growth rate. Different RMS roughness of surface is achieved for different growth conditions.

Figure 4.15 and Figure4.16 show 1x1 um?2 and 10x10 um2 AFM height images of InSbBi (on
GaAs substrate) samples, respectively, grown at different growth temperatures featuring
different surface morphologies with 0.2 pum/h growth rate. Ro384 is the reference sample
grown at 360°C. Sample grown at 350°C (R0389) has almost flat surface and elongated
feature with no observable atomic steps, which can be noticed from the small scale AFM
image, Fig. 4.15 (d). From Fig. 4.15 (e), the atomic steps can clearly be seen for sample grown
at 355°C (R0396). The lowest RMS surface roughness has been obtained from this sample
(listed in Table 4.5), which ensures a high quality material. In Figure 4.15 (b) and Figure 4.16
(b), when a sample was grown at 360°C (R0386), a discrete platform-like feature has been
found in large scale. From the small scale AFM image, atomic steps with some different
shaped holes can be pointed out. In large scale, the RMS roughness is higher (11.07 nm) for
‘Ro386’ sample. From Figure 4.15 (c) and Figure 4.16 (c), it is understandable that though
atomic steps are found during small scale AFM scanning for sample grown at 370°C (R0387),
but in large scale AFM scanning, the RMS roughness became even higher (23.48 nm) for this
sample. For samples grown at 385°C (R0398) and 395°C (R0400), no atomic steps can be
found in small scale AFM scanning and the surface became much worse at these growth

temperatures. The layers are probably relaxed at these higher Tj.
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4  Characterizations, results and analysis on dilute bismides

(a) R0384(Ref.) (b) Ro386

(c) Ro387 (d) Ro389

(e) Ro396 (f) Ro398 (g) Rog400

Figure 4.15: 1x1 um2 AFM height images of InSbBi (on GaAs substrate) materials grown at different
growth temperatures showing different surface morphologies with 0.2 um/h growth rate. Sample
names are mentioned below each image (from (a) to (g)).
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Figure 4.16: 10x10 um2 AFM height images of InSbBi (on GaAs substrate) materials grown at different
growth temperatures showing different surface morphologies with 0.2 um/h growth rates. Sample
names are mentioned below each image (from (a) to (g)).

Figure 4.17 shows the surface RMS roughness (in nm) of InSbBi samples on GaAs substrates
for different growth temperatures (Tg in °C) for 1x1 pm? (indicated by blue) and 10x10 pm?
(indicated by red) scan size. Surface RMS roughness of reference sample is also shown
separately in this figure. From the below graph, it can easily be observable that the surface
roughness is lowest for the sample ‘R0396’ grown at T, = 355 °C from both small and large

scale AFM characterizations. Surface roughness varies from 1.9 nm to 7.5 nm for small scale
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4 Characterizations, results and analysis on dilute bismides

scanning. It can also be pointed out from the 1x1 um?2 curve that the roughness increases

almost linearly with increasing T .
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Figure 4.17: Surface RMS roughness (in nm) of InSbBi samples on GaAs substrates for different
growth temperature (T; in °C) for 1x1 um?2 (blue) and 10x10 um?2 (red) scan size. Surface RMS
roughness of reference sample is also shown separately in above figure.

Figure 4.18 (a) shows XRD (004) rocking curves of InSbBi samples grown at different
temperatures and Bi beam equivalent pressures (BEPs), which are mentioned to the right
side of each curve. The graph is shown in logarithmic scale. Figure 4.18 (b) shows the

separation between the InSbBi peak and the InSb peak vs. the Bi BEP.

In Figure 4.18 (a), the right most peaks are obtained from the GaAs substrate, middle peaks
are from the GaSb buffer layers and the left most are from top InSbBi layer. From the XRD
figure, it can be found that the intensities and lattice constants of GaAs substrate and GaSb
buffer layers did not vary at all, i.e. same with different Tg, whereas it totally differs for each
top InSbBi layer of the sample. This is because different amount of Bi is incorporated in
different growth conditions. The lattice constants are higher in InSbBi layers than that of
GaAs substrates layers. In comparison with GaSbBi samples grown on GaSb substrate,
InSbBi samples has 10 times larger angle difference. When T; increases from 350 °C to 360

°C, a quick and higher angle shift occurs to the ot peak and then it goes to saturation.
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Figure 4.18: a) XRD (004) rocking curves of InSbBi samples grown at different temperatures and Bi
beam equivalent pressures (BEPs), which are mentioned to the right side of each curve. The graph is
shown in logarithmic scale. (b) The separation between the InSbBi peak and the InSb peak vs. the Bi

BEP.
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4 Characterizations, results and analysis on dilute bismides

4.2 Optical Properties of InGaAsBi QW material by Photoluminescence

4.2.1 Room Temperature PL (RTPL)

In order to understand the uniformity in wavelengths and PL intensities, RTPL has been

performed at different positions on QW samples.

Figure 4.19 shows the schematic diagrams of (a) a reference InGaAs QW sample, ‘R0296’ and
(b) a Bi-containing InGaAsBi QW sample ‘Ro297’. The reference InGaAs QW sample
(R0296) is measured from top to bottom, indicated in Figure 4.19 (a) and Bi-containing
InGaAsBi QW sample (R0297) is measured from right to left, indicated in Figure 4.19 (b).

The measurement scales are also shown in this figure.

_’“ Top
23 mm Left Right
' !
v
< » —» Bottom ~ -
13 mm 27 mm
(a) (b)

Figure 4.19: Schematic diagrams of (a) reference InGaAs QW sample: R0296 and (b) Bi-containing
InGaAsBi QW sample: R0297.

Figure 4.20 shows comparison of wavelengths and PL intensities of two QW samples by
RTPL: (a) reference InGaAs QW sample (R0296) and (b) Bi-containing InGaAsBi QW sample
(R0297), showing different PL intensities at different wavelengths in position varying RTPL
measurements. It is observable from Figure 4.20 (a) that at the top position of the reference
‘Ro296’ sample, higher PL intensity is obtained; then the intensity decreases gradually.
Wavelength is almost the same for all measured sample positions. And from Figure 4.20 (b),
longer wavelength has been found at the right most position of Ro297 that ensures the
desired bandgap reduction. The measured maximum wavelength difference at different
sample positions is shown in Figure 4.20 (b). Also 10 times higher PL intensity is obtained at

the right most position of Ro297 than the reference R0296 sample.
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Figure 4.20: Comparison of wavelengths and PL intensities of two QW samples by RT PL: (a) reference
InGaAs QW sample (Ro296) and (b) Bi-containing InGaAsBi QW sample (Ro297), showing different
PL intensities at different wavelengths in position varying RTPL measurements.
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4 Characterizations, results and analysis on dilute bismides

Figure 4.21 shows comparison of wavelengths between reference InGaAs QW ‘R0296’ (red)
and InGaAsBi QW ‘Ro297’ (blue) samples. For the reference ‘R0296’, uniformity is observed
in wavelength, i.e, wavelength is almost the same (1510 nm) for all measured sample
positions. For Ro297, non-uniformity is found in wavelength, i.e., wavelength is different for
different sample positions. Longer wavelength at 1530 nm is obtained at the right side of the
sample, ie., 20 nm longer than the ref. Ro296 for some positions during RTPL
characterization. But, no observable wavelength difference has been achieved at the left side
of the sample. The possible reason can be that very little amount of Bi is incorporated in this
part of the sample during MBE growth.

—R0296 (reference) ||
—R0O227
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Figure 4.21: Comparison of wavelengths between reference InGaAs QW (R0296) and InGaAsBi QW

(R0297) samples. Ro297 shows non-uniform longer wavelength features at different sample positions.
Figure 4.22 shows comparison of PL intensities between reference InGaAs QW ‘R0296’ (red)
and InGaAsBi QW ‘Ro297’ (blue) samples. R0297 shows better intensity features at different
sample positions than the ref. R0296. For some parts of the samples with long wavelengths
thus high Bi concentration, 10 times higher intensity is found for Ro297 than the ref. R0296
and at least 5 times or more higher intensity is observed for other parts of Ro297 with short
wavelengths. So, Bi-containing QW sample 'R0297 ensures better optical quality than the

reference Ro296.
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Figure 4.22: Comparison of PL intensities between reference InGaAs QW ‘Ro296’ (red) and InGaAsBi
QW ‘Ro297 (blue) samples. Ro297 shows better intensity features at different sample positions than
the ref. Ro296.

4.2.2 Low Temperature PL (LTPL)

Low Temperature PL (LTPL) has been performed to investigate how the intensities and
wavelengths, full width at half maximum (FWHM) energy and band gap energies change with
temperature for InGaAsBi QW samples. For the reference InGaAs QW sample ‘R0296’, the
temperature is varied from 47 Kelvin to 330 Kelvin and for the Bi-containing InGaAsBi QW
sample, this temperature range was from 45 Kelvin to 330 Kelvin during LTPL

characterizations.

Figure 4.23 shows the curves for comparison of wavelengths and PL intensities of two QW
samples by LTPL measurement technique. From these two figures, it is found that PL
intensities dropped and peak wavelength became longer gradually with increasing

temperature. These two issues (PL intensity and wavelength) are discussed later.

