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Abstract 

GaAs1-xBix (x = 0 to 17%) optical properties were investigated by spectroscopic 

ellipsometry (in energy ranges of 0.37–9.0 eV). Optical features in the dielectric function, 

known as the critical points, were distinguished and modeled using standard analytic line 

shapes. The energy dependence of the critical points energies was thoroughly investigated 

as a function of Bi content and thin film strain. Critical points analysis in the Brillion zone 

showed that the top of the valence band is most strongly dependent on Bi content compared 

to other parts of the band structure. In addition, an interesting new critical point was 

observed that is attributed to alternative allowed optical transitions made possible by 

changes to the top of the valence band caused by resonant interactions with Bi orbitals. 

Several of the critical points were extrapolated to 100% Bi and showed reasonable 

agreement with the calculated band structure of GaBi.  

GaAs1−xBix (x= 03, 0.7 and 1.1%) based p+/n and n+/p heterostructure photovoltaic 

performance was characterized through IV and CV measurement. By introduction of Bi 

into GaAs, a non-zero EQE below the GaAs band edge energy was observed while the 

highest efficiency was obtained by ~ 0.7% Bi incorporation. EQE spectrum was modeled 

to find the minority carrier diffusion lengths of ~ Ln = 1600 and Lp = 140 nm for p-doped 

and n-doped GaAs92Bi08 in the doping profile of 1015 - 1016 cm-3. Analysis of the CV 

measurement confirmed the background n-doping effect of Bi atom and the essential role 

of the cap layer to reduce multi-level recombination mechanisms at the cell edge to improve 

ideality factor.  

Low temperature grown GaAs was optimized to be used as photoconductive antenna in 

THz time-domain spectroscopy setup. The As content was investigated to optimize photo-

carrier generation using 1550 nm laser excitation while maintaining high mobility and 

resistivity required for optical switching. A barrier layer of AlAs was added below the LT-

GaAs to limit carrier diffusion into the GaAs substrate. Moreover, LT-GaAs layer 

thickness and post-growth annealing condition was optimized. The optimized structure (2-

µm LT-GaAs on 60-nm AlAs, under As2:Ga BEP of ~7, annealed at 550°C for 1 minute) 

outperformed a commercial InGaAs antenna by a factor of 15 with 4.5 THz bandwidth and 

75 dB signal-to-noise ratio at 1550 nm wavelength. 
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Nitrogen can be introduced to the MBE system using ICP based helical resonators. Such 

resonator can operate in a wide range of gas pressure and frequencies while theoretically 

providing the highest Q-factor in the smallest physical size. However, the use of a matching 

box is necessary to transfer the impedance of the coil coupled to the plasma to match the 

impedance of the RF power supply although it may result in more dissipation of total 

power. This would increase the ICP power transfer efficiency and helps ICP operation at 

low plasma density.  
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1. Chapter 1: Introduction 

1.1. Semiconductor material and technology 

There is no doubt that semiconductors changed the world beyond anything that could 

have been imagined before them. According to G. Busch [1] the term “semiconducting” 

was used for the first time by Alessandro Volta in 1782. The first observation of a 

semiconductor effect is by Michael Faraday (1833), who noticed that the resistance of 

silver sulfide decreased with temperature, which was different than the dependence 

observed in metals [2].  

The birth history of semiconductor industry can be traced back to the invention of the 

rectifier (AC-DC converter) in 1874. Decades later, Bardeen and Brattain at Bell 

Laboratories in the US invented the point-contact transistor in 1947, and Shockley invented 

the junction transistor in 1948 [3]. Transistors replaced vacuum tubes to amplify or switch 

electronic signals which revolutionized the electronics industry. 

Semiconductor devices with numerous applications in almost every aspect of modern 

life includes advanced structures such as IC’s, high frequency transistors, photodetectors 

etc. and simpler structures such as widely used light emitting diodes (LEDs) and solar cells 

as shown in Figure 1.1. Electronic section of semiconductor industry is mostly dominated 

by silicon while in optoelectronic section, group III–V semiconductors play the majority 

role due to their direct bandgaps.    

 

 

 

 

 

 

 

 Figure 1.1. Example of semiconductor devices in electronic and optoelectronic. 
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The most widely used semiconductor device is the MOSFET (metal-oxide-semiconductor 

field-effect transistor) [4] which was invented at Bell Labs in 1959. Semiconductor devices 

made per year have been growing by 9.1% on average since 1978, and shipments exceed 

1 trillion in 2018 for the first time [5] meaning that well over 7 trillion have been made to 

date, in just the decade prior. 

Semiconductor materials, either elemental or compounds, are nominally small band gap 

insulators identified by the type and energy of their bandgap. Semiconductor material 

bandgap type and energy is a function of constituent element(s), number of valence 

electrons and lattice constant as primary factors. Doping and alloying semiconductors 

enables us to tune the bandgap and lattice constant which is the foundation of “bandgap 

engineering” techniques. The result is compound binary, ternary, quaternary, or even 

quinary compositions that are meticulously engineered to cover a specific range of energy 

required for the desired application. Figure 1.2 shows some of the elemental and binary 

semiconductors with their corresponding lattice constant and bandgap at room temperature. 

The compounds that cover the visible range (~ 2-3 eV) are specifically used in light 

emitting diodes and light detectors as well as visible solid-state laser technology.  

  

 

 

 

 

 

 

 

 

Figure 1.2. Example of most applied elemental and compound 

semiconductors with their corresponding lattice constant and 

bandgap at room temperature. 
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1.2. Investigation on III–V compound semiconductors 

III-V compound semiconductors are obtained by combining group III elements 

(essentially Al, Ga, In) with group V elements (N, P, As, Sb, Bi). This gives us 15 possible 

combinations; the most important ones are GaAs, InP, GaP and GaN. All of these III-V 

combinations crystallize either in the cubic lattice, called zinc blende or in the hexagonal 

lattice known as wurtzite. Many of group III–V semiconductors have high carrier 

mobilities and direct energy gaps, making them useful for optoelectronics. 

The binary III-V semiconductors are grown in bulk from the melt using methods such as 

Czochralski and Bridgman [6] and constitute the foundation for more complex ternary or 

quaternary compounds. The binary semiconductors grown in bulk are cut into wafers and 

provide substrates for epitaxial growth of ternary composition with a well-defined lattice 

structure in the selected orientation.  

Ternary compositions allow adjusting the band gap and lattice constant within the range 

of the involved binary compounds. The lattice constant of ternary alloys is changed linearly 

with the composition known as Vegard's Law [7] as indicated in Eq.1.1 while the bandgap 

is a quadratic function of composition [8] as described in equation Eq.1.2. The linearity 

and non-linearity of lattice constant and bandgap of several ternary materials as a function 

of composition is shown in Figure 1.3 and Figure 1.4 respectively.  

 𝑎𝐴𝐵𝐶  (𝑥) = 𝑎𝐴𝐶  𝑥 + 𝑎𝐵𝐶(𝐼 − 𝑥)                                                                                    (1.1) 

𝐸𝑔
𝐴𝐵𝐶  (𝑥) = 𝐸𝑔

𝐴𝐶  𝑥 + 𝐸𝑔
𝐵𝐶  (1 − 𝑥) − 𝑏𝑥(1 − 𝑥)                                                            (1.2) 

In the above equations, parameters aAC, aBC are the lattice constants and 𝐸𝑔
𝐴𝐶, 𝐸𝑔

𝐵𝐶  are the 

bandgap energies of the ending binary materials. Moreover, the bowing parameter 𝑏 

accounts for the curvature of the band gap energies as a function of composition (𝑥) as can 

be seen in Figure 1.4. 

GaAs is one of the most important III-V semiconductors with a number of key properties 

that make it unique for a diverse range of applications [9]. GaAs is a direct bandgap 

semiconductor that can efficiently generate or detect light which makes it ideal for infrared 
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light-emitting diodes, laser diodes and detectors. Moreover, it has the highest photovoltaic 

efficiency in solar cell technology [10]. GaAs has a high electron mobility (~ 8500 cm2/Vs 

at 300K) in comprison with Si (~1400 cm2/Vs at 300K) which enables transistors to 

function at frequencies in excess of 250 GHz. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3. Development of ternary alloys lattice 

constant from the involved binary compounds. 

 

 

Figure 1.4. Bandgap and lattice constant change of AlxGa1-xN, 

GaxIn1-xN and AlxIn1-xN as function of composition. 
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GaAs devices have a relatively low temperature coefficient owing to their wider energy 

bandgap and they also tend to create less noise in electronic circuits which makes it superior 

for circuitry of mobile phones, satellite communications and higher frequency radar 

systems. Moreover, because of its wide bandgap, pure GaAs is highly resistive. Combined 

with a high dielectric constant, this property makes GaAs a good substrate for integrated 

circuits and unlike Si provides natural isolation between devices and circuits. This has 

made it an ideal material for microwave and millimeter wave integrated circuits where 

active and essential passive components can readily be produced on a single slice of GaAs. 

To obtain a wide range of bandgap energies with a diverse range of electronic properties,   

GaAs is alloyed with group III (Al, In) and group V (P, Sb) elements. Since these elements 

produce a weak perturbation to the host GaAs lattice and band structure, heterostructures 

of very little induced strain and less degradation in the material quality can be grown for 

device aplications. Most notably, InGaAs is used as a high-speed, high sensitive 

photodetector of choice for optical fiber telecommunications [11] while AlGaAs is used as 

a barrier material in GaAs based near-infra-red laser diodes [12].  

In recent years, several new group III (B and Tl) and V (N and Bi) elements have been 

investigated to alloy GaAs [13, 14]. In particular, alloys with N and Bi, GaAs1-xNx and 

GaAs1-xBix, have received considerable attention as these two material systems exhibit 

parallel properties [15, 16]. The N atom has a smaller atomic radius than As, and introduces 

tensile strain in GaAs, while Bi atoms are larger and introduce compressive strain. In  

addition, N is highly electronegative, whereas Bi has low electronegativity. Both elements 

produce large perturbations in the GaAs host band structure which results in a similar 

change in electronic and optical properties with a relatively low alloy content. 

Over the years, ternary and quaternary alloys of GaAs with other III-V elements have 

been explored. GaAs has also drawn attention to be incorporated with magnetic dopants 

(Cr, Mn, Fe, Ni) to induce magnetic properties [17].  
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1.3. Scope and outline of this research 

 

GaAs which has the longest history of all group III-V semiconductors will continue to 

be used in high-speed and high-frequency electronic devices as well as the most applied 

binary material basis for optoelectronic devices.  

Among all epitaxial methods, molecular beam epitaxy (MBE) is particularly good for 

high-quality (low-defect, highly uniform) heterostructures with atomic-layer control. 

Therefore, although the equipment is more expensive, MBE is a versatile tool that is used 

for both research and production of very thin device structures which is becoming more 

and more fundamental to the nanoscale engineering.  

This thesis is organized into 7 chapters and is focused on GaAs alloys and device-

structures grown by molecular beam epitaxy. The goal was to explore more features and 

properties of GaAs alloys for optoelectronic applications, and to optimize growth 

conditions and heterostructures in the fabricated devices in this study for better 

performance.       

 Chapter 2 of this thesis explains the MBE system which was used to grow the samples 

in this thesis. In this chapter, ultra high vacuum components of the MBE system is 

described followed by the source material technical aspects that play an important role in 

the growth procedure. Moreover, in-situ characterization techniques are explained which 

gives real-time growth evolution information to control the quality of the films which is 

being grown in a feedback loop.  

Chapter 3 investigates band structure of bismuth incorporated alloy of GaAs using 

optical ellipsometry method. Since first synthesis of GaAs1-xBix by K. Oe et al. in 1998 

[16] with 2% Bi incorporation, there has been a continuous effort to investigate the 

optimized growth condition of GaAs1-xBix to obtain high Bi incorporated GaAs alloys with 

improved optical properties [18]. Bismuth containing III–V semiconductor alloys are 

promising materials for applications in long wavelength optoelectronic devices [19]. The 

optical properties of GaAs1-xBix are of fundamental importance in designing devices from 

this alloy system. The complex dielectric function of GaAs1-xBix as a function of photon 
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energy can in principle provide new insights into the electronic structure but has not been 

explored in detail. In the third chapter of this thesis, spectroscopic ellipsometry 

measurement is carried on GaAs1-xBix alloys over a wide range of Bi contents (up to 17%) 

to study the dielectric function over the energy range of 0.37-8.9 eV. This study opened 

new insights into GaAs1-xBix band structure and an effect of Bi incorporation on Brillion 

zone critical points as well as the surface morphology as reported for the first time in this 

study.  

Chapter 4 studies the photovoltaic properties of GaAs alloyed with 1% bismuth. Single-

junction GaAs has the highest efficiency among the solar material currently available in 

the world. Multi-junction solar cell needs semiconductor materials with highly tunable 

bandgaps to cover the sun spectrum at specific energies to increase the overall efficiency. 

One example is the lattice matched triple-junction InGaP/GaAs/Ge solar cell with the 

sequence of 1.90/1.42/0.67 eV band gaps [20] providing efficiencies of ∼38% under 

AM1.5 illumination. Addition of another layer above Ge with the bandgap of 1 eV can 

increase the solar efficiency even further. This can be obtained by alloying GaAs with ~ 

6% Bi incorporation. However, noticeable variations in lattice constants significantly limit 

the available bandgaps that can be incorporated into heterostructures, without incurring 

serious degradation of the material quality. Therefor, in this study, GaAs is alloyed up to 

1% bismuth to study the photovoltaic behavior of the material. For this purpose, 

heterostructures of n+/p and p+/n GaAsBi diodes have been grown and the photovoltaic 

properties of a single layer Bi incorporated GaAs is investigated for the first time. The 

study shows that the quantum efficiency of the grown structure is extended beyond the 

GaAs band edge induced by bismuth.    

Chapter 5 is dedicated to optimization of GaAs growth condition for THz 

photoconductive antenna devices used for generation and detection of terahertz radiation 

(1.24 - 12 meV) which is mainly used in spectroscopy and imaging. The demand for high 

power THz transmitters and receivers has grown recently to fill the lack of technologies in 

the so-called “THz gap”. One of the conventional ways to produce THz wave is by particle 

accelerators; however, they require high vacuum and huge magnets that makes them big 

and bulky [21, 22]. On the other hand, THz interaction can be found in ultra-fast properties 
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of materials. THz radiation was first observed from surface of semi-insulating (SI) GaAs 

under 840 nm femtosecond laser excitation in 1991 [23] that is the most popular 

photoconductive material in THz industry. To make GaAs carrier lifetime shorter, it can 

be grown at low temperatures (200 ~ 350 o C) resulting in a material known as LT-GaAs. 

LT-GaAs with reduced electron and hole lifetimes in the order of picoseconds, fulfills such 

ultra-fast interaction requirement. The growth condition of LT-GaAs, most notably, 

substrate temperature and arsenic flux, highly affects the grown structure and therefore the 

intensity of photoconductive antenna THz signal. This investigation achieved 40% increase 

in THz signal at 1550 nm by finding the optimized growth condition of LT-GaAs followed 

by post-growth annealing condition. Addition of a barrier layer of AlAs below the device 

heterostructure has also significantly increased the intensity of THz signal in this study.  

Chapter 6 is an effort to co-alloy of GaAs with bismuth and nitrogen. Incorporation of 

nitrogen into GaAs results in significant bandgap reduction for a variety of optoelectronic 

applications. However, N-related point defects degrade minority carrier transport 

properties and optical efficiencies. Co-alloying GaAsN with larger elements such as Bi 

may allow lattice-matching to GaAs or Ge substrates with lower fraction of N-related 

defects. Moreover, the band gap and the lattice constant of the alloy can be individually 

tuned. This enables the growth of completely lattice matched GaAsBiN on GaAs. 

Quaternary alloy of GaAsBiN with the tuned bandgap of 1 eV and lattice matched to GaAs 

is another promising potential in multi junction solar cell [24].  

Appendix C - E describes few of the accomplished side-projects in the MBE lab in order 

to trouble shoot the equipment involved in the above-mentioned projects. MBE is a state-

of-the-art technique which is identified by ultra high vacuum requirement and in-situ 

monitoring capabilities that requires a significant amount of knowledge, experience and 

techniques for its daily operation. Vacuum pumps of different type, ion gauges, gate valves 

and other components must be kept in the best condition to maintain the MBE chamber 

free of impurities as much as possible. These appendixes briefly report the working 

mechanism of some equipment that went through major repair process and the actions that 

were taken for bringing them back into working condition.  
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1.4. Collaborations involved in this research 

This thesis involves several projects, some of which were done in collaboration with 

other groups or students as described in the following. Moreover, regarding the nature of 

the experimental projects, there has been plentiful number of trainings, repairs, 

troubleshooting and maintenance side projects which was highly educative and challenging 

at the same time. In the following, only major side projects are briefly described.    

Ellipsometric study of GaAsBi band structure  

• Two sets of samples were studied in this project. The first set of samples (GaAsBi with 

Bi incorporation of 1% - 2.5% - 9.4% - 14% - 17%) was grown by fellow students R.B. 

Lewis and V. Bahrami. The second set of samples (with Bi incorporation of 4.1% - 

4.26% - 5.05% - 6.2% - 7.8% - 8.2% - 10%) was grown by the author and V. Bahrami. 

For the second set, twelve samples were grown out of which the samples with the 

desired thickness and highest quality of XRD was selected for the final measurement.    

• All XRD measurement of the samples were done by the author.  

• The ellipsometry measurement for final analysis was done by Ron Synowicki at 

Woollam Co. Surface scan ellipsometry measurements to check the consistency of the 

data over the same sample surface were done by the author at University of Victoria.  

• All data analysis was developed by the author.  

• This chapter may contain some text from the author publication [72].       

Photovoltaic investigation of GaAsBi 

• Total of 15 samples were grown for this project out of which 4 samples were selected 

for the final photovoltaic measurement which includes p+/n and n+/p structures.   

• Two sets of structures were grown for p+/n structure. The first set was grown by prior 

fellow students R.B. Lewis while the second set was grown by the author and V. 

Bahrami. Since the first set showed better photovoltaic performance, it is used in this 

thesis for the purpose of comparison between the two structures.   

• XRD measurements on as-grown samples were done by the author and V. Bahrami.  

• E-beam contact deposition pre-process on calibration samples for van der Pauw and 

Hall measurement were done by the author. 
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• van der Pauw and Hall measurement on calibration samples were done by the author 

and V. Bahrami for the purpose of doping level calibration.  

• The final device masking, E-beam deposition and etching process were done by the 

author and V. Bahrami. 

• The photovoltaic response was measured by Zenan Jiang at Simon Fraser University 

and University of British Columbia. 

• The first set of CV measurement was performed using HP4280 CV meter at University 

of Victoria by the author.  

• The second set of CV measurement was performed using Gamry Reference 600 

potentiostat ZRA at University of Victoria by the author.  

• All data analysis and solar performance modeling was developed by the author.  

• MBE and E-beam evaporation machines went through major repair process during this 

project as follows: 

➢  Thorough investigation was carried on E-beam evaporation machine to prepare the 

vacuum level for deposition. This involved leak detection, several O-ring and 

washer replacements, thermocouple gauge replacement and high voltage power 

supply trouble shooting.  

➢ E-beam evaporation electron gun assembly was repaired several times to 

troubleshoot the leak in the chamber.  

➢ Leak detector filament were changed in the process of MBE and E-beam machines 

leak checking.   

Low Temperature GaAs optimization for THz applications 

• Total of 22 samples were grown for this study. Samples include LT-GaAs on GaAs, LT-

GaAs on AlAs/GaAs and calibration samples to find growth condition for specific 

arsenic content. The samples were grown by the author and V. Bahrami.   

• XRD measurement of the samples were done by the author and V. Bahrami.  

• E-beam evaporation for deposition of dipoles was performed by the author and A. 

Jooshesh.     
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• Device fabrication including photolithography, plasmonic structures development and 

plasma etching were done by A. Jooshesh and F. Fesharaki at UVIC Nanoplasmonic 

Research Lab.  

• Time domain THz spectroscopy measurement were done by A. Jooshesh at UVIC 

Nanoplasmonics Research Lab. 

• MBE and E-beam evaporation machines went through major repair process during this 

project as follows: 

➢ MBE growth chamber cryo-pump arrays were replaced.  

➢ MBE growth chamber ion-gauge filaments for flux measurement was replaced. 

This involved venting MBE followed by de-gassing process of internal 

components.  

➢ Thermal annealing setup turbo pump and light source were repaired.  

➢ New source material (Al and Ga) were loaded into the MBE. This Involved MBE 

venting followed by de-gassing process.  

➢ Thorough investigation was done on diffuse reflection spectroscopy (DRS) setup 

to read the sample temperature.  

➢ MBE prep chamber ion-pump arrays were replaced. This involved MBE venting 

followed by de-gassing process.   

• This chapter may contain some text from the author publication [192, 193].      

Quaternary alloy of GaAsBiN growth effort 

• Installation of two different home-made N plasma source on MBE chamber were done 

by the author and V. Bahrami. This Involved MBE venting and de-gassing process.  

• Bismuth Knudsen effusion cell was investigated to trouble shoot double-peak issue in 

the XRD measurement. PBN crucible was replaced and new material was loaded by the 

author and V. Bahrami.   

• Gas line equipped with leak valve was designed and added to the MBE system for highly 

controlling the nitrogen flow into the chamber by the author and V. Bahrami.  

• Signal generator and amplifier was assembled and trouble-shooted to power up the 

nitrogen plasma source by the author.  
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• Thorough investigation on the resonance frequency of the nitrogen source was 

performed by the author. This involved network analyser setup and calibration to find 

the response of the resonator in the form of S-parameters.    

• Thorough investigation was performed to measure the power transmission and 

impedance matching between the amplifier and the resonator by the author.  
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2. Chapter 2: Molecular beam epitaxy growth technique 

The molecular-beam epitaxy (MBE) process was developed in the late 1970s at Bell 

Laboratories. MBE is identified by ultra-high vacuum UHV (10−10 – 10−11 torr) requirement 

that results in the highest achievable purity of grown films. Ultra pure sublimed source 

materials are condensed on the wafer with the deposition rate of typically less than 3 µm 

per hour through physical process. 

2.1. VG-V80H MBE system overview  

General schematic of VG-V80H Molecular Beam Epitaxy system used in this study is 

depicted in Figure 2.1 showing sub-chambers, essential parts of the vacuum system and in-

situ monitoring capabilities.     

 

 
Figure 2.1. VG-V80H MBE system schematic. 
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This MBE system can be divided into three sub-chambers i.e. load lock (LL) where the 

substrate is loaded/unloaded, preparation chamber (PC) where the substrate is prepared for 

growth, and the growth chamber (GC) where the actual growth takes place.  

The load lock is the only chamber that is directly exposed to the outside word to 

load/unload the wafers in/out. LL is designed to fit a cartridge which contains eight sample 

holders.  

The sample holder is manually transferred from LL to PC trolly line cart using wobble 

sticks for pre-growth preparation. The sample is then baked on a hot-stage in the PC for 

surface water removal typically at the temperature of about 300 ◦ C for two hours.  

Finally, the sample is mounted on the trolley line and is manually transferred to the GC 

to be loaded on the sample holder at the center of GC where the real growth take place in 

the presence of source materials and all growth monitoring techniques. 

MBE ultra high vacuum is achieved by a series of pumps and cooling systems. 

Measurement and analysis of the UHV is obtained using pressure ion gauges, residual gas 

analyzer and leak detector as described in the following sections.  

2.1.1. Vacuum pumps 

Vacuum pumps operate based on two main mechanisms either gas transfer or gas capture 

technologies. Low, medium to high vacuum (above ~ 10-7 torr) is mainly achieved by gas 

transfer mechanism while UHV (below ~ 10-7 torr) is mainly obtained by gas capture 

technology as described in Table 2.1. 

 

  Table 2.1. List of vacuum pumps installed on VG-V80H MBE  

Pump type Scroll Turbomolecular Ion pump Cryogenic Ti pump 

Mechanism gas transfer  gas transfer  gas capture  gas capture  gas capture  

Pressure (torr) 1 - 10-3  10-3 - 10-9  10-5 - 10-11  10-2 - 10-10  10-7 - 10-12  

Sub-chamber LL LL PC, GC GC GC 
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The load lock is pumped by a Varian scroll pump (TRISCROLL 310) followed by a 

Pfeiffer turbo pump (TMU 261P). The two pumps cover the pressure range of atmospheric 

pressure (760 torr) down to 10-8 torr after the turbo pump operates at the highest speed of 

1000 rpm for reasonable amount of time. LL is opened to PC for wafer transfer only when 

the LL pressure is below 10-7 torr. 

The preparation chamber is pumped by a Varian ion pump (912 Triode) which operates 

mainly in the 10-6 - 10-9 torr range. The upper limit is reached during sample bake out and 

the vacuum of 10-8 torr must be obtained before opening PC to GC for sample transfer.   

The growth chamber is pumped by a Helix cryo-pump (Cryo-torr8) and a Varian ion 

pump (912 Triode). Moreover, a Titanium pump (VG SPS6) is also used during the growth 

of device structures which require more purity. 

The cryo-pump plays an important role in fast pumping of gases, most notably, N2, H2O, 

As2, As4, Ar, O2, CO, CO2, CH4 which are condensed on the cooled arrays of the cryo-

pump. Cryo-pump regeneration is required when the pumping speed drops as the porous 

charcoal-coated plates are filled with the condensate molecules. The main draw back of the 

cryo-pump is its poor pumping of noble gases with low boiling points, most notably, He 

and Ne.  

The growth chamber ion pump provides better trapping for small molecules with a very 

low boiling point by applying high electric potential of about 5kV for ionization and 

magnetic field of 1200 Gauss for trapping.   

Finally, titanium sublimation pump is used to sputter the chamber wall with sublimated 

active Ti which acts as a getter. Freshly Ti coated surfaces are capable of trapping reactive 

components such as CO and O2. This pump is mainly used when a device structure is being 

grown and the purity of the films matter the most such as in the solar cell structures grown 

in this study as will be described in chapter 4.    
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2.1.2. Cooling system 

The effusion cells and substrate are heated up during growth. Moreover, the window 

ports are heated to prevent gas molecules in the chamber (As2 in particular) from being 

deposited on them. Therefore, the chamber shroud needs to be cooled to reduce the pressure 

in the chamber. For this purpose, the chamber is cooled by the following two methods at 

the same time:  

Firstly, the growth chamber shroud  is cooled with a water-cooled chiller system using 

siloxane recirculating fluid operating at ~ -80◦ C. The polysiloxane (silicone oil) that we 

use has an average molecular weight of 317 u and a freezing point of -111◦ C.  

Secondly, the growth chamber cryo-trap is cooled by liquid nitrogen. Liquid nitrogen 

temperature is -196°C and can cool the cryo-trap down to -190◦ C for 9 hours if the cryo-

trap is filled. This is also the place where TSP pump is located and coats the cold surface 

with freshly evaporated Ti. Titanium reacts more efficiently with other gases in the 

chamber on a cold surface.  

2.1.3. Ion pressure gauges 

The hot-filament ionization gauge is the most widely used gauge to measure pressures 

in the range of 10−3 to 10−10 torr. The PC is equipped with a Varian ion gauge operating at 

an emission current of about 1 mA while GC is equipped with two Varian gauges to 

measure the overall pressure as well as beam equivalent pressure of the cells. Since the GC 

experiences more pressure change during different phases of growth, ion gauges emission 

current needs to be adjusted for the purpose of obtaining a better pressure reading as in 

Table 2.2. 

 Table 2.2. Ion gauge filament emission current associated to pressure level. 

Pressure range (torr) Emission current (mA) 

10−3 to 10−5 0.1 

10−5 to 10−7 1 

10−7 to 10−11 10 
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The beam equivalent pressure (BEP) indicates the number of atoms that reach the film 

surface per unit time and therefore determines either group III or V rich environment. The 

BEP needs to be carefully adjusted for Bi incorporation in GaAsBi films as well as in high 

arsenic low temperature GaAs films as will be described later. BEP is measured by a 

retractable ion gauge that is extended to the center of the growth chamber sphere with the 

exact same distance from each source material where the substrate holder is placed during 

growth. For the arsenic cell, BEP is a function of cell temperature as well as the degree of 

opening of the valve. For all other cells, BEP is an exponential function of temperature 

only. The growth temperature for Ga is in the range of 800-950 ◦C while As is in the range 

of 250-400 ◦C. Therefore, BEP needs to be measured at different temperatures as a function 

of As valve position to find the desired BEP ratio as shown in Figure 2.2 and Figure 2.3. 

 

 

 

 

 

 

 

 

 

Figure 2.2. Ga and As2 BEP as a function of temperature and valve opening.   

Figure 2.3. As2:Ga BEP ratio as a function of As valve opening at a fixed As temperature. 
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2.1.4. Residual gas analyzer 

A residual gas analyzer (SRS 200 RGA) installed on VG-V80H MBE is a mass 

spectrometer that utilizes quadrupole technology to monitor any vapor phase 

contamination in the vacuum system. Moreover, it can act as a sensitive in-situ leak 

detector using helium as a tracer element when used in the leak check mode. The RGA has 

an ionizer region followed by a quadrupole mass filter consisting of 4 rods that are 

electrically biased to produce electric fields of hyperbolic configuration in the centre as is 

depicted in Figure 2.4. This unit acts as a filter that passes and detects very small ranges of 

ions with specific mass-to-charge ratio (M/q ratio) chosen by the user while all the other 

ions get deflected. Since M/q ratio is molecular weight dependent, one can find all chemical 

components in the chamber by sweeping through a whole range of M/q ratios. 

 

 

 

 

 

 

A vacuum level of at least 10-6 torr is required for RGA operation in the gas scan mode. 

If RGA is used in the leak test mode, the initial He pressure inside the chamber shouldn’t 

exceed 10-10 torr for finding any small leak penetrating into the chamber while the chamber 

is externally sprayed over by He. A typical RGA scan is done over the M/q ratio of 1 to 

150 a.m.u. (atomic mass unit ≅ mass of one proton) which mainly contains gases of very 

low boiling point. Heavier chemicals of M/e ratio above 100 are usually pumped out 

efficiently and are not the source of contamination.  

Some a.m.u peaks in a typical spectrum might include contributions from more than one 

gas because of double ionization. For example, CO not only gives a peak at m=28 but also 

one at m=14 due to double ionization. Therefore, specific peaks need to be interpreted with 

more consideration. Table 2.3 shows the list of most common tracked chemicals in a III-V 

MBE for growth of GaAs containing semiconductors.   

Figure 2.4. Schematic of RGA mechanism of operation. 