At the lowest measured temperature, the shortest wavelength and the highest PL intensity
are found for both QW samples. On the other hand, at the highest measured temperature, the
longest wavelength and the lowest PL intensity are found for both QW samples. By observing
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4 Characterizations, results and analysis on dilute bismides

these curves, 10 times higher PL intensity has been obtained when Bi is incorporated into
InGaAs QW material.

InGaks QW reference sample (RO298), showing different PL intensity vs. wavelength features for different termperatures
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Figure 4.23: Comparison of wavelengths and PL intensities of two QW samples by LT PL: (a) reference
InGaAs QW sample (Ro296) and (b) Bi-containing InGaAsBi QW sample (R0297), showing different
PL intensities at different wavelengths in temperature varying LTPL measurements.
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4.2 Optical Properties of InGaAsBi QW material by Photoluminescence

Figure 4.24 shows comparison between two QW samples, reference ‘R0296’ (red) and Bi-
containing ‘Ro297’ (blue). Figure 4.24 (a) shows maximum PL intensity obtained at the
lowest temperature and Figure 4.24 (b) shows maximum wavelength difference obtained at
the highest measured temperature during LTPL characterization. From Figure 4.24 (a), the
maximum PL intensity value of 632 a.u. is observable and the peak wavelength is found to be
1468 nm for Ro297 at 45 Kelvin. At the similar temperature of 47 Kelvin, the 1448 nm peak
wavelength and the maximum 62 a.u. PL intensity value are found for reference R0296. So
the PL intensity difference is 10 times and the wavelength shift is 20 nm. Similarly from
Figure 4.24 (b), the PL intensity difference is found by 12.5 times between the two samples

and the maximum wavelength shift is 24 nm.
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Figure 4.24: Comparison between two QW samples, reference ‘R0296’ (red) and Bi-containing ‘Ro297
(blue): (a) where maximum PL intensity obtained at the lowest temperature and (b) where maximum
wavelength shift obtained at the highest measured temperature during LTPL measurement.
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4 Characterizations, results and analysis on dilute bismides

Figure 4.25 (a) and (b) shows comparison of reference InGaAs QW ‘R0296’ (red) and
InGaAsBi QW ‘Ro297’ (blue) samples by showing different wavelength and FWHM energy
features for different measured temperatures, respectively. From Figure 4.25 (a), the
difference in wavelengths between Ro296 and Ro297 at different measured temperatures is
clearly observable, which is discussed before. Figure 4.25 (b) is achieved from Figure 4.25 (a),
where FWHM energies are calculated from wavelength information and more fluctuations
are observed in FWHM energies at higher measuring temperature when Bi is incorporated

into QW material.
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Figure 4.25: Comparison of reference InGaAs QW ‘Ro296’ (red) and InGaAsBi QW ‘Ro297 (blue)
samples, showing different (a) wavelength and (b) FWHM energy features at different measured
temperatures.

Generally, the relation between change of the band gap energy and measured different

temperatures can be calculated from the Varshni approximation [31]:
E, (T) = E,(0) — 47" (ev) (4.2.1)
g 9 B+T o

Here, E; (T) is the temperature dependent bandgap energy, E, (0) is the bandgap energy at o

Kelvin, T is the measuring temperature in Kelvin, A and B are two empirical material

parameters. Equation 4.2.1 describes how the bandgap energy changes with temperature.

According to Karachevtseva et al. (1994) [32] [33], the bandgap energy equation for InGaAs

is:

(6(1—x)2—8.6x(1—x)+52}x107* x T2
T +{337(1 — x)? — 455 x (1 — x) + 196}

E, (x,T) = E,(0) - (V)  (422)

Here, x is the Indium-composition of In,Ga, As alloy.

By comparing equation 4.2.2 with the Varshni approximation (eqn.: 4.2.1), the empirical

material parameters, A and B, can be determined, i.e.,
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4.2 Optical Properties of InGaAsBi QW material by Photoluminescence

A= {6(1-x)?—-86x(1—x)+52}x107%, (4.2.3)
B = 337(1—x)? — 455 x (1 — x) + 196. (4.2.4)
And according to Goetz et al. (1983) [32] [34], the equation of band gap energy at 2 Kelvin is:
E,(T =2K) = 04105+ 0.6337 (1 — x) + 0.475(1 — x)* (eV) (4.2.5)
Since 2 Kelvin is very near to 0 Kelvin, equation 4.2.5 can be considered to determineE (0).

In this QW material project, x = 0.45 is used as the composition of Indium. By injecting the
value of xx in the equations 4.2.3, 4.2.4 and 4.2.5, it can be determined that A = 2.285 x
10™*, B = 47.6925 and E, (0) = 0.9027 eV, respectively.

Now, the equation 4.2.2 becomes,

2.285x 1074 x T2

E (x=045T =2K) = 0.9027 —
g (x =045, ) =0.9027 T + 47.6925

(eV) (4.2.6)

In Figure 4.26, the difference of band gap energies between calculated and measured values
for QW materials are shown. The green line is plotted using Equation 4.2.6 for different
measured temperatures (T). The band gap energies for electron and hole confinements are
also included and considered as constant for the measured curves. So, the energy equation

for the measured curves can be written as below.

Ep,(T) = E,(T) + AE;(T) + AE,(T) (4.2.7)

Here, Ep, (T) is the temperature-dependant energy from PL measurements. AE-(T) is the
temperature-dependant band gap energy from the electron confinement in conduction band
and AEy (T) is the temperature-dependant band gap energy from the hole confinement in
valence band, which are considered as constants for all measured temperatures. The red and
blue curves in Figure 4.26 are obtained from the reference and Bi-containing QW materials,

respectively.

In comparison with the calculated curve, similar patterned but lower valued energy-curves
can be observed for both the measured curves from Figure 4.26. The difference in energy
between calculated and measured (for the reference QW) curves vary from 0.039 eV to 0.026
eV, whereas, it varies from 0.052 eV to 0.043 eV for Bi-containing QW with increasing
measuring temperature. Also reduced band gap energy has been observed in Bi-containing
QW material compared to the reference one. On an average, 0.015 eV reduced band gap

energy has been found, when Bi is incorporated into InGaAs QW.
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Figure 4.26: Comparison of band gap energies between calculated (green line, calculated from
equation 4.2.6) and measured (red and blue) values for QW materials. Electron and hole confinements
are also included for the measured values.

Figure 4.27 shows comparison of reference InGaAs QW ‘Ro296’ (red) and InGaAsBi QW
‘Ro297" (blue) samples, where difference in PL intensities at different measured
temperatures is shown separately for both QW samples. High PL intensity is observed at low
temperatures and gradually decreases with increasing temperature. At low temperatures, the
carrier lifetime is long resulting in high PL intensities. The carrier lifetime becomes short at

room temperature or higher temperatures, and PL intensities dramatically drop.
After comparing these two QW samples, it is realized that 10 times higher PL intensity of Bi-

containing QW sample (R0297) ensures better optical quality than the reference R0296

sample.
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Figure 4.27: Comparison of reference InGaAs QW ‘R0296’ (red) and InGaAsBi QW ‘Ro297 (blue)
samples, showing difference in PL intensities at different temperatures.
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5.1 Group 1: Optimization of growth temperature

Chapter 5

5. Characterizations, results & analysis on Bi:Te3 by
AFM and XRD

Depending on different growth temperature, growth method, growth time, thickness,
substrate-type and flux ratio of the samples, the investigation on Bi.Te; has been divided into
three groups. Below is the discussion on MBE grown Bi,Te; material considering all different
growth conditions with the help of AFM and XRD characterization techniques. AFM and
XRD are used to obtain surface morphology and structural properties of the samples,

respectively. Step profiler is used to measure the thickness of the samples.

5.1 Group 1: Optimization of growth temperature

For these set of samples, growth methods were the same for the samples except growth
temperature, T,, varied from 200°C to 280°C with a step of 20°C. The doped Si(111)N+

conductive material is used as substrate for this sample-set.

Figure 5.1 shows AFM height images of a Bi.Te; sample ‘Ro423’ grown at 200°C obtained
from (a) 1x1 uym2 and (b) 10x10 um?2 scan size. The measured top layer (i.e., Bi.Te; layer)
thickness is 150 nm. Though RMS roughness (mentioned above each image) is less in small

scale, flake-like feature is found during the large scale scanning for this sample.

RMS roughness: 0.74 nm RMS roughness: 4.33 nm
0.75 1340 Fun 7.5 SG.0 Fi
- i. i . i. rrl
(2) (b)

Figure 5.1: (a) 1x1 ym2and (b) 10x10 um2 AFM height images of a Bi,Te; sample ‘Ro423’ grown at 200
°C.
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5 Characterizations, results & analysis on Bi2Te3 by AFM and XRD

Figure 5.2 shows AFM height images of a Bi,Te; sample ‘R0424’ grown at 220 °C obtained
from scan size (a) 1x1 um2and (b) 10x10 umz2. In this case, the measured top layer (i.e., Bi,Te;
layer) thickness is 160 nm. Atomic steps are clearly observable with even better morphology
from the small scale AFM image, which ensures higher quality material. But, flake-like

feature is still present in the large scale scanning.

RMS roughness: 0.66 nm RMS roughness: 6.25 nm

(a) (b)

50.0 nm

Figure 5.2: (a) 1x1 um2and (b) 10x10 um2 AFM height images of a Bi.Te; sample ‘Ro424’ grown at 220
°C.

Figure 5.3 shows AFM height images of a Bi.Te; sample ‘Ro425 grown at 240 °C obtained
from scan size (a) 1x1 um2 and (b) 10x10 um2. The measured top layer (i.e., Bi.Te; layer)
thickness is 165 nm. The lowest surface RMS roughness both in the small and the large scale
are found from this sample, which ensures high quality material. Atomic steps can also be
seen from the small scale morphology. However, holes are also pointed out from the hazy

region of the sample.
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5.1 Group 1: Optimization of growth temperature
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Figure 5.3: (a) 1x1 um2and (b) 10x10 um2 AFM height images of a Bi,Te; sample ‘Ro425’ grown at 240
°C.

Figure 5.4 shows AFM height images of a Bi.Te; sample ‘R0426’ grown at 260 °C obtained
from scan size (a) 1x1 um?2 and (b) 10x10 um2. The measured top layer (i.e., Bi.Te; layer)
thickness is 100 nm. At this T, the sample surface became very rough. High density of small
and different shaped droplets is also observed from the large scale AFM image. The reason

for having it is not known yet.

RMS roughness: 11.87 nm RMS roughness: 15.41 nm
n i 4I :
(a) (b)

Figure 5.4: (a) 1x1 pm2and (b) 10x10 um2 AFM height images of a Bi.Te; sample ‘R0426’ grown at 260
°C.

Figure 5.5 shows AFM height images of a Bi.Te; sample ‘Ro427’ grown at 280 °C obtained
from scan size (a) 1x1 um2 and (b) 10x10 um2. The measured top layer (i.e., Bi.Te; layer)
thickness is 30 nm. Better morphology with observable atomic steps in small scale scanning

has been found for the sample grown at 280 °C compared to sample grown at 260 °C. The
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5 Characterizations, results & analysis on Bi2Te3 by AFM and XRD

surface RMS roughness is also lower at this T, than at 260 °C. But high density of non-

uniformed, different shaped holes is found during the large scale AFM scanning.

RMS roughness: 0.96 nm RMS roughness: 10.87 nm

12.0 nm

B0 nm

(a) (b)

Figure 5.5: (a) 1x1 um2and (b) 10x10 pm2 AFM height images of a Bi,Te; sample ‘Ro427 grown at 280
°C.

Figure 5.6 shows the graph of surface RMS roughness of Bi.Te; samples for different growth
temperatures from 1x1 um? (blue) and 10x10 pm?2 (green) AFM scanning. At around T, 200 °C
and 240 °C, almost flat surface has been found both in small and large scale scanning. And
then the surface became very rough at 260 °C. From the graph below, it can be pointed out

that the lowest surface RMS roughness is obtained from sample Ro425 at Ty = 240 °C.
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Figure 5.6: Surface RMS roughness (in nm) of Bi.Te; samples grown at different growth temperatures
(Tg in °C) for 1x1 um2 (blue) and 10x10 pm?2 (green) scan size.

Figure 5.7 describes XRD (111) rocking curves of Bi,Te; samples comparing different growth

temperatures. This graph shows (0015) peaks only, not the full range scanning. Considering
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5.2 Group 2: Comparison of different growth methods

peak intensities and widths of the XRD curves, Ro424 (red colored curve) and Ro425 (green
colored curve) samples which grown at 220 °C and 240 °C, respectively, have the best results.
Both have higher peak intensities and narrower widths. The lowest peak intensities and large
widths, i.e. the worst results, are found from Ro426 and Ro427 samples (magenta and cyan

colored curves, respectively) in XRD characterization.
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Figure 5.7: Comparison of XRD (111) rocking curves of Bi.Te; samples at different growth
temperatures, showing (0015) peaks only.

Finally it is realized that around 240 °C is the best growth temperature evaluated by both
AFM and XRD characterizations.

5.2 Group 2: Comparison of different growth methods

Three different growth methods have been experimented for comparison, which are
discussed here. Same growth method has been followed for the set of samples discussed in
group 1 (Ro423 to Ro427). In this case, Bi.Te; samples are grown at 200 °C or higher
temperatures. But at first prior to the Bi.Te;layer growing for 1 hour, Te soaked the substrate
for 10 minutes and after that Bi and Te are co-deposited at low temperature. After this co-
deposition, the samples are heated up and Bi.Te; crystal layer started to form at around 200
°C. So for this set of samples, Bi.Te; layer has been grown on it at this 200 °C or higher
temperature (i.e., up to 280 °C). For sample ‘R0428’, Bi,Te; was directly grown on Si(111)N+

substrate for 1 hour at same T, for Ro423, i.e., 200 °C with Te soaking. Based on Ro425,
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5 Characterizations, results & analysis on Bi2Te3 by AFM and XRD

sample ‘R0429” was grown. But in this case, Bi treatment has been used as a replacement of

Te soaking prior to the Bi,Te; growth.

Figure 5.8 (a) and (b) shows 1x1 um2and 10x10 um2 AFM height images, respectively, of a
Bi,Te; sample ‘Ro428’ where the Bi,Te; layer is directly grown at 200 °C with Te soaking.
Here, the measured top layer (i.e., Bi,Te; layer) thickness is 90 nm only, which is smaller
than its counterpart sample Ro423. From the AFM images below, better surface morphology
has been observed in comparison with Ro423, grown at the same T,. Atomic steps and holes
can also be seen from the small scale and the large scale morphologies, respectively. Figure
5.8 (¢) shows XRD (111) rocking curves of Ro423 (blue) and Ro428 (red) of Bi.Te; samples to
compare different growth methods. From this XRD rocking curves, it is examined that at Ty
200 °C, the directly grown Bi.Te; sample (R0428) shows higher intensity than Ro423.
However, at higher temperature (e.g., 240 °C), no Bi,Te; crystal layer has been found on
sample surface if direct growth method followed. In this case, both Bi and Te are re-
evaporated from the sample surface. So, when the growth temperature is higher than 200 °C,

direct growth becomes unrealistic.
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Figure 5.8: (a) 1x1 um2and (b) 10x10 um2 AFM height images of a Bi.Te; sample ‘R0428’ where the
Bi.Te; layer directly grown at 200 °C with Te soaking. (c¢) Comparison of XRD (111) rocking curves of
Ro423 (blue) and Ro428(red) of Bi.Te; samples at different growth methods, showing (0015) peaks

only.

Figure 5.9 (a) and (b) shows 1x1 ym2and 10x10 um?> AFM height images, respectively, of a

Bi.Te; sample ‘R0429’ where Bi treatment is used instead of Te soaking in advance of the

material growth at Ty = 240 °C. The measured top layer (i.e., Bi.Te; layer) thickness is 210

nm. In comparison with Ro425 at the same T, = 240 °C, sample Ro429 with Bi treatment has

better surface (i.e., lower RMS roughness) in large scale. Atomic steps and holes are found

from the small scale and the large scale morphologies, respectively. Figure 5.9 (c) shows XRD
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5 Characterizations, results & analysis on Bi2Te3 by AFM and XRD

(111) rocking curves for Ro425 (blue) and Ro429 (red) of Bi.Te; samples to compare different
growth methods. No obvious difference has been monitored in peak intensity or width from

the XRD curves.
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Figure 5.9: (a) 1x1 um2and (b) 10x10 pm2 AFM height images of a Bi,Te; sample ‘R0429’ where Bi
treatment is used instead of Te soaking in advance of the material growth at T, = 240 °C. (c)
Comparison of XRD (111) rocking curves of Ro425 (blue) and Ro429 (red) of Bi,Te; samples at
different growth methods, showing (0015) peaks only.
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5.3 Group 3: Comparison of different flux ratio

5.3 Group 3: Comparison of different flux ratio

Two samples (R0430 and R0431) are grown in order to compare the significant difference for
different Bi/Te flux. For both samples, the top Bi,Te; layer is grown for three hours at the
same T, = 200 °C. For this group of samples, semi insulating non-conductive Si (111) SI
substrates are used. Higher Bi flux (i.e., higher beam equivalent pressure (BEP) for Bismuth)
is used to grow sample Ro431. The BEP of Bismuth for R0o430 is 6x10°8, whereas, it is 1.2x107

for Ro431.