 19 

Essentially, air leak results in peaks at 28 (N2) and 32 (O2); however, a peak at 28 is also 

representative of CO. Therefore, more conclusions can be drawn from the cracked 

fragments i.e. if the peak at 14 (N) is bigger than the peak at 12 (C), this is usually an 

indication of an air leak. 

Table 2.3. List of the most common tracked peaks in RGA spectrum.  

Constituent Mass number Constituent Mass number 

Hydrogen 2, 1, 3 Air 28, 32, 14, 16, 40  

Helium 4 Water 18, 17, 16 

Nitrogen 28, 14 Arsenic 75 

Oxygen 32, 16  Arsenic Oxide (As2O3) 198 

Carbon 12 Methane 16, 15, 14, 13 

Carbon monoxide 28, 12, 16 Methanol 31, 29, 32, 15, 28, 14 

Carbon Dioxide 44, 28, 16, 12 Turbo pump oil 43, 57, 41, 55, 71, 69 

Argon 40, 20 Rough pump oil 43, 41, 57, 55, 71, 39 

* Multiple M/q ratios with higher abundance comes first.  M/q abundance of less than 1% 

are ignored.  

 

2.1.5. Helium leak detector 

A portable leak detector (Edwards Spectron 600D) is used for leak detection by tracing 

helium as the lightest and the most penetrable gas with abundance of 5 parts per million in 

the atmosphere. The unit ionizes the gas molecules, separates the helium ions from other 

gas ions, and converts the collected helium ions into an electrical current that represents 

the size of the leak in the test object. 

The leak detector has its own internal turbo and mechanical pump and is connected to 

the test chamber with appropriate vacuum flanges. Helium is then sprayed over the 

chamber and the level of detected He is tracked to find if there is any jump. Generally, the 

base pressure of He is in the order of 10-10 torr or lower and any rise above 10-8 is considered 

as a leak.   



 20 

2.3. Material cells 

In this section, technical aspects of material cells used in this project is described briefly. 

VG-V80H MBE system uses Knudsen effusion cell as highly controllable and efficient 

deposition source for elements of Ga, Bi, Al and Si which were used in this study. All 

Knudsen cells, as shown typically in Figure 2.5, contain a crucible (made of pyrolytic boron 

nitride), heating filaments, water cooling system, thermocouple, heat shields and either 

solenoid or pneumatic actuated shutter. On the other hand, arsenic is supplied in the 

molecular form of As2 and carbon in supplied using CBr4 (Tetrabromomethane) as is 

described in the following sections.    

All samples in this study have been grown on SI-GaAs substrate, starting with GaAs 

buffer layer followed by subsequent epi-layers. Hence, the temperature adjustment and 

beam equivalent pressure measurement for Ga and As cells needs to be done carefully.  

 

 

 

 

 

 

 

 

2.3.1. Ga cell 

Gallium’s melting temperature is 30◦ C, with standby temperature of 400 ◦C. Ga is the 

rate limiting element in the GaAs growth; therefore, its temperature is varied to raise or 

lower the growth rate. Calibration samples showed that Ga temperature of 895 ◦C and 925 

◦C results in the growth rate of approx. 0.5 and 1 µm/h respectively. 

2.3.2. As cell 

General schematic of two-zone As-valved Cracker Source is provided in Figure 2.6 

which includes a bucket of hot arsenic followed by a very hot cracker with seperate heater. 

The bucket and cracker standby temperature are 200 ◦C and 450 ◦C respectively. For 

Figure 2.5. Typical Knudsen effusion cell.   
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standard GaAs growth, the bucket is ramped up to 400 ◦C and the cracker is ramped up to 

1000 ◦C to produce active As2. The amount of As flow in the chamber is controlled 

manually through micrometer-equipped valve which is adjusted carefully for different 

growth purposes. For the standard GaAs buffer layer growth, the As valve is fully opened 

to have a high As2/Ga BEP ratio.  Typically, TGa = 929 ◦C and TAs = 355 ◦C and valve full 

open gives As2/Ga BEP ratio of 6 to have about 1 µm/h GaAs growth rate. However, the 

given values are exposed to slow change by time as the material content in the cell drops. 

 

 

 

 

 

 

 

 

2.3.3. Bi cell 

Bismuth is incorporated into GaAs to grow GaAs(1-x)Bix thin films in this study as is 

described in chapter 3 and 5. Bismuth’s melting point is 270◦ C, with standby temperature 

of 300◦ C. Bi effusion cell temperature determines the Bi flux that affects the growth rate 

as well as the amount of Bi incorporation. Moreover, the growth temperature is a very 

important factor that can define the role of Bi as an incorporating element such as in 

GaAsBi or as surfactant element like growth of InGaAs or GaNAs. As a rule of thumb, Bi 

is incorporated into thin film at low growth temperature (< 450◦ C) while it acts as a 

surfactant at higher temperature (~ up to 600◦ C). However, the exact temperature of Bi 

needs to be investigated and determined for each purpose (to raise/lower the Bi content -

or- to increase/decrease the surfactant coverage) by considering other determining factors 

such as substrate temperature and other elements flux.  

Figure 2.6. Arsenic 2-zone cracker cell structure. 
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2.3.4. Si cell 

Group III-V semiconductors can be doped by group IV elements depending on which 

element in the host material is substituted. Typically, silicon is used for n-doping by 

replacing Ga while carbon is used for p-doping by replacing arsenic. The temperature of 

the silicon cell determines the doping level. Si melts at 1410 ◦C, with standby temperature 

of 300 ◦C and is ramped up to about 1100 ◦C and 1200 ◦C for doping of 2×1016 and 2×1018 

cm-3 respectively during growth. As a rule of thumb, every 25 ◦C increase in Si temperature 

doubles the doping level; however, the exact temperature for desired doping needs to be 

investigated through van der Pauw and Hall measurement as will be described in the 

growth of doped samples in section 4.1.  

2.3.5. CBr4 cell 

Carbon tetra bromide (CBr4) is used to provide carbon into GaAs growth for the purpose 

of p-doping. When CBr4 impinges on hot substrate at temperatures above 300◦ C, all 

bromine bonds will break and Br2 gas evaporates from the substrate surface. This source 

has its own control system to adjust CBr4 flow into the growth chamber which determines 

the doping level. The external system pressure can be adjusted in the range of 20 millitorr 

to 8 torr. The higher limit of 8 torr is imposed by the growth chamber ion pump working 

pressure range, i.e. if the CBr4 pressure exceeds 8 torr, the chamber pressure would rise 

above 10-6 torr which is beyond the ion pump working range and the pump’s safety feature 

would shut down itself.  

Same as n-doping, the targeted pressure needs to be investigated for the desired doping 

through van der Pauw and Hall measurement. Latest calibration samples showed that, 50 

millitorr and 7 torr CBr4 system adjusted flow results into 1016 cm-3 and 1018 cm-3 doping 

level respectively. The maximum achievable doping of 1019 cm-3 can be obtained at the 

adjusted flow of 8 torr.  

2.3.6. Al cell 

Aluminium is used for growing AlAs barrier layer for GaAs in this thesis as will be 

described in chapter 5. Aluminum’s melting point is 660 ◦C, with standby temperature of 

700 ◦C and is ramped to about 1150 ◦C during growth.  



 23 

The aluminum thermal expansion of 23.6 ×10-6 m/m◦C is much higher than other metallic 

cells. Therefore, if aluminium solidifies, the mechanical forces resulted from extensive 

contraction can crack-in the crucible. Hence, aluminium is always kept well above its 

melting point to avoid solidification. Moreover, heating and cooling needs to be done more 

slowly (
1000 𝑐

10 𝑚𝑖𝑛
) in comparison with other cells. Special care needs to be taken when 

aluminium needs to be solidified for any reason. Passage through the melting point (644◦ 

to 680◦ C) needs to be done gently in at least one hour.   

Summary of heated cell temperature profile is provided in Table 2.4. Heating and cooling 

of the cells needs to be done at a moderate rate. Typically, all cells are ramped up/down 

with the rate of  
1000 𝑐

5 𝑚𝑖𝑛
 followed by 15 minutes stabilizing time. However, since arsenic has 

a very high vapor pressure, it needs to be ramped up/down with the lower rate of  
1000 𝑐

20 𝑚𝑖𝑛
  

followed by 45 minutes stabilizing time. Arsenic cracker needs to be simultaneously heated 

up to avoid As2 stick into the cracker nozzle. Stabilizing time needs to be complied strictly 

during beam equivalent pressure measurement at different temperatures.  

 

Table 2.4. Temperature profile of heated cells. 

 

 

 

Material 

cell 

Melting  

point  

(◦ C) 

Standby 

temperature 

(◦ C) 

Approx. Growth 

temperature 

(◦ C) 

 

Comment 

Ga 30 400 925 for 1µm/hr growth rate 

As sublimes 200 400 melts at 816 ◦C  

(at 28 atm) 

As cracker NA 450 1000 to crack As4 to As2 

Bi 270 300 450 600 ◦C as surfactant 

Al 660 700 1150 high thermal expansion 

Si 1410 300 1100 - 1200 1016 - 1018 cm-3 (n-dope) 

CBr4 External control system with adjustable flow of CBr4 1016 - 1019 cm-3 (p-dope) 
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2.4. Real-time growth monitoring techniques 

The MBE method is characterized by the highest quality of crystallinity and purity. This 

is obtained with the aid of several in situ characterization tools to monitor the sample 

temperature by diffused reflection spectroscopy, surface structure by reflection high energy 

electron diffraction, as well as surface roughness by light scattering method as described 

in the following.   

2.4.1. Diffuse reflection spectroscopy 

Diffuse reflection spectroscopy (DRS) is an optical thermometry method for measuring 

the temperature of a substrate material using the temperature dependence of the band gap.  

 

 

 

 

 

 

 

 

 

In the DRS setup, as shown in Figure 2.7, a broad spectrum of light from a W-halogen 

lamp is chopped with a mechanical shutter and focused using a lens through the optical 

mirror port onto the semiconductor substrate with 25◦ angle from the substrate normal. The 

light spectrum is sufficiently broad to cover the spectral range above and below the 

bandgap of the substrate. Therefore, photons with energies larger than the bandgap are 

absorbed by the substrate, while photons with energies less than the bandgap are 

Figure 2.7. Schematic of diffuse reflection spectroscopy setup. 
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transmitted through the substrate and are diffusely reflected from the unpolished back 

surface of the substrate. This non-specular reflection is the beam of interest, because the 

onset wavelength of transparency determines the substrate absorption edge and finally the 

bandgap which is representative of substrate temperature.   

The non-specular reflection is collected through a viewport at normal incidence, focused 

into a large core (550 μm diameter) optical fiber cable and sent to a spectrometer (Control 

Development RS130) with an InGaAs array detector. Finally, the amplified signal from the 

detector is fed to a lock-in amplifier whose reference signal comes from the mechanical 

chopper. The output of the lock-in amplifier and the wavelength setting of the 

monochromator are recorded by LabView data acquisition software.  

The bandgap of semiconductors typically shrinks with increasing temperature. By having 

the bandgap temperature profile of the substrate material, one can infer the temperature by 

knowing the bandgap as a function of temperature through calibration curves as shown in 

Figure 2.8.  

 

 

 

 

 

 

 

 

 

 

Figure 2.8. Calibration curves showing temperature dependence of 

GaAs absorption edge [25]. 
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Similarly, in the case of GaAs, the bandgap or onset of transparency, which is identified 

as a "knee" in the DRS spectrum, shifts towards longer wavelengths at higher temperatures 

as shown in Figure 2.8. The LabView built-in profiled algorithm utilizes the position and 

the width of the DRS spectrum knee in the diffuse reflectance spectrum as a reference point 

to infer transparency onset, optical bandgap and hence temperature of the substrate. The 

relative sensitivity of the technique is better than 2◦ C. More information on DRS technique 

can be found in the work done by Johnson et al. [26]. 

2.4.2. Reflection high energy electron diffraction  

Reflection high-energy electron diffraction (RHEED) is a technique used to characterize 

the crystalline structure and spacing of the atoms at the sample surface.  

  In a typical RHEED setup, as shown in Figure 2.9, an electron gun produces a beam of 

electrons that strike the wafer surface at a small angle (grazing incidence angle of < 3◦) to 

interact only with the surface atoms and not the bulk atoms. Atoms at the sample surface 

diffract the incident electrons due to the wavelike property of high energy electrons. A 

phosphor screen is placed in the reflected beam path to record the diffraction patterns that 

conveys information about the crystalline structure on the surface.  

 

 

 

 

 

 

 

 

 

 

 

  

 Figure 2.9. Schematic of Reflection high-energy electron diffraction from the 

sample surface. 
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When a bulk crystal is terminated at a surface, dangling bonds are formed as a result of 

un-paired electrons. The lattice surface energy is then minimized by moving, re-bonding 

or reconstruction of the surface atoms. As a result, a crystal structure with a new periodicity 

can form on the surface that may have different structure from the bulk crystal. The surface 

structure is a complex function of growth parameters such as BEP ratio of the incorporating 

materials and sample temperature that impact the quality of growth. Therefore, RHEED is 

a powerful technique to observe the surface reconstruction patterns as a clue to track the 

quality of epi-layer growth.      

During diffraction through a 3D crystal, electrons interact elastically with the surface 

atoms; therefore, the magnitude of the diffracted wave vector is not changed. Hence, the 

incident wave vector (ki) and the diffracted wavevector (ks) create the Ewald sphere of 

radius 1/λ (reciprocal of the wavelength of the incident electrons) as shown in Figure 2.10. 

Constructive interference happens when the Ewald sphere intersects with the reciprocal 

lattice points that can be observed on the phosphorous screen to investigate the structure of 

the crystal lattice.  

 

 

In the case of RHEED setup, electrons with grazing incident angle penetrate one or two 

monolayers into the substrate. Therefore, from the electron beam point of view, the crystal 

is two-dimensional. As a result, discrete points of the 3D reciprocal lattice turn in to 

“reciprocal rods” in the direction normal to the surface that intersect the Ewald sphere. 

Ideally the reciprocal lattice rods are very thin, but due to surface irregularities those rods 

Figure 2.10. Illustration of intersection between Ewald sphere with reciprocal 

lattice rods that creates reconstruction patterns on the RHEED screen. 

ki 

ki 

ks 
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have a finite width which causes the ideal dots on the screen to appear as elongated streaks. 

In general, the length of the streak is related to the thickness of the reciprocal rods, which 

is inversely proportional to the lateral coherence of the sample surface [27].   

As an example, surface reconstruction of RHEED patterns during the growth of GaAs 

and GaAsBi are shown in Figure 2.11 as a function of growth temperature and As2:Ga BEP 

ratio. Thorough study has been done to find out the m×n patterns corresponding to superior 

crystal quality that can be find in [28]. Superior crystal quality, higher Bi incorporation and 

higher intensity PL was observed for GaAs1-xBix samples grown on (2×1) surfaces, relative 

to samples grown on (1×3) surfaces [29]. 

For the samples grown in this thesis RHEED was used to monitor the surface 

reconstruction during GaAs, LT-GaAs and GaAsBi growth. Moreover, the removal of the 

native oxide during baking process is distinguished by “spotty” RHEED pattern. In general, 

streaky RHEED patterns indicate a flat sample surface while the broadening of the streaks 

indicates small area of coherence on the surface [30, 31]. 

 

 

 

 

 

 

 

 

 

Figure 2.11. Surface reconstruction maps of (a) GaAs and (b) GaAsBi. 

Reconstructions are indicated for the electron beam oriented along [110] (ref [28]). 
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2.4.3. Light scattering  

Elastic light scattering (LS) is a non-invasive optical method to characterize the film 

surface morphology during growth.  

In a typical LS setup, as shown in Figure 2.12, a light beam of known frequency is shone 

on the sample. In the case of an ideally flat surface, only specular reflection leaves the 

sample surface at an angle equal to the incident angle. However, in practice, the scattered 

non-specular beam, which is indicative of the sample surface roughness, is scattered in all 

directions other than the specular angle. The diffused beam is then collected at some angle 

close to the surface normal and is interpreted as a measure of surface roughness in the form 

of the power spectral density (PSD) [32]. PSD represents the amplitude of a surface’s 

roughness as a function of the spatial frequency of the roughness. Spatial frequency is the 

inverse of the wavelength of the roughness features. 

 

 

 

 

 

 

 

 

 

 

 Figure 2.12. Schematic of light scattering setup. 
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The light scattering setup uses 488 nm blue laser from a Lexel 3500 Ar-ion laser that is 

chopped at a frequency of 2 kHz and is sent to the MBE chamber through a fiber. The laser 

beam is incident on the sample surface at 55◦ relative to the surface normal and the non-

specular scattered beam is collected at the scattering angle of 25◦ relative to the surface 

normal. Optical alignment and filtering setup are used to collect and focus the scattered 

laser light before entering the photomultiplier tube (PMT). To reduce the noise level, the 

PMT is also connected to an SR810 lock-in amplifier that interfaces with a PC via LabView 

[33 -35]. Finally, the specular reflection is also allowed to exit the chamber in order to 

minimize the amount of scattered light inside the chamber.   

In the samples grown for this thesis, LS was used as a super useful technique to monitor 

the surface roughness in general; however, it was also specifically used for:   

• Distinguishing the onset of thermal desorption of the substrate native oxide. 

• Determining the 1:1 As:Ga atomic flux ratio to adjust the As valve for 

incorporation of Bi in to GaAs. 

• Detecting the formation of Ga and Bi droplets in the case of GaAsBi films.  

• Real-time monitoring of surface roughness evolution during growth to keep the 

thickness of the epilayers below the critical thickness, where applicable, to avoid 

relaxation. 
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3. Chapter 3: Ellipsometric study of GaAsBi band structure 

GaAs1-xBix has several appealing properties, both from a materials science point of view 

and for its potential applications in long-wavelength optoelectronic devices [19]. This alloy 

shows a giant bandgap bowing effect with Bi alloying in which the band gap is reduced by 

88 meV/% Bi at low Bi concentrations [18]. The strong effect of Bi alloying on the band 

gap enables long-wavelength materials to be grown on GaAs or Ge substrates with a 

comparatively small lattice mismatch [36].  

The optical properties of GaAs1-xBix are of fundamental importance in designing devices 

from this alloy system. The complex dielectric function of GaAs1-xBix as a function of 

photon energy can provide insights into the electronic structure but has not been explored 

in detail. At photon energies below the band gap, the absorption coefficient and index of 

refraction can be measured by transmission measurements while above the band gap, where 

the penetration depth is less than 1 µm, reflection methods must be used [37]. Ellipsometry 

is a non-destructive optical method that can be used to investigate the dielectric function 

above bandgap which was the main motivation of this study.  

In this chapter, the technical details for MBE growth of GaAs1-xBix are discussed followed 

by techniques that were applied to characterize the films which include HRXRD and 

ellipsometry. The methods of ellipsometry measurement data analysis is delineated 

including the physical models and mathematical methods that were used to interpret the 

band structure of GaAs1-xBix. Finally, the insights obtained into the GaAs1-xBix optical 

properties above the bandgap are presented.   

3.1. MBE growth of GaAs1-xBix thin film  

Incorporating even a small amount of Bi into GaAs is rather challenging due to the weak 

Ga-Bi bonding energy and the large difference of GaBi and GaAs lattice constants.   

Bi adatoms can undergo several processes during MBE growth of GaAs1-xBix as follows 

and shown in Figure 3.1. (1) desorption which means physically adsorbed Bi atoms 

evaporate from the GaAs surface; (2) diffusion through which physically adsorbed Bi 

atoms diffuse on the GaAs surface to form Bi droplets; (3) incorporation which means 
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physically adsorbed Bi atoms (through non-covalent force with low bonding energy in the 

order of less than 1 eV) are successfully incorporated into GaAs forming chemical Ga-Bi 

bonds (with high bonding energy in the order of several eV). Moreover, the incorporated 

Bi atoms can be ejected again onto surface through (4) thermal ejection by breaking the 

Ga-Bi bond with the vacant sites replaced by As atoms and (5) surface segregation. 

The incorporation of Bi adatoms is strongly dependent on growth conditions [38] 

namely: growth temperature, As/Ga flux ratio, Bi flux and growth rate. Thus, any change 

of the above growth parameters can result in different surface morphology, Bi content and 

surface quality as briefly discussed in the following. For further reading on the growth 

parameter effects on GaAs1-xBix MBE growth, one can refer to the models proposed by Lu 

[39] and Lewis [40].  

Growth temperature: This is a key parameter in GaAs1-xBix growth as it affects 

desorption of surface As and Bi atoms, surface diffusion of As, Ga and Bi atoms, 

dissociation of Ga-Bi bonds and Bi surface segregation. The strong surface segregation 

effect of Bi at high temperature demands a low growth temperature for GaAs1-xBix. Indeed, 

Bi incorporation is found to increase with decreasing growth temperature and the highest 

Bi content of 22% is achieved at the lowest growth temperature of 200 °C [40]. 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.1. Illustration of different processes that Bi adatom can experience 

during MBE growth of GaAs1-xBix [38].  
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As/Ga flux ratio: As and Bi are both group-V atoms which tend to bond with Ga atoms. 

However, Ga-As bonding is stronger than that of Ga-Bi bonding. Therefore, an excess As 

supply will outcompete with Bi to be incorporated. Hence, decreasing the As2:Ga flux ratio 

down to the proximity of stoichiometric condition (As2:Ga = 0.5) will enhance the 

possibility of Ga-Bi bonding and thus increase the Bi content. However, below the 

stoichiometric condition, the Bi incorporation saturates, and Ga starts to form metallic 

droplets on the surface, because excess Ga atoms on the growing surface do not evaporate 

at such a low growth temperature.  

Bi flux: Bi content initially increases with increasing Bi flux if other growth parameters 

are fixed.  Further increasing Bi flux leads to saturation of Bi incorporation as well as Bi 

droplets formation on the surface.   

Growth rate: In most cases, the growth rate is determined by the group III flux in III-V 

MBE, i.e., Ga flux. Growth rate plays an important role in controlling the formation of Bi 

droplets. With a low growth rate, Bi droplets can be avoided since any excess Bi atoms 

have enough time to be evaporated. 

As discussed above, different growth parameters provide a narrow window for growth 

of a high Bi content and droplet free film. The MBE system with in-situ monitoring 

equipment enables us to precisely control the growth conditions, most notably, As2:Ga BEP 

ratio and the substrate temperature, which are critical for GaAs1-xBix growth as described 

in the following steps:     

Sample preparation starts with cutting epi-grade (100)-oriented GaAs substrate and 

loading it into the load lock followed by baking in the preparation chamber at a temperature 

of about 300◦ C for two hours for surface water vapour removal. The sample is then 

transferred to the growth chamber and in-situ monitoring equipment is adjusted. 

Oxide removal is the first step of the growth procedure for which. The sample is heated 

up to above 600◦ C for about 10 minutes while the As cell temperature is about 350◦ C and 

the As valve is fully open to have an As-rich condition. The onset of the oxide removal is 

observed as a sharp increase in the light scattering (LS) as shown in Figure 3.2 and a streaky 
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RHEED pattern is observed. The oxide removal process leaves the surface with about 40 

nm craters; therefore, a buffer layer is grown to smooth out the sample surface. 

GaAs buffer layer is then grown in the standard condition which means sample 

temperature of above 550◦ C and As2:Ga BEP of above 6. The quality of the GaAs buffer 

layer is monitored by observing 2×4 RHEED pattern and the buffer layer growth is 

continued until the LS signal intensity reaches the lowest level that takes about 40 minutes. 

The onset of the GaAs buffer layer growth can be observed by a bump in LS signal known 

as the “impurity bump” caused by the non-smooth surface after oxide removal as shown in 

Figure 3.2 and is caused by initially rough growth as the GaAs grows over the carbon 

contamination on the surface. The non-smooth surface is covered by the incoming Ga and 

As adatoms to form separated GaAs grown islands on the surface until these islands merge 

and form several monolayers. The impurity pump disappears when few monolayers of the 

epitaxial GaAs are grown completely.  

 

 

 

 

 

 

 

 

 

Figure 3.2. LS signal log during the growth of sample R2630 showing surface 

sensitive events during growth. The high frequency oscillation in LS signal is due to 

sample rotation during growth.   
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GaAs1-xBix epi layer growth requires finding the As:Ga atomic ratio of unity 

(stochiometric condition) and adjusting the substrate temperature. Stochiometric condition 

is found by closing the As valve step by step and by tracking the LS signal for observing 

any roughness. The onset of the surface roughness caused by the Ga droplets is observed 

by a sudden increase in the LS signal which indicates lack of arsenic and passing the As:Ga 

stochiometric condition in the favor of Ga-rich conditions. Stochiometric condition is then 

achieved by opening the As valve to just before the roughening point.  

The Bi cell with the previously adjusted temperature is then opened to grow GaAsBi epi-

layer and the quality of the film is monitored by RHEED pattern and light scattering. The 

pseudomorphic growth is continued until the LS tends to increase which is indicative of 

approaching the critical thickness above which the film tends to relax.   

Growth parameters for specific bismuth content, in particular, As2:Ga BEP ratio and cells 

temperature tends to change over time based on the material content of the cell and they 

need to be re-adjusted over time; otherwise, the MBE machine is repeatable to grow the 

desired film based on the previously obtained growth conditions. Table 3.1 shows the 

growth parameters for some representative samples grown for this study.  

 

 

 

 

 

 

Sample 

number
TAs (

◦
C) TGa (

◦
C) TBi/Bi tip  (

◦
C)

As valve (mm)

(As:Ga =1 )
Tsub (

◦
C)

Bi Content 

(XRD - GaAsBi)

Thickness (nm)

(XRD - GaAsBi)

R 2624 355 895 510 / 560 6.05 300 4.10% 120

R 2625 345 895 515 / 565 5 268 5.05% 117

R 2623 355 895 538 / 588 6.05 300 6.20% 93

R 2630 335 895 530 / 580 4.12 270 7.80% 67

R 2631 335 895 545 / 595 4 267 8.20% 40

R 2629 335 895 538 / 588 3.95 270 9.40% 74

Table 3.1. Growth parameters of representative samples. 
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3.2. Thin film Characterization 

HRXRD was performed on the grown films to measure the Bi content (x) of GaAs1-xBix 

as well as the thickness of the epilayers, compositional variations and interface roughness.  

Optical ellipsometry was used to measure the complex dielectric function above the 

bandgap as well as the thickness and surface roughness of the epi-layers.   

3.2.1. High-resolution x-ray crystallography fundamentals 

High-resolution X-ray diffraction (HRXRD) is the most common non-destructive 

technique for analysis of the structure of crystalline materials. Structural properties of the 

epitaxial films such as layer composition, thicknesses, strain and relaxation can be obtained 

with high accuracy using HRXRD technique.  

The general concept of XRD is based around the diffraction property of electromagnetic 

(EM) wave. When EM beam encounters a set of periodically arranged scattering centers, 

they are reflected at preferred angles. In the case of HRXRD, x-rays are used as the EM 

wave and crystal atoms arranged in the known crystallographic planes are used as 

scattering centers as shown in Figure 3.3. Constructive interference from a set of atomic 

planes is limited to directions where the Bragg condition is satisfied as in equation 3.1: 

2 𝑑 𝑠𝑖𝑛(𝜃𝐵𝑟𝑎𝑔𝑔) = 𝑛𝜆                                                                                                          (3.1) 

Figure 3.3. Diffraction of the incident EM wave of wavelength λ from the crystal 

planes of spacing d. The Bragg condition is satisfied as the path difference of the 

two depicted sample beams is nλ with n= 2. 
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where d is the interplanar spacing, θ is the incident angle measured from the reflecting 

plane surface, n is an integer and λ is the x-ray wavelength. In the HRXRD method, λ is 

known while θ is measured to infer the lattice spacing d from the known crystal structure.  

HRXRD experiments in this thesis were done with a Bruker D8 Discover diffractometer. 

The system generates X-rays by accelerating electrons at 40 kV towards a Cu target in a 

sealed vacuum tube followed by a Göbel mirror as the first optic. The generated X-ray 

beam is then further tuned by single Ge crystal as the secondary optic to produce a highly 

monochromatic, collimated beam of Cu-kα1 with the wavelength of 1.54050 ◦A and beam 

divergence of less than 16 arcsec. Bruker D8 diffractometer has a two-circle goniometer 

with high resolution of 0.0001◦ degree. The sample stage is mounted on the θ circle and the 

detector is mounted on the 2θ circle. The sample stage can also be adjusted by fully 

software-controlled 3-rotational and 3-translational degrees of motion. Detection system 

has computer controlled motorized variable slit or 3-bounce analyzer Ge crystal followed 

by a silicon based LYNXEYE scintillation counter.  

 XRD measurement starts with finding an angular range where the Bragg condition is 

satisfied. This means finding the appropriate range for the sample height, incident beam 

angle of θ, detector angle of 2θ (measured from the incident beam path), and the sample 

cradle angle with the plane of incidence specified as 𝜒.  These is done by Z-scan, rocking 

curve scan (θ or ω scan), detector scan (2θ scan), and 𝜒 scan respectively to find the 

appropriate range for positional drivers to cover. Finally, a ω-2θ scan is performed within 

the specified range to exactly find the Bragg condition geometry where the highest intensity 

of diffraction is obtained. 

As an example, a sample structure is shown in Figure 3.4 where a GaAsBi epilayer is 

grown in the [001] direction on the GaAs substrate. A typical ω-2θ scan diffraction pattern 

of such a structure from the (004) reflecting plane is depicted in Figure 3.5. The (004) plane 

is selected because the structure factor of a face centered cubic (FCC) crystal lattice has a 

high intensity for this crystal plane.  
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As can be seen in Figure 3.5, two peaks can be distinguished associated with the GaAs 

substrate at 33.02◦ and the left-shifted peak at 32.68◦ associated with the strained GaAsBi 

epilayer. In general, the epi-layer peak shift is an indication of a change in the interplanar 

spacing or the amount of strain in the epi-layer that can represent the epi-layer composition 

change. Moreover, the relative intensity of the peak indicates the epi-layer thickness while 

the width of the peak, gives information about the uniformity and thickness of the epi-

layer. The other important features are the interference oscillations known as pendellösung 

fringes. These fringes are caused by interference between the reflected beam from the top 

of the epi-layer and the beam reflected from the film substrate interface. The presence of 

these fringes is indicative of an epi-layer with smooth interfaces, composition uniformity 

and minimal relaxation. The thickness of the film can be determined from the period of the 

oscillations.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4. Growth of strained epi-layer (yellow) on the strain-free substrate (blue) in 

the [001] direction. The strained top layer is showing increased inter-planar spacing.   

Figure 3.5. XRD diffraction pattern of GaAsBi with 4.2% Bi incorporation (black line) from 

(hkl) = (004) plane. Calculated diffraction from the simulated structure is shown in blue.   
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The Bruker D8 diffractometer provides an embedded software (Leptos) that enables us 

to dynamically simulate the expected diffraction pattern from a proposed structure to fit 

the recorded pattern. By varying the composition and thickness of the proposed structure, 

one can determine the actual structure by finding the best simulated fit to the experimental 

data. Leptos is capable of simulating diffraction patterns for reflection from epi-layer(s) of 

varying thickness and composition. More features, most notably, composition gradients, 

relaxation, and surface roughness can be added to model more complex structures based 

on the epi-layer and growth condition.  

3.2.2. High-resolution x-ray diffraction preliminary result 

X-ray 𝜔 − 2𝜃 scan was performed on (004) planes of GaAs/GaAs1-xBix samples to find 

the epi-layer diffraction angle. Figure 3.6 shows x-ray diffraction spectrum for five 

representative samples. The sharp peak on the right at ~ 33◦ shows the GaAs substrate and 

the GaAs buffer layer while the broadened peak at the left shows GaAs1-xBix epilayer which 

is shifted to lower diffraction angles by increasing the Bi content. The dashed lines are the 

simulated x-ray diffraction spectra using LEPTOS that gives the Bi composition and 

thickness of the epilayer as follows: 

  

 

 

 

 

 

 

 

Figure 3.6. High-resolution (004) x-ray diffraction data for five selected  

GaAs1-xBix samples with indicated Bi concentrations. 
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The peak position (𝜃𝐵𝑟𝑎𝑔𝑔) is where the Bragg condition is satisfied as described in 

equation 3.1. Therefore, the interplanar distance dhkl between reflecting planes is obtained 

by substituting the peak position angle and the X-ray wavelength. In the case of GaAs, the 

crystal system is cubic and the interplanar distance dhkl is associated with the lattice 

constant a as in equation. 3.2. A pseudomorphic strained epilayer has the same in-plane 

lattice constant (𝑎𝐼𝐼) as the substrate, but a larger (or smaller) out-of-plane lattice constant 

(𝑎⊥). Therefore, the epilayer out-of-plane lattice constant is obtained by having the dhkl as 

follows:   

1

𝑑ℎ𝑘𝑙
2 =  

ℎ2+ 𝑘2+ 𝑙2

𝑎⊥ 2
                                                                                                    (3.2) 

Therefore, 

𝑎⊥(𝐺𝑎𝐴𝑠1−𝑥𝐵𝑖𝑥) = 4 𝑑004   where hkl=004.                                                               

The strain free lattice constant of GaAs1-xBix (𝑎𝑠.𝑓) can be found using  

𝑎𝑠.𝑓(𝐺𝑎𝐴𝑠𝐵𝑖) =  𝑎𝐺𝑎𝐴𝑠 + (𝑎⊥ − 𝑎𝐺𝑎𝐴𝑠) (
1−𝜈

1+𝜈
)                                                                 (3.3)                   

Where ν is the Poisson ratio of the GaAs1-xBix and is assumed to be the same as that of 

GaAs (νGaAs = 0.31) [41, 42] for dilute GaAs1-xBix alloys in this study. Finally, the Bi 

concentration (x) is found using Vegard’s law, as in equation 3.4 and by knowing the binary 

endpoint lattice constant of GaBi.  

𝑎𝐺𝑎𝐴𝑠1−𝑥𝐵𝑖𝑥
 (𝑥) =  𝑎𝐺𝑎𝐴𝑠 (1 − 𝑥) + 𝑎𝐺𝑎𝐵𝑖  𝑥                                                                 (3.4) 

Therefore, 

𝑥 =  
𝑎𝐺𝑎𝐴𝑠𝐵𝑖 − 𝑎𝐺𝑎𝐴𝑠

𝑎𝐺𝑎𝐵𝑖 −  𝑎𝐺𝑎𝐴𝑠
 

GaBi lattice constant is unknown; however, different methods have been used to 

extrapolate the GaBi relaxed lattice constant of 6.33 ± 0.05 Å [46] which is used in 

LEPTOS x-ray diffraction simulation. Figure 3.7 shows the out of plane lattice parameter 
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of epi-layer (𝑎⊥) as well as the strain free lattice constant of GaAs1-xBix (as.f) calculated 

from equation 3.3.   

The film thickness is also determined from the Pendellösung fringe peak separation Δθfring 

from the following [47]:  

𝑡 =  
𝜆

2 Δθfring 𝑐𝑜𝑠 (θBragg)
                                                                                            (3.5) 

The proposed structure in LEPTOS which gives the best fit to the diffraction pattern is 

found by varying the thickness and the Bi content of GaAs1-xBix epi-layer. Table 3.2 shows 

the list of samples which were used in this study along with their corresponding Bi content 

and thickness found by LEPTOS. As can be seen, the thickness of the GaAs1-xBix epilayers 

is less for higher Bi content samples to avoid strain relaxation. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.7. Interplanar spacing and strain free lattice constant of 

GaAs1-xBix samples as function of Bi content. 
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Most of the samples in Figure 3.6 show clear pendelosung fringes while they flatten more 

in the case of higher-Bi-concentration samples. To more investigate the interface, the 

interface roughness parameter was added to the structure model in LEPTOS to improve the 

fit. Figure 3.8 shows the XRD diffraction pattern from 8.2% Bi incorporation. It can be 

seen that adding 15 nm of interface roughness in the model structure of LEPTOS 

simulation can improve the fit significantly. However, it needs to be noted that that adding 

an epilayer with a graded composition has the same effect on the simulated spectrum. More 

convincing information about the atomic arrangement of the interface layers can be 

obtained by TEM rather than XRD method. Figure 3.9 shows the obtained interface 

roughness thickness implemented in the model structure which gives the best LEPTOS fit 

to the diffraction pattern. The interface roughness shows a rapid increase at 8% which is 

surprising, and we don't have an explanation. This jump justifies the more flattened fringes 

in the films with higher Bi content. Moreover, several studies have shown the formation of 

spontaneous clusters at the interface of GaAs/GaAsBi with increasing Bi content [43, 44, 

45].  

 

 

 

 

 

 

 

 

 

Figure 3.8. LEPTOS simulated diffraction pattern from GaAsBi with 8.2% Bi 

incorporation with and without interface roughness in the model structure.  
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It needs to be mentioned that the LEPTOS autofit tries to minimize the difference 

between the simulated and the experimental spectrum using the least mean square method. 

As a result, the obtained thickness is repeatable if the model structure initial values are 

selected within the optimized range.    

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.9. Interface roughness implemented in LEPTOS simulation to 

obtain the best fit for different GaAsBi samples. 

Sample

number
Bi Content Thickness (nm)

Sample

 number
Bi Content Thickness (nm)

R 2534 1% 154 R 2630 7.80% 67

R 2305 2.50% 100 R 2631 8.20% 40

R 2624 4.10% 120 R 2629 9.40% 74

R 2399 4.26% 180 R 2550 10% 91

R 2625 5.05% 117 R 2361 14.20% 53

R 2623 6.20% 93 R 2378 17.30% 34

Table 3.2. Bi content and thickness of the grown samples measured by HRXRD. 
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3.2.3. Optical ellipsometry fundamentals 

Optical methods, in general, benefit from the fact that they are non-destructive and 

applicable in various environments. Ellipsometry is based on the fact that the polarization 

state of the electromagnetic wave is changed upon reflection from a material surface. By 

determining the polarization state of the light before and after reflection from the sample 

in conjunction with simulating the experimental result with a physical model that assumes 

linear, far-field optical effect, one can derive thin film properties like the refractive index 

and the thickness with high accuracy. 

The light polarization change upon reflection is shown in Figure 3.10. Incident (i) and 

reflected (r) polarized beams can be decomposed in terms of the projected components of 

parallel (p) and perpendicular (s) to the plane of incidence as in equation 3.5. Plane of 

incidence is comprised of the incident beam and the surface normal. In a typical 

ellipsometry measurement, the polarization state of the incident beam is known, which is 

linear, and the polarization state of the reflected beam is measured compared to the incident 

beams in terms of ψ and Δ known as Ellipsometric angles as discussed in the following.    

Figure 3.11 shows reflection and transmission at an interface between two media. The 

parallel and perpendicular components of the reflected beam in this simplified two-layer 

structure, are related to the incident beam using Snell’s law and Fresnel coefficients as 

described in equations 3.6 and 3.7.  

𝐸𝑖 =  (𝐸𝑖𝑝
2 +  𝐸𝑖𝑠

2 )1/2  ,   𝐸𝑟 =  (𝐸𝑟𝑝
2 +  𝐸𝑟𝑠

2 )1/2                                                              (3.5) 

 

 

 

 

 

Figure 3.10. Change of the polarization state upon reflection.  
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𝑟𝑝 =
𝐸𝑟𝑝

𝐸𝑖𝑝
=  

𝑁1̃𝑐𝑜𝑠𝜃0− 𝑁0̃ cos 𝜃1

𝑁1̃𝑐𝑜𝑠𝜃0+ 𝑁0̃ cos 𝜃1
                                                                                        (3.6) 

𝑟𝑠 =
𝐸𝑟𝑠

𝐸𝑖𝑠
=  

𝑁0̃𝑐𝑜𝑠𝜃0− 𝑁1̃ cos 𝜃1

𝑁0̃𝑐𝑜𝑠𝜃0+ 𝑁1̃ cos 𝜃1
                                                                                        (3.7) 

where �̃� = 𝑛 + 𝑖𝑘 is the complex refractive index that includes extinction coefficient k. 

By knowing N0 (which is air) and by measuring Erp , Eip , Ers , Eis and θ0 one can calculate 

N1 and θ1 through the above-mentioned systems of equations.  

In practice, a typical structure includes several layers of thin films, as shown in Figure 3.12, 

where additional reflections and transmissions occur. Therefore, Fresnel coefficients rmnl 

are defined as in equations 3.8 through 3.11 where mn identifies the interface and l is either 

the p or s component.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.11. Reflection and transmission of electromagnetic wave 

through a simplified two-layer system.  

Figure 3.12. Reflection and transmission of incident beam in the case of 

3-layer structure.  
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𝑟01𝑝 =
𝐸𝑟 01𝑝

𝐸𝑖 01𝑝
=  

𝑁1̃𝑐𝑜𝑠𝜑0− 𝑁0̃ cos 𝜑1

𝑁1̃𝑐𝑜𝑠𝜑0+ 𝑁0̃ cos 𝜑1
                                                                               (3.8) 

𝑟01𝑠 =
𝐸𝑟 01𝑠

𝐸𝑖 01𝑠
=  

𝑁0̃𝑐𝑜𝑠𝜑0− 𝑁1̃ cos 𝜑1

𝑁0̃𝑐𝑜𝑠𝜑0+ 𝑁1̃ cos 𝜑1
                                                                               (3.9) 

𝑟12𝑝 =
𝐸𝑟 12𝑝

𝐸𝑖 12𝑝
=  

𝑁2̃𝑐𝑜𝑠𝜑1− 𝑁1̃ cos 𝜑2

𝑁2̃𝑐𝑜𝑠𝜑1+ 𝑁1̃ cos 𝜑2
                                                                             (3.10) 

𝑟12𝑠 =
𝐸𝑟 12𝑠

𝐸𝑖 12𝑠
=  

𝑁1̃𝑐𝑜𝑠𝜑1− 𝑁2̃ cos 𝜑2

𝑁1̃𝑐𝑜𝑠𝜑1+ 𝑁2̃ cos 𝜑2
                                                                             (3.11) 

In this case, the reflected beam R at the detector is the sum of all reflected beams from all 

involved interfaces and is obtained from a converging geometric series as in equation 3.12 

and 3.13 [48] for the p and s components1.  

𝑅𝑝 =  
𝑟01𝑝 + 𝑟12𝑝 exp(−2𝑖𝛽)

1+ 𝑟01𝑝 𝑟12𝑝 exp(−2𝑖𝛽)
                                                                                       (3.12) 

𝑅𝑠 =  
𝑟01𝑠 + 𝑟12𝑠 exp(−2𝑖𝛽)

1+ 𝑟01𝑠 𝑟12𝑠 exp(−2𝑖𝛽)
                                                                                          (3.13) 

where the exponential factor β is often referred to as the phase factor which contains the 

desired information such as film thickness, L, and the complex refractive indices, 𝑁�̃� , as in 

equation 3.14.  

𝛽 = 2𝜋 ( 
𝐿 (�̃�1

2 − �̃�0
2 𝑠𝑖𝑛2𝜑0)

1/2

𝜆
 )                                                                                (3.14) 

A typical ellipsometer records polarization properties by measuring relative intensities. 

That means the measurables of ellipsometry are the light amplitude (intensity) change and 

phase change upon reflection which are denoted as Ψ and Δ or ellipsometric angles. These 

two are obtained by combining the expressions for the p and s components of the reflected 

beam as in equation 3.15 which is re-written in the exponential format.  

 
1 Equations 3.8 to 3.13 are derived for a non-magnetic dielectric (µ = µ0) medium by considering continuity of 

the wave components across the interface. 



 47 

𝜌 =  
𝑅𝑝

𝑅𝑠
=  

|𝑅𝑝| exp(𝑖𝛿𝑝)

|𝑅𝑠| exp(𝑖𝛿𝑠)
= tan(𝜓) exp(𝑖∆) = 𝜌(�̃�0 , �̃�1 , �̃�2 , 𝐿1, … , 𝜑1, 𝜆)                (3.15) 

where    tan(𝜓) =  
|𝑅𝑝|

|𝑅𝑠|
     𝑎𝑛𝑑   ∆ =  𝛿𝑝 −  𝛿𝑠                                                             (3.16) 

In practice, Ψ and Δ are measured for a complicated system such as a film covered surface, 

possibly with several �̃� and L indicating different layers. In these cases, again only a single 

Ψ and Δ pair is measured at one angle of incidence φ0 at a single wavelength λ which can 

provide sample parameters from a numerical fitting process as shown in Figure 3.13. 

3.2.4. Optical ellipsometry preliminary result 

Ellipsometric measurements in this study were performed by R. Synowicki at J. A. 

Woollam Co. using three different ellipsometers VUV-VASE, V-VASE, and IR-VASE 

that cover the spectra ranges of 140-2500 nm, 2500-3300 nm and 1.7-32.8 𝜇m respectively 

to cover the broad energy range of 0.037 – 9.1 eV with 1 meV resolution. The proposed 

structure used for modeling the samples contains 3 layers of GaAs/GaAs1-xBix/oxide-

roughness where the unknown parameters are optical properties of the GaAs1-xBix layer as 

well as the thickness of the surface oxide-roughness as in Figure 3.13. while the oxide-

roughness layer dielectric function is obtained from the literature [49]. 

  

 

 

 

 

Figure 3.13. (a): Ellipsometric measurement flowchart where the sample parameters are 

optimized by improving the numerical fit in a feedback loop. (b): the structure of the model 

representing 3 layers of GaAs/GaAs1-xBix/surface-roughness. 

(b) (a) 
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A typical measurement that was done on GaAs1-xBix with 10% Bi content (sample R2550) 

at 3 different angles of 75, 76 and 77 is shown in Figure 3.14 as an example. The measured 

spectrum for each angle is fitted with the physical model prediction and therefore the 

optical parameters n and k are obtained as in Figure 3.15 from the best fit. Moreover, other 

sample parameters such as epi-layer and surface roughness thicknesses were found to be 

83 and 3 nm respectively.    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.14 Measured ellipsometric parameters Ψ (a) and Δ (b) for GaAs1-xBix 

with 10% Bi content for 3 different angles along with the model fit line. 

Measurement done by R. Synowicki. 

(a) 

(b) 
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The great sensitivity of ellipsometry is derived from the fact that the measurement of Ψ 

and Δ are relative measurements of the change in polarization. Therefore, unlike absolute 

light measurement spectroscopies, ellipsometry is not especially sensitive to long term drift 

in the light source or detector. Hence, ellipsometry is sensitive to small surface changes. 

Indeed, fractions of a monolayer can be sensed by ellipsometry.  

To make sure that the ellipsometry measurement is reproducible across a sample 

surface, the surface scan was performed on 5 different spots on all samples over the energy 

range of 1.2 - 3.2 eV. Figure 3.16, as an example, shows Ψ and Δ for 5 different spots 

across the GaAs1-xBix with 9% Bi content sample (R 2529). As can be seen in Figure 3.16 

(a) and (b), there is a high identicality among the different spots across the surface of the 

sample for both Ψ and Δ. The high degree of consistency between the ellipsometry 

measurements in different locations laterally is consistent with the samples being uniform 

but the degree of uniformity cannot be quantified without additional information. This 

consistency was observed for all other samples as well.  

 

 

 

 

 

 

 

  

 

 

Figure 3.15. Optical properties, n and k, of GaAs1-xBix with 10% Bi content. 

Measurement done by R. Synowicki. Effect of Bi variation on the refractive 

index shown in Figure 3.18. 



 50 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.16. Surface scan on 5 different spots on GaAs1-xBix with 9% Bi 

content which shows high consistency in the ellipsometric parameters of 

Ψ (a) and Δ (b) across the surface. The measurements were done using 

Alpha-SE ellipsometer at university of Victoria. 

(b) 

(a) 



 51 

Moreover, the value of ɛ2 (= 2nk) at the specific energy of 4.8 eV in GaAs is considered 

as a figure of merit for the quality of the GaAs surface preparation which is closely related 

to the remaining oxide on the sample surface [50]. The value of ɛ2 can be increased by 

either surface cleaning or considering a surface oxide overlayer correction in the physical 

model. This value has been reported to be 25.2 [51] and 22.7 [52] as shown in Figure 3.17 

while it has been improved to  27.97  in this study by incorporating both surface cleaning 

through etching in HCl:H2O solution (1:4 ratio - for 2 min) to remove Ga and Bi droplets 

and the oxide layer, as well as including the surface-roughness layer in the physical model 

for the remaining oxide and any indentation left on the surface after droplet removal.  

For a non-magnetic medium where 𝜇𝑟 = 1, the complex dielectric constant is related to the 

complex index of refraction by equation 3.17. Therefore, the real and imaginary parts of 

the dielectric constant (ɛ1, ɛ2) are obtained from the optical constants (n, k) through Eq.3.18.  

Ñ  =  √ɛ𝜇

√ɛ0𝜇0
 =  √ɛ𝑟𝜇𝑟 ~ √ɛ𝑟    →    ɛ𝑟 = ɛ1 + 𝑖 ɛ2 = �̃�2                                            (3.17) 

ɛ1 =  𝑛2 −  𝑘2            ɛ2 = 2𝑛𝑘                                                                                      (3.18) 

 

 

 

 

 

 

 

 

 Figure 3.17. Reported value of ɛ2 at the energy of 4.8 eV from literature 

and for the current study.  
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The dielectric constant measured by ellipsometry for GaAs and four representative samples 

of GaAs1-xBix is shown in Figure 3.18. In addition to the optical constants, the other two 

sample parameters which were found by ellipsometry were the GaAs1-xBix epi-layer 

thickness as well as the surface roughness thickness. Figure 3.19 shows thicknesses of the 

11 different samples obtained from the ellipsometry measurements in comparison with 

thicknesses obtained by x-ray diffraction. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.18. Real (a) and imaginary (b) part of complex dielectric constant measured by 

ellipsometry for GaAs and four representative GaAs1-xBix samples. 

(b) 

(a) 
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The thicknesses measured by the two different methods line up well on y = x line and are 

generally in good agreement across the entire composition range. Lastly, the obtained 

thicknesses for the surface roughness is shown in Figure 3.20 which shows that the surface 

roughness increases for high Bi samples. This is because high Bi flux tends to from Bi 

droplets on these samples. Therefore, some indents would remain on the samples after the 

droplets are removed by etching.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.19. Comparison of GaAs1-xBix samples thicknesses obtained 

from ellipsometry and X-ray diffraction. 

Figure 3.20. Thickness of surface roughness layer found by ellipsometry. 
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3.3. GaAs1-xBix electronic structure analysis methodology 

Our knowledge of the electronic structure of materials is advanced through simultaneous 

work on two fronts: theory and experiment. Comparison of experimental spectroscopic 

data with theory is complicated by the fact that the experiments extract information about 

the interband transitions from valence to conduction band, whereas theoretical calculations 

are generally expressed in terms of the electronic band structure by providing a map of the 

allowed energy states i.e., individual valence and conduction bands in momentum space. 

Based on the observation that prominent features in the optical response arise from the 

critical points in the joint density of states, critical point modelling was developed to gain 

an understanding of the spectral features in terms of critical points parameters. These 

models are usually applied to derivative spectra and are restricted to the consideration of 

isolated critical points. 

In this section an analytical line shape equation representing the critical points in the 

joint density of states is described. The analytic equation is then used to fit the optical 

features in the second derivative spectra of the dielectric function by the least-squares 

scheme. The fitting parameters give hand desired information about the optical transition 

from the valence band to the conduction band.   

 

3.3.1. Line-shape formulation of Van-Hove singularities in dielectric function  

Critical points (CP) structures observed in the dielectric function spectra (ɛ) are 

associated with Van Hove singularities (VHSs) in the joint density of states (JDOS), 

defined as [53]:  

𝐷𝑗(𝐸) =  
1

4𝜋3
 ∫

𝑑𝑆𝑘

|∇𝑘[𝐸𝑐𝑣(𝑘)]|
                                                                                             (3.19) 

where dSk is an area element on the surface of constant optical transition energy Ecv where 

Ecv(k)= Ec(k) - Ev(k) and the integral is taken within the Brillion zone (BZ). The CP’s in 

the dielectric function spectra are mapped to those k-points in the JDOS where the 

dispersion relation Ecv(k) has an extremum and the integrand in the DOS expression 

diverges. There are different approaches and assumptions to find the analytical 
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representation of the CP’s in the ɛ spectra from the JDOS expression. The mathematical 

formalism was developed by Cardona [53], Aspnes [54], Lynch [55] and others. The 

standard analytical line-shape expressions of CP’s is: 

Ɛ (𝐸) =  {
∑    𝐶𝑗 − 𝐴𝑗𝑒𝑖𝜑𝑗   (𝐸 − 𝐸𝑐𝑗 + 𝑖𝛤𝑗)

𝑛𝑁
𝑗=1                                   , 𝑛 ≠ 0

∑    𝐶𝑗 − 𝐴𝑗𝑒𝑖𝜑𝑗  𝐿𝑛 (𝐸 − 𝐸𝑐𝑗 + 𝑖𝛤𝑗)𝑁
𝑗=1                                , 𝑛 = 0

                  (3.20) 

where a CP is described by the amplitude Aj, threshold energy Ecj, broadening Гj, and the 

excitonic phase angle 𝜑j. The exponent n identifies the dimensionality of the CP and has 

the values of −
1

2
 , 0 and +

1

2
 respectively for 1D, 2D [i.e., logarithmic, ln(𝜔 − 𝐸 + 𝑖𝛤)] 

and 3D CP's. In the case of a discrete exciton with a Lorentzian line shape near the band 

gap, n = − 1. The dimensionality is related to the signs and values of effective mass at x, y 

and z directions. Reduced dimensionality in real materials occurs when the states are 

localized along one or more directions [56], resulting in bands that are relatively flat along 

these directions. For example, when the effective mass in one or two dimensions becomes 

very large, the CP is considered to be 2D or 1D respectively.  

In order to enhance the structures in the spectra for line-shape analysis of the CP’s, the 

second derivative of the dielectric function spectrum is numerically calculated with respect 

to the photon energy (
𝑑2𝜖

𝑑𝐸2). Hence, the second derivative of the standard analytic line shapes 

is derived as in equation 3.21.  

𝑑2𝜖

𝑑𝐸2 =  {
∑    −𝑛 (𝑛 − 1) 𝐴𝑗𝑒𝑖𝜑𝑗   (𝐸 − 𝐸𝑐𝑗 + 𝑖𝛤𝑗)

𝑛−2𝑁
𝑗=1       , 𝑛 ≠ 0

∑    𝐴𝑗𝑒𝑖𝜑𝑗   (𝐸 − 𝐸𝑐𝑗 + 𝑖𝛤𝑗)−2𝑁
𝑗=1                                , 𝑛 = 0

                                (3.21) 

 

As an example, Figure 3.21 shows the second derivative example of exitonic, 1D, 2D and 

3D line shape representation for an arbitrary critical point with the same parameters of 

energy = 3 eV, amplitude = 2, broadening = 0.02 and phase angle = 2. Both real and 

imaginary parts (ɛ1 and ɛ2) are illustrated to show the mathematical configuration of the 

dimensionality.    

 



 56 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.21. Second derivative example of exitonic, 1D, 2D and 3D line shape representation 

of real and imaginary part (ɛ1 and ɛ2) of a critical point dielectric function with the same 

parameters [CP energy = 3 eV, amplitude = 2, broadening = 0.02 and phase angle = 2. 
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3.3.2. Extraction of band structure parameters from dielectric function 

The dielectric spectra of GaAs1-xBix layers are constructed by the B-spline formulation. 

A spline function is a series of polynomial segments, which are constructed in a manner to 

maintain continuity up to a certain degree of differentiation [57]. Since the dispersive and 

absorptive properties of the medium are not independent, the Kramers-Kronig relations are 

used to calculate the dispersive spectrum (real part) from the absorptive spectrum 

(imaginary part) of the dielectric function. Hence, both real part and imaginary part of the 

dielectric function can be selected for further analysis. The numerical second derivative of 

the dielectric spectrum imaginary part (
𝑑2𝜖2

𝑑𝐸2
) is then calculated and smoothed using 

Savitzky-Golay (SG) linear filtering algorithms [58, 59] of order 5 with inclusion of 20 

points without substantially distorting the line shape. Figure 3.22 shows a typical second 

derivative of dielectric function that is filtered with SG algorithm. The second derivative 

of the CP line shape is then fitted to the ellipsometric data by a least-square scheme to find 

the fitting parameters which addresses the CP energy where the valence to conduction band 

optical transition take place. The full spectrum of the ellipsometric measurement is divided 

into 3 regions of lower, mid and high energy and each region is fitted with certain number 

of CP’s to be able to track each individual CP among different samples. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.22. GaAs second derivative of dielectric function filtered by SG algorithm 

(polynomial order = 5, neighbor points = 20). Inset shows GaAs dielectric function 

imaginary part before differentiation.  
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Figure 3.23 shows a typical second derivative spectrum of dielectric function imaginary 

part in the mid energy range (1.7 - 3.7 eV) of a GaAs1-xBix sample with 1% Bi 

incorporation. Three CP’s are observed in this region for GaAs without any Bi 

incorporation which is applied to the GaAs1-xBix as well. Therefore, the spectrum is fitted 

with three 2D CP’s as in the following equation:  

𝑑2𝜖

𝑑𝐸2 = 𝐼𝑚 (𝐴1𝑒𝑖𝜑1(𝐸 − 𝐸1 + 𝑖𝛤1)−2 + 𝐴2𝑒𝑖𝜑2(𝐸 − 𝐸2 + 𝑖𝛤2)−2 + 𝐴3𝑒𝑖𝜑3(𝐸 − 𝐸3 + 𝑖𝛤3)−2)  

For this example, the fitting parameters are listed in Table 3.3 where the fitting parameter 

En is the energy of the optical transition and contains information about electronic structure. 

Moreover, the broadening parameter Γn is due to alloy disorder in the case of an alloy and 

the excited state lifetime in the optical transition. 

  

 

 

 

 

 

 

 

 

 

 

 

Table 3.3. CP’s parameters in range of 1.7 - 3.7 eV for GaAs1-xBix with 1% Bi content 

Fitting parameters E A Γ φ 

1st CP - 2D 2.11 0.64    0.12 7.14 

2nd CP - 2D 2.89 5.74  0.07 1.12 

3rd CP - 2D 3.11 3.55 0.12 8.86 

Figure 3.23. Numerical second derivative spectrum of ɛ2 for GaAs1-xBix with 1% Bi 

content fitted with 2D CP line shape in the energy range of 1.7 to 3.7 eV. 
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3.4. Effect of Bi incorporation on strained GaAs1-xBix electronic band structure 

In this section, optical structures associated with interband transitions from valence band 

to conduction band in GaAs and GaAs1-xBix are described. The energy of all optical 

transitions is derived from the ellipsometry measurements by the previously described 

methodology and the effect of Bi incorporation on GaAs1-xBix electronic structure is 

discussed.   

3.4.1. Energy dependence of GaAs and GaAs1-xBix dielectric function  

The macroscopic linear optical response of GaAs1-xBix represented by the dielectric 

function is closely related to the electronic band structure of the material. The band 

structure of GaAs, as calculated by Chelikowsky and Cohen [60], is shown in Figure 3.24 

which indicates several interband transitions at high symmetry points in the Brillouin zone. 

The indicated interband transitions for GaAs are observed in the 2nd derivative spectra of 

the measured dielectric function as shown in Figure 3.25. The great similarity between 

GaAs1-xBix and GaAs spectra allows us to use the same nomenclature for the corresponding 

interband transitions that are observed in GaAs for four representative GaAs1-xBix samples 

as shown in Figure 3.25. 

 

 

 

 

 

 

 

 

 

 

Figure 3.24. The band structure of GaAs calculated by 

Chelikowsky and Cohen [60]. 
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The most prominent optical features observed in GaAs are the following:   

The optical transitions in the spectral region below 2 eV: 

➢ E0 (Γ8
v → Γ6

c): The fundamental absorption edge of GaAs is located at the Γ point of 

the Brillouin zone (BZ) between the Γ8 valence-band and Γ6 conduction-band states. 

➢ E0+Δ0 (Γ7
v 
→ Γ6

c): The second lowest interband critical point corresponds to the 

transitions from the larger component of the spin-orbit-split valence band (Γ7) to the 

lowest conduction band (Γ6) at the Γ point.  

The optical transitions in the spectral region around 3 eV:  

➢ E1 (L6
v → L6

c): Takes place at the L point of the BZ along Λ direction or (111) directions 

where the valence and conduction bands are nearly parallel.  

➢ E1+Δ1 (L4
v → L6

c): Spin-orbit larger component of the E1 transition.  