Figure 5.10(a)—(d) shows AFM height images of two Bi,Te; samples at T, 200 °C with
different Bi flux, where (a) and (b) are showing 1x1 um2and 10x10 um? scanning range for
‘Ro430’ sample with Bi BEP 6x10°8, respectively, and (c) and (d) are showing 1x1 um2and (d)
10x10 um? scanning range for ‘Ro431 sample with Bi BEP 1.2x107, respectively. Sample
Ro0423 and R0430 are grown at the similar condition; the only difference is growth time. For
Ro423, the growth time was 1 hour, whereas for R0430, it was 3 hours. From Figure 5.10(a)
and (b), it is pointed out that though the surface RMS roughness is higher for Ro430, but the
morphology of this sample is not far from Ro423. In Figure 5.10 (d), large scale AFM
scanning ensures much rougher surface for Ro431 than Ro430. Also strong trenches in only
one direction can be found for Ro431. Figure 5.10(e) shows XRD (111) rocking curves of
R0430 (blue) and Ro431 (red), to compare the difference in peaks or widths. From the XRD
figure, it is observed that peaks are not overlapped and sample R0431 has higher and
narrower peak intensity than sample Ro430. Here, top layer (i.e., Bi.Te; layer) thickness of
R0430 is very small in comparison with Ro431. Generally, less thick samples give lower
peaks and broader widths in XRD characterization. So in this case, the reason for having it

could be the thickness difference of the top layer.
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5 Characterizations, results & analysis on Bi2Te3 by AFM and XRD
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Figure 5.10: (a) — (d) AFM height images of two Bi,Te; samples at T, = 200 °C with different Bi flux:
(a) 1x1 pm2and (b) 10x10 umz2scanning range, respectively, for ‘R0430’ sample with Bi BEP = 6x108;
(c) 1x1 um2and (d) 10x10 umz2scanning range, respectively, for ‘Ro431° sample with Bi BEP = 1.2x10-7.
(e) XRD (111) rocking curves of Ro430 (blue) and Ro431 (red) of Bi.Te; samples with different Bi flux
to compare the difference in peaks or widths, curves showing (0015) peaks only.
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6.1 Summary

Chapter 6

6. Summary and future direction

6.1 Summary

New semiconductor materials with more beneficial properties are continuously demanding
for device applications. In this research project, different features have been found and
studied for different Bi containing compounds. MBE grown Bismuth containing compounds
GaSbBi, GaAsBi, InGaAsBi QW, InSbBi and also Bi,Te; are investigated by Atomic Force
Microscopy (AFM), X-ray diffraction (XRD) and Photoluminescence (PL) techniques and
then surface morphologies, structural and optical properties are explored from these
characterizations, respectively. Different growth methods have been applied to catch
comparatively accurate Bi composition. The varying parameters were basically growth

temperatures, growth rates and Bi flux.

So far, Bi is incorporated into GaAs for making GaAsBi. The MBE grown GaSb,.«Bix thin films
are established for the first time. From XRD and AFM, better results have been obtained for
growth temperature 370 °C and then saturation occurs. Strategies have been taken care of to
avoid the formation of Bi droplets and enhance Bi incorporation. GaSbBi Samples were
grown on GaSb and GaAs substrates for comparison and rougher surface morphologies have
been found for samples grown on GaAs substrates compare to that grown on GaSb substrate.
InGaAsBi QW samples are characterized by PL at room temperature (RTPL) and also at low
temperature (LTPL) for different positions and temperatures, respectively. When Bi is
incorporated, 10 times higher relative intensity has been achieved comparing with the
reference InGaAs QW sample. For Bi.Te; samples, growth temperature of 240°C showed the
best feature both in AFM and XRD characterizations. Though at 200°C, the direct grown
sample showed better feature than samples grown with Te soaking prior to Bi,Te;layer, but

direct growth is not feasible at higher growth temperatures.
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6 Summary and future direction

6.2 Future direction

Since this project on Bi-containing compounds is still under experimental demonstration,
there is a lot to do for improving the material quality. At the current stage, lots of defects have
been found in materials due to the vacancies or holes inside the materials. In future, this
problem should be taken care of for having better quality materials with flat surfaces. One
important future goal of this project is to establish the relation between the lattice constant
and the Bi composition. Getting hold of improved quality Bi containing QW at 1.55 um is
another goal of this research in future. To obtain this challenging triumph, optimization of
QW without Bi could be performed first. After having optimization of QW without Bi, perfect

Bi containing QW can be achieved by incorporating Bi for different growth conditions.
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Molecular beam epitaxy for GaSb;_ ,Bi, is investigated in this article. The growth window for
incorporation of Bi in GaSb was found. Strategies of avoiding formation of Bi droplets and enhancing
Bi incorporation were studied. The Bi incorporation was confirmed by SIMS and RBS measurements.
The Bi concentration in the samples was found to increase with increasing growth temperature and Bi
flux. The position of GaSb,_,Bi, layer peak in XRD rocking curves is found to be correlated to Bi
composition. Surface and structural properties of the samples were also investigated. Samples grown
on GaSb and GaAs substrates were compared and no apparent difference for Bi incorporation was
found. © 2012 American Vacuum Society. [DOI: 10.1116/1.3672025]

. INTRODUCTION

Bismuth is the heaviest and least studied group V element.
Incorporation of a small amount of Bi atoms in common III-
V compounds; for example, arsenides and antimonides, is
expected to lead to a large band gap reduction' and strong
spin-orbit splitting.> To the contrary of dilute nitride, which is
well-known for its large bandgap bowing effect by lowering
the conduction band edge, the influence of Bi on band struc-
ture occurs only in the valence band.> This provides a new
degree of freedom to engineer band structure of semiconduc-
tors for potential electronic and optoelectronic applications.
Attempts to reach the narrowest possible band gap of III-V
materials for long wavelength infrared detectors were carried
out since the late 1970s by synthesizing InSb,_, Bi, bulk
materials.*® Intensive research has also been implemented
on GaAs,_,Bi, and related materials after its first realization
of epitaxial growth by metal organic vapor phase epitaxy in
1998 (Ref. 7) and by molecular beam epitaxy (MBE) in
2003.® The bandgap bowing effect' and the spin-orbit split-
ting effect’ were experimentally observed afterwards, making
GaAs;_Biy closer to potential device applications. The va-
lence band edge reduction can lead to a reduced temperature
dependence of the band gap, which is attractive for fabricat-
ing temperature insensitive lasers, optical amplifiers and
modulators for telecommunications. It is also proposed that
the large spin-orbit splitting can suppress inter-valence band
Auger recombination processes and thus increasing the char-
acteristic temperature of 1.55 um telecom lasers on GaAs."”

GaSb based III-V semiconductor compounds are very
attractive for optoelectronic devices working at near- and
mid-infrared range, such as lasers, detectors and modulators;
as well as high speed electronic devices; for example, tran-
sistors.!" Incorporation of Bi in Sb-related materials will
have several potential benefits. First, Bi incorporation in
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®Electronic mail: shumin@chalmers.se

02B114-1 J. Vac. Sci. Technol. B 30(2), Mar/Apr 2012

1071-1023/2012/30(2)/02B114/7/$30.00

GaSb can reduce the band gap more effectively than utilizing
InGaSb, leading to less lattice mismatch for a required emis-
sion wavelength. Second, one major problem for >3 um
GaSb based type-I quantum well lasers is insufficient va-
lence band offset'* due to the use of heavily compressive
strained InGaAsSb quantum wells, resulting in significant
hole leakage. By employing Bi, a large band gap bowing in
valence band could provide large valence band offset. Third,
the utilization of spin-orbit splitting is much easier in
GaSb,_,Bi, than in GaAs;_,Bi,, since the value of spin-
orbit splitting is already very close to the band gap.13 By
incorporating a much smaller amount of Bi in GaSb;_,Biy
than that in GaAs,_Biy, a larger spin-orbit splitting than the
band gap can be readily achieved to suppress Auger recom-
bination processes in optoelectronic devices. So far, little
work has been done on GaSb;_,Bi,. To the best of our
knowledge, only two publications attempting to incorporate
Bi in bulk GaSb ingots were found'*'® using liquid phase
growth methods. Both work were intended to use Bi as a
dopant to reduce background p-doping in GaSb ingots.

In this paper, we investigate the growth conditions of
GaSb,_,Bi, thin films by MBE. The effects of parameters,
such as growth rate, Bi/Sb ratio and growth temperature
were studied.

Il. EXPERIMENT

Samples were grown on undoped (100) GaSb and undoped
(100) GaAs substrates in a Riber Compact21 MBE system
equipped with a dual filament effusion cell for Ga, a single fil-
ament effusion cell for Bi and a valved cracker for Sb and As,
respectively. Sample surface was in situ monitored by reflec-
tion high-energy electron diffraction (RHEED) during the
growth. For samples grown on GaSb substrates, a very thin
GaSb buffer layer (5 nm) was first grown at 510 °C (measured
by a thermocouple, same for all temperatures in this paper) af-
ter deoxidation of the GaSb substrate at 580°C. RHEED
shows a sharp 1 x 3 pattern at this stage indicating smooth

© 2012 American Vacuum Society 02B114-1
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TaBLE I. Description of the samples.

Name Substrate Growth temperature [°C] Bi BEP [Torr]
Al GaSb 340 1.2x 1077
A2 GaSb 360 1.2x1077
A3 GaSb 380 1.2x 1077
A4 GaSb 340 1.0x 1078
A5 GaSb 360 1.0x 1078
B_Ref GaSb 370

BI GaSb 330 1.0x 1078
B2 GaSb 360 40%x10°8
B3 GaSb 370 7.0x10°8
B4 GaSb 380 1.0 x 1077
B5 GaSb 390 20x 1077
C_Ref GaAs 370

Cl GaAs 360 40% 1078
C2 GaAs 370 7.0%x10°8
3 GaAs 380 1.0x 1077
C4 GaAs 390 2.0x 1077

growth front. Then, a 200 nm thick GaSb,_,Bi, layer was
grown with a growth rate in the range of 0.1 — 0.5 um/h at
lower temperatures ranging between 280 and 390°C. For
samples grown on GaAs substrate, the substrate was first
deoxided at 650 °C, and then cooled down to much lower tem-
peratures ranging between 360 and 390°C. A 200 nm
GaSb;_,Bi, layer was directly grown on the substrate.
The measured beam equivalent pressure (BEP) of Ga for
0.5 pum/h and 0.1 um/h is 5.5 x 10~® Torr and 2.0 x 10~®
Torr, respectively. The BEP of Sb was chosen as 5.2 x 10’
Torr and 8.8 x 10~® Torr, correspondingly. The BEP of Bi
ranges between 6 x 10~° Torr and 2 x 10~ Torr depending
on other growth conditions. A description of all the samples
with the key parameters are summarized in Table I.

Surface morphology is investigated by atomic force mi-
croscopy (AFM). High resolution x-ray diffraction (XRD)
was employed as a quick tool to study structural properties
following the growth of each sample. Rutherford backscatter-
ing spectroscopy (RBS) and secondary ion mass spectrometry
(SIMS) were used as “post-analysis” tools to confirm Bi incor-
poration and study element distribution profiles. Because
GaSb; _,Bi, is a new material, the SIMS measurement param-
eters were first optimized using a Bi,Te; thin film as a refer-
ence sample. Oxygen and cesium ions were tried. It was found
that use of negative oxygen ions with an incident angle of 60°
has the highest sensitivity on Bi detection. The Bi signal is
possible to be interfered by Ga due to atomic mass superimpo-
sition (Ga69 + Ga70 + Ga70 = 209). However, no correlation
can be found between the Ga isotopes and Bi curves (not
shown here), proving the reliability of the Bi results.

lll. RESULTS AND DISCUSSIONS
A. Bismuth incorporation in GaSb,_,Biy

From previous experiences of GaAsBi and InSbBi
growth, V/III ratio, growth rate and growth temperature (T,),
are very important parameters to enhance Bi incorporation.

J. Vac. Sci. Technol. B, Vol. 30, No. 2, Mar/Apr 2012
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Due to the higher bonding energy of GaSb than that of GaBi,
it is difficult for Bi to compete with Sb to be incorporated
into the crystal lattice. Therefore, the Sb/Ga flux ratio should
be kept close to the Ga-rich growth condition while the Bi
flux should be as high as possible to facilitate Bi incorpora-
tion. However, the risk of a low Sb/Ga flux ratio is formation
of Ga droplets. Bismuth is metallic that is different from
other group-V elements. Excess Bi atoms on the growth sur-
face will form Bi droplets if they are neither incorporated
nor evaporated. Growth rate has influence on kinetic proc-
esses at the growth front. Fast growth rate would favor for-
mation of stronger bonds than weak ones. A low growth rate
is therefore positive for formation of Ga—Bi bonds but would
lead to practical problems such as too long growth time for
growing a thick layer. Surface migration, incorporation, de-
sorption and droplet formation highly depend on growth
temperature. A low growth temperature facilitates Bi staying
on surface but can have a risk for formation of Bi droplets if
not incorporated. A high growth temperature reduces such a
risk but leads to less effective Bi incorporation and potential
Ga droplets.

Based on the above considerations, a 0.5 um/h growth rate
and a growth temperature, T,, of 380, 360, and 340 °C, which
was lower compared with the normal growth temperature for
GaSb, were chosen for the first batch of samples grown on
GaSb substrates (A1-A3 in Table I). For a 0.5 um/h growth
rate of GaSb, the critical BEP of Sb was found to be
4.7 x 1077 Torr, with the criterion of the surface reconstruc-
tion change judged by RHEED. The final Sb BEP was set to
be 10% higher than the critical value, i.e., 5.2 X 1077 Torr to
secure surface from degradation due to formation of Ga drop-
lets. The BEP of Bi was set to be 1.2 x 10~ Torr. The thick-
ness of the GaSb, _,Biy layer of these samples is 200 nm.

Figure 1 shows AFM images of the samples A1-A3. The
surface of all of them is covered by three-dimentional (3D)
structures. As the Sb BEP was tested to be enough for the
growth of GaSb, these structures are most probably from re-
sidual Bi on the surface. There are two kinds of distinct fea-
tures on the sample grown at 380 °C (A3). One is composed
of large platelets with an average diameter of 2.5 um and an
average height of 20 nm. The top of them is not completely
flat, but tend to show facets. The other one is rectangular
shaped with an average size of 250 x 500 nm?. The height is
around 60 nm, which is about 3 times of the height of the
large platelets. The side of these structures shows clear fac-
ets. Both structures are very different from conventional
group III droplets which often are semisphere or domelike.
Therefore we believe that those 3D features are related to
excess Bi atoms. Surprisingly, when the T, is decreased by
20°C, the morphology of 3D structures looks very different.
On the sample grown at 360 °C (A2), many dome shaped 3D
droplets similar to Ga droplets are observed as shown in Fig.
1(b). However, if observed carefully in 1 x 1 ,um2 scans,
these droplets are not round but also with clear facets, see
the inset of Fig. 1(b). The average diameter of these Bi drop-
lets is around 250 nm and the average height is 50 nm. On
the sample grown at 340°C (Al), similar 3D droplets are
found but with a much larger size and a lower density. The
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Fic. 1. (Color online) 10 x 10 um? AFM amplitude images of samples A1, A2, and A3 grown with a 0.5 um/h growth rate on GaSb substrates. The inset in

(b) is a zoom-in image with a 1 x 1 ym? area.

average diameter and height are 800 and 180 nm,
respectively.

The surface morphology the samples A1-A3 apparently
indicates a too high Bi flux impinging onto the samples. In
spite of poor surface quality (in contrary to flat surfaces), we
expect excess Bi should enhance Bi incorporation at low
growth temperatures. XRD measurements were implemented
for these samples. The lattice constant of GaBi is predicted
to be 6.324 A (Ref. 16) which is larger than that of GaSb and
a peak of GaSb;_,Bi, to the left of the GaSb substrate peak
is expected to be the signature of Bi incorporation. However,
no such peaks in XRD (004) rocking curves were found for
all the three samples, instead, shoulders at the right side of
the substrate peak can be seen. The XRD (004) rocking
curve of the sample A3 is shown as the red curve in Fig. 2.
As will be discussed below, we find out that this shoulder is
in fact related to the Bi incorporation, but the amount of
incorporated Bi is expected to be very little.

For the next two samples A4 and A5, the BEP of Bi was
reduced to 1 x 10~® to avoid the Bi-related surface structures
and the T, was 340 and 360 °C, respectively. Flat surfaces
with root mean square (RMS) roughness of 0.34 and 0.17
nminl x 1 ,um2 AFM scans were obtained. However, with
such a low Bi flux, even less feature was observed from
XRD rocking curves.

In order to avoid formation of Bi droplets, excess Bi on
the surface, which is not incorporated into the lattice, must

0.1 um/h

Intensity [counts/s]

30.4 30.45
Omega [degree]

30.3 30.35

FiG. 2. (Color online) XRD (004) rocking curves of the sample A3 with a
growth rate of 0.5 um/h (red dashed curve) and the sample B4 at 0.1 um/h
(blue solid curve) at the same T,, 380 °C on GaSb substrates.

JVST B - Microelectronics and Nanometer Structures

be thermally evaporated. The evaporation process is highly
dependent on temperature. The relation between Bi vapor
pressure and temperature was calculated and plotted in
Fig. 3. Considering that the real surface temperature is nor-
mally lower than the temperature read by the thermocouple,
the actual vapor pressure versus the real sample surface tem-
perature curve should be slightly lower than the curve in the
figure. The BEP values of Bi for the above five samples are
also indicated in red. The XRD results indicate that only a
very small fraction of Bi can be incorporated. Thus the
excess Bi atoms on the growth surface increases with
decreasing T, from the first batch samples. The metallic Bi
adatoms are mobile at these temperatures leading to forma-
tion of large Bi metallic crystals as shown in Fig. 1. For a
low Bi BEP, most impingent Bi atoms are re-evaporated
rather than being incorporated as a result of the Sb/Bi com-
petition. Therefore, to effectively enhance Bi incorporation
but avoid Bi droplets at the same time, the Bi BEP should be
chosen close to the vapor pressure relative to the substrate
temperature. In order to reach a high Bi/Sb ratio, a high Ty,
which can allow for a high Bi flux, and a low Sb BEP are
preferred. The low Sb BEP can be readily realized by lower-
ing the growth rate. One example is shown in Fig. 2. The two
samples were grown at 380°C, but the Bi/Sb BEP ratio is

10

P [torr]

10°

320 340 360 380 400
T [degree C]

Fic. 3. (Color online) Bi vapor pressure vs temperature (blue line) and
selected growth temperatures at particular Bi BEPs for the samples grown
with 0.1 um/h growth rate (blue round markers) and 0.5 um/h (red square
markers), respectively.
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FiG. 4. (Color online) 1 x 1 um* AFM height images for the group B samples grown at 0.1 um/h growth rate on GaSb substrates. RMS roughness in units of
nm obtained from 1 x 1 gm? and 10 x 10 um? scans is shown before and after the slash, respectively.

increased from 0.23 to 1.14 when the growth rate is decreased
from 0.5 um/h to 0.1 um/h. Much greater Bi incorporation is
indicated by XRD for a high Bi/Sb ratio. The later samples
were all grown with a 0.1 um/h growth rate.

B. Temperature dependence of GaSb,_,Bi, growth

Based on 0.1 pum/h growth rate, five T,-values were
selected to study the temperature effect on Bi incorporation.
The Bi BEP of these samples was chosen close to the vapor
pressure as marked with blue round markers in Fig. 3, i.e.,
1 x 107® Torr, 4 x 10™* Torr, 7 x 10~® Torr, 1 x 10”7 Torr
and 2 x 1077 Torr at 330, 360, 370, 380, and 390 °C, for the
samples Bl to BS5, respectively. The thickness of the
GaSb;_Biy layer of these samples is 200 nm. A reference
sample without Bi was grown at 370 °C for comparison.