 

 

 

 

 

 

 

 

 

 Figure 3.25. Second derivative of the imaginary part of GaAs dielectric constant 

and four representative GaAs1-xBix samples. The (■) points show the 

experimental data second derivative spectrum after applying SG filtering and 

the solid line (⸻) shows the critical points analytical line shape fitting.   
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The optical transitions in the spectral region of 4 to 5.5 eV:  

➢ 𝐄𝟎
′  (Γ8

v → Γ7
c): One of the most prominent transitions in this energy region which is 

assigned to the transitions near the Γ point along with 𝐄𝟎
′ + 𝚫𝟎

′  (Γ8
v → Γ8

c) as their spin-

orbit split counterpart. 

➢ E2 (X7
v → X6

c): Takes place near the X point where the valence and conduction bands 

are nearly parallel.  

The optical transitions in the spectral region above 5.5 eV: 

➢ 𝐄𝟏
′  (L6

v → L4
c): The highest energy CP at the L point from the top of the valence band 

to the first empty band in the conduction band. The large broadening and low signal to 

noise ratio may explain why the spin-orbit splitting is not observed in this CP. 

The ellipsometry measurements in this study were performed at room temperature; 

however, more transitions have been reported for GaAs dielectric constant measured at low 

temperature such as E0
′ + Δ0

′ + ∆0 (Γ7
v → Γ8

c), E0
′  (Δ) and E0

′ + Δ0
′  (𝛥) along <100> 

direction and several other transitions around 5 eV, known as E2 complex, which disappear 

at higher temperatures [52].  

In general, the number of critical points (N) in Eq. 3.21 is increased until the best 

agreement with the experimental spectrum is achieved and finally the fitting parameters are 

extracted. In the case of GaAs1-xBix with low Bi incorporation, as can be seen in Figure 

3.25, all above-mentioned transitions in GaAs were observed with gradual red-shift in the 

CP energy with increase in Bi content.  

To analyze the CP energy trend with Bi content, a certain number of CP’s were assigned 

to each energy region based on the observed peaks and shoulders in the GaAs spectrum. If 

the number of CP’s is not capped, we may over-interpret noise that is enhanced by 2nd order 

differentiation. However, the first derivative spectrum was also analyzed for finding any 

probable CP’s that are not caused by higher order differentiation before capping the number 

of CP’s for each energy region.     

   



 62 

3.4.2. Effect of Bi incorporation on GaAs1-xBix in the vicinity of bandgap 

The first and foremost transition is the bandgap which is of particular interest for device 

applications. Bandgap transition (Γ8
v → Γ6

c) at the Γ point of BZ shows up as a small peak 

in the index of refraction (n) spectrum as seen in Figure 3.26. Moreover, the high sensitivity 

of ellipsometry enabled us to also observe the low intensity optical feature caused by spin-

orbit-split counterpart of E0+Δ0 (Γ7
v 
→ Γ6

c) in the vicinity of the band gap. 

Both the optical band gap and the split-off band move to lower energy with increasing 

Bi concentration; however, the bandgap moves faster. The bandgap and spin-orbit-split 

counterpart energy are found by fitting an excitonic line shape (n = − 1 in Eq. 3.21) while 

the other optical transitions have been fit by two-dimensional (2D) critical points (n = 0 in 

Eq. 3.21), following Lautenschlager et al. [52]. The obtained bandgap and spin orbit energy 

for GaAs and all GaAs1-xBix samples are shown in Figure 3.27 which shows a good 

agreement with the earlier ellipsometry measurement reported by Sedrine [61] and 

Tumenas [62] as well as the photoluminescence [63] and transmission measurements [64]. 

However, none of the mentioned studies have reported GaAsBi bandgap up to 18% Bi 

incorporation.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 3.26. Index of refraction in the vicinity of the optical band gap for GaAs 

and representative GaAs1-xBix samples with different Bi concentrations. 
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The composition dependence of the band gap in III–V semiconductor alloys can be fitted 

with a quadratic equation E(x)= A+Bx(x − 1)+Cx where B is the bowing parameter [8]. 

The best fit parameters for the composition dependence of the ellipsometric band gap are 

A = 1.42 eV, C = 0.76 eV, and bowing parameter of B = 6.98 eV. The best fit is shown as 

a solid line in Figure 3.27.  

In the vicinity of the optical bandgap, the optical absorption coefficient is given by 

α=4πκ/λ in the case of semiconductors where the extinction coefficient κ is the imaginary 

part of the complex dielectric constant. In metals, where the real part of the dielectric 

constant can be large and negative, the attenuation associated with the extinction 

coefficient may be associated with reflection of the electromagnetic wave and may not be 

a good measure of the absorption. The ellipsometry measurements of the optical constants 

(n, κ) of the bare GaAs substrate showed excellent agreement with previously published 

data for GaAs [65] based on a three-layer model (air, oxide, GaAs) which is shown as 

dashed line in both Figure 3.26 and Figure 3.28.  

It is noteworthy that Bi alloying of GaAs has a much bigger effect on the refractive 

index than In alloying as illustrated in Figure 3.29. The refractive indices of GaAs1-xBix at 

1.3 and 1.55 μm is plotted together with Ga1-xInxAs obtained from Goldberg et. al. [66] as 

a function of the concentration of  the  alloying  elements.  For the same Bi and In content, 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.27. Band gap and spin orbit energy obtained in this study compared with 

result from other reported ellipsometry, transmission and photoluminescence methods. 
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the refractive index change with Bi alloying is 6 × greater than the change caused by 

alloying with In. This suggest various device applications for GaAs1-xBix where high 

contrast of refractive index is required for optical reflection at the GaAs interface.  

 

 

 

 

 

 

    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.28. Optical absorption edge for GaAs and GaAs1-xBix representative samples 

with different compositions. The solid dots are E0 obtained from fitting ellipsometry data. 

Figure 3.29. Ellipsometric index of refraction at 1.3 μm (squares) and 1.55 μm (triangles) 

together with linear fits as a function of Bi content.  Refractive indices of Ga1-xInxAs for 

1.3 and 1.55 μm as a function of In content are obtained from literature [66]. 
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3.4.3. Effect of Bi incorporation on GaAs1-xBix above bandgap 

Critical points in the spectral region around 3 eV, E1 and E1+Δ1, correspond to transitions 

at the L point and along the line in k space connecting the L point to the Γ point where the 

conduction and valence bands are nearly parallel (Λ line). The highest-energy observed 

critical point, E1
′ , is also associated with the L point with a low signal to noise ratio. 

The spectral region between 4 and 5.5 eV in GaAs is complex with several overlapping 

critical points at different places in k space where E0
′  , E0

′ + Δ0
′  and E2 are the most 

prominent at room temperature. The transition E0
′ + Δ0 is forbidden by dipole selection 

rules [67]. 

A total of 11 critical points was identified through fitting the second derivative line 

shapes for samples with Bi concentration between 1% and 8% and ten critical points were 

identified for the samples with higher Bi concentration. The energy of the critical points is 

plotted as a function of Bi concentration in Figure 3.30. The width of the critical points 

increases with Bi concentration as shown in Figure 3.31. The increased broadening is due 

to alloy fluctuations and the formation of Bi clusters on the atomic scale [68, 69].  

We were able to fit the composition dependence of the bandgap with both linear and 

quadratic terms whereas the other critical points were fit with straight lines as shown in 

Figure 3.30 because the bandgap showed a stronger dependence on the Bi concentration 

and the precision of the bandgap measurements was better. The linear fits are constrained 

to pass through the GaAs critical points at x = 0. The CP’s in the 2.0–3.0 eV range labeled 

“unique observed peak” and E1 in Figure 3.30 do not show a smooth dependence on Bi 

concentration and the fit to the critical points labeled E1 is less convincing. The slope of 

the best fit lines in meV / % is specified in the boxes next to the fitted lines. In the case of 

the fundamental band gap, the slope is taken at the midpoint of the fitted line.  

The three critical points that involve the top of the valence band, namely, E0 , E0
′  at the 

Γ point and E1 on the Λ line, have a strong dependence on Bi concentration, namely, 51, 

53, and 38 meV / % respectively, while the other critical points have a weaker dependence 

on Bi concentration (9.8–18 meV / %).  
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Figure 3.30. Bismuth concentration dependence of the critical points in the imaginary part 

of the dielectric function in GaAs1-xBix. The solid lines are linear fits to the data with the 

exception of the fit to the band gap E0 which includes a bowing parameter as discussed. The 

numbers in brackets specify the slope of the fits in eV/%. 
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The  reduction in the fundamental band gap E0 with increasing Bi content is primarily 

due to the effect of Bi alloying on the spin-orbit splitting Δ0, since the spin-orbit split-off 

band gap E0+Δ0 is by comparison relatively insensitive to Bi concentration (Figure 3.30 

and Ref. [63]). We assume that the Bi composition dependence of the E1 transition along 

the Λ line is similarly dominated by the effect of Bi alloying on the spin-orbit splitting Δ1. 

In this case, the  
2

3
  rule will apply (Δ1 = 

2

3
 Δ0) [67], which is consistent with the observed 

weaker dependence of E1 on Bi concentration compared with E0 in Figure 3.30. 

The Bi concentration dependence of the energies of the critical points discussed above 

confirms that the top of the valence band is the part of the band structure that is most 

sensitive to Bi alloying. Similar behavior is observed in the case of the dilute nitrides except 

that it is the bottom of the conduction band that is most sensitive to N alloying [68]. One 

of the critical points that is aligned with E2 for GaAs shows no dependence on Bi 

concentration; it is possible that this is a residual signal from the GaAs substrate for which 

the E2 critical point is very strong. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.31. Broadening parameter B for three different CP’s as a function of Bi concentration.  

Also shown is the broadening parameter measured by Ben Sedrine et al [61]. 
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The 2.0–3.2 eV energy range shows three CP’s at low Bi concentration, namely, E1, 

E1+Δ1 plus another unidentified CP. However, at high Bi concentration, only two CP’s are 

observed in this energy range. The E1 CP is strong at low Bi concentration and its energy 

is constant independent of Bi concentration up to x = 6%. Starting at 7.8%, this CP shifts 

to lower energy or is replaced by another CP at lower energy which shows a strong 

dependence on Bi concentration similar to the fundamental band gap. In addition, there is 

a weaker unidentified CP at 2.1–2.3 eV which disappears above 7.8% or merges with the 

above-mentioned CP and can no longer be distinguished as a separate one. We propose 

that the complex behavior of the CP’s in the 2.0– 3.2 eV range is due to one or more optical 

transitions associated with Bi alloying. The band structure of GaAs1-xBix can be estimated 

by DFT calculations of supercells as shown in Figure 3.32 for a Bi concentration of 1.56% 

after unfolding. As a result of the resonant interaction between the Bi orbitals and the states 

forming the top of the valence band, the valence-band structure is disturbed, and new bands 

are created. Figure 3.32 shows a possible unexpected transition in the 2.0–3.2 eV energy 

range along the Λ line between Γ and L indicated by an arrow, which could explain the 

observed unidentified CP with anomalous dependence on Bi concentration. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.32. Band structure for GaAs1-xBix with x = 1.56% calculated by Lars Bannow 

and Stephan W. Koch using DFT and projected onto the conventional BZ for a zinc-

blende crystal. The arrow indicates a possible critical point near 2 eV associated with 

Bi alloying [72]. 
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The energy of the CP’s measured by Ben Sedrine et al. [61] and Bushell et al. [70] in the 

2.6–5.0 eV range are compared with our measurements as a function of Bi concentration 

in Figure 3.33. In the case of E1 + Δ1, the energies from the mentioned references match 

almost exactly with our results. In the case of E1, our results are in good agreement with 

Ben Sedrine et al. while the Bushell results for E1 are somewhat lower in energy and well 

aligned with our linear fit to E1 as a function of Bi content. In the energy range 4.2–5 eV 

(E0 
′ , E0

′ + Δ0
′  , E2) we fit our data with four critical points whereas Ben Sedrine uses two 

critical points; otherwise, there is general agreement on the energies.  

The broadening of the E1 critical point as a function of Bi concentration determined by 

Ben Sedrine et al. was shown in Figure 3.31. Their data show a similar increase in the 

width of the E1 critical point with increasing Bi concentration as with our data, although 

Ben Sedrine’s critical point is broader. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.33. Comparison of the Bi concentration dependence of the 

CP’s energy with Ben Sedrine et al. [61] and Bushell et al. [70] results. 

The lines are taken from Figure 3.30. 



 70 

3.5. Prediction for GaBi band structure 

It is interesting to compare the extrapolated critical points with the band structure of 

GaBi. Although GaBi has not been synthesized, there are several calculated band 

structures.  

The critical points in Figure 3.30 that depend strongly on the Bi concentration (E0, E1, 

E0 
′ ) extrapolate to negative energy at 100% Bi; similarly, the strain-free version of the 

E0+Δ0 critical point also extrapolates to negative energy. These results are consistent with 

the result in Ref. [71] where the band gap of GaBi is −1.45 eV. Moreover, Bi concentration 

dependence of the band gap E0 shows significant bowing and there is not reliable 

information on the composition dependence of the bowing parameter. Therefore, 

extrapolation of E0 to 100% Bi is not convincing.  

However, The values for the E1+Δ1 , E0
′ + Δ0

′  , E2 and E1
′

 CP’s extrapolated to 100% Bi 

are listed in Table 3.4 together with DFT calculation [72] as shown in Figure 3.34 and other 

theoretical values from the band structure calculations of GaBi. The extrapolated values 

are in reasonable agreement with the band structure of Janotti et al. [71] and Ferhat and 

Zaoui [73]. There are more band structure calculations for GaBi [67, 74, 75, 76] that do 

not include spin-orbit coupling. Hence, comparison with these calculations are less 

convincing 

In the case of the X point, an expanded band splitting is present in the valence bands of 

GaBi when compared to the GaAs band structure, so that the E2 critical point can be 

expected to separate into several critical points in GaBi. The energy range for these critical 

points are shown in Table 3.4.  

In the case of L point, the experimentally rather broad E1
′  CP doesn’t allow to resolve its 

spin-orbit splitting in GaAs; However, the splitting is much larger for GaBi; therefore, the 

extrapolated values for both 𝐸1
′ , 𝐸1

′ + 𝛥1
′  CP’s are listed in Table 3.4. 
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Table 3.4. Critical points for GaAs and the corresponding points in GaBi in eV. 

CP GaAs 
(Lautenschlager) 

GaAs 
(Ellipsometry) 

GaBi 
(Extrapolated) 

GaBi 

(Bannow) 

GaBi 

(Janotti) 

GaBi 

(Ferhat) 

E1+1 3.2 3.1 1.6 1.96 2.0 2.1 

𝐸0
′ +𝛥0

′  4.9 4.7 3.1 2.53 2.3 2.4 

𝐸2 5.0 5.0 3.6 3.40 – 4.36 3.5 – 4.6 3.0 – 4.0 

𝐸1
′ , 𝐸1

′ + 𝛥1
′   6.5,6.8 6.5 5.5 4.50, 5.61 4.6, 5.5 3.2, 5.8 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.6. Effect of lattice strain on GaAs1-xBix band structure 

When the epilayer has a different lattice constant from the substrate, a misfit strain is 

generated.  Since the epilayer is typically much thinner than the substrate, the strain can be 

accommodated elastically, plastically, or by a combination of the two.  The elastic strain is 

expected to have strong effects on the electrical and optical [77] properties as well as the 

energy band gap of the materials [78]. In this section, the elastic strain of the GaAs1-xBix 

epilayer grown on GaAs substrate is calculated and the energy-shift on the GaAs1-xBix 

electronic band structure at Γ point of BZ is discussed.  

Figure 3.34. DFT calculations of the GaBi band structure by L. Bannow [72]. 

The bands in green, blue, and orange represent occupied, partially occupied, 

and unoccupied bands, respectively. 
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3.6.1. Type of strain in GaAs1-xBix grown on GaAs 

Incorporating Bi into GaAs results in an increase in the lattice constant as Bi with higher 

atomic radius replaces As in GaAs1-xBix. In general, in the epitaxial grown heterostructures, 

the pseudomorphic strained epilayer has the same in-plane lattice constant (𝑎𝐼𝐼) as the 

substrate, but a larger (or smaller) out-of-plane lattice constant (𝑎⊥) as in Figure 3.35. In 

the case of GaAs1-xBix grown on GaAs substrate in the [001] direction, in-plane lattice 

constant is the same as the substrate (𝑎𝐼𝐼−𝐺𝑎𝐴𝑠𝐵𝑖 =  𝑎0 =  5.65 Ao) while the out-of-plane 

lattice constant (𝑎⊥−𝐺𝑎𝐴𝑠𝐵𝑖) is changed under biaxial stress that is parallel to [100] and 

[010]. To estimate the internal strain in the GaAs1-xBix epi-layer, the lattice mismatch 

between the epi-layer and the substrate is measured by X-ray diffraction from (004) 

reflecting planes. Therefore, lattice mismatch normal to the wafer surface 
𝛥𝑎⊥

𝑎0
 is defined as 

in Eq. 3.22. The layers with 
𝛥𝑎⊥

𝑎0
> 0 are under compression and the layers with 

𝛥𝑎⊥

𝑎0
< 0 are 

under tension strain. 

Out of plane lattice mismatch = 
𝛥𝑎⊥

𝑎0
=  

𝑎⊥(𝐺𝑎𝐴𝑠𝐵𝑖)−𝑎0 

𝑎0
                                      (3.22) 

 

 

 

 

 

 

 

 

 

Figure 3.35. Change of the epilayer in-plane and out-of-plane lattice 

constant under biaxial compressive stress. 
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The strain free lattice mismatch is defined as  
𝛥𝑎

𝑎0
  where 𝛥𝑎 is the difference between the 

natural unstrained lattice parameters of the GaAs1-xBix epilayer a and GaAs substrate as in 

Eq 3.23.  

Strain free lattice mismatch = 
𝛥𝑎

𝑎0
=  

𝑎𝑠.𝑓 (𝐺𝑎𝐴𝑠𝐵𝑖)−𝑎0 

𝑎0
                                         (3.23) 

When the lattice mismatch between the epi-layer and the substrate is not so large, the lattice 

mismatch is usually accommodated [79, 80] only by the tetragonal deformation of the 

epilayer lattice, as shown in Figure 3.35. For this case, 
𝛥𝑎

𝑎0
 and 

𝛥𝑎⊥

𝑎0
 can be related by:  

𝛥𝑎

𝑎0
=  

𝐶11

𝐶11+2𝐶12
 (

𝛥𝑎⊥

𝑎0
)                                                                                        (3.24) 

where Cij are the elastic moduli of the GaAs1-xBix layer. Since the Bi incorporation is dilute, 

and the coefficients are not available for GaAs1-xBix material, we can use elastic coefficients 

of GaAs instead [74] as listed in Table 3.5 to calculate lattice mismatch. Assuming coherent 

growth, 
𝛥𝑎

𝑎0
 can be regarded as compressive elastic strain ɛ produced by a biaxial stress 

parallel to [100] and [010] as shown in Figure 3.35. 

 

 

 

 

 

 

 

Figure 3.36. Lattice mismatch (strain) of GaAs1-xBix with Bi 

content of 0 to 18%. 
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3.6.2. Biaxial strain effect on Γ point transitions in GaAs1-xBix  

In the zinc blende type material, the valence bands at Γ point (k = 0) of the BZ, consist  

of a fourfold P3/2 multiplet (J = 3/2, mj = ± 3/2, ± 1/2) and a twofold P1/2 multiplet (J = 1/2, 

mj = ± 1/2) as shown in Figure 3.37. Biaxial stress splits the valence-band degeneracy by 

producing anisotropic deformation in the crystal lattice. The asymmetry produced in this 

manner is similar to that produced by an externally applied uniaxial stress and is expected 

to have qualitatively the same effect on the energy band gap and the valence-band splitting. 

Moreover, because of the hydrostatic component of the strain, the two multiplets are shifted 

relative to the conduction band as illustrated in Figure 3.37 [81]. 

The bandgap of the strained layer will be larger than that of the unstrained layer when under 

compression, and smaller under tension. Furthermore, the band-to-band recombination 

process in these layers should change from a transition involving conduction and light-hole 

valence bands in compression to a transition involving conduction and heavy-hole valence 

bands in tension.  

Table 3.5. Elastic stiffness and deformation potential coefficients of GaAs. 

 

 

 

 

 

 

 

  

 

Stiffness (1010 N/m2) Deformation potential constant (eV) 

C11 C12 a (hydrostatic) b (tetragonal) 

11.88 5.38 -8.7 -1.7 

Figure 3.37. Energy bandgap splitting and shifts caused by mismatch strain 

in the epitaxial layer [78]. 
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The theory of Pikus and Bir [82] was adopted by Cardona and co-workers [83,84] to 

calculate the bandgap splitting under uniaxial compression. This theory was also used by 

Asai et al. [78] to calculate the bandgap splitting of epi-layer grown on (001) GaAs due to 

the biaxial stress normal to the growth direction. The calculated energy differences between 

the conduction and valence bands, considering only the first-order strain dependence term 

ɛ, at k = 0 for heavy hole (hh), light hole (lh) and spin orbit (so) bands are given by: 

∆𝐸ℎℎ =  [−2𝑎 (
𝐶11− 𝐶12

𝐶11
) − 𝑏(

𝐶11+2𝐶12

𝐶11
)] ɛ                                                                  (3.25) 

∆𝐸𝑙ℎ =  [−2𝑎 (
𝐶11− 𝐶12

𝐶11
) + 𝑏(

𝐶11+2𝐶12

𝐶11
)] ɛ                                                                

∆𝐸𝑠𝑜 =  [−2𝑎 (
𝐶11− 𝐶12

𝐶11
)] ɛ                                                                                       

where a and b are the deformation potential constants under hydrostatic and tetragonal 

perturbation, and Cij are stiffness parameters for GaAs from reference [85] as listed in 

Table 3.5 and ɛ is the strain parameter. For the biaxial stress parallel to [100] and [010] 

directions, the strain components are given by [78]: 

 ɛ𝑥𝑥 = ɛ𝑦𝑦 =  −ɛ                                                                                                          (3.26) 

 ɛ𝑧𝑧 =
2𝐶12

𝐶11
 ɛ 

ɛ𝑥𝑦 = ɛ𝑦𝑧 =  ɛ𝑧𝑥 = 0 

The energy shift caused by compressive strain in GaAs1-xBix film between the CBM and 

the top of heavy hole, light hole and spin orbit bands are calculated to be 12.88, 5.24 and 

9.06 eV per unit strain respectively as reflected in Figure 3.38 for samples in this study.    

The energy dependence of CP’s in GaAs1-xBix, as discussed in section 3.4, reflects not only 

the effect of Bi orbital interactions with CB and VB but also the effect of strain caused by 

the nature of epitaxial growth. If we exclude the effect of compressive strain, the bandgap 

reduction and spin orbit splitting increase with Bi content is even larger as shown in Figure 

3.39. It needs to be mentioned that since the optical feature associated with the fundamental 

bandgap is broad, it didn’t show the heavy hole and the light hole bands as separate optical 
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features in the room temperature ellipsometry. Therefore, the energy shift of the heavy hole 

and light hole is averaged to represent the energy shift in bandgap shown in Figure 3.39.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.38. The energy shift of hh, lh and so bands caused by 

biaxial compressive strain.  

Figure 3.39. Bi dependence of GaAs1-xBix bandgap and spin orbit 

bands before and after exclusion of strain effect.  
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3.7. Conclusion 

GaAs1-xBix samples with 0 < x < 17 were grown on GaAs in a VG-V80H MBE. The 

GaAs1-xBix epi-layers were grown at low temperatures and close to the stoichiometric V/III 

condition. The Bi incorporation was controlled by adjusting the substrate temperature 

during growth from 370 °C for 1% Bi down to 230 °C for 17.1% Bi incorporation. The 

thickness of the epi-layers was controlled to have them pseudomorphically strained to 

match the in-plane lattice constant of the substrate. 

The Bi content, thickness and surface roughness of the GaAs1-xBix epilayers were 

measured by high-resolution x-ray ω-2θ scans on (004) planes using a Bruker D8 Discover 

diffractometer. Spectroscopic ellipsometry measurements were performed using VASE 

and VUV-VASE ellipsometers over the energy ranges 0.37–4.5 eV and 4.3–9.0 eV, 

respectively, with an energy spacing of 0.01 eV. GaAs1-xBix optical constants and surface 

roughness were measured using ellipsometry.   

The features in the dielectric function (ɛ) associated with critical points in the joint 

density of states were fitted using standard analytic line shapes to find out the energy of 

the critical points as fitting parameters. A total of 11 different critical points in the complex 

dielectric function were observed in which most of them extrapolate back to GaAs critical 

points at a Bi concentration of 0%.  

The ellipsometry results are in good agreement with other measurements of the optical 

band gap and the split-off hole band gap. CP’s analysis in the BZ showed that the top of 

the valence band is the part of the band structure that is most strongly dependent on Bi 

content. By comparison, other parts of the band structure are relatively insensitive to Bi 

alloying.  

In addition, an interesting new critical point was observed that is attributed to alternative 

allowed optical transitions made possible by changes to the top of the valence band in the 

Bi alloy caused by resonant interactions with Bi orbitals. Several of the critical points were 

extrapolated to 100% Bi and showed reasonable agreement with the calculated band 

structure of GaBi.  
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4. Chapter 4: Photovoltaic investigation of GaAs1-xBix 

With the world’s ever rising need of energy and dwindling supply of fossil fuels, solar 

radiation is considered one of the most promising clean and free sources of energy with 

rapidly developing industry. In 2017, solar power provided 1.7% of total worldwide 

electricity production, growing 35% from the previous year [86].  

The current world record solar cell efficiency is held by multi-junction devices [87] that 

absorb different portions of the solar spectrum in different sub-cells, minimising the below-

band gap and thermalization losses in the device [88]. Although all wavelengths from 

ultraviolet (UV) to infrared (IR) can be reached by forming alloys, the variations in lattice 

constants significantly limit the available bandgaps that can be incorporated into 

heterostructures, without incurring serious degradation of the material quality [89].    

Single junction GaAs solar cell has a maximum conversion efficiency of 31.6%, and this 

value has been recognized by the National Renewable Energy Laboratory (NREL) as the 

world's highest measured efficiency. Bi alloyed GaAs in the form of GaAs1-xBix is a ternary 

compound in which the bandgap and lattice constant can be tuned based on the Bi content. 

The incorporation of Bi reduces the band gap of GaAs by ~ 75 meV/% Bi [90] (~ 620 

meV/% strain) while maintaining pseudomorphic growth on GaAs in the case of dilute Bi 

incorporation. This bandgap reduction is significantly larger than the reduction caused by 

In incorporation (~ 15 meV/% In [91] or 240 meV/% strain on GaAs). Therefore, by using 

GaAs1-xBix material system in photovoltaics, it is envisioned that the enhanced flexibility 

in band engineering may accelerate the development of multi-junction photovoltaics in the 

current bid to exceed 50% efficiency [92]. Theoretical studies show the enhancement of 

GaAs-based multi junction solar cell overall efficiency by adding a 1eV GaAsBi sub-cell 

[93]; however, no experimental results are reported to date on photovoltaic response of 

GaAsBi acting as a single active layer. Therefore, in this study, single junction of dilute 

GaAs1−xBix based p+/n and n+/p solar diodes were grown by MBE. The standard solar 

performance and impedance spectrum of the structures was measured and is reported for 

the first time. By analysing the IV and CV curves, the grown structure PV performance 

was obtained and the transport properties of the GaAsBi was investigated.   
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4.1. Fabrication of GaAsBi solar cell 

A solar cell is basically a large area pn junction. Light with a photon energy greater than 

the band gap is absorbed in the semiconductor generating electron-hole carriers. The free 

electrons and holes are separated in the depletion region with the electrons going to the n-

type contact and holes going to the p-type contact. The separation of the charge carriers 

creates voltage which is known as the photovoltaic effect first demonstrated in 1839 by 

Edmond Becquerel [94].  

Figure 4.1 shows a typical single junction solar cell. The emitter layer (geometrically on 

the top where the light is shone on it) and the base layer (in the bottom) are doped 

differently to form a pn junction while the contact region is depleted of charge carriers and 

is known as the depletion region or space charge region. The window layer is a highly 

doped wide-bandgap material (with the same dopant type as emitter) that allows low-

energy photons to pass through and reduces the surface recombination. The back layer is 

again highly doped contact layer (with the same dopant type as the base) which forms a 

potential barrier to minority carrier from flowing to the rear surface and reflecting them 

back into the depletion region. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 4.1. Cross section of a single junction solar cell. In this example, 

the emitter (top layer) is n-doped while the base (bottom layer) is p-doped.    
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The first GaAs heterostructure solar cells were created by Zhores Alferov’s group in 

USSR in 1970 [95]. The bandgap for GaAs is 1.42 eV that is very close to the optimum 

theoretical bandgap of 1.4 eV calculated by Shockley and Queisser using an AM 1.5 solar 

spectrum for obtaining maximum theoretical efficiency by a single junction solar cell [96]. 

Moreover, being a direct bandgap, makes GaAs the most efficient material for photovoltaic 

applications. Incorporation of Bi into GaAs enables us to tune the bandgap below 1.42 eV 

and absorb lower energy photons. GaAsBi can be grown pseudomorphically on GaAs to 

create a multijunction solar cell that can absorb long wavelength radiation below the 

bandgap of GaAs (λ>870 nm) as shown in Figure 4.2 [97]. The first step in designing a 

GaAsBi solar cell structure is to estimate the appropriate Bi content, the thickness of each 

layer and the doping level which are correlated to each other as described in the following.   

The efficiency of a multi junction solar cell can be improved by introducing a 1 eV 

absorber into the stack. This bandgap energy can be achieved by ~ 7% Bi incorporation 

into GaAs. Richards et al [98] fabricated a series of GaAsBi/GaAs multiple quantum well 

p-i-n diodes using molecular beam epitaxy and with the photoluminescence peaks at 

around 1050 nm (1.1 eV). However, the reverse bias current-voltage measurements showed 

the dominance of reverse leakage current for all devices.  In this study a GaAsBi layer with 

less than 1% Bi incorporation is proposed in order to be able to grow a thick strained layer 

of GaAsBi on GaAs with at least 500 nm thickness as shown in Figure 4.3. 

 

 

 

 

 

 

 

 

 

Figure 4.2. Spectral photon flux of solar radiation in space (AM0) and 

at global terrestrial (AM1.5) environments [97]. 