It can be found from Fig. 4 that, most samples have flat
surface without any 3D structures seen in Fig. 1. The sam-
ples B1 to B4 show high quality surface with atomic steps
and slightly larger RMS roughness than that of the B_Ref
sample. For the samples gown at and 390°C (BS), the sur-
face shows elongated dots, leading to relative larger rough-
ness, but still much smaller than that of the samples with
droplets. It is not clear yet what caused such surface mor-
phology, but it is probably related to excess Bi due to growth
temperature fluctuation. The shape of the elongated dots
indicates anisotropy of surface diffusion along the two or-
thogonal directions.

Figure 5(a) shows typical SIMS depth profiles for the
sample B3. The dotted line marks the interface between the
epilayer and the GaSb substrates. The results are similar for
all other samples. The three key elements Ga (69), Sb (121),

J. Vac. Sci. Technol. B, Vol. 30, No. 2, Mar/Apr 2012

and Bi (209) are examined, as well as In (115) and As (75)
which may remain in the MBE growth chamber as
background dopants. The initial intensity changes within
20-25 nm are artifacts. A clear step of Bi intensity at the
interface between the epitaxial GaSb;_,Bi, layer and the
GaSb substrate, evidencing Bi incorporation, can be found.
The coincidence between the background As and In steps
and the Bi step ensures the initiation of epitaxial growth and
that the Bi signal is reliable although its intensity is rela-
tively low. Normalized Bi intensity from SIMS measure-
ments, which can be an indicator as Bi concentration, is
calculated and shown in Fig. 5(b). It can be found that the Bi
concentration increases with increasing T,, as well as the Bi/
Sb BEP ratio, and tends to saturate at high ratios.

RBS measurements were carried out in parallel with the
SIMS measurements as antitheses. Bi incorporation in
GaSb;_Biy samples was also confirmed. From the simula-
tions, the Bi concentration of 0.2, 0.7, and 0.7% is deduced
for the GaSb,_,Bi, samples B2, B3, and B5, respectively.
All the XRD (004) rocking curves of the GaSb;_,Bi, sam-
ples reveal clear peaks on the right side of the GaSb sub-
strate peak, i.e., lattice contraction of the GaSbBi films
grown on GaSb substrates. This is also true for (115) and
(11-5) planes and azimuth rotation checks confirm that those
peaks are not related to the tilting of the GaSbBi films rela-
tive to the GaSb substrate. Detail discussions of such lattice
contraction will be published elsewhere. The calculated
GaSbBi lattice constant from (115) and (11-5) measurements
is shown in Fig. 5(c). Compared with the lattice constant of
GaSb 6.096 A, lattice contraction of 0.034, 0.061, 0.079,
0.084, and 0.041% were found for the samples B1-BS5,
respectively. We propose that the lattice contraction would
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Fic. 5. (Color online) Structural property measurement results of the group
B samples. (a) SIMS profile of different elements in the sample grown at
370°C. (b) Normalized Bi intensity in SIMS profiles vs Bi/Sb ratio and T,.
(c) Lattice constant of GaSb; ,Biy layers extracted from XRD (115) and
(11-5) series measurements.

be due to vacancies at group-V sites caused by Bi segrega-
tion. Higher Bi concentration leads to higher density of
vacancies resulting in strong lattice contraction.

C. GaSb,_,Biy, grown on GaAs

Group C samples with the same growth conditions were
grown on GaAs substrate for comparison. As there is 7.8%
lattice mismatch between GaSb and GaAs, the growth mode
of GaSb,_,Bi, on GaAs is different from that on GaSb. The
evolution of RHEED pattern for the sample grown at 380°C
is shown in Fig. 6. The initial GaAs surface under Sb over
pressure shows (2 x 8) reconstruction in Fig. 6(a). The pattern
changed to dots upon the growth of GaSb;_,Bi, within one
monolayer (ML). Then, new streaks slowly appear, showing
GaSb (1 x 3) like reconstruction, while the dots gradually
dim, as shown in Figs. 6(b) and 6(c), respectively. At the end
of the growth, a clear streaky pattern is observed. This
GaSb,_,Bi, growth process is similar to the GaSb grown on

JVST B - Microelectronics and Nanometer Structures
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(a) (b)

(©) (d)

Fic. 6. RHEED pattern for the sample C4. (a) GaAs under Sb over pressure,
(b) 9 nm GaSb,_,Bi,, (c) 27 nm GaSb;_,Bi,, and (d) growth 200 nm
GaSb; _,Bi,. The black dot at the up-right of the image is from a damage of
the phosphorus screen.

GaAs by the “interfacial misfit arrays.”'” However, it requires
about 30 nm growth to recover a streaky pattern for a
GaSb,_,Bi, layer, which is much thicker compared with 3
nm observed for the reference sample without Bi.

Figure 7 shows the surface morphologies for the group C
samples. Due to the strain relaxation, the surface roughness
is in general higher than that of the counterpart samples
grown on GaSb substrate. Except the one grown at 360 °C
(C1), all other GaSb;_,Bi, samples have relatively constant
roughness but different morphologies. The sample C1 has
only slightly rougher surface than the reference sample, with
elongated features instead of the round features on the refer-
ence sample. Discrete platformlike features are found for all
other GaSb;_Biy samples in this group. The average area of
platforms increases with T,. This platformlike morphology
can explain that, although the surface is rough, a relatively
good RHEED pattern can still be observed. XRD rocking
curves (not shown here) confirm the single crystal nature of
these samples.

SIMS measurements were carried out for some of the
samples. Figure 8(a) shows the element depth profiles of the
sample C4. A clear interface between the GaAs substrate
and the epilayer can be found by the step of different ele-
ments. A step of Bi can be found at the same position. How-
ever, the Bi intensity is not very uniform. Arsenic is found to
diffuse into the GaSb; _,Bi, layer. An increase of Bi concen-
tration at the interface and a tail of Bi extending into the
GaAs substrate can also be seen. This indicates that Bi may
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Fic. 7. (Color online) 10 x 10 um> AFM height images for the group C samples grown on GaAs substrates. RMS roughness in units of nm obtained from
1 x 1 um? and 10 x 10 um? scans is shown before and after the slash, respectively.
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FiG. 8. (Color online) SIMS measurement results for the group C samples
grown on GaAs substrates. (a) SIMS profile of different elements in the
sample grown at 390 °C. The curves are smoothened by five-point averag-
ing. (b) Normalized Bi intensity vs Bi/Sb ratio and T,. The vertical axis
scale is the same with Fig. 5(b).
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be easier to be incorporated with the existence of As. Since
the measurement time of this group of samples is shorter
than that of the GaSb based samples, the fluctuation of the
normalized Bi incorporation values is larger, as shown in
Fig. 8(b). The normalized Bi intensity of the samples is close
to that of the counterpart samples grown on GaSb substrates.

Comparing the samples grown on GaSb and GaAs sub-
strates, no apparent difference in Bi incorporation was found
within the accuracy of SIMS measurements. However, the
surface of the samples grown on GaAs substrate is much
worse than those grown on GaSb substrates.

IV. SUMMARIES

We have investigated the growth of GaSb,_,Bi, by MBE.
We firstly studied the growth window for incorporation of Bi
in GaSb. Excess Bi related surface morphologies were
found. Strategies of avoiding Bi accumulation and enhancing
Bi incorporation were studied. The Bi incorporation was
confirmed by SIMS and RBS measurements. The normalized
Bi level in different samples was studied by comparing Bi
intensity in SIMS measurements. It was found to increase
with increasing growth temperature and Bi flux, and tends to
saturate when T, is higher than 370°C. The position of
GaSb,_,Biy layer peak in XRD rocking curves is found to
be correlated to Bi composition in the samples. Lattice
contraction, instead of dilation, was observed. Surface and
structural properties of the samples were also investigated.
Samples grown on GaSb and GaAs substrates were
compared and no apparent difference for Bi incorporation
was found.
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ABSTRACT

MBE growth of GaSbl-xBix thin films is demonstrated for the first time. Bismuth incorporation is
confirmed by RBS and SIMS measurements. The Bi composition increases following increasing the Bi
flux and tends to saturate at growth temperature around 370 °C, resulting in the highest Bi composition
of 0.7% measured by RBS. Lattice contraction was observed from XRD measurements showing tensile
strain rather than compressive strain when Bi is incorporated in GaSb. We propose that the lattice

contraction is due to vacancies caused by Bi segregation.
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mailto:shumin@chalmers.se

Incorporation of a small amount of Bi atoms in common III-V compounds is expected to lead to a
large bandgap reduction [ and strong spin-orbit splitting %), showing great potentials for electronic and
optoelectronic applications. Attempts to reach the narrowest possible bandgap of I1I-V materials for
long wavelength infrared photodetectors were carried out since the late 1970s by synthesizing InSb;
Bi, bulk materials ****). Intensive research has also been implemented on GaAs,_Bi, and related
materials after its first realization of epitaxial growth by metal organic vapor phase epitaxy (MOVPE) in
1998 1) and by molecular beam epitaxy (MBE) in 2003 "), The band-gap bowing effect [ and the spin-
orbit splitting effect ) were experimentally observed afterwards, making GaAs,.Bix one step closer to
potential device applications. The bandgap reduction occurs only in the valence band ! leading to
reduced temperature dependence of the bandgap, which is attractive for fabricating temperature
insensitive lasers, optical amplifiers and modulators for telecommunications. It is also proposed that the
large spin-orbit splitting can suppress inter-valence band Auger recombination processes and thus

increasing the characteristic temperature of 1.55 um telecom lasers on GaAs "

GaSb based III-V semiconductor compounds are very attractive for optoelectronic devices working at
near- and mid-infrared range, such as lasers, detectors and modulators, as well as high speed electronic
devices, for example, transistors [''). Incorporation of Bi in Sb-related materials will have several
potential benefits. First, Bi incorporation in GaSbBi can reduce the bandgap more effectively than use
of InGaSb. Second, one major problem for >3 um GaSb based lasers is insufficient valence band offset
2] due to the use of heavily compressively strained InGaAsSb quantum wells, resulting in significant
hole leakage. By employing Bi, a large bandgap bowing in valence band could provide large valence
band offset. Third, the utilization of spin-orbit splitting is much easier in GaSb; Bix than in GaAs; «Biy,
since the value of spin-orbit splitting is already very close to the bandgap ''*!. By incorporating a small
amount of Bi in GaSb,;«Biy, a larger spin-orbit splitting than the band gap can be readily achieved to

suppress Auger recombination processes in optoelectronic devices. So far, to the best of our knowledge,

1



FRERE

only two publications attempting to incorporate Bi in GaSb were foun 1. Both work were intended

to use Bi as a dopant to reduce background p-doping in GaSb bulks.

In this letter, we report growth of GaSb, Biy thin films using MBE. We employ special growth
conditions based on previous knowledge on growth of GaAs;_Bix and InSb, «Biy to effectively
incorporate Bi while minimize formation of both Ga and Bi droplets at the same time. Surface quality
was in-situ monitored by reflection high-energy electron diffraction (RHEED) during the growth.
Surface and structural properties of the samples are examined by atomic force microscopy (AFM) and
X-ray diffraction (XRD). Incorporation of Bi in GaSb was confirmed by Rutherford backscattering
spectroscopy (RBS) and secondary ion mass spectrometry (SIMS). Lattice contraction of GaSb;Bix
thin films along the growth direction with respect to that of GaSb was observed, in contrary to the
expectation of lattice dilation due to the larger covalent radius of Bi than that of Sb. This phenomenon is

explained by vacancies induced by Bi segregation.

Samples were grown on undoped (100) GaSb substrates in a Riber Compact21 MBE system with a
cluster tool, equipped with a dual filament effusion cell for Ga, a single filament effusion cell for Bi and
a valved cracker for Sb. A very thin GaSb buffer layer (5 nm) was first grown at 510 °C (measured by a
thermocouple) after deoxidation of the GaSb substrate at 580 °C. RHEED shows a sharp 1x3 pattern at
this stage indicating smooth growth front. Then, A 200 nm GaSb,.«Biy layer was grown with a growth
rate of 0.1 pm/h. From previous experiences of GaAsBi and InSbBi growth, V/III ratio and growth
temperature, T, are two crucial parameters to enhance Bi incorporation. Due to the higher bonding
energy of Ga-Sb than that of Ga-Bi, the Sb/Ga flux ratio should be kept low enough, close to the Ga-
rich growth condition, while the Bi flux should be kept as high as possible to facilitate Bi incorporation.
However, a low Sb/Ga flux ratio may cause formation of Ga droplets. Bismuth is also metallic which is
different from other group-V elements. Excess Bi atoms on the growth surface will form Bi droplets if

they are neither incorporated nor evaporated. All these processes including surface migration,



incorporation, desorption and droplet formation highly depend on growth temperature. Use of a low
growth temperature facilitates Bi staying on surface but has a risk for formation of Bi droplets if Bi
atoms are not incorporated. Use of a high growth temperature reduces such a risk but leads to less
effective Bi incorporation due to the weak Ga-Bi bonding and potential Ga droplets. Based on the above
discussions, our strategy is using a low growth rate and keeping a low constant Sb flux (beam
equivalent pressure (BEP) of 8.8e-8 Torr), but varying the Bi BEP which is set to be close to the Bi
vapor pressure at the particular growth temperature in the range of 330-390 °C as shown in Fig. 1(a). In
the later discussions, T, will be used to designate the samples. A reference (Ref) sample of 200 nm thick
GaSb without Bi was grown at 370 °C for comparison. This growth strategy avoids Bi droplet formation
and effective Bi incorporation is expected at a high Bi BEP. Since the high Bi BEP is coupled to the
growth temperature shown in Fig. 1(a) and the weak Ga-Bi bonding limits the effective Bi incorporation
at high growth temperatures, a maximum Bi incorporation is expected at a certain growth temperature.
It should also be noted that a slightly higher Bi BEP than the Bi vapor pressure line in Fig. 1(a) can be
used to further enhance Bi incorporation. Surface morphology was checked by atomic force microscopy
(AFM). Samples are mirror like with clear atomic steps in 1x1 pm® AFM scans. The AFM images of the
GaSb,_Biy sample grown at 380 °C are taken as examples in Fig. 1 (b) and (c) for 1x1 and 10x10 pm?,
respectively. Triangle shaped features are found for all samples. Even with such features, the root-mean-

square roughness in 10x10 um? scans is only 0.4-0.7 nm for different samples.

Results of RBS measurements for four samples are summarized in Fig. 2 (a). Compared with the Ref
sample, a peak/step-like signal can be observed at the channel value of around 480 and its intensity
increases with T,. This signal is a strong evidence of Bi incorporation. From the simulations, the Bi
concentration of 0.2%, 0.7% and 0.7% is deduced for the GaSb,Bix samples grown at 360 °C, 370 °C
and 390 °C, respectively. A trend can be found that the Bi concentration in GaSb;.4Biy layer increases
with Bi BEP and then saturates at 370 °C. RBS channeling measurement was performed for the sample

grown at 390 °C. The channeled spectrum is compared with two random spectra as shown in Fig. 2 (b).
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By evaluating the yield difference, about 65% of the incorporated Bi atoms are estimated to be at

substitutional sites.

SIMS measurements were carried out in parallel with the RBS measurements as antitheses. Compared
with RBS, SIMS shows the relative counts of elements following the depth in a sample. SIMS results
measured by negative oxygen ions are shown in Fig. 2(¢) and (d). The sample grown at 390 °C is taken
as an example in Fig. 2 (c). It is similar to all the other samples. The three key elements Ga (69), Sb
(121) and B1(209) are examined, as well as In (115) and As (75) which may remain in the MBE growth
chamber as background dopants. The initial intensity changes within 20-25 nm are artifacts. A clear step
of Bi intensity at the interface between the epitaxial GaSb, Bix layer and the GaSb substrate, evidencing
Bi incorporation, can be found. The coincidence between the background As and In steps and the Bi
step ensures the initiation of epitaxial growth and that the Bi signal is reliable although its intensity is
relatively low. It is possible for the Bi signal to be interfered by Ga due to atomic mass superimposition
(Ga®*+Ga""+Ga’=209). However, no correlation can be found between the Ga isotopes and Bi curves
(not shown here), proving again the reliability of the Bi results. Background As is detected from the
growth chamber. It is about one order of magnitude higher than the value found in GaSb substrates and
is similar for both the Ref sample and the GaSbBi samples grown in the range of 330-390 °C. Figure 2
(d) summarizes the Bi distribution profile in the measured four samples. All curves have a step for Bi
intensity at the same position. Strong surface accumulation of Bi is clearly observed for the samples
grown at 370 and 390 °C. It can be found that the Bi level increases following T, (also Bi BEP) up to
the maximum growth temperature of 390 °C. However, the difference between 370 °C and 390 °C is
rather small, indicating saturation of Bi incorporation. This saturation is expected to be as a result of the
balance between the increased Bi BEP, the weak Ga-Bi bonding and the enhanced Bi segregation at
high growth temperatures as will be discussed later. Because there is no pure GaBi or GaSb, Biy
material available with a known x-value as a reference, it is very difficult to obtain the exact Bi

concentration in these samples. Comparisons are made relatively. For example, the average Bi level in
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the GaSb;_Bix layer grown at 370 °C, excluding the surface region, is 1.45 times compared with that
grown at 360 °C. This difference is smaller than that deduced from the RBS measurement which is the
sum of the surface and the incorporated Bi concentration. We can thus conclude that, by combining the
results of RBS and SIMS measurements, Bi incorporation is demonstrated, Bi concentration in the

GaSb, «Biy layer increases with Bi BEP and tends to saturate at the growth temperature above 370 °C.