GaAs 

AM0 

AM1.5 
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A thicker layer can absorb more photons; however, transmission decreases exponentially 

with thickness based on the Beer-Lambert law, and the fabrication cost is also increased 

with thickness. Therefore, there is a trade off between the Bi content and allowable 

thickness for having a pseudomorphic GaAsBi layer. Regarding the doping, silicon and 

carbon are commonly used for GaAs n-doping and p-doping respectively. Carbon dopant 

atoms occupy the As lattice sites of the GaAs and act as acceptors. Si can behave differently 

depend on which of the epitaxial growth processes are used. In the case of GaAs grown by 

MBE, Si atoms tend to go into Ga vacancy sites and act as donors. By contrast, in LPE 

growth of GaAs, the starting GaAs material is dissolved in molten Ga. Here, the excess of 

Ga tends to favour the formation of As vacancies and Si sits on As sites and acts as an 

acceptor [99].  

Doping GaAs changes the lattice constant and modifies the electrical properties 

depending on the amount and identity of the dopant used. Doping increases the density of 

carriers while decreasing the mobility of carriers. Therefore, the doping concentration 

needs to be optimized for obtaining the highest photoconversion efficiency. As an example, 

for single crystal silicon solar cells, typical doping’s are 1019 cm-3 and 1017 cm-3 for the 

emitter and base respectively [100]. In the case of GaAs, emitter doping concentration of 

higher than 5×1018 cm-3 can lead to a considerable energy bandgap narrowing and an 

increase in dark current of the cell [101]. On the other hand, base doping concentration 

lower than 1016 cm-3 yields a large series resistance that degrades the cell performance 

[102]. Moreover, the average emitter doping concentration needs to be higher than the base 

doping due to the thermal diffusion process. 

 

 

 

 

 

Figure 4.3. Proposed solar cell structure indicating doping and layer thickness. The figure is 

meant to introduce the arrangement of the layers and roughly reflect actual thicknesses. The 

actual thickness range and doping levels are written for each layer. 
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Considering these factors, we used doping concentrations of 1018 cm-3 and 1016 cm-3 for 

the emitter upper-limit and base lower-limit dopant respectively. Finally, since the minority 

carrier lifetime decreases with the dopant concentration, it is reasonable to use a thinner 

emitter and a thicker base for GaAsBi heterostructure as shown in Figure 4.3. Thinner 

emitter also helps efficient carrier collection in the presence of surface recombination.  

A series of calibration samples need to be grown to find (1) the optimal cell conditions 

of Ga, As and Bi sources for growing the GaAs and GaAsBi layers with the desired Bi 

content and thickness, and (2) the optimal working condition of Si and CBr4 dopant sources 

installed on the MBE chamber for obtaining the desired doping concentration as described 

in the following sections.  

4.1.1. Calibration of thickness and Bi content  

The proposed structure requires a thicker base layer (>500 nm) and a thinner emitter 

layer (<100 nm) as indicted in Figure 4.2. To determine the emitter and base layer growth 

time requirement, GaAsBi quantum well (QW) calibration samples (R 2638, R 2652) were 

grown on a SI GaAs substrate and the thickness were measured using XRD method as 

shown in Table 4.1. Based on the allocated growth time, the growth rate (QW thickness / 

QW growth time) was found to be ~ 2 micron/hour for Ga source temperature of 929 ◦C. 

Single epi-layers of GaAsBi were grown on SI GaAs to adjust the Bi cell temperature for 

obtaining Bi content of less than 1%.  

 

 

 

 

 

 

 

 

 

 

 

 

 
* As valve is for As:Ga BEP = 1, and Tsub refers to GaAsBi layer growth phase. GaAs buffer layer 

or cap layers are grown at higher Tsub (~ 550 ◦C) and higher As:Ga BEP (~ 6). 

Table 4.1. Calibration samples for calculating the growth rate and Bi content.  

Sample 

number
Structure

TAs 

(
◦
C)

As valve
*

(mm)

TGa 

(
◦
C)

TBi/Bi tip

(
◦
C)

Tsub 

(
◦
C) 

*

Bi Content 
(GaAsBi - %)

Thickness
(GaAsBi - nm)

R 2638 GaAs/GaAsBi/GaAs 355 4.8 929 530/580 290 2% 17

R 2652 GaAs/GaAsBi/GaAs 355 4.2 929 515/565 308 2.70% 9.2

R 2632 GaAs/GaAsBi 355 3.7 937 518/568 370 1.20% 500

R 2654 GaAs/GaAsBi 357 4.9 929 515/565 362 0.98% 300

R 2659 GaAs/GaAsBi 357 4.85 929 510/560 380 0.70% 50
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4.1.2. Calibration of dopant source using van der Pauw – Hall measurement 

Hall and van der Pauw methods are techniques to measure thin film sheet resistance, 

doping level and mobility of majority carriers in the sample [104]. This measurement was 

performed to calibrate the dopant sources by systematically measuring the doping level 

under different condition of the dopant sources and the values are used as guidelines for 

growing the structure with a desired amount of doping.  

 The measurement process is done in several steps as follows:  

1. A single epilayer of at least 500 nm thickness is grown on a SI substrate and the 

thickness of the epi-layer is measured by XRD method.   

2. Ohmic contacts are deposited on the corners of the samples using E-beam evaporator.  

3. Corner contact are wired using silver paste and copper wires. 

4. van der Pauw measurement is done to find the sheet resistance. 

5. Hall measurement is done to find the sheet density and doping level. 

6. Mobility of the majority carrier is calculated from sheet resistance and sheet density.  

The van der Pauw method [104] is used to measure two-dimensional sheet resistance of 

the thin film. Current flows along the sheet plane, not perpendicular to it. Sheet resistance 

Rs is related to the bulk resistivity ρ as in Eq. 4.1 and is measured using a four-terminal 

sensing measurement (also known as a four-point probe). To make a measurement, a 

current is passed along one edge of the sample and the voltage is measured along the 

opposite edge while the resistance is calculated using Ohm’s law as shown in Figure 4.4.  

 

 

 

 

 

 

 

 

 

 Figure 4.4. Sample wiring for IV measurement to find horizontal and 

vertical sheet resistance in van der Pauw method. 

RHorizontal = R14,23 = V23/I14  RVertical = R12,34 = V43/I12 
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van der Pauw showed that the sheet resistance of a sample with an arbitrary shape can be 

determined from two of these resistances. i.e. horizontal and vertical using Eq. 4.2. 

𝜌 =  𝑅𝑠 × 𝑡                                                                                              (4.1) 

𝑒−𝜋𝑅𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙/𝑅𝑆 + 𝑒−𝜋𝑅ℎ𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙/𝑅𝑆 = 1                                                   (4.2) 

In practice, to increase the precision of the basic measurement, reciprocal and reversed 

polarity measurements are also performed to cancel out any offset voltages associated with 

contacts. The reciprocity theorem tells us that RAB,CD = RCD,AB while reversed polarity 

measurement implies that RAB,CD = RBA,DC. Therefore, it is possible to obtain a more precise 

value for the resistances R12,34 and R14,23 in Figure 4.4 by making additional measurements 

of their reciprocal and reversed polarity. Therefore, horizontal and vertical resistances are 

found as the average of basic, reciprocal and reversed polarity resistances as in Eq. 4.3. and 

4.4.  

𝑅𝐻𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙  =    
𝑅14,23+ 𝑅23,14 + 𝑅41,32+ 𝑅32,41

4
                                              (4.3) 

𝑅𝑉𝑒𝑟𝑡𝑖𝑐𝑎𝑙       =  
𝑅12,34+ 𝑅34,12+ 𝑅21,43 + 𝑅43,21

4
                                                (4.4) 

The Hall effect is the production of a voltage difference (VH) across an electrical 

conductor which carries an electric current and experiences a magnetic field perpendicular 

to the current flow at the same time. The Hall voltage is measured by transverse IV 

measurements across the sample in the presence of an applied magnetic field as shown in 

Figure 4.5.  

 

 

 

 

Figure 4.5. Schematic of applied current and induced voltage in the presence of 

perpendicular magnetic field in Hall effect (left) and, sample wiring for transverse IV 

measurement in Hall experiment (right). 

RH,Positive = R13,24,p = V24/I13 
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Same as van der Pauw measurement, Hall voltage is the average of basic, reciprocal and 

reversed polarity IV across the sample to cancel out any offset voltages while the magnetic 

field is pointing upward as in Eq. 4.5. Moreover, the measurements need to be repeated for 

the case that the magnetic field is pointing downward. Finally, the overall Hall voltage is 

calculated from the difference of the two measured Hall voltages as in Eq. 4.6.  

𝑅𝐻,𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒  =    
𝑅13,24,𝑝 + 𝑅24,13,𝑝 + 𝑅31,42,𝑝 + 𝑅42,31,𝑝 

4
                                      (4.5) 

𝑅𝐻,𝑁𝑒𝑔𝑎𝑡𝑖𝑣𝑒  =    
𝑅13,24,𝑛 + 𝑅24,13,𝑛 + 𝑅31,42,𝑛 + 𝑅42,31,𝑛  

4
                                    (4.5) 

VH = VH, Positive − VH, Negative                                                                                        (4.6) 

The Hall voltage (VH,y) is related to the current (Ix) and the applied magnetic field (Bz) as 

in Eq. 4.7 while n is the doping level, t is thickness and q is the charge of one electron. This 

situation can be re-written in the form of Eq. 4.8 where the sheet carrier density (ns) is 

calculated from the measured Hall resistance (RH) and the known applied magnetic field 

(B).   

𝑉𝐻,𝑦 =  
𝐼𝑥𝐵𝑧

𝑛𝑡𝑞
                                                                                               (4.7) 

𝑛𝑠 = 𝑛𝑡 =  
𝐼𝐵

𝑉𝐻𝑞
=  

𝐵

𝑅𝐻𝑞
                                                                             (4.8) 

Finally, by having the sample thickness (t) measured by XRD method, the doping level (n) 

is obtained. Moreover, by having the sheet resistance Rs from the van der Pauw and sheet 

density ns from Hall measurement, the mobility of the majority carrier type (µm) can be 

found from Eq.4.9.  

 µ𝑚 =  
1

𝑞𝑛𝑠𝑅𝑠
                                                                                                             (4.9) 

Further information on electrical transport measurements and van der Pauw-Hall method 

can be found elsewhere [105]. In this study, van der Pauw and Hall measurement were 

carried out specifically to calibrate the dopant sources of Si and CBr4 which are used for n 

and p doping respectively.  
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As mentioned, the doping range of 1018 cm-3 and 1016 cm-3 were proposed for the emitter 

and base respectively. Therefore, the range of dopant source working conditions were 

systematically tested to grow a doped epilayer of at least 500 nm thick on SI substrates. 

In the case of p-doping, a CBr4 source was used which has its own control system and is 

adjusted by the gas line flow which feeds the MBE growth chamber to achieve a desired 

flow. Table 4.2 shows the calibration samples grown under various CBr4 gas line pressures 

together with the van der Pauw- Hall measurement results. Its noteworthy that the chamber 

pressure can rise to 10-6 torr during highly p-doped samples.  

In the case of n-doping, a solid Si source is used which is adjusted by its temperature. Table 

4.3 shows the doping level of calibration samples obtained for various temperatures of the 

Si source.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 4.2. Calibration samples of p-GaAs on SI substrate for adjusting 

CBr4 pressure for p-doping.   

Table 4.3. Calibration samples of n-GaAs on SI substrate for adjusting 

Si temperature for n-doping.   

Sample 

number

TAs 

(
◦
C)

TGa 

(
◦
C)

PCBr4 

(mtorr)

Tsub 

(
◦
C)

µp 

(cm
2
/Vs)

doping

(cm
-3
)

R 2653 350 929 100 550 226 4.6×10
16

R 2635 355 929 250 560 288 1.2×10
17

R 2633 355 937 400 560 229 2.2×10
17

R 2634 355 937 8000 560 86 2.3×10
19 

Sample 

number

TAs 

(
◦
C)

TGa 

(
◦
C)

TSi 

(
◦
C)

Tsub 

(
◦
C)

µn 

(cm
2
/Vs)

doping

(cm
-3
)

R 2648 355 929 1060 550 6240 9.3×10
15

R 2649 355 929 1080 550 5730 3.6×10
16

R 2650 355 929 1180 550 2180 4.5×10
18

R 2651 355 929 1190 550 1090 9.6×10
18
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4.1.3. MBE growth of solar cell structure  

The solar cell structures with designated doping, as was depicted in Figure 4.3, are grown 

on doped GaAs substrates. Si-doped and Zn-doped GaAs substrate are used as n and p-

doped substrates respectively with the doping content in the order of 1018 cm-3. Substrates 

are baked followed by the oxide removal step as described previously, before the epi-layer 

is deposited  

A highly doped GaAs buffer layer is grown with adjusted Si source temperature or 

CBr4 pressure as was found through the calibration process to obtain the doping level of 

~1018 cm-3. After at least 300 nm of buffer layer has been grown at standard condition (Tsub 

of ~ 580 °C and As:Ga BEP ratio of ~ 6), the growth is interrupted to adjust the substrate 

temperature and As:Ga BEP for Bi alloyed GaAs layer. 

A lightly doped GaAsBi base layer is grown at a substrate temperature of ~ 370 °C and 

As:Ga BEP of 1 to incorporate Bi. Dopant sources are adjusted (reduced Si temperature or 

CBr4 pressure) according to the calibration result to dope the Bi alloyed layer in the order 

of ~1016 cm-3. The base layer is grown for at least 500 nm of thickness.  

A highly doped GaAsBi emitter layer is then grown while switching the dopant source 

(p to n or vice versa) to form the pn junction. Finally, a GaAs window layer can be grown 

with the same doping as the emitter. Figure 4.6 shows light scattering (LS) event log for a 

representative GaAsBi p+/n (emitter/base) sample. 

 

 

 

 

 

 

Figure 4.6. LS signal log during the growth of GaAsBi p+/n (emitter/base) sample (R2657). 
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Table 4.4 lists the Bi incorporated GaAs p+/n and n+/p (emitter/base) solar cell structures 

that were grown for this study. For the purpose of comparison, the same structures were 

also grown under exactly the same conditions including low As flux and low growth 

temperature but without any Bi incorporation (R 2336, R 2636) to be used as reference.  

For all listed samples, the GaAs buffer layer was grown at GaAs standard growth 

condition (Tsub = 580 °C ,  As2:Ga BEP > 3 ) while the Bi containing layers were grown at 

Tsub = 370 °C and As2:Ga BEP = 1. The mentioned As valve setting refers to the 

stochiometric condition for Bi incorporation. Moreover, settings of the dopant source 

materials reflect the calibration sample results to obtain the desired doping of emitter and 

base to be in the range of 1018 and 1016 cm-3 respectively. The amount of Bi incorporation 

in the case of dilute GaAsBi was adjusted by controlling the Bi source temperature while 

keeping the substrate temperature constant. In the case of p+/n structures, the amount of Bi 

incorporation was systematically changed from 0 to 1.6% to find the optimum Bi content 

which results in the highest PV performance as will be described later. This optimum Bi 

content was then used to grow the n+/p structure.      

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 4.4. Growth conditions of GaAsBi and reference GaAs solar cell structures.  

* Arsenic valve is for As:Ga BEP = 1 for GaAsBi layer grown at Tsub ~ 350 ◦C. GaAs buffer layers were 

grown at higher Tsub (~ 550 ◦C) and higher As:Ga BEP (~ 6). 

** R2331, 2337, 2347 thicknesses refer to 82 nm GaAsBi + 416 nm GaAs.   

Sample 

number

Junction 

(emitter/base)

TAs 

(
◦
C)

As valve
* 

(mm)

TGa 

(
◦
C)

TBi/TBi tip

(
◦
C)

Bi (%)

Content 

TSi 

(
◦
C)

PCBr4 

(mtorr)

 Thickness (nm)
**

(emitter / base)

R 2336 p
+
/ n 360 5.2 941 NA 0 1100 / 1000 5000 500 / 550

R 2331 p
+
/ n 360 5.2 941 450/500 0.3 1100 / 1000 5000 82 + 416 / 550

R 2337 p
+
/ n 360 5.2 941 475/525 0.7 1100 / 1000 5000 82 + 416 / 550

R 2346 p
+
/ n 360 5.2 941 490/540 1.1 1100 / 1025 5000 82 + 416 / 550

R 2657 p
+
/ n 357 4.8 929 515/565 1.3 1180 / 1080 7500 20 / 550

R 2661 p
+
/ n 357 4.8 929 510/560 1.4 1180 / 1080 7500 20 / 550

R 2636 n
+
/ p 356 4.4 929 NA 0 1180 7000 / 25 20 / 550

R 2637 n
+
/ p 356 4.4 929 515/565 0.8 1180 7000 / 25 20 / 550
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The XRD diffraction pattern of R2337 with 0.7% Bi incorporation is shown in Figure 4.7 

as a representative sample. Strained GaAsBi layer with an increased lattice constant can be 

seen at 32.97° while the shoulder on the right of the GaAs substrate peak is indicative of 

either Si or C doped buffer layer or window layer with reduced out of plane lattice constant.    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.1.4. Electron beam evaporation of solar cell contacts  

After MBE growth of the solar cell structure, each sample is cut into two halves and 

metallic front and back contacts are evaporated. For this purpose, an E-beam evaporator is 

used with the schematic as shown in Figure 4.8. In this evaporation technique, the coating 

material is heated using a high energy electron beam. The electron beam is generated by 

thermionic emission from a hot tungsten filament. Thermionic emission requires a vacuum 

pressure less than 7.5×10-5 torr; therefore, the chamber is pumped by a cryo-pump backed 

by a mechanical pump while the temperature and pressure are measured using 

thermocouple and ion gauges as shown in Figure 4.8. The emitted electron beam is then 

targeted toward the source material using adjustable magnetic fields. Once the electron 

Figure 4.7. HR-XRD diffraction pattern of GaAsBi p+n structure (R2337).  
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beam melts the source material, the coating material is evaporated and deposited on the 

sample mounted on a holder above the source facing toward the evaporated material beam.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The growth rate of the coating material is measured using a piezoelectric crystal 

oscillator sensor with a 0.1 angstrom per second resolution. Gold is used as the contact 

material. A thin adhesion layer of Cr is deposited prior to gold deposition. The back surface 

ohmic contact materials used for n-doped and p-doped GaAs are listed in Table 4.5. The 

front contact must be thin to minimize light attenuation. Hence, a 10 nm adhesive Cr layer 

is deposited through appropriate masking for wire bonding followed by a 10 nm Au layer 

to form 5 solar cell devices on the substrate as shown in Figure 4.9.  

Figure 4.8. Electron beam evaporator schematic. 
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Finally, the samples were mesa etched in H2SO4 : H2O2 : H2O (1:8:16 volume ratio) 

solution at 21-22 °C with an etch rate of 260 nm/min. This etches the non-Au-coated film 

around the junction down to the doped buffer layer in order to isolate each device and 

obtain final structure as shown in Figure 4.10. Wire-bonding’s were achieved by attaching 

wires manually on each device using silver conductive paste for the characterization step.  

 

    Table 4.5. Ohmic contact evaporation recipe on n and p doped GaAs. 

Substrate Coating material Post annealing 

n-GaAs AuGe (1 kA◦) +   Ni (0.28 kA◦) +  Au (1.5 kA◦) 120 s anneal at 4000 C 

p-GaAs Ti  (0.8 kA◦)   +   Pt (1 kA◦)      +  Au (1.8 kA◦) 30  s  anneal at 4500 C 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.9. Schematic diagram of the evaporated top contacts to form five devices on 

each substrate showing their wire bonding for solar cell performance measurement.  

Figure 4.10. The n+/p [emitter/base] R2637 (left), and p+/n [emitter/base] R2337 (right) 

solar cell structures with doping levels and thicknesses.  

10 nm Cr / 10 nm Au 

10 nm Au 
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4.2. Solar cell PN junction characterization 

A crystalline semiconductor solar cell device based on a p-n junction formation, exhibits 

the typical diode rectification behavior under reverse and forward bias. Moreover, the 

photovoltaic effect is observed if the device is illuminated as shown in Figure 4.11. In this 

section, two sets of measurements are performed that can be labelled as static and dynamic 

characterization based on the dc/ac nature of the applied signal. The lumped element 

equivalent circuit of a typical solar cell under dc and ac excitation is shown in Figure 4.12. 

Static current-voltage (IV) characteristics of the solar cell devices under dark and 

illumination conditions is investigated to find general photovoltaic specifications such as 

short circuit current, open circuit voltage, fill factor and power conversion efficiency.  

Dynamic capacitance-voltage (CV) characterization of the devices incorporates a small ac 

signal in addition to the dc signal which interacts with the microscopic charge carriers 

within the structure. The frequency of the ac signal can be changed to observe the carrier 

transport mechanisms of different time scales within the structure.       

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 4.12. Lumped element equivalent circuit of a typical solar cell under dc (left) 

and ac (right) excitation signals. Rp and Rs refers to series and parallel resistances. 

Cd and Ct refers to depletion and transition capacitances with their associated 

resistances (as will be discussed in 4.3.3).  

Figure 4.11. Typical diode rectification behavior through transition from reverse to 

forward bias. The IV curve is shifted by the illumination induced photocurrent.     
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4.2.1. Current voltage (IV) and photovoltaic measurement preliminary result 

 

In order to measure the photovoltaic performance of our devices, the solar spectrum was 

simulated to illuminate the samples. The spectral irradiance of sunlight on the Earth’s 

surface (AM1.5) is shown in Figure 4.13 with integrated power density of ~1000 W/m2 

[97]. To obtain this, a 150 W Xenon lamp (Newport Co.), passing through an AM1.5 filter 

at room temperature was used. Similarly, the optical power output of the solar simulator 

lamp was ~100 mW/cm2. For the current–voltage (I–V) measurements in the dark and light 

condition, a computer-controlled Keithley 2400 source meter was used.  

The maximum and minimum values of the input sweep voltage were chosen such that it 

biased the cell from reverse to forward in a suitable range to observe typical diode 

rectification characteristics. The IV curves under dark and AM 1.5 illumination were 

investigated to distinguish typical current shift caused by the photovoltaic effect. 

As mentioned earlier, 5 solar cell devices were fabricated through masking process on 

each MBE grown sample. Some devices didn’t show the typical diode rectification 

characteristics while some showed rectification but with high reverse current. Therefore, 

the measurement presented here refers to the devices with the highest performance, i.e. the 

diodes with the lowest reverse current and the highest photovoltaic efficiency.  

 

 

 

 

 

 

 

 

 Figure 4.13. Spectral irradiance of sunlight outside the Earth’s atmosphere (AM0) 

and on the Earth’s surface (AM1.5) [97]. 

 



 94 

Figure 4.14 shows the current density vs. voltage (J-V) characteristic curves for 

representative p+n samples with different Bi incorporation as well as the GaAs reference 

sample in the dark (dashed lines) and AM 1.5 (solid lines) conditions. Representative 

samples show typical diode rectification characteristics as well as the photovoltaic effect 

under illumination distinguished by the photocurrent down-shift of the JV curve. Relatively 

large leakage dark currents are observed for most of the samples. The leakage current is 

increased by the fact that the whole area of each device, including the Au contact and the 

area covered by silver paint, contributes to the dark current, while only the exposed Au 

area contributes to the photo current. In the case of Bi containing samples, Isc and Voc are 

slightly higher than that of the GaAs diodes. 

A typical JV curve is interpreted through carrier concentrations’ variation under steady 

state condition which is governed by five coupled sets of equations, i.e. Poisson's equation, 

transport equations for electrons and holes as well as the continuity equations for electrons 

and holes as represented in Eq 4.10 to 4.12 with all associated terms as listed in Table 4.7. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.14. Representative current density-voltage (JV) curve of p+/n GaAsBi devices 

with 3 different Bi concentration are shown while measured in dark (dash lines) and under 

AM 1.5G illumination (solid lines). GaAs sample without any Bi incorporation is shown 

as reference. Devices are selected among those with low reverse current and high-power 

conversion efficiency. Measurement done by Z. Jiang. 
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Poisson's equation gives the relationship between the space charge density and the 

divergence of the electric field strength in either p or n region. Transport equations describe 

the flow of carriers, namely, diffusion and drift currents. The continuity equations keep 

track of all the carriers in terms of movement, generation and recombination while the 

steady state condition implies that the total carrier concentrations do not change over time. 

More details on the p-n junction governing equations can be found in Ref [106].  

𝑑𝐸

𝑑𝑥
=  

𝜌
=  

𝑞
 (𝑝(𝑥) − 𝑛(𝑥) +  𝑁𝐷

+ −  𝑁𝐴
−)                            Poisson Equation           (4.10) 

𝐽𝑛 = 𝑞𝜇𝑛𝑛𝑝𝐸 + 𝑞𝐷𝑛
𝑑𝑛𝑝

𝑑𝑥
      (in the p-layer)                           Transport Equation         (4.11) 

𝐽𝑝 = 𝑞𝜇𝑝𝑝𝑛𝐸 − 𝑞𝐷𝑝
𝑑𝑝𝑛

𝑑𝑥
      (in the n-layer)                           Transport Equation         (4.12) 

1

𝑞
 
𝑑𝐽𝑛

𝑑𝑥
=

𝛥𝑛𝑝

𝜏𝑛
 − 𝐺𝑛                 (in the p-layer)                         Continuity Equation      (4.13)            

1

𝑞
 
𝑑𝐽𝑝

𝑑𝑥
= −(

𝛥𝑝𝑛

𝜏𝑝
 − 𝐺𝑝)           (in the n-layer)                          Continuity Equation      (4.14) 

The five coupled equations become solvable after few assumptions (uniformly doped 

semiconductor under low level injection regime, the electric field is confined only to the 

abrupt junction region, all dopant atoms are ionized) and by applying the boundary 

conditions to find the five unknown parameters of n(x,t), p(x,t), Jn(x,t), Jp(x,t), E(x,t). The 

general solution of the coupled differential equations gives the total current density J 

(mA/cm2) in the solar cell which is given by [106]: 

 𝐽 = 𝐽0 [𝑒𝑞𝑉/ɳ𝑘𝑇 − 1] − 𝐽𝐿                                                                                            (4.15) 

Where J0 is the reverse or saturation current density (the diode leakage current density in 

the absence of light) and JL is the photocurrent density that are defined as: 

𝐽0 =  𝑞𝑁𝑐𝑁𝑣  [ 
1

𝑁𝐷
√

𝐷𝑝

𝜏𝑝
+ 

1

𝑁𝐴
 √

𝐷𝑛

𝜏𝑛
 ] 𝑒−𝐸𝑔/𝑘𝑇                                                                (4.16) 

𝐽𝐿 =  𝐽𝑑𝑖𝑓𝑓,𝑛 (𝜆) + 𝐽𝑑𝑖𝑓𝑓,𝑝 (𝜆) +  𝐽𝑑𝑟𝑖𝑓𝑡 (𝜆)                                                                                    (4.17) 
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Expressions for short circuit current density (JSC) and open circuit voltage (VOC) can be 

obtained from Eq 4.15 by assuming V = 0 and J = 0 respectively as in the following:   

𝐽𝑆𝐶 = 𝐽𝐿       𝑎𝑛𝑑      𝑉𝑂𝐶 =
ɳ𝑘𝑇

𝑞
𝑙𝑛 [

𝐽𝐿

𝐽0

+ 1]                                                                           (4.18)                          

Taking the JSC and Voc from the JV curve, fill factor (FF) and power conversion efficiency 

(PCE) can be calculated from the following equations [106]:   

 

FF = 
𝐽𝑚𝑎𝑥 𝑉𝑚𝑎𝑥

𝐽𝑠𝑐𝑉𝑜𝑐
                                                                                                           (4.19) 

η = PCE  = 
𝑃𝑚𝑎𝑥

𝑃𝑖𝑛
= 𝐹𝐹 

𝐽𝑠𝑐 𝑉𝑜𝑐

𝑃𝑖𝑛
                                                                                    (4.20) 

where Jmax and Vmax are quantities for the maximum power output and Pin is the incident 

optical power density that is transmitted through the metallic top contact into the active 

layer. The optical transmittance [1 – (reflection + absorption)] of the 10 nm thick Au top 

contact in the spectral window of 400-1000 nm had been measured previously and was 

found to be 0.53 [46]. Therefore, the transmitted optical power density of AM1.5 incident 

light was estimated to be Pin ~ 53 mW/cm2. Hence, by having the J-V measurements of the 

devices and using the mentioned equations, performance parameters of each cell were 

extracted as listed in Table 4.6.  

 

 

 

 

 

 

 

 

 

 

 

Table 4.6. PV performance parameters extracted from J-V experiments by Z. Jiang. 

emitter/base

Sample # R2336 R2331 R2337 R2346 R2636a R2636b R2637a R2637b

Bi       [%] 0 0.3 0.7 1.1 0 0 0.8 0.8

Tgrowth [˚C] 330 330 330 330 370 370 370 370

JSC          [mA/cm
2
] 8.8 20 12 9 7.5 7.4 8 7.7

VOC      [V] 0.19 0.53 0.59 0.47 0.424 0.428 0.62 0.54

FF      [%] 26.7 29.4 45 35.5 39.9 45.5 50.8 41.4

PCE   [%] 0.9 5.7 6 2.8 1.3 1.4 2.5 1.7

n
+
/p p

+
/n
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Table 4.7. Associated terms introduced in Eq. 4.10 to 4.18 with units.  

Term Physical quantity Value (Unit) 

E Electric field (V cm-1) 

V Applied bias voltage on the diode terminal  (V) 

Vbi Diode built-in potential (V) 

J , J0 , JL Total, dark (saturation), photo current density (m A cm-2) 

Jn , Jp Electron, hole current density (m A cm-2) 

Eg Material bandgap (eV) 

T Absolute temperature (K) 

k Boltzmann's constant 1.38 ×10-23 (JK-1) 

q Electron charge 1.6 × 10-19 (C) 

Vth (= kT/q) Thermal voltage 25.85 mV at 300 K 

ɳ Ideality factor 1 < ɳ < 2 

ɛ0  Permittivity of free space   8.8 × 10-12 (Fm-1) 

ɛr Relative permittivity of GaAs 12.88 

ρ Charge density (C cm-3) 

n , p  Total electron, hole density (cm-3) 

np , pn Minority electron, hole concentration (cm-3) 

ND , NA Donor, acceptor atom density (cm-3) 

μn , μp Electron, hole mobility (cm2 V-1 s-1) 

Dn , Dp  Electron, hole diffusion coefficients  (cm2 s-1) 

τn ,  τp Electron, hole minority carrier lifetime (s) 

Ln = √𝐷𝑛𝜏𝑛) Electron minority carrier diffusion length  (cm) 

Lp = √𝐷𝑝𝜏𝑝) Hole minority carrier diffusion length (cm) 

Nc , Nv  Conduction, valence band density of states (cm-3) 

Sn , Sp Minority e/h surface recombination velocity (cm s-1) 

Gn , Gp  Minority electron, hole generation rate  (cm-3 s-1) 

Wn, Wp depletion width in n and p region (cm) 

W Total depletion width thickness (cm) 
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The external quantum efficiency (EQE) as defined by Eq. 4.21 was obtained at zero bias 

using monochromatic light (Cornerstone 130, Newport Co. monochromator) in the spectral 

range of 400-1100 nm and by measuring the induced current and voltage across the device 

as shown in Figure 4.15 (a) and (b) for p+/n and n+/p structures respectively.  

𝐸𝑄𝐸 (𝜆) =  
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑒𝑑 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠 𝑝𝑒𝑟 𝑠𝑒𝑐𝑜𝑛𝑑

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 𝑝𝑒𝑟 𝑠𝑒𝑐𝑜𝑛𝑑
=  

𝐼 (𝜆)/𝑞

𝑃𝑖𝑛 (𝜆)/ℎ𝜈
                                     (4.21) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) 

(b) 

Figure 4.15. Measured EQE for (a) p+/n and (b) n+/p devices in the spectral range of 

400-1100 nm with structures as shown in Figure 4.10. Measurement done by Z. Jiang. 
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The GaAs absorption edge (~ 890 nm) is shown by a dashed line in the EQE spectrum 

of both p+n and n+p structures in Figure 4.15. The GaAs reference devices show a sharp 

transition to zero quantum efficiency at the band edge. With the introduction of Bi into 

GaAs, a non-zero EQE below the GaAs band edge is obtained, indicating that the photon 

absorption and carrier generation have taken place in GaAsBi alloys at longer wavelengths 

than in GaAs. The spectral EQE is shown to expand to the infrared with increasing Bi 

content.  

Based on the power conversion efficiencies of p+n structures reported in Table 4.6, the 

structure with 0.7% Bi incorporation showed the highest efficiency of 6%. This shows 

increase in comparison with 4.18% power conversion efficiency reported by 

Muhammetgulyyev et al. who measured the JV characteristic of a dilute intrinsic 

GaAs0.983Bi0.017 layer grown between p and n doped GaAs emitter and base layer [103]. As 

a result, the Bi content of ~ 0.7% was also selected to grow the n+p samples to compare the 

two structures.  

Figure 4.15 shows that the EQE spectrum of both p+n and n+p structures with ~ 0.7% Bi 

content lie within a similar range with the maximum efficiency of ~ 30%. We would expect 

that the n+p structure gives a higher efficiency due to the higher mobility and therefore the 

higher diffusion length of minority carriers in the base layer (higher diffusion length of 

minority electrons in the p layer). There are number of factors that are different in the two 

structures and the similar efficiency is a combination of those factors such as difference in 

the emitter and buffer layer thicknesses as well as the difference in the electron and holes 

minority carrier lifetime. One of the main factors in the case if p+n structure is the presence 

of thick window and emitter layer (~ 500 nm) which contributes highly to the total 

absorption of the top layer in comparison with the thinner emitter layer in the case of  n+p 

structure (~ 20 nm). 

It needs to be mentioned that the diffusion length of minority carriers in highly doped 

GaAs is ~ Ln < 20 µm and Lp < 3 µm for 3×1018 cm-3 doped-GaAs [108] which are generally 

much shorter than the thickness of the substrate (350 µm). As a result, generated carriers 
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deep in the substrate are not expected to be collected if they are farther than the diffusion 

length from the contact as they recombine before they can diffuse into the junction. 

The measured EQE spectrum will be further discussed in section 4.3 where the results 

are modeled to obtain more information about the diffusion length and lifetime of the 

minority carriers.  

4.2.2. Capacitance voltage (CV) measurement preliminary result 

Impedance spectroscopy is an AC characterization technique to obtain the real and 

imaginary part of the electrical impedance [109], which is not available when using only 

DC characterization. In this technique, the alternating input signal can probe relaxation 

processes of different time scales within the device under test by varying the frequency of 

the input signal Vac and measuring the alternating current response Iac.  

Impedance measurements were performed using a GAMRY Reference 600 

Potentiostat/ZRA from 1Hz to 1MHz with a small AC signal perturbation of 10 mV (rms). 

Bias voltage ranged from -1.5V to 1.5V producing Nyquist impedance curves. All the 

experiments have been carried out inside a Faraday’s box to avoid environment noise. The 

contribution of the setup to the measured impedance spectra has been measured by short-

circuiting the measurement system to obtain the setup resistance. Additionally, all parasitic 

resistances and inductances of the connecting wires at high frequencies were taken into 

account in the calibration process.  

Figure 4.16 shows a typical Nyquist impedance spectrum that was measured on p+n and 

n+p structure for several representative bias voltages in the range of -1 to 0.7 V. At the bias 

voltages outside -1.5 to 1.5 V range, some distortions were observed in the low frequency 

spectrum due to the limitations imposed by the instrument frequency range capability. The 

impedance spectrum shows semicircles indicating that the ac equivalent circuit of a solar 

cell structure mainly has a single time constant. The expected semi-circle shape is shown 

in Figure 4.17 where the scales of the both axes have the same dimension. The presence of 

only one time constant in the impedance spectrum indicates that the front and back contacts 

are ohmic and they don’t contribute to the cell impedance and there is no other source for 
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introduction of parasitic capacitance. As a result, the structure can be modeled as in Figure 

4.17 with a series resistance (Rs) in conjunction with parallel RC elements (Rp , Cp) which 

describe the variation of the pn junction capacitance as a function of bias voltage. By 

applying such circuit model to the impedance spectrum, the circuit elements such as series 

and parallel resistances (Rs, Rp) as well as the capacitance (Cp) of the structure can be 

obtained. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.16. Real and reactive components of the (a) p+/n – R2337 and (b) n+/p – R2636 structure 

impedance spectrum under different bias voltages. Each data point represents the impedance of 

the structure at specific frequency. The applied sinusoidal signal frequency ranged from 1kHz to 

1MHz to observe the variation of the cell impedance influenced by relaxation processes with 

their associated time scales within the structure.  

(b) 

(a) 

high 
frequency 

low 
frequency 
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Figure 4.18 shows the obtained series and parallel resistances of the applied circuit model 

for the p+n and n+p structures as a function of applied voltage. The series resistance (Rs) 

indicates the starting point of the Nyquist impedance spectrum and is relatively insensitive 

to the applied voltage. However, the parallel resistance (RP) shows a decreasing trend by 

moving from reverse to forward bias as expected for a diode identified as a rectifying 

element. In general, the n+p structure shows a higher range of resistances indicating that 

the structure is more resistive in comparison with the p+n structure. This higher resistivity 

can be explained by the lower doping level of the n+p structure which will be discussed in 

section 4.3.   

Figure 4.19 shows the obtained capacitance of the p+n and n+p structures as a function 

of applied voltage. The capacitance increases rapidly moving from reverse to forward bias 

as expected by a diode characteristic. The n+p structure shows smaller range of capacitance 

in comparison with the p+n structure which can be explained again by the lower doping 

level of the n+p structure. Useful information such as built in potential, doping level, 

depletion width and the diode ideality factor can be extracted from analyzing the CV 

characteristic which will be discussed in section 4.3.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.17. (a) The semi-circle shape of the Nyquist impedance spectrum of the n+p 

sample for two selected voltages on a diagram with same dimensions on the real and 

imaginary part axis. (b) Small signal model of a p-n junction showing a parallel 

combination of   RP and CP elements in series with a resistance Rs. Nyquist impedance 

spectrum for each applied voltage is modeled with this equivalent circuit to obtain the 

model elements of Rs, RP and CP. 

(a) 
(b) 

25 ohm 
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Figure 4.18. Variation of the series and parallel resistances of the (a) p+n – R2337 

and (b) n+p – R2636 structures measured by impedance spectroscopy under forward 

and reverse bias regime and in the frequency range of 1 Hz to 1 MHz. 

(a) 

(b) 



 104 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.19. CV characteristic of the (a) p+/n – R2337 and (b) n+/p – R2636 structures 

measured by impedance spectroscopy under forward and reverse bias regime and in 

the frequency range of 1 Hz to 1 MHz. 

(b) 

(a) 
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4.3. Analysis and modeling of the IV and CV characteristics 

In this section the measured IV and CV characteristics are modeled to find more 

information on the photo response behaviour of the grown structures as well as the   carrier 

transport properties of the unconventionally grown GaAs and GaAs92Bi08. 

In the case of IV analysis, the photocurrent produced by the drift current in the depletion 

region and diffusion current outside of the depletion region is calculated using standard 

continuity and transport equations in a p-n junction. The model input parameters of 

GaAs92Bi08 material properties are measured directly or estimated from GaAs in the case 

of unknown properties. Notably, the absorption spectrum of GaAs and GaAs92Bi08 as well 

as the reflection spectrum of GaAs were obtained from ellipsometry measurements as was 

discussed in chapter 3. Finally, the measured external quantum efficiency of the devices 

with the best photovoltaic performances are modeled by standard continuity and transport 

equations and the model fitting parameters are extracted which gives us information about 

the thickness of depletion width, surface recombination velocities as well as the minority 

carrier transport properties which are minority carrier lifetime and diffusion lengths. The 

calculated values for the minority carrier transport properties are compared with available 

literature-reported values.  

In the case of CV analysis, the measured CV characteristics through impedance 

spectroscopy is discussed. In impedance spectroscopy analysis of solar cells, the 

interpretation of the capacitance is essential as a primary step to determine the right model 

that describes carrier transport and recombination. For such purpose, models describing a 

typical p-n junction capacitance under reverse and forward bias regimes are discussed. The 

CV characteristics is then modeled by the appropriate formulation of capacitance in each 

scenario. The model fitting parameters are then extracted which gives us information about 

the built-in potential, depletion width, doping profile of the structures as well as the ideality 

factor of the diode. The results are discussed and compared with literature values if 

available.         
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4.3.1. Modeling the junction photocurrent using transport equations 

The total collected current in a solar cell device under illumination can be modeled by 

the standard equations that describe variations of the carrier concentrations in a typical pn 

junction. The model is briefly discussed here while more details can be found in [106].  

When monochromatic light of wavelength λ is incident on the front surface, photons are 

absorbed and carriers are generated at a distance x from the semiconductor surface, at the 

following rate: 

𝐺 (𝜆, 𝑥) =  𝛼 (𝜆) 𝜙(𝜆) (1 − 𝑅(𝜆)) exp (−𝛼(𝜆) 𝑥)                                                  (4.22) 

where 𝛼 (𝜆) is the absorption coefficient, 𝜙(𝜆) is the number of incident photons per unit 

area per unit time per unit bandwidth and 𝑅(𝜆) is the fraction of the photons reflected from 

the surface. The carrier generation and recombination (Δn/Δx) can take place in three 

regions of the device: the top un-depleted emitter region, the junction depletion region, and 

in the un-depleted base region. The photogenerated carriers in the un-depleted emitter and 

base regions are collected by diffusion while in the depletion region the carriers are 

collected by the drift process. Figure 4.20 shows the schematic of collected currents in a 

typical p-n junction under illumination with designated distances from the surface. By 

considering the n+p emitter/base configuration, as an example, minority carrier diffusion 

currents in the n-doped and p-doped layers can be found through Eq. 4.23 and 4.24 

respectively which is the solution to the standard p-n junction transport equations.  

 

 

 

 

 

 

 

 

Figure 4.20. Drift and diffusion currents in a typical solar cell p-n junction.  
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𝐽𝑑𝑖𝑓𝑓,𝑝 = −𝑞𝐷𝑝 (
𝑑𝑝𝑛

𝑑𝑥
)

𝑥𝐸

                                                                                                  (4.23) 

= [
𝑞𝛼𝑛ϕ(1−R)𝐿𝑝

𝛼𝑛
2  𝐿𝑝

2 −1
] [

( 
𝑆𝑝𝐿𝑝

𝐷𝑝
+𝛼𝑛𝐿𝑝)−𝑒−𝛼𝑛𝑥𝐸(

𝑆𝑝𝐿𝑝

𝐷𝑝
cosh(

𝑥𝐸
𝐿𝑝

)+sinh (
𝑥𝐸
𝐿𝑝

))

𝑆𝑝𝐿𝑝

𝐷𝑝
 sinh(

𝑥𝐸
𝐿𝑝

)+cosh (
𝑥𝐸
𝐿𝑝

)
− 𝛼𝑛𝐿𝑝𝑒−𝛼𝑥𝐸]   

𝐽𝑑𝑖𝑓𝑓,𝑛 = 𝑞𝐷𝑛 (
𝑑𝑛𝑝

𝑑𝑥
)

𝑥𝐸+𝑊
                                                                                                           (4.24) 

=  [
𝑞𝛼𝑝ϕ(1−R)𝐿𝑛

𝛼𝑝
2  𝐿𝑛

2 −1
] 𝑒−𝛼𝑝(𝑥𝐸+𝑊) [𝛼𝑛𝐿𝑝 −

( 
𝑆𝑛𝐿𝑛

𝐷𝑛
)(cosh(

𝑥𝐵
𝐿𝑛

)−𝑒−𝛼𝑛𝑥𝐵)+sinh (
𝑥𝐵
𝐿𝑛

)+𝛼𝑛𝐿𝑝𝑒−𝛼𝑛𝑥𝐵

(
𝑆𝑛𝐿𝑛

𝐷𝑛
 ) sinh(

𝑥𝐵
𝐿𝑛

)+cosh (
𝑥𝐵
𝐿𝑛

)
]  

In these equations, pn and np represent the concentration of minority holes in n-doped layer 

and the concentration of minority electrons in p-doped layer respectively. The absorption 

coefficient of the n and p layers are αn and αp. Finally, Sp and Sn are the surface 

recombination velocities for minority carriers at front (𝑥 = 0) and back surface (𝑥 = 𝑑) 

respectively as shown in Figure 4.20. Other terms were introduced in Table 4.7. 

Moreover, within the depletion region, it is assumed that all of the photo-generated carriers 

are accelerated out of the depletion region before they can recombine due to the high 

electric field. Therefore, the photocurrent per unit bandwidth is equal to the number of 

photons absorbed.  

𝐽𝑑𝑟𝑖𝑓𝑡,𝑛  =  𝑞Φ (1 − 𝑅)𝑒−𝛼𝑥𝐸(1 − 𝑒−𝛼𝑊𝑛)                                                             (4.25) 

𝐽𝑑𝑟𝑖𝑓𝑡,𝑝  =  𝑞Φ (1 − 𝑅)𝑒−𝛼(𝑥𝐸+𝑊) (1 − 𝑒−𝛼𝑊𝑝)                                                     (4.26) 

Where 𝑥𝐸 and  𝑥𝐸 + 𝑊 are the depletion region edges measured from the surface while Wn 

and Wp are the thicknesses of the depletion region extended in the n-doped and p-doped 

layer respectively. Finally, the total generated photocurrent is the sum of the diffusion and 

drift current density as in Eq. 4.27 and the external quantum efficiency (EQE) can be found 

by dividing the photocurrent to the number of the incident photons as in Eq. 4.28. 

𝐽𝐿(𝜆) =  𝐽𝑑𝑖𝑓𝑓,𝑛 (𝜆) + 𝐽𝑑𝑖𝑓𝑓,𝑝 (𝜆) +  𝐽𝑑𝑟𝑖𝑓𝑡 (𝜆)                                                         (4.27) 

𝐸𝑄𝐸 (𝜆) =  
𝐽𝐿(𝜆)

𝑞Φ
=  

𝐽𝑑𝑖𝑓𝑓,𝑛 (𝜆)+𝐽𝑑𝑖𝑓𝑓,𝑝 (𝜆)+ 𝐽𝑑𝑟𝑖𝑓𝑡 (𝜆)

𝑞Φ
                                                    (4.28)  
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This model was used to simulate the measured experimental EQE of the solar cells while 

the model input parameters were obtained as listed in the following:  

𝝓(𝝀), α (λ), R (λ): The spectrum of the incident light 𝜙(𝜆) is known as part of the setup 

characteristics. The wavelength dependent absorption spectra α(λ) of GaAs and GaAsBi 

layers were found through ellipsometry measurements as shown in Figure 4.21. The 

reflection of the GaAs top surface R (λ) was also found through the complex refractive 

index from ellipsometry measurements and using Eq. 4.29 (while n1= 1 for air - assuming 

that the thin metal contact layer can be ignored) as shown in Figure 4.22.  

 𝑅 =   |
𝑛1− 𝑛2)

𝑛1+ 𝑛2)
|

2
=  |

1−(𝑛+𝑖𝑘)

1+(𝑛+𝑖𝑘)
|

2
                                                                                   (4.29) 

𝑾, 𝒙𝑬 , 𝒙𝑩: In calculation of the drift current, the edge positions and thickness of depletion 

region is required which is calculated using Eq. 4.30 and Eq. 4.31 for the n-side and p-side 

respectively and by substituting the known doping profile (𝑁𝑎 , 𝑁𝑑) of the junction. The 

calculated values are used as initial guess for fitting the EQE experimental spectrum. 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.21. Absorption spectrum of GaAs and GaAsBi (Bi = 0.9%) measured by 

ellipsometry. The inset shows the vicinity of the absorption edge. 
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Figure 4.22. Refractive index (n) and extinction coefficient of top surface GaAs 

measured by ellipsometry (a) and the calculated reflectivity (b).  

(a) 

(b) 
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𝑊𝑛 =  √
2ɛ𝐺𝑎𝐴𝑠

𝑞
 

𝑁𝑎

𝑁𝑑
 

1

𝑁𝑎+𝑁𝑑
𝑉𝑏𝑖                                                                                         (4.30) 

𝑊𝑝 =  √
2ɛ𝐺𝑎𝐴𝑠

𝑞
 
𝑁𝑑

𝑁𝑎
 

1

𝑁𝑎+𝑁𝑑
𝑉𝑏𝑖                                                                                         (4.31) 

where  

𝑉𝑏𝑖 =  
𝑘𝑇

𝑞
ln (

𝑁𝑎𝑁𝑑

𝑛𝑖
2 ) = 𝑉𝑡ℎ ln (

𝑁𝑎𝑁𝑑

𝑛𝑖
2 )                                                                         (4.32)  

For diffusion current calculation, general information on surface recombination velocity 

(S), the diffusion constant (D) and the diffusion length (L) are required to be used as initial 

guess in fitting the experimental EQE spectrum as discussed in the following:  

Sn , Sp : Surface recombination velocity is due to the surface defects at which carriers 

recombine and can range up to a significant fraction of the thermal speed. Thermal speed 

is the velocity of carrier movement in the crystal structure defined by vT = √3𝐾𝑇/𝑚∗ 

where m* is the effective mass of carriers [111]. Thermal speed of carriers at room 

temperature (T = 300) is about ~ 107 cm/s which is considered as the upper limit of carrier 

recombination velocity at the crystal surface. Moreover, surface recombination velocity in 

the range of 103 to 107 cm/s is considered the critical range for device application [112]. 

Therefore, the surface recombination velocity of minority carriers is adjusted within the 

range of 103 - 107 cm/s to obtain the optimum fit to the EQE experimental spectrum.  

Dn , Dp : The diffusion constant is defined as D = 𝑉𝑡ℎ × 𝜇 where 𝑉𝑡ℎ = 26 mV and µ is the 

mobility of minority carriers within the material. The mobility of minority carriers in GaAs 

 Table 4.8. Constant input model parameters for simulation of EQE spectrum.  

 

Model Input parameters for GaAs Value Ref 

ɛGaAs (GaAs permittivity) 12.9 ɛ0 [110] 

ni (GaAs intrinsic carrier concentrations) 2.1 × 106 cm-3 [110] 

µn (Minority electron mobility at p = 1016 and 1018 cm-3) 3800, 2300 cm2/Vs 
[113, 114] 

µp (Minority hole mobility at n = 1016 and 1018 cm-3) 320, 295 cm2/Vs 
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emitter layer with the specific doping of 1018 cm-3 was obtained from literature as listed in 

Table 4.8. Since the mobility of minority carrier in GaAs92Bi08 base layer with the specific 

doping of 1016 cm-3 is unknown, this is also estimated from GaAs as listed in Table 4.8. 

Ln , Lp : The diffusion length is defined as 𝐿 =  √𝐷𝜏 where D is the minority carrier 

diffusion constant as discussed above and τ is the minority carrier recombination lifetime. 

GaAs minority carrier recombination lifetime are also used as initial guess to fit the EQE.     

 As a result, the model input parameters of depletion width (Wn, Wp), surface 

recombination velocity (Sn , Sp) and minority carrier lifetime (τn , τp) were assumed as the 

fitting parameters and were adjusted systematically to simulate the experimental EQE 

spectrum. Figure 4.23 to Figure 4.25 shows the systematic adjustment of these fitting 

parameters for the p+n structure while Figure 4.26 to Figure 4.28 shows the similar analysis 

for the n+p structure. 

 Its noteworthy that in fitting each parameter, two factors are considered to find the 

optimum range. First, the shape of the calculated spectrum is attempted to be similar to the 

experimental spectrum. Second, the experimental spectrum is attempted to be covered by 

the estimated range for the most part of the wavelengths within the spectrum. It needs to 

be mentioned that changing a typical fitting parameter should affect the spectrum within 

the selected optimum range as well. Otherwise, it is considered that the fitted value has 

exceeded the saturation level and lies outside of the optimum range. Regarding these 

conditions, the optimum range of the fitting parameters for the p+n and n+p structures were 

obtained as in Table 4.9 which is further discussed in the following and also in each 

associated figure caption.  

Table 4.9. The optimum range of W, S, τ, D parameters by fitting the experimental EQE.     

Structure 
Depletion width  

(nm) 

Surface 

recombination 

velocity (cm/s) 

Minority  

carrier lifetime (s) 

Diffusion length 

(nm) 

p+/n 

(1018/1016 cm-3) 

2 < Wp < 18 

350 < Wn < 400 

103 < Sn < 104 

Sp ~ 107 

10-10 < τn+ < 10-9 

1×10-12 < τp < 5×10-11 

28 < Ln+ < 91 

770 < Lp < 2440 

n+/p 

(1018/1016 cm-3) 

1 < Wn < 6 

350 < Wp < 420 

106 < Sp < 107   

Sn ~ 107 

8×10-13 < τp+ < 5×10-11 

5×10-11 < τn < 5×10-10 

24 < Lp+ < 195 

700 < Ln < 2210 
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It can be seen that changing the depletion width fitting parameters (Wn, Wp) mainly 

changes the middle of the spectrum in the n and p region where the drift current is collected 

by the cell. On the other hand, changing the surface recombination velocity and minority 

carrier lifetimes (Sn, Sp, τn, τp) mainly affect the edges of the EQE spectrum where the drift 

currents are collected considering the fact that the higher energy photons are absorbed in 

the upper segments of the cell and the lower energy photons are absorbed deeper in the 

cell. Moreover, Figure 4.23 to Figure 4.28 shows that changing the depletion width (Wn, 

Wp) and surface recombination velocity (Sn , Sp) change the spectrum much higher than 

changing the minority carrier lifetime (τn, τp). Therefore, these two parameters (W, S) are 

fitted first to obtain an optimum range and then the average value of the optimum range is 

considered as a fixed value to fit the minority carrier lifetime.   

Depletion width is found to be in the range of 2 – 18 nm for Wp and 350 – 400 nm for Wn 

in the p+n Structure. It can be seen in Figure 4.23 that changing Wp affect the spectrum 

much more than changing Wn which is expected as light is attenuated while travelling down 

into the cell. Figure 4.23 (b) shows that increasing Wp above 400 nm won’t change the 

spectrum which is considered as the saturation limit. Similarly, in the case of n+p structure, 

Wn and Wp are found in the range of 1 – 6 and 350 – 420 nm respectively as shown in 

Figure 4.26. Theoretically, based on the equations 4.30 and 4.31, depletion widths of an 

abrupt junction in GaAs with the doping profile of 1018/1016 cm-3 is ~ 4/420 nm which was 

used as initial guess in the fitting process. The obtained fitting range average is close to the 

theoretical value with ±4/40 nm difference. Depletion width was also found using the CV 

measurement which will be discussed in section 4.3.3.        

   

Surface recombination velocity of minority carries was fitted within the critical range of  

103 to 107 cm/s for device application [112] while the smaller recombination velocity is 

more desirable for better performance of the device. Figure 4.24 and Figure 4.27 shows the 

effect of changing Sn and Sp in p+n and n+p structures respectively. It is inferred that in both 

structures, surface recombination velocity on the emitter side heavily change the simulation 

spectrum. Considering the shape and curvature of the experimental EQE, surface 

recombination velocity is estimated to be in the range of 103 – 104 and 106 – 107 cm/s for  

Sn and Sp on the emitter side in p+n and n+p structures while Sp in the case of n+p structure 
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is more sensitive and the fitting parameter quickly saturates above 105 cm/s. This can be 

explained by the very thin layer of emitter in the case of n+p structure in comparison with 

the thicker emitter and window layer in the case of p+n structure.   

Figure 4.24 and Figure 4.27 shows that the simulated EQE is insensitive to the surface 

recombination velocity on the base side of both structures. This can also be explained by 

the thick buffer layer and substrate in both structures and the fact that the diffusion current 

in the base region has the least contribution to the total collected current. Therefore, Sp and 

Sn in p+n and n+p structures are assumed to be equal to the 107 cm/s which is the thermal 

velocity of carriers at room temperature. It needs to be mentioned that obtaining the back 

surface recombination velocity by fitting the experimental EQE is less reliable than the 

other fitting parameters; however, it doesn’t affect the other parameters optimum range as 

well.  

Minority carrier lifetime is fitted at the last step with the average value of the fitting 

parameters that is obtained by fitting the depletion width and front-side surface 

recombination velocity. Figure 4.25 and Figure 4.28 shows the effect of change in the 

minority carrier lifetime on the simulated EQE spectrum. Similar to the previous fitting 

parameters, it is observed that the simulated EQE is more sensitive to the emitter side 

minority carrier lifetime compared to the base side. In fitting the minority carrier lifetime, 

the shape of the spectrum is less changed by changing the fitting parameter; therefore, the 

optimum range is concluded mainly based on the fact that the simulated spectrum needs to 

be affected, even slightly, by changing the fitting parameters to be reliable.  

In the case of p+n structure, τn in the range of 10-10 – 10-9 s will cover the experimental EQE 

in the emitter side. In the base side, τp fitting value would saturate the simulated EQEE 

outside of the 1×10-12 – 5×10-11 s range.  

In the case of n+p structure, τp+ of above 8×10-13 s start to cover the experimental EQE 

while beyond 5×10-11 s, the simulated EQE would saturate. On the base side, changing the 

τn fitting parameters outside of the 5×10-11 – 5×10-10 s range would saturate the simulated 

spectrum.  
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Figure 4.23. Effect of depletion width fitting parameter change on p+n structure 

simulated EQE spectrum while (+) shows the measured EQE. Changing Wp 

within the range of 2 – 18 nm will cover the experimental EQE in the middle and 

short wavelength part of the spectrum. Changing Wn fitting parameter affect the 

middle and the long wavelength of the spectrum. Above 350 nm, the simulated 

EQE start to cover the experimental EQE while above 400 nm, Wn is saturated 

and will not change the simulation anymore. Therefore, the optimum range of 

the Wp is assumed to be 350 – 400 nm.     

Wp Change in p+n structure 

Wn Change in p+n structure 

(a) 

(b) 

          1 nm 

          3 nm 

          5 nm 

          7 nm 

          10 nm 

          12 nm 

          15 nm 
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 +       EQE 

1 nm 

19 nm 
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          400 nm 

          450 nm 

          500 nm           

+        EQE 
300 nm 

500 nm 

p+n Structure 

Wavelength (nm) 
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E
Q

E
 

E
Q

E
 

Fixed parameters:  

Sn = 5×103 , Sp = 1×107 cm/s  ‒  τn+ = 550 , τp = 25 ps 

Fixed parameters:  

Sn = 5×103 , Sp = 1×107 cm/s  ‒  τn+ = 550 , τp = 25 ps 
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Sn Change in p+n structure 

Sp Change in p+n structure 

(a) 

(b) 

          1×103 cm/s 

          5×103 cm/s 

          1×104 cm/s 

          2×104 cm/s          

425 n 3×104 cm/s 

          4×104 cm/s 

          5×104 cm/s  

 +       EQE 

Figure 4.24. Effect of surface recombination velocity fitting parameter change on the 

p+n structure simulated EQE spectrum while (+) shows the measured EQE. Simulated 

EQE spectrum in the short wavelength region is very sensitive to the surface 

recombination velocity of Sn on the top p+ layer. Fitting Sn in the range of 103 - 2×104 

cm/s will cover the experimental EQE and is considered as the optimum range. The 

high wavelength part of the spectrum is insensitive to change of the Sp. Therefore, Sp 

can not be found by the fitting process and is assumed to be equal to the carrier 

thermal velocity of 107 cm/s at room temperature (300 K). 
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Fixed parameters:  

Wp = 10 , Wn = 375   nm ‒  τn+ = 550 , τp = 25 ps 

Fixed parameters:  

Wp = 10 , Wn = 375   nm ‒  τn+ = 550 , τp = 25 ps 
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τn Change in p+n structure 

τp Change in p+n structure 

(a) 

(b) 

          5×10-11 s  

          1×10-10 s 

          3×10-10 s 

          5×10-10 s 

          6×10-11 s 

          8×10-11 s 

          1×10-9  s 

          3×10-9   s 

 +       EQE 

5×10-11 s 

Figure 4.25. Effect of minority carrier lifetime fitting parameter change on the p+n 

structure simulated EQE spectrum while (+) shows the measured EQE. The 

simulation result shows that the electron minority carrier lifetime lies in the range of 

10-10 < τn+ < 10-9 s to cover the experimental EQE. Changing τp in the high wavelength 

part of the spectrum in the base layer, barely affect the simulated spectrum within the 

1×10-12 < τp < 5×10-11 s range. This is assumed to be the optimum range of τp because 

simulated EQE outside of this range is saturated.  
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Fixed parameters:  

Wp = 10 , Wn = 375 nm  ‒  Sn = 5×103 , Sp = 1×107 cm/s 

Fixed parameters:  

Wp = 10 , Wn = 375 nm  ‒  Sn = 5×103 , Sp = 1×107 cm/s 
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Wn Change in n+p structure 

Wp Change in n+p structure 

(a) 

(b) 

Figure 4.26. Effect of depletion width fitting parameter change on n+p structure 

simulated EQE spectrum while (+) shows the experimental EQE. The simulation result 

shows a high sensitivity to slight changes in Wn as the emitter layer in n+p structure is 

very thin. Changing Wn within 1 – 6 nm range, will cover different parts of the spectrum 

in the middle and high energy parts of the spectrum. Wp fitting values above 350 nm 

would result in a more similar shape of the simulated EQE to the experimental one and 

is considered as the lower limit of optimum range. The upper limit of 420 nm is selected 

to cover the peak of the experimental spectrum in the center of the spectrum. 
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Fixed parameters: 

Sp = 5×106 ,  Sn = 1×107 cm/s  ‒  τp+ = 25 , τn = 270 ps 

Fixed parameters: 

Sp = 5×106 ,  Sn = 1×107 cm/s ‒ τp+ = 25 , τn = 270 ps 
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Sn Change in n+p structure 

Sp Change in n+p structure 

(a) 

(b) 

          1×103 cm/s 

          1×104 cm/s 

          1×105 cm/s 

          1×106 cm/s          

425 n 1×107 cm/s 

 +       EQE 

Figure 4.27. Effect of surface recombination velocity fitting parameter change on 

the n+p structure simulated EQE spectrum while (+) shows the measured EQE.  