Figure 3 (a) shows the XRD (004) rocking curves of the 200 nm thick samples. The highest peak of
each curve is from the GaSb substrate. Compared with the Ref sample, all GaSb, «Bix samples show a
peak at a larger angle than that of the GaSb substrate peak, indicating a smaller lattice constant of
GaSb, «Biy thin films than that of GaSb along the growth direction. When the T, increases from 330 °C
to 380 °C (correspondingly the Bi BEP from 1e-8 Torr to 1e-7 Torr), the separation between the GaSb,.
«Bix and the GaSb substrate peak increases as well. Clear interference fringes between the GaSb; Bix
layer and the GaSb substrate can be found for samples with T, lower than 380 °C, indicating high
interface quality. In order to rule out the possibility that this GaSb, «Bix peak is an illusion caused by
crystal plane tilting, XRD (004) scans with sample rotation angles of 0°, 90°, 180° and 270° were
implemented. All the curves have exactly the same shape. XRD (115) and (11-5) scans with sample
rotation angles of 0° and 180° were also carried out. Free standing lattice constants of the GaSb, Bix
layer are estimated. Compared with the lattice constant of GaSb 6.096A, lattice contraction of 0.034%,
0.061%, 0.079%, 0.084% and 0.041% were found for the sample grown at 330 °C, 360 °C, 370 °C, 380
°C and 390 °C, respectively. Except for the sample grown at 390 °C, the trend of lattice contraction well
follows the Bi concentration deduced from RBS and SIMS measurements as shown in Fig. 3 (b). The
lattice constant of GaSb,..Bi, layer reduces with increasing T,/Bi BEP and increases when T, is above

380 °C.

Similar lattice contraction phenomenon was also observed in InSb; x Bix e, 17], InTlLAs; " and

InT1,Sby. "), and several possible explanations were proposed. Lanthanoid contraction was attributed



to the lattice contraction in InTIAs;x and InT1Sb;_«. Although TI has a larger atomic number than In,
the 4f valence electrons in a T1 atom have a weak screening effect against the Coulomb force of the
nuclei. As a result the bond length of T1As and TISb is smaller than that of InAs and InSb. It would be
similar for Bi compared with Sb. However, even though the covalent radius of Bi (14844 pm) is quite
similar to that of Sb (139+5 pm), it is still slightly larger than Sb. Therefore, Lanthanoid contraction
should not be the reason for GaSb_Biy. For InSb;_ Biy, Lee ez al. in ref '® believed that the lattice
contraction is due to lattice transformation from zincblende to tetragonal structure. Theoretical
calculations reveal that natural InBi has a tetragonal PbO structure with a lattice constant a = 5.005 A
and ¢ = 4.771 A, all smaller than that of InSb. However, GaBi favors zincblende structure according to
theory 2. Consequently, GaSb,_Biy is unlikely to change its crystal structure. Wagener et al. in ref '’}
attribute the lattice contraction in InSb;_ Bix grown on GaAs to the As/ Sb intermixing due to As
diffusion from the GaAs substrate to the epi-layer. The observed InSb,  Biy peak with a smaller lattice
constant compared with InSb was in fact InAs,Sb ..y Biy. This should not be the case in our GaSb;.Biy
samples since the GaSb; Bix layer was grown on GaSb sample, no possible group-V intermixing is
expected. Although background As doping was found from SIMS measurements as stated above, we
can rule out this possibility by the following reasons. Firstly, the amount of As is very little. From the
rocking curve of Ref sample grown at 370 °C in Fig. 3 (a), no peak other than the GaSb substrate peak is
observed. A seemingly shoulder at the right side of the GaSb peak can be found which could be due to
very small As incorporation in the epitaxially grown GaSb layer. However, the obvious GaSb;«Bix
peaks in the GaSb;..Bix samples are definitely different from the Ref sample. Secondly, sticking
coefficient of background As atoms on the growing surface increases with decreasing growth
temperature. This implies that the As-incorporation induced lattice constant change should be enhanced
at low growth temperatures, which is opposite to the observed trend shown in Fig. 3(a). Finally, the

measured As level by SIMS is very close for all the samples and is only about 10 times of that found in



GaSb substrates. This indicates that the incorporated As is at most at the doping level. Thus we

conclude that the observed lattice contraction is certainly due to the Bi incorporation.

We propose that the lattice contraction would be due to vacancies at group-V sites caused by Bi
segregation. Surface segregation is a well known phenomenon for group-III elements in ternary II-111-V
compounds '), For example, In in In,Ga,«As tends to segregate to the surface forming In rich growth
front and broadening interface. Likewise, segregation of group-V elements in III-V-V system, like Sb
in GaAs,Sby_y, has also observed and studied **). Compared with Sb, Bi is metallic and has a larger
atomic radius, larger atomic mass and weaker bonding energy with group-III elements. It is also a well
known surfactant for InGaAs with a complete layer of Bi atoms floating on the growing surface to
minimize the system energy [°. Therefore, Bi atoms should be very easy to segregate to the surface
during the growth if the Bi surface coverage is less than a monolayer. As a result, there is significant
surface accumulation of Bi atoms and the SIMS results from the GaSbBi samples grown at 370 °C or
above shown in Fig. 2(d) support this assumption. As mentioned above, in order to realize Bi
incorporation, a very low Sb flux must be used, leading to a quasi-Ga-rich growth condition for GaSb;.
xBix. When a certain amount of the incorporated Bi atoms are segregated to the surface, there are no
enough excess Sb atoms to fill in the vacant sites left by the segregated Bi atoms. Then, there are three
possibilities, Ga and background As atoms will take the sites forming Ga, anti-site defects or GaAsSbBi,
respectively, or the vacancies will be buried in the GaSb, «Bix layer. All the cases will lead to a smaller
lattice constant as it would be for GaSb; Bix. Vacancies are the most effective in reducing the lattice
constant than the other two possibilities. If the amount of vacancies is considerably high, they can
eventually compensate the incorporated Bi causing lattice contraction. Background As atoms could also
be possible to fill in the vacancies and results in lattice contraction. However, this shouldn’t be the
major factor, because the measured As level by SIMS in all these samples are similar and very low as

discussed above.



Surface segregation effect is usually enhanced at high growth temperatures. Figure 3 (b) compares the
trend of Bi concentration obtained from SIMS measurements and the deduced lattice constant of the
GaSb,.«Bi, samples from XRD. When T, increases from 330 °C up to 380 °C, we expect that Bi
segregation increases as well, leading to more vacancies and stronger lattice contraction. Bi segregation
also depends on surface coverage of Bi atoms. From SIMS results in Fig. 2 (d), Bi surface accumulation
increases with growth temperature and is the highest for the sample grown at 390 °C. A large Bi surface
coverage will suppress the Bi segregation, which is the case for the T,=390 °C sample. From the SIMS
measurement, the Bi level in this sample is similar to that of the sample grown at 370 °C, but the lattice
constant of the GaSb, «Bix layer increases. This implies that the suppressed Bi segregation induces
fewer vacancies which can’t effectively compensate the incorporated Bi atoms in this particular sample.
The incorporated Bi will thus stay at the lattice sites in the GaSb; 4Biy layer leading to smaller lattice

contraction.

A 500 nm thick GaSb;4Bix layer was grown under the identical growth conditions as the 200 nm thick
sample grown at 380 °C. To the contrary, the GaSb, Biy layer peak appears at the left side of the GaSb
substrate, which is shown as the top curve in Fig. 3(c), indicating a larger lattice constant as expected.
To evaluate the evolution of lattice constant with GaSbBi layer thickness, we etched down the sample at
four different depths. As found in Fig. 3(c), the GaSb, «\Bix peak moves towards the GaSb substrate peak
and eventually to the right side and becomes lower and broader at the same time when the GaSb;_Biy
layer thickness is reduced. The interference fringes are observed in the un-etched sample, but lost in the
etched samples due to the rough etched surface. This observation supports the model discussed above.
Bi segregation occurs in the beginning of the GaSbBi growth leading to lattice contraction. It becomes
weak with the film thickness and eventually stops when the Bi surface accumulation is high enough. For

later growth, the incorporated Bi atoms will occupy lattice sites causing lattice dilation as expected.



In conclusion, MBE growth of GaSb, «Biy thin films is demonstrated for the first time. Bi
incorporation is confirmed by RBS and SIMS measurements. The Bi composition increases with
increasing Bi flux/T, and tends to saturate above 370 °C. The highest Bi composition is 0.7% measured
by RBS. Lattice contraction was observed from XRD measurements. The lattice constant of the GaSb,.
«Biy layer decreases with T, up to 380 °C with maximum tensile strain of 0.084%, although the incident
Bi BEP increases at the same time. We propose that the lattice contraction is due to vacancies caused by

Bi segregation.
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Figure captions:
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Figure 1. (a) Bi vapor pressure vs. temperature (line) and selected growth temperatures at particular Bi

BEPs for the samples (round dots). AFM image of GaSh; xBiy sample grown at 380°C: (b) 1x1 um? and

(c) 10x10 pm?.
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Figure 2. (a) RBS spectra of the Ref sample and the samples grown at 360 °C, 370 °C and 390 °C. (b)
RBS channeling result (focusing on the Bi signal) for the sample grown at 390 °C. The green circled and
red squared curves are from two random measurements and the blue solid curve is from the channeled
measurement. (c) SIMS profiles of different elements in the sample grown at 390 °C. (d) Bi profiles
from SIMS in the GaSh; «Bix samples. Dots are measurement data and the solid curves are obtained

from five-point-smoothening of the measurement data.
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Figure 3. (a)XRD (004) rocking curves of the samples (logarithmic scale). Labels to the low-right of
each curve indicate the growth temperature and the Bi BEP. (b) Trends of Bi concentration obtained

from SIMS measurements and the lattice constant of the GaSh;.xBix samples deduced from XRD. (c)
XRD (004) rocking curves of a thick sample (500 nm) with different etching depths. The labels above

each curve indicate the remaining layer thickness from the interface.
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