Calculated short wavelength spectrum is sensitive to the surface recombination 

velocity of Sp on the top n+ layer and based on the spectrum shape Sp optimum range 

is assumed to be 106 - 107 cm/s. The high wavelength part of the spectrum is 

insensitive to change of the Sn on the back side of the n+p structure. Therefore, Sp 

can not be found by the fitting process and is assumed to be equal to the carrier 

thermal velocity of 107 cm/s at room temperature (300 K). 
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Fixed parameters:  

Wn = 4 , Wp = 385 nm  ‒  τp+ = 25 , τn = 270 ps 

Fixed parameters:  

Wn = 4 , Wp = 385 nm  ‒  τp+ = 25 , τn = 270 ps 
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τp Change in n+p structure 

τn Change in n+p structure 

(a) 

(b) 

Figure 4.28. Effect of minority carrier lifetime fitting parameter change on the p+n 

structure simulated EQE spectrum while (+) shows the measured EQE. Fitting τp+ 

parameter with value above 8×10-13 start to cover the experimental EQE in the low 

wavelength part of the spectrum while it is saturated beyond 5×10-11 s. Therefore, 

8×10-13 - 5×10-11 s is considered as the optimum range. Changing τn fitting 

parameter in the range of 5×10-11 < τn < 5×10-10 s barely changes the shape and 

height of the spectrum at the high wavelength part of the spectrum. This is 

assumed as the optimum range since the simulated spectrum is saturated below 

5×10-11 s or above 5×10-10 s.   
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Figure 4.29 shows the calculated EQE and the contribution of diffusion and drift currents 

with the average values of the optimum range as listed in Table 4.9. As can be seen in 

Figure 4.29 (a), in the case of p+n structure, carrier generation and collection is mainly in 

the thick (500 nm) window and emitter layers and by the minority electron in the p-doped 

region. In the case of n+p structure, the emitter layer is thin (20 nm); therefore, carrier 

generation and collection is mainly taken place in the depletion region.  
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n+p Structure 

Wn = 4       ,  Wp = 385   nm 

Sp = 5×106 ,  Sn = 1×107 cm/s 

τp+ = 25      ,  τn = 270     ps 

Figure 4.29. Calculated EQE spectrum using the average values in Table 4.9 and the contribution 

of diffusion and drift currents in the p+n and n+p structure. The measured EQE is shown with (+) 

symbols. In the case of p+n structure, the main contribution is from the Jn in the top p-doped layer. 

In the case of n+p structure the main contribution is from the Jd in the depletion region. 

(a) 

(b) 
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In both p+n and n+p structures, the moderately-doped (1016 cm-3) base layers are 

GaAs92Bi08 and the minority carrier transport properties of 0.8% Bi doped GaAs can be 

compared between these two structures. Based on the average values of Table 4.9, τn and 

τp are estimated to be ~ 270 and 25 ps respectively for the minority electrons and holes in 

GaAs92Bi08 with 1016 cm-3 doping level. Therefore, the minority carrier diffusion lengths 

can be estimated using literature reported mobilities in GaAs and by 𝐿 =  √𝐷𝜏 relation. By 

considering the minority electron (µ𝑛
𝑝

) and hole (µ𝑝
𝑛) mobilities of 3800 and 320 

𝑐𝑚2

𝑉𝑠
  in 

moderately-doped GaAs (1016 cm-3) [113, 114], the minority carrier diffusion lengths in 

GaAs92Bi08 with 1016 cm-3 doping level is estimated to be ~ 1600 and 140 nm for electrons 

(𝐿𝑛
𝑝

) and holes (𝐿𝑝
𝑛 ) respectively.  

In another study, the diffusion length of minority carriers in GaAsBi based PIN 

heterojunction diodes has been studied by Z. Zhou et al. [115] through photoresponsivity 

and CV measurement. In this study, n+GaAs(sub)/GaAsBi(I-region)/p+GaAs(cap) 

structures were grown with the Bi content of ~ 2.1 and 3.4% while the thickness of the 

GaAsBi un-doped region was ~ 1500 nm. By measuring the photoresponsivity and CV, it 

was found that the i-regions of the grown structures had an n-type background doping as a 

result of Bi clusters and anti-site defects [117,118,119]. The diffusion length of minority 

carriers in this lightly n-doped region (1014 cm-3) was found to be ~ 0.5 – 1 μm. This value 

is about 6× higher than the hole diffusion length of ~ 140 nm that was found in moderately 

n-doped (1016 cm-3) GaAs92Bi08 in this study. Kini et. all. also observed the rapid decrease 

of majority hole carriers in p-doped (1017 cm−3) GaAs1-xBix with up to 0.76% Bi 

incorporation which was explained by scattering from trap levels above the valence band 

due to isolated Bi and Bi-Bi pair states [120]. 

In the case of standard-grown GaAs, minority electrons and holes diffusion lengths are 

in the range of ~ 1 – 20 and 1 – 5 µm respectively for 1019 to 1016 cm-3 doped GaAs [113, 

122, 123, 124]. By modeling the EQE of n+p structure, the minority carrier diffusion length 

of holes in the low temperature grown (~ 350 °C) heavily n+- doped GaAs emitter layer 

was estimated to be ~ 10 nm which is about 10 times smaller in comparison with standard–

grown GaAs. This 10× reduction in the carrier lifetime could be due to an increase in non-
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radiative recombination centers such as arsenic anti-sites at low growth temperatures. 

Similar results were reported by Ito et al. [125] showing that the electron lifetime in heavily 

p-doped GaAs decreased significantly by lowering the growth temperature.  

4.3.3. Modeling reverse and forward bias capacitance of pn-junction  

Two main processes are responsible for carrier extraction in crystalline solar cells which 

are carrier drift and carrier diffusion. Therefore, solar cell capacitance shows two main 

components as a function of applied bias [127]: (1) Depletion or space charge region 

capacitance caused by immobile ions within the depletion region at reverse and moderate 

forward bias, and (2) Diffusion capacitance caused by transport of the mobile carriers in 

bulk or close to the depletion region that appears under forward bias. Both space charge 

and diffusion capacitance appear parallel to the diode as shown in Figure 4.30. 

The depletion-layer capacitance (Cdl) for a one-sided abrupt junction is represented by 

the Mott–Schottky characteristic [128] as in Eq. 4.33 with associated terms that were 

defined in Table 4.7. 

𝐶𝑑𝑙 =  √
𝑞 0 𝑟𝑁

2(𝑉𝑏𝑖−𝑉)
    →   

1

𝐶𝑑𝑙
2 =  

2(𝑉𝑏𝑖−𝑉)

𝑞 0 𝑟𝑁
                                                                          (4.33) 

where 

𝑁 =  
𝑁𝐴𝑁𝐷

𝑁𝐴+𝑁𝐷
 ≅  𝑁𝐴 (𝑖𝑓 𝑁𝐷 ≫ 𝑁𝐴) 𝑜𝑟 𝑁𝐷 (𝑖𝑓 𝑁𝐴 ≫ 𝑁𝐷) 

Therefore, the slope of the 1/𝐶𝑑𝑙
2  versus the applied voltage at reverse and moderate 

forward bias is used to determine the doping concentration N while the voltage-axis 

intercept yields the built-in potential Vbi  

 

 

 

 

 

 Figure 4.30. Small signal model of a p-n junction showing capacitance 

components under reverse and forward bias regime.  
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Figure 4.31 shows 1/𝐶𝑑𝑙
2  under reverse bias where the diffusion capacitance is negligible, 

and the experimental results follow a linear trend that can be fitted using Eq. 4.33.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

Figure 4.31. The plot of 1/C2 versus applied voltage for (a) p+/n – R2337 and (b) n+/p – R2636 

structures. Voltage-axis intercept yields the built-in potential of the junction and the slope can 

estimate the doping concentration of the low-doped base region based on the Mott–Schottky 

characteristic.  

(a) 

(b) 



 124 

Based on the fitted lines in Figure 4.31 (a) and (b), the built-in potential for p+n and n+p 

structures is estimated to be ~ 1.41 and 1.36 V respectively. The doping is estimated to be 

~ 1015 cm-3 for both structures.   

Figure 4.32 shows the width of the depletion region as a function of the applied voltage 

obtained from 𝐶 =  휀𝑟 휀0
𝐴

𝑊𝑑
 which is a  general formula for a capacitor where the cross 

section area of A is ~1.5 mm2 based on the masking dimensions given in Figure 4.9. The 

depletion width at zero bias is found to be 243 and 260 nm for the p+n and n+p structures 

respectively. These values are ~ 180 nm less than the theoretical values of Eq. 4.30 and 

4.31 and results in the degraded fit as can be seen in Figure 4.33. Deviation for the 

theoretical values can be explained by the fact that the slight amount of change in the cross 

section area (A) can change the depletion width (Wd) found from the CV measurement 

based on the capacitor general formula of 𝐶 =  휀𝑟 휀0
𝐴

𝑊𝑑
 .   

The doping concentration of the structures is estimated to be in the range of 1015 cm-3 

in the base region which is ~10× less than the target doping concentration of 1016 cm-3 

based on the doped GaAs calibration samples. The smaller incorporation of Si and C dopant 

atoms can be explained by the presence of Bi atoms during the growth of GaAsBi base 

layer that can cover the sample surface blocking the dopant atoms incorporation.  

 

 

 

 

 

 

 

 

 

 

 

 Figure 4.32. Depletion width vs applied voltage obtained from the 

measured capacitance for the p+/n – R2337 and n+/p – R2636 structures.  
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Fixed parameters:  

Wn = 4 , Wp = 260 nm  

Sp = 5×106 , Sn = 1×107 cm/s 

τp Change in p+n structure 

(a) 

1×10-13 s 
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Fixed parameters:  

Wp = 4 , Wn = 243 nm  

 Sn = 5×103 , Sp = 1×107 cm/s 

Figure 4.33. Effect of minority carrier lifetime fitting parameter change on the 

p+n (a) and n+p (b) structure simulated EQE spectrum while (+) shows the 

measured EQE. The range of the minority carrier change and surface 

recombination velocities are the same as those that were used in Figure 4.25 and 

Figure 4.28. However, the depletion width fixed parameters have been changed 

to the values obtained from the CV measurement. The decreased depletion width 

of the base side results in more contribution of the diffusion current in the base 

region; however, the minority carrier lifetime optimum range is almost the same 

as the values that were found in Figure 4.25 and Figure 4.28.     
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The diffusion capacitance (Cdiff), also known as chemical capacitance, is caused by the 

excess of minority carriers outside of the depletion region which increases exponentially 

with the forward bias and is represented in the form of Eq. 4.34 [134]:  

𝐶𝑑𝑖𝑓𝑓 =
𝑑𝑄

𝑑𝑉
=  

𝑞2𝐿𝑛0

𝑘𝐵𝑇
 𝑒𝑞𝑉/ɳ𝑘𝑇                                                                                             (4.34) 

Where dQ, is the incremental increase in charge per unit area upon an incremental change 

of applied voltage dV. The thickness of the layer is L, n0 is the minority carrier density in 

equilibrium, and other parameters were listed in Table 4.7. The ideality factor ɳ is 

introduced to account for departure from Boltzmann statistics which is known as diode 

quality and can be found through fitting the CV curve at sufficiently high forward bias 

where the CV curve is exponential and follows 𝐶𝑑𝑖𝑓𝑓 equation. Figure 4.34 shows fitting 

the diffusion capacitance of Eq. 4.34 to the CV curve under forward bias of up to ~ 1 V 

above which the series resistance effect is dominant and the CV curve is no longer 

exponential. The ideality factor can also be found from fitting the IV curve and using the 

conventional formulation of diode current as a function of applied voltage using Eq. 4.35 

as shown in Figure 4.35. 

𝐼 = 𝐼0 [𝑒𝑞𝑉/ɳ𝑘𝑇 − 1]  ≈  𝐼0 𝑒
𝑞𝑉

ɳ𝑘𝑇   (where V > 0)                                                        (4.35) 

From the CV fitting parameters, the ideality factor was found to be 4.3 and 12.7 for p+n 

and n+p structures respectively. Similarly, from the IV curves fitting, the ideality factor 

was found to be 5.2 and 3.9 for the p+n and n+p structures. Shockley-Read-Hall (SRH) 

recombination theory assumes recombination via isolated point defect levels, and predicts 

an ideality factor of ɳ = 2 or less (1< ɳ < 2)  [129] while higher ideality factors (ɳ > 2) 

indicates that there is a significant recombination in the depletion region. SRH 

recombination theory also predicts saturation-type reverse characteristics. Compared with 

SRH recombination theory predictions, the obtained ideality factors of greater than 2 

indicates deviation from the ideal model. Such high ideality factors (ɳ > 2) have been 

reported in other heterostructures [130] with ɳ as high as 24. For such structures the reverse 

current also behaves linearly instead of saturation-type [131]. Local recombination at the 

cell edge and in the position of recombination-induced shunts have been proposed as the 
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main mechanism for such behaviour [132]. In these highly disturbed regions, the local 

density of states crossing the band gap is high and recombination mechanisms other than 

SRH become probable. Extended defects with a high density of interface states crossing 

the pn-junction inevitably lead to electrostatic charging, which alters the field distribution 

in defect position considerably. Surface and edge recombination can be mitigated by post 

growth passivation through variety of methods. Two of the most important methods are 

passivating the dangling bonds at cell surface with hydrogen atoms present in passivating 

materials, and field-effect passivation by either employing a doping profile underneath the 

surface or an electrostatic field provided by means of stable electric charges in an overlying 

insulator [133]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 4.34. Forward bias CV of (a) p+/n – R2337 and (b) n+/p – R2636 structures where 

diffusion capacitance is dominant and can be fitted using exponential dependence on applied 

voltage. The ideality factors of p+n and n+p is 1.3 and 7.2 respectively.  

(b) 

(a) 
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CV-obtained ideality factor of n+p structure is almost 3× higher than the p+n. This can be 

explained by the n+p thin emitter layer and the absence of the thick cap layer in comparison 

with p+n structure that can result in more defect states and deviation from SRH 

recombination. Therefore, it can be concluded that there is a trade off for the thickness of 

the n+ emitter region to accommodate the small diffusion length of the minority holes and 

the important role of the cap layer as compensation to defects caused by unconventional 

growth of GaAs. Moreover, the edge recombination can be mitigated by increasing the 

area/perimeter ratio as the edge recombination is proportional to the perimeter of each 

device.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.35. IV curve fitting of (a) p+/n – R2337 and (b) n+/p – R2636 structures with the ideal 

diode IV equation. The ideality factors of p+n and n+p is obtained to be ~ 1.8 and 6.3 respectively.  
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(b) 
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4.4. Conclusion 

In this study, dilute GaAs1−xBix (x = 0.3, 0.7 and 1.1%) based p+/n and n+/p 

heterostructures were grown by MBE followed by post-growth solar device fabrication 

process. Photovoltaic performance measurement was carried on the fabricated devices and 

the experimental data were modeled to obtain Jsc, Voc, FF as well as the EQE of the devices. 

Impedance spectroscopy was performed on the devices and the experimental data was 

modeled to find out the built-in potential, doping profile and ideality factors of the diodes.  

With introduction of Bi into GaAs, a non-zero EQE below the GaAs band edge is 

obtained. Solar performance of p+n structures with different Bi concentrations showed that 

the highest EQE was obtained with 0.7% Bi incorporation. This Bi content was used to 

fabricate n+p structure for the purpose of comparison. The EQE spectrum of both p+n and 

n+p structures were measured to be within the same range with at least 30% increase in the 

total power conversion efficiency in comparison with the reference GaAs devices. EQE 

spectrum was modeled by the photocurrent produced through the drift and diffusion 

currents using continuity and transport equations to find the minority carrier transport 

properties. Minority electron and hole lifetimes in GaAs92Bi08 with 1016 cm-3 doping level 

were estimated to be in the order of τn ~ 270 and τp ~ 25 ps respectively. This results in the 

minority carrier diffusion lengths of Ln ~ 1600 and Lp ~ 140 nm. As long minority carrier 

diffusion lengths are needed for photovoltaic devices, this result suggests that 

unconventionally grown GaAs and GaAs1-xBix alloys are less competitive materials than 

standard grown GaAs.   

The pn-junction capacitance was modeled by a parallel combination of depletion 

capacitance caused by immobile ions in the space-charge region and the diffusion 

capacitance caused by minority carrier transport. By modeling the reverse bias capacitance 

with Mott–Schottky relation, the p+n and n+p structures built in potentials was estimated to 

be 1.41 and 1.36 V while the doping of the base region was found to be in the range of 1015 

cm-3. Modeling the forward bias capacitance with exponential dependence on applied 

voltage, resulted in the ideality factors of greater than 2 which indicates the presence of 

highly disturbed regions and deviation from SRH recombination caused by unconventional 

growth of GaAs.  
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5. Chapter 5: Optimization of LT-GaAs for THz applications 

Terahertz technology is growing rapidly because of its applications in various fields 

within the last two decades [136, 137]. The energy range of the terahertz waves offers 

unique applications in spectroscopy, medical sciences, remote sensing, material 

characterization, and security. Terahertz generation and detection can be achieved using 

photoconductive antennas (PCAs) which consist a metallic antenna patterned on a 

photoconductive material for the purpose of THz time domain spectroscopy (THz-TDS).  

Selection of the photoconductive material plays an important role in the performance of 

THz photoconductive antennas. Moreover, the required external laser is another important 

decision considering the cost and availability of the electro-optical components. Ultra-short 

laser pulses in 800 nm and 1550 nm wavelengths are available. However, the 1550 nm 

laser that lies within the telecom window has noticeable advantages such as availability of 

fiber amplifiers and electro-optical components at a relatively low cost. In order to select 

1550 nm wavelength laser, the photoconductive material also is required to be excited with 

the photon energy of ~ 0.78 eV which is provided by the1550 nm laser. This can be 

obtained by the low temperature grown GaAs (LT-GaAs) with mid-gap induced energy 

states where carriers are excited by absorbing 0.78 eV photons.  

In this chapter, THz technology fundamentals and progress are reviewed with the focus 

on THz generation using a photoconductive switch and application in time domain 

spectroscopy. Fabrication of the PCA and THz pulse measurement is described in detail 

elsewhere [138] while the optimization of the LT-GaAs photoconductive material is the 

subject of this study which explores three approaches. First, the As content of the LT-GaAs 

is investigated to find out the effect of As flow during the growth. Next, the effect of adding 

the barrier layer of AlAs below the LT-GaAs layer is studied. Finally, post growth 

annealing condition is examined to find out the annealing temperature and duration that 

results in the highest THz signal. Outcomes of this project pave the way for optimizing the 

photoconductive material for cost-effective THz transceivers used in time domain terahertz 

spectroscopy systems at 1550 nm wavelength.  
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5.1. Terahertz technology fundamentals and progress review   

Terahertz (THz) radiation lies between infrared and microwave regions of the 

electromagnetic spectrum with photon energy in the range of 1.2 - 12 meV as shown in 

Figure 5.1. The THz spectral range (0.3 to 3 THz ~ 1 mm to 100 μm) was difficult to access 

using both conventional optical methods and classical electronic transistor-based devices 

due to the absence of powerful sources. 

 The specific energy range of the terahertz waves together with its frequency dependent 

transmission is utilized in unique applications. For example, many opaque materials in the 

visible spectrum are transparent in the THz region. Notably, terahertz radiation passes 

through the majority of plastics and clothes, but it does not penetrate through water. This 

makes the terahertz radiation an interesting tool for security imaging. In the case of medical 

imaging, THz exhibits a strong sensitivity to water content [139, 140] that makes it a 

promising probe of some types of cancers, characterizing burn injuries [141], and 

identifying tooth decay [142]. Non-ionizing THz imaging is a strong replacement for x-ray 

imaging where the destructive effects of high energy photons to the sample are a big 

concern. Most importantly, frequency dependent transmission of THz within the sample 

material gives access to the far-infrared fingerprints of the ultrafast dynamics on sub-

picosecond to nanosecond time scales. Each molecule has characteristic rotational energy 

that determines the frequency of the absorption lines [143, 144]. This property have been 

used for decades to identify chemicals [145, 146]. 

 

 

 

 

 

 

Figure 5.1. The THz window within the electromagnetic spectrum. 
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5.1.1. THz generation and detection by photoconductivity 

Natural terahertz radiation is emitted as part of the black-body radiation from anything 

with a temperature greater than zero kelvin. Terahertz radiation can be obtained using the 

ultra-fast properties of materials, charged particles in accelerators or by quantum cascade 

lasers [147]. These methods are either expensive or bulky and/or require cryogenic cooling. 

In comparison, terahertz devices based on photoconductive materials are compact and less 

expensive. Photoconductive materials are able to generate/detect THz signals through two 

mechanisms of optical rectification and photoconductivity switched antenna as shown in 

Figure 5.2 and Figure 5.3 respectively.  

Electro optical rectification (EOR) is based on the second-order nonlinear property of 

electro-optic crystals through which an intense optical pulse forces the electrons of an 

asymmetric medium to oscillate that generates nonlinear polarization effect. This effect is 

somewhat similar to a classical electrodynamic emission of radiation by an 

accelerating/decelerating charge, except that here the charges are in a bound dipole form. 

When the applied electric field is delivered by a femtosecond-pulse-width laser (∆t), the 

spectral frequency bandwidth (∆ω) associated with such short pulses is very large. Crystals 

with appropriate optical properties can produce second-order nonlinear polarization effects 

proportional to the difference frequency (ωi-ωj) and sum frequency (ωi+ωj) of the incident 

pulse components. The mixing of all possible difference frequency components (ωi-ωj) 

produces a beating polarization, which results in the propagation of EM waves in the THz 

terahertz region if the crystal is transparent for generated frequencies. ZnTe is the most 

popular crystal for 800 nm excitation because of its transparency in THz region [148].  

 

 

 

 

 

Figure 5.2. THz generation and detection using electro-optic crystals. 
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Despite the simple alignment and low noise, THz generation using OR is limited by the 

properties of the crystals such as electro-optical coefficient, transparency and refractive 

indices at THz regions [149]. Moreover, it is challenging to launch waves into waveguides. 

Photoconductive antennas (PCA) are composed of a metallic antenna fabricated on a 

photoconductive material. An external optical pulse incident on the gap between the arms 

of the antenna excites the carriers and generates electrons and holes that changes the 

electrical conductivity of the gap. The generated carriers are collected by the applied bias 

on the antenna dipoles during the short amount of time determined by the carrier lifetime. 

Therefore, current is carried by the photo generated electrons and holes changing the 

potential difference between the two parts of the biased antenna. This creates a transient 

EM field which is radiated from the antenna dipoles. The frequency of the radiated EM 

wave will be in the THz region if the carrier lifetime is in the order of a few picoseconds. 

Similarly, on the receiver side, the carriers are generated by the external optical pulse where 

they can sample the transient THz field upon arrival at the receiver gap. 

Ti:sapphire lasers are commonly used for generating femtosecond optical pulses around 

800 nm wavelength for generating THz using photoconductive material with the bandgap 

around or above 800 nm. However, Ti:sapphire lasers are expensive, big, and require free 

space optical alignment. Fiber coupled femtosecond semiconductor lasers at 1550 nm are 

more compact and can deliver high level of optical power at a relatively low price. 

Moreover, using a laser in the telecom window (1530 -1625 nm) has the advantage of the 

mature electro-optical technology that exist within this energy range. Accessible optical 

modulators, compensating fibers, fiber delay lines, optical couplers, etc. eliminate the need 

for a free space optical layout.    

 

 

 

 

Figure 5.3. THz generation and detection using PCA. 
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5.1.2. Low temperature GaAs photoconductivity properties  

A candidate material for photoconductive THz generation and detection must have a high 

mobility, short carrier lifetime (sub-picosecond), high breakdown voltage and high electron 

saturation velocity. Moreover, the conductance must be low in the absence of light. GaAs 

is the most well-known materials for photoconductive THz generation and detection using 

800 nm excitation wavelength [151] while suitable for telecom window at 1550 nm 

excitation are less studied. InGaAs can be grown for operation at 1550 nm; however, GaAs 

provide superior performance and robustness in most cases [152]. GaAsBi has also been 

used to fabricate PCA for operation at 1030 nm pulses and the maximum signal bandwidth 

of 3 THz was obtained [153, 154]; however, the material suffers low voltage breakdown. 

 GaAs properties are listed in Table 5.1 from reference [156]. GaAs most important 

property is its large bandgap energy which makes the material resistive in the absence of 

light. As a result, a THz receiver made of GaAs with such bandgap shows signals with 

higher SNR which extends the obtainable bandwidth range [157]. However, the carrier 

recombination time in GaAs grown at the standard condition in the temperature range of 

550 to 650 ◦C is in the order of nano second which is high for THz range. This problem can 

be addressed by growing GaAs at low temperature, known as LT-GaAs, to reduce the 

carrier trapping lifetime to the order of one pico-second. LT-GaAs is grown at low 

temperature of about 150 ~ 250 ◦C; as a result, up to 1.5% excess arsenic is incorporated 

between atomic planes (interstitial arsenic) or on the Ga lattice sites (antisite arsenic, AsGa) 

[158]. The density of arsenic defects is typically in the range of 5×1018 - 6×1020 cm-3 [159] 

and cause a localized energy state inside the GaAs bandgap, known as the EL2 defect [158].  

Table 5.1. Basic properties of intrinsic GaAs at 300 °K 

Energy gap 1.424 eV Intrinsic carrier concentration  2.1×106 cm-3 

Intrinsic resistivity 3.3×108 Ω·cm Electron mobility  ≤8500 cm2V-1s-1 

Thermal conductivity 0.55 Wcm-1C -1 Hole mobility  ≤400 cm2V-1s-1 

Dielectric constant (static)  12.9 Electron Effective mass   0.063 mo 

voltage breakdown field  4×105 V/cm Hole Effective mass   0.51mo 

Infrared refractive index  3.29 The longest lifetime of electrons 5×10-9 s 

Electron saturation velocity  1.27×105 m/s The longest lifetime of holes 3×10-6 s 
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Arsenic defects states are distributed in the energy range of 0.08 to 0.85 eV below the 

conduction band with peak density at 0.71 eV [160, 161] as shown in Figure 5.4. The 

absorption coefficient of LT-GaAs at 1.55 m is about 1200 cm-1[162]. In theory, a 1550 

nm photon delivers 0.78 eV energy to the electrons of the valence band to get to the mid-

gap states and then to the conduction band in a two-step process [163]. This process is 

strongly dependent on the intensity of the light [164] and has been showed that can take 

place in LT-GaAs material within the telecom window [162]. The LT-GaAs thickness as 

well as the As content plays an important role in the carrier generation using 1550 nm 

excitation which is investigated in this study. Moreover, post growth annealing can cause 

the As defects to move and merge into the form of metallic arsenic clusters [165]. Clusters 

have larger cross section for capturing electrons inside the lattice, which induce stronger 

trapping sites for bypassing electrons to the valence band in a non-radiative recombination 

process further shortening the carrier lifetime [166]. Therefore, annealing temperature and 

annealing time are other important factors that are investigated to optimize the As clusters 

trapping site. 

It is important to note that the carrier-lifetime can be reduced to below 100 fs [167]. 

However, carriers with ultra-short lifetime can not contribute to photocurrent before they 

recombine. Therefore, the carrier lifetime needs to be optimized. As a result, LT-GaAs 

which features inexpensive fabrication, controllable carrier lifetime, and low conductivity 

with mid-gap defect states needs to be optimized to enhance the THz signal intensity which 

is the subject of this study.  

 

 

 

 

 

 

Figure 5.4. LT-GaAs defect states associated with excess As that enables two-step 

transition from valence to conduction band using 1.55 μm photon [168]. 

1.55 µm 

1.55 µm 
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5.1.3. THz time domain spectroscopy using photoconductive antenna   

A typical PCA consists of a DC biased metal dipole antenna patterned on a 

photoconductive substrate. Architecture of such device, which includes metal anode and 

cathode on a ∼1-μm  thick LT-GaAs photo conducting layer above a ∼500-μm thick semi-

insulating GaAs (SI-GaAs) substrate, is shown in Figure 5.5 [168]. 

The PCA THz pulse generation device is illustrated in Figure 5.6. A femtosecond optical 

pulse with a pulse duration of <1ps is incident on a PCA. The optical pulse (red trace) is 

incident on the antenna gap (G), propagates into the photoconductor, and begins to generate 

photocarriers inside the photoconductor as it is absorbed. The generated electron–hole pairs 

in the gap are then separated and accelerated along the DC bias electric field as shown in 

Figure 5.5 producing a transient photocurrent which drives the dipole antenna to emit a 

THz frequency pulse. 

 

 

 

 

 

 

 

Figure 5.5. Isometric view of a typical THz PCA mounted on a silicon lens (Left),  

and cross-section illustration of carrier generation at the dipole gap (Right) [168]. 

 

Figure 5.6. Illustrative example of pulsed THz generation in a PCA (Left), 

and transient photocurrent response of the PCA (Right) [168]. 
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sample 

Figure 5.6 shows the transient response of photocarriers with short carrier lifetime (gray 

trace) as well as the photocarriers with long carrier lifetime (blue trace) according to the 

property of the photoconductive material [169]. A broadened photocurrent pulse would in 

turn broaden the output pulse and reduce the overall THz frequency bandwidth. Therefore, 

photoconductors with sub-picosecond carrier lifetime are desirable [170, 171] to increase 

the THz bandwidth that allows analysis of broader vibrational mode frequencies when used 

in spectroscopy [172]. 

The schematic of a typical THz time-domain spectroscopy setup is shown in Figure 5.7 

known as pump-probe setup. THz pulse generated by a transmitter antenna (TX) is 

delivered to the sample and the transmitted beam through the sample is detected by a 

receiver antenna (RX). The emitter is biased with a DC voltage, and the time-averaged 

photocurrent is measured across the dipole which is proportional to the power of the 

emitted THz pulse [173]. The THz radiation propagates along the axis of the optical pump 

and finally the silicon lens (SL) couples to the generated pulse and collimates it into the 

free space [174].  

To measure the emitted THz pulse, another PCA is used as the receiver (RX) that does 

not have an external DC bias. As the THz pulse propagates into the antenna, it induces a 

transient bias voltage across the RX gap. To measure this transient voltage, a portion of the 

initial laser pulse is split from the source beam by a beam splitter and is passed through an 

adjustable delay line and is finally focused on the gap of the RX. This excite photocarriers 

impulse in RX at a specific time that can be adjusted by the optical delay line. At the time 

of overlap between the photocarrier impulse and THz pulse, a measurable photocurrent is 

induced across the RX that is proportional to the antenna voltage.  Scanning RX pulse time 

of arrival enables us to reconstruct the THz pulse electric field change over time.  

 

 

 

 

 

Figure 5.7. Optical setup for time domain THz spectroscopy. TX is the transmitter 

and RX is the receiver. SL is silicon lens and BS is beam splitter [138]. 
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5.2. MBE growth of low temperature GaAs thin film  

Standard MBE GaAs is grown between 550 to 650 ◦C for the highest film quality; 

however, as mentioned earlier, LT-GaAs is grown between 150 to 250 ◦C to incorporate 

more As into the GaAs lattice to create shallow and deep level defects states to act as 

recombination centers for decreasing the carrier life time to the order of sub-picoseconds.  

As expected, the most important growth parameter in the case of LT-GaAs is the growth 

temperature. The As/Ga flux ratio also plays a determining role in the amount of excess 

arsenic that can be incorporated into the LT-GaAs. Ga temperature and therefore the 

growth rate also limits the allowable range of As2:Ga BEP ratio where crystalline LT-GaAs 

can be grown. Two structures of LT-GaAs on GaAs or AlAs were grown in this project as 

described in the following:  

Sample preparation, pre-baking and oxide removal was described in section 3.1. A buffer 

layer of GaAs is again grown at high temperature of above 550◦ C and As2:Ga BEP of 

about 6 with fully opened As valve for about 40 minutes when the LS signal reaches a 

steady low intensity indicating a smooth surface.  

LT-GaAs starts with reducing the substrate temperature to about 210-220 ◦C. This 

temperature is selected because once the Ga cell is opened, thermal radiation from the cell 

can strongly increase the substrate temperature; therefore, we adjust the temperature well 

below the upper limit of 250 ◦C required by LT-GaAs growth. Moreover, growing at lower 

temperatures enables us to slightly increase the substrate temperature in cases we see an 

increasing trend of roughness specially for highly As-rich nonstoichiometric conditions.  

The As2:Ga BEP ratio is another parameter that needs to be measured beforehand and is 

determined by the As valve setting. As2:Ga BEP ratios in the range of 3 to 20 were studied 

for this project. Growth experiments showed that crystalline LT-GaAs epilayer can not be 

grown at very high As2:Ga BEP of above 15 as the high flow of arsenic causes a rough 

layer to be deposited on the surface. To overcome this, increasing the BEP ratio was done 

step by step at low temperature to allow gradual increase in the LT-GaAs lattice constant 

avoiding sudden lattice mismatch. Moreover, growth experiments showed that the upper 

limit of As2:Ga BEP for crystalline growth of LT-GaAs can be increased by increasing the 
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Ga temperature; i.e. increasing the growth rate. Based on the calibration samples, Ga 

temperatures of 895 ◦C and 925 ◦C resulted in the growth rates of 0.5 and 1 µm/h 

respectively. It was not possible to grow crystalline layer of LT-GaAs with As2:Ga BEP of 

above 7 in the case of 0.5 µm/h growth rate while this limit was shifted to 15 in the case of 

1 µm/h growth rate. Figure 5.8 shows the LS signal log for the representative sample of 

R2617 which was grown under As2:Ga BEP of 4. Growth parameters of several 

representative samples are listed in Table 5.2.  

 

During the growth of LT-GaAs layer, the RHEED pattern mostly shows 1×1 

reconstruction. Moreover, a 1×3 reconstruction pattern was also observed in a few cases. 

Both patterns indicate that the material is still highly crystalline. However, by increasing 

the LT-GaAs thickness, the reconstruction becomes spotty as sign of roughening start point 

as shown in Figure 5.9. The growth is stopped when RHEED pattern turns from elongated 

lines into star shaped spots and the LS signal intensity exceeds oxide removal level. 

 

 

 

 
Figure 5.9. RHEED reconstruction pattern during LT-GaAs growth. 

Figure 5.8. LS signal log during the growth of sample R2671 showing growth evolution. 

1×1 1×3 Spotty 
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AlAs is grown below LT-GaAs to act as a barrier to confine the carriers in the LT-GaAs 

layer and blocks diffusion into the GaAs buffer layer. AlAs is grown under stochiometric 

conditions (As:Al = 1) at a substrate temperature of about 550 ◦C. Therefore, the As valve 

was adjusted to achieve a 1:1 ratio by the LS method as described in section 3.1. Figure 

5.10 shows the LS evolution during growth of LT-GaAs on AlAs. AlAs grown on GaAs is 

strained because of the lattice mismatch of about 0.7 pm (aGaAs = 5.653 A, aAlAs = 5.66). In 

theory, the critical thickness for having a pseudomorphic AlAs layer on GaAs is about 57 

nm [175]; however, the calibration sample of GaAs/AlAs showed that the critical thickness 

and the growth rate are about 70 nm and 3.5 nm/min  (~ 0.2 µm/h) respectively if TAl = 

1182 ◦C. The LS signal during growth of R2671 is shown in Figure 5.10 as an example of 

LT-GaAs grown on AlAs under As2:Ga BEP of 5.4. a 1×2 surface reconstruction was 

observed in RHEED.  

   

     *The sample is grown on 60 nm AlAs  

 

 

Figure 5.10. LS signal log during the growth of sample R2671 showing 

evolution of events during growth.  

Table 5.2. Growth parameters for some representative samples. 

Sample 

number
TAs (

◦
C) TGa (

◦
C)  Tsub (

◦
C)

As valve

(mm) 

As2:Ga 

BEP

Δθ (degree)
(XRD - GaAs & LTGaAs)

Thickness (nm) 
(XRD - LT-GaAs)

R 2639 355 929 225 - 250 3.4 3.2 0.0184 3000

R 2665
* 365 929 220 - 250 5.2 6.6 0.0252 1996

R 2640 365 929 232 - 250 3 10 0.0239 500

R 2648 365 895 210 - 250 2.3 15 0.0243 450

R 2643 365 895 225 - 250 3 20 0.0207 388
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5.3. Thin film characterization 

High resolution XRD experiments were performed on LT-GaAs samples using a Bruker 

D8 Discover diffractometer as described in section 3.2.1. X-ray ω-2θ scans were performed 

on (004) reflecting planes of the deposited films.  

Figure 5.11 shows x-ray diffraction spectrum for three representative samples. 

Observation of double peaks on the diffraction pattern indicates that the material is still 

highly crystalline [176]. The sharp peak on the right shows the GaAs substrate and the 

GaAs buffer layer. The peak on the left is diffracted from the epi-layer of LT-GaAs planes 

with increased out of plane (𝑎⊥) lattice constant caused by the excess arsenic incorporated 

into the material [177, 178]. The angle Δθ between the two peaks represents the relative 

variation of strained LT-GaAs out of plane lattice constant which is proportional to the 

excess arsenic content. The dashed lines are the simulated x-ray diffraction spectra using 

LEPTOS that gives LT-GaAs thickness and out of plane lattice constant.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.11. X-ray diffraction pattern from 3 representative LT-GaAs on GaAs 

samples grown at the 230-250 ◦C with different As2:Ga BEP ratios. 
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As can be seen in Figure 5.11, increasing the As2:Ga BEP ratio increases the lattice 

constant and shifts the epi-layer peak to the left which implies more arsenic incorporation 

in the LT-GaAs up to a saturation point. Above saturation point which happens at about 

BEP of 15, further increase of As2:Ga would decrease the Δθ between the two peaks. 

Moreover, by increasing the peak separation, considerable attenuation in the interference 

fringes is observed that indicates the increase in inhomogeneous strain and surface 

interface roughness.   

 Table 5.3 shows the list of LT-GaAs on GaAs and  Table 5.4 shows the LT-GaAs grown 

on AlAs for this study.  

 Table 5.3. LT-GaAs on GaAs with different BEP ratio and thicknesses.  

Sample 

number 
TAs (

◦C) TGa (
◦C)  Tsub (

◦C) 
BEP 

(As2:Ga) 
Δθ (degree) 

(GaAs & LT-GaAs) 
Thickness 

(nm) (LT-GaAs) 

R 2617 355 935 100 - 250 6.7 0.0255 2000  

R 2639 355 929 225 - 250 3.2 0.0184 3000 

R 2640 365 929 232 - 250 10 0.0239 500 

R 2643 365 895 225 - 250 20 0.0207 400 

R 2647 365 895 210 - 250 5 0.0152 450  

R 2648 365 895 210 - 250 15 0.0243 450 

R 2667 365 929 225 - 250 6.6 0.023 1100 

R 2669 365 929 225 - 250 6.6 0.0212 2300 

 

 Table 5.4. LT-GaAs grown on GaAs/AlAs with different thicknesses.  

 (All samples: TAs = 365, TGa = 929, TAl = 1182, As2:Ga BEP = 6 to 9)  

Sample 

number 
 Tsub (

◦C) 
Δθ (degree) 

(GaAs & LT-GaAs) 
Thickness (nm) 

(AlAs) 
Thickness (nm) 

(LT-GaAs) 

R 2663* 230 - 250 0.0393  115 92 

R 2664 220 - 250 0.0312 80 600 

R 2665 220 - 250 0.0252 60 1996 

R 2666 220 - 250 0.0278 60 980 

R 2668 225 - 250 0.0341 55 700 

R 2670 225 - 250 0.0261 55 1500 

R 2671 220 - 230 0.0239 60 860 

R 2673 225 - 235 0.0209  55 2500 

*R2663 was relaxed because of thick AlAs layer 
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5.4. Low temperature GaAs thin film optimization 

LT-GaAs layers are optimized based on the PCA performance in the THz-TDS setup in 

the form of THz signal intensity and bandwidth. Fabrication of the PCAs and the THz 

performance measurements were done by the UVic Nanoplasmonic Research Group. Here, 

a brief overview of the fabrication and measurement processes is presented while the 

technical information can be found elsewhere [138]. The author was mainly involved in 

the E-beam deposition step of the fabrication process. The E-beam deposition setup and 

technique process was discussed in details in section 4.1.4.  

Sample cleaving, annealing, surface cleaning and oxide removal are the first steps. 

The samples are cleaved into 5×5 mm pieces and annealed under various conditions as a 

post-growth treatment as required. Then, the samples surfaces are cleaned to remove 

organic contaminant (with acetone, isopropanol and DI water) and then the surface oxide 

is dissolved by etching in HCl: H2O (1:1 ratio - for 1 min). 

Photolithography is done to project masking with the selected geometry on the sample 

surface for dipole fabrication. The antenna dipole length is typically on the order of 100 

μm, while the gap dimension in in the range of few micrometers. Photolithography involves 

photoresist coating, exposure and developing.  

E-beam deposition is used to deposit about 5 nm of titanium adhesion layer followed 

by about 100 nm of gold as the most popular conductor material for dipole antennas. This 

is done under vacuum of about 10-5 torr. The source materials Ti and Au are evaporated by 

electron beam heating of solid targets.  

Lift-off process dissolves the photoresist in acetone removing the deposited gold leaving 

the patterned area intact. The samples may require further cleaning through plasma etching 

to remove residual photoresist.   

Plasmonic nanostructures are patterned into the deposited gold electrodes using 

focused ion beams of Ga+ in the gap area to increase the local electric field inside the 

photoconductive material to help accelerate the carriers toward the conductors [179]. They 

also decrease the reflection from the surface and increase the thermal conductivity enabling 
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the PCA to be operated at higher optical powers or bias voltages with extended thermal 

breakdown to compensate for the low absorption at the 1550 wavelength [180].  

Electrical connection is accomplished by mounting the samples on printed circuit 

boards (PCB) using gold wire bonding and conductive silver paste.  

The performance of the fabricated PCAs is tested in the time domain spectroscopy 

system as transmitter or receiver in conjunction with a commercial LT-GaAs 

photoconductive switch (BATOP, PCA-40-05-10-800-a) as shown in Figure 5.12. The 

fabricated PCAs are excited with 80fs-1550 nm laser while the commercial PCA is excited 

by a 780 nm laser. The TX is biased with a chopped frequency where the reference 

frequency is connected to the RX through a lock in amplifier. The THz spectrum response 

is obtained by averaging Fourier transforms of the time domain THz pulses. A typical THz 

spectrum and the corresponding time-domain current signal is shown in Figure 5.13.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.12. THz-TDS setups used for characterization of LT-GaAs based PCAs as receiver [138]. 

Figure 5.13. Typical THz spectrum obtained by averaging Fourier transforms of the time domain 

THz pulses in inset [138]. The peaks in the 1 to 2.5 THz range are associated with water vapor 

absorption lines in ambient air. THz measurement done by A. Jooshesh. 
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5.4.1. Arsenic content optimization  

Excitation of carriers with 1550 nm laser light depends on the density of mid-gap arsenic 

defect states; therefore, it is expected that higher incorporation of As in LT-GaAs in the 

form of deep level defects would result in higher absorption of the 0.8 eV photons and the 

generation of more carriers. However, from the device application perspective, highly As-

doped LT-GaAs would decrease the mobility of the carriers and degrade the performance 

of the device. Moreover, the increased conductivity of the photoconductive material would 

increase the dark current which is not desired for switching applications. From the material 

growth perspective, higher As in the LT-GaAs puts the lattice under more strain which 

strongly limits the thickness of pseudomorphic growth by decreasing the onset of 

relaxation. Therefore, we need to find the optimum trade-off for As2:Ga BEP ratio which 

controls the As content.   

To find the trend of lattice constant change as a function of As2:Ga BEP ratio, different 

samples were grown systematically with variety of adjustments on As valve as well as the 

Ga cell temperature to cover the broad range of BEP (2 to 20) during growth. All samples 

were grown in the LT-GaAs temperature range requirement, i.e. 210 – 250 °C. The peak 

separation between the GaAs substrate and the LT-GaAs epilayer from the HR-XRD 

diffraction pattern is shown in Figure 5.14. As can be seen, the fitted polynomial curve 

suggests that the highest peak separation is obtained by BEP ratio of around 13. 

To test the PCA performance fabricated on LT-GaAs substrates with different BEP 

ratios, samples with the same thicknesses needed to be selected for testing THz signal. On 

the other hand, growth of LT-GaAs layers with different As2:Ga BEP ratios showed that it 

is not possible to grow epi-layers thicker than about 450 nm with high As flow in the 

As2:Ga BEP regime of 10 or beyond without any relaxation. Therefore, to test the THz 

performance, LT-GaAs layers of the same thicknesses of ~ 450 nm with different BEP 

ratios in the range of 2 - 20 is compared as in Figure 5.15. It can be seen that the highest 

THz signal intensity is obtained at As2:Ga BEP ratio of 10. The fitted polynomial curve 

suggests that the optimum BEP ratio is around 12.   
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Figure 5.15. THz current of simple dipoles fabricated on as-grown LT-GaAs samples of 

about 450-nm thick with different BEP ratios. PCAs were tested as receivers and 

illuminated with 80fs-1550 nm laser while a commercial photoconductive switch (BATOP 

PCA-40–05–10–800-a) was used as transmitter and pumped with 780 nm beam. A 5 VDC 

bias was applied. 

Figure 5.14. Peak separation between the substrate and epi-layer of as-grown samples 

(LT-GaAs/GaAs) in the XRD diffraction pattern as a function of As2:Ga BEP ratio. 

Samples were all grown in the temperature range of 210 – 250 °C.  
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Although a BEP of 12 leads to the highest THz signal obtained by PCAs fabricated on 

thin layers of LT-GaAs, increasing the thickness of the layer can also improve the THz 

performance by increasing the absorption. Figure 5.16 shows the THZ signal intensity of 

PCAs fabricated on LT-GaAs layers of different thicknesses and very close BEP ratios. 

Low BEP ratios are selected to be able to grow LT-GaAs layers as thick as 3 µm.  

The results show that the THz amplitude does not increase linearly with thickness. For 

example, the 3-µm sample is 500% thicker than the 0.5-µm sample while the signal 

intensity is 60% higher. Therefore, increasing the thickness above 2-µm is not reasonable 

regarding the cost factor e.g. growth of a 3-µm LT-GaAs takes 3 hours of MBE time 

whereas a 0.5 µm thick layer needs only 30 minutes of MBE time. Hence, regarding cost 

effective goal of this study, we can conclude that LT-GaAs layer of thicknesses up to 2-

µm with highest practical incorporated As without relaxation would be the optimum 

photoconductive material for PCAs in THz-TDS within telecom window.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.16. THz current for simple dipoles fabricated on as-grown LT-GaAs 

samples of different thicknesses and similar BEP ratios.  
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5.4.2. Enhancement by addition of aluminum arsenide barrier layer  

AlAs has interesting properties with respect to GaAs that can enhance the 

photoconductive properties of LT-GaAs through several processes that are discussed in the 

following:  

First of all, the AlAs bandgap is higher than the GaAs bandgap (AlAs = 2.16, GaAs = 

1.42 eV). Therefore, growing an AlAs layer below LT-GaAs acts as a barrier preventing 

carrier diffusion into the SI-GaAs during laser exposure [181].  

Secondly, the refractive index mismatch between the interface of AlAs and GaAs layers 

(AlAs = 2.892, GaAs = 3.369) provides optical back reflection [182, 183] for transmitted 

laser beam back into the LT-GaAs layer. This would improve absorption and the carrier 

generation and therefore the THz signal intensity even if a single cycle reflection from the 

interface and the gold electrodes is considered. Ideally, an AlAs thickness equal to one 

quarter of the excitation wavelength (1550 nm) is required for optimal back-reflection [184, 

185] while the critical thickness of strained AlAs layer on GaAs was found to be about 70 

nm through practical calibration samples. This means that growing AlAs epi-layer of 

thicker than ~ 70 nm would no longer result is distinguished 2 peaks in the XRD diffraction 

pattern. PCA fabricated on LT-GaAs grown on 65 nm of AlAs resulted in THz signal of ~ 

17 nA peak to peak amplitude which shows 7.2 nA increase (70% enhancement) in 

comparison with structure of the same As content (same peak separation) without AlAs 

layer.  

Lastly, AlAs barrier layer accommodates more As into the LT-GaAs layer in comparison 

with bare GaAs under the same BEP ratio. Figure 5.17 shows the XRD diffraction pattern 

obtained from 1-µm of LT-GaAs layer grown directly on SI-GaAs in comparison with the 

same thickness of LT-GaAs grown on 60-nm of AlAs. Both samples are grown at the same 

growth temperature and As2:Ga BEP; however, it can be seen that the peak separation 

between the substrate and the epi-layer is increased in the case of LT-GaAs grown on AlAs 

indicating higher lattice constant; therefore, more As can be alloyed into the material with 

the same As pressure during growth.  
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It is noteworthy that XRD peak separation greater than 0.025 degree was not achievable 

when LT-GaAs was grown directly on SI-GaAs substrate; however, with addition of AlAs 

layer, peak separation as high as 0.031 degrees was achieved. However, as discussed in the 

previous section, there is an optimum limit for As density to maintain the high mobility 

and resistivity. With addition of the AlAs layer, the previous optimum As2:Ga BEP of 

about 12 for growing LT-GaAs/GaAs is decreased to about 6 to 9 in the case of LT-

GaAs/AlAs which results in the same peak separation and As content.    

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

5.4.3. Post growth annealing optimization  

The high conductivity of as-grown LT-GaAs is considered a drawback for applications 

in photoconductive switches [171, 158]. However, the resistivity can be increased by post-

growth annealing [186, 177]. Annealing increases the size and density of the arsenic 

precipitates as found by transmission electron microscopy [187]. At high temperature, the 

excess As in the material precipitates out to form nanoscale clusters with As content higher 

than in the surrounding matrix as well as the presence of metallic As clusters.  

Figure 5.17. X-ray diffraction patterns of as-grown 1µm of LT-GaAs grown on SI-GaAs 

and AlAs under the same growth condition (As2:Ga BEP = 6.6, Tgrowth = 220 – 250). 
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Previous studies have shown that 10-minutes of annealing at a temperature in the range 

of 600 to 900 °C increases the resistivity of LT-GaAs and also increases the carrier lifetime 

[188] which is an unwanted consequence. The interpretation is that the short (ps) lifetime 

is related to the arsenic point defects, and that higher temperatures remove these defects 

and restore the typical 1-ns recombination lifetime of bulk GaAs. However, quick and rapid 

thermal annealing in the range of 400 to 600 °C has shown that sub-picosecond lifetime is 

maintained while the resistance is increased by nearly two orders of magnitude [189].  

To find the effect of post-growth annealing on LT-GaAs structural properties as well as 

finding the optimum temperature for material performance in THz-TDS setup, the 

temperature range of 500 to 650 °C for duration of 1-minute was selected for annealing 

purposes. 1-µm thick LT-GaAs films grown under As2:Ga BEP of 6.6 were cleaved into 

5×5 mm pieces and annealed rapidly in a chamber that was evacuated to ~10−6 torr. The 

utilized rapid thermal annealing setup is described in Appendix B. The as grown and 

annealed samples were used to fabricate the simple PCAs of 30-µm-long dipoles with 

conventional 5-µm-gap. 

Figure 5.18 shows (004) x-ray diffraction ω-2θ scans. The peak separation between the 

GaAs substrate and LT-GaAs layer decreases with increasing annealing temperature 

indicating the reduction of strain in the epi-layer caused by a decrease in the excess arsenic 

density. It can also be seen that at the temperature of about 650 °C the second peak 

disappears leaving behind a broadened peak at the diffraction angle of GaAs substrate. The 

recovery of the lattice constant is associated with a decrease in As content as a result of As 

scape [190] as well as decrease in point defects owing to the movement of As interstitials 

and the formation of As clusters as annealing temperature increases [191]. Figure 5.19 

shows the THz signal intensity for the corresponding annealing temperatures. The highest 

THz signal intensity was obtained at an annealing temperature of 550 °C corresponding to 

the peak separation of 0.0152 degree in Figure 5.18. The fitted polynomial curve suggests 

that the optimum annealing temperature is about 570 °C. Above the optimum temperature, 

annealing decreases the THz signal intensity. This result is attributed to the reduction of 

mid-gap defects due to the escape of the excess As from the LT-GaAs layer caused by the 

high vapor pressure of arsenic. The same trend was obtained for PCAs fabricated of LT-
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GaAs grown on AlAs under the same condition (LT-GaAs thickness, growth condition, 

THz-TDS setup) with maximum THz signal intensity of about 10 nA annealed at 550 °C.     

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.19. THz current of simple dipoles fabricated on the same pieces of 1-µm thick LT-

GaAs films and annealed at different temperatures for 1 minute. PCAs were tested as emitter 

and pumped with 80fs-1550nm laser while commercial photoconductive switch (BATOP 

PCA-40–05–10–800-a) was used as receiver and probed with 780nm beam. The bias was a  

20 VAC square wave at 1kHz frequency. 

Figure 5.18. X-ray diffraction patterns of as-grown 1µm - LT-GaAs (BEP = 6.6) as well 

as the diffraction patterns after annealing at different temperatures for 1 minute.  
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5.5. Conclusion 

THz emission and detection using photoconductive antennas fabricated on low 

temperature GaAs was reviewed. Therefore, GaAs grown at low temperature with sub-

picosecond carrier lifetime caused by mid-gap excess arsenic defect states was selected as 

the photoconductive material. This material was used in fabrication of PCA for THz 

emission and detection in the telecom window where low-cost, high-power fiber-based 

components are available. The performance of the PCAs in a THz-TDS setup was 

enhanced by optimizing several aspects of the photoconductive material properties.  

The optimized As content of the material was found to increase the photo-carrier 

generation using 1550 nm laser excitation while maintaining high mobility and resistivity 

required for optical switching. A barrier layer of AlAs was added below the LT-GaAs to 

limit carrier loss by diffusion into the GaAs substrate as well as causing optical reflection 

for the transmitted laser beam back into the LT-GaAs layer. The AlAs layer also results in 

more As incorporation into the LT-GaAs layer under the same As flow as compared with 

SI-GaAs. Moreover, rapid post-growth annealing at the optimum temperature increases the 

absorption as well as the resistivity which is desired for PCA performance.  

PCAs fabricated on 2-µm of LT-GaAs grown on 60-nm AlAs barrier layer, under As2:Ga 

BEP of ~7 with the peak separation of 0.0252, annealed at 550°C for 1 minute resulted in 

the largest THz emission and bandwidth. The emission of optimized plasmon-enhanced 

LT-GaAs-PCA operating at 1550 nm wavelength outperforms a commercial InGaAs-PCA 

(BATOP, PCA-40-05-10-1550-a) by a factor of 15 with 4.5 THz bandwidth and 75 dB 

signal-to-noise ratio [192]. 
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6. Chapter 6: Quaternary GaNxAs1-x-yBiy alloy growth 

GaAs1−xNx alloys have been studied for more than a decade [194] because of its unique 

properties among the III-V systems to simultaneously lower both the lattice constant and 

the band gap. Therefore, it has a strong potential for optoelectronic device applications. 

However, high-quality growth of GaAs1−xNx alloy on GaAs substrates is challenging and 

nitrogen‐related defects degrade the electronic properties [195]. Substitution of a large 

atom X (e.g., X = In on the cation site or X = Sb on the anion site) the new alloy XGaAsN 

can be made lattice matched to GaAs.  

Most of the previous efforts focused on the growth of InyGa1-yAs1-xNx on a GaAs 

substrate [196,197]. However, it appears that when the N concentration increases, the alloy 

quality deteriorates very fast as reflected by very low PL efficiency and short diffusion 

length, impeding the use of In yGa 1-yAs1-xNx in device applications [198]. The other 

potential candidate is GaNxAs1-x-yBiy that can be grown lattice matched to GaAs. Since 

GaBi is expected to have a negative band gap, it is possible that only a small amount of N 

is needed to lower the alloy band gap to 1 eV in particular which is desired in high-

efficiency multijunction solar cells [199]. 

In this chapter the effect of co-alloying GaAs with both N and Bi is discussed, and the 

previous studies are briefly reviewed. The goal of this study was to grow GaNxAs1-x-yBiy 

with bandgap of to 1 eV. Therefore, series of efforts were accomplished to prepare the VG-

V80H MBE for the growth of GaNxAs1-x-yBiy material systems, such as, installation and 

troubleshooting the nitrogen source, RF power supply and the gas line followed by RF 

power matching measurement as described in the following.  

6.1. Review of theoretical and experimental studies on GaNxAs1-x-yBiy alloys 

Doping GaAs with N and Bi to incorporate substitutionally on As sites, forms the 

quaternary alloy GaNxAs1-x-yBiy where the band gap and the lattice constant can be tuned 

individually. A small quantity of N can induce a large downward shift of the CB edge, and 

dilute Bi atoms can also result in a large upward shift of the VB edge to tune electronic 

property of electrons and holes independently; therefore, the band gap of the alloy is 
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reduced by both Bi 6p states and N localized 2s states to cover a wide range of band gaps 

below 1.42eV. 

Moreover, incorporation of large Bi and small N atoms mitigates the lattice mismatch 

problem and offers flexibility for strain engineering so that the alloy can be grown lattice 

matched to GaAs. These results may lead to improved transport properties [71] and suggest 

potential long-wavelength applications of GaNxAs1-x-yBiy alloy [200]. 

Several theoretical studies have been performed to calculate the electronic and structural 

properties of GaNxAs1-x-yBiy [71, 201, 202]. The band anti-crossing (BAC) model describes 

the band gap shrinkage due to the incorporation of Bi and N atoms in GaAs [203,204, 205]. 

It has been proposed that the addition of N atoms into GaAs causes a band anti-crossing 

effect leading to the generation of E+ and E- conduction sub-bands. Consequently, the band 

gap (E- to VBM splitting) decreases. This originates from the interaction between the 

nitrogen resonant level and the host conduction band [206]. Since the Bi level 6p level lies 

near the VBM of GaAs, an anti-crossing between the VBM and the Bi levels is similarly 

expected to occur, leading to band gap reduction via the formation of E+ and E- valence 

sub-bands and an effective upward shift of the VBM in GaAsBi.  

S. J. Sweeney et. al. [207] predicted the band gap of GaNxAs1-x-yBiy on GaAs as a 

function of Bi and N compositions at 300 K using a CB and VB anti-crossing model based 

on the most recent and comprehensive set of experimental Eg and ΔSO data up to Bi ~10%. 

The results of this study are shown in Figure 6.1 where the band gap of the quaternary alloy 

GaNxAs1-x-yBiy covers a wide energy range from 0.2 eV to 1.4 eV with flexible control of 

the band offsets and spin-orbit splitting, i.e., covering the near and mid-infrared, for Bi up 

to 12% and N up to 6%. For such a broad range, the strain of GaNxAs1-x-yBiy on GaAs, 

however, is within ±1%. The small strain of lattice matched GaNxAs1-x-yBiy alloys on 

GaAs is due to strain compensation between GaAsN and GaAsBi. As relatively smaller N 

atoms in GaAs cause tensile strain while larger Bi atoms in GaAs lead to compressive 

strain, hence the incorporation of both N and Bi compensates the strain. Depending on N 

and Bi content, GaNxAs1-x-yBiy can be flexibly designed under compressive or tensile strain 
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on GaAs, which could also be used for producing polarization-insensitive semiconductor 

optical amplifiers by designing a series of layers in compressive and tensile strain [208].  

GaNxAs1-x-yBiy has been successfully grown by MBE with a Bi content of 4% and an N 

content of 8% in 2004 for the first time [209]. Later in 2005, the redshift coefficients of 

~62 meV/% Bi and ~130 meV/% N for GaNxAs1-x-yBiy from room temperature PL peak 

energy were reported by Huang et al. [210]. By adjusting GaBi and GaN molar fractions, 

they found Ga(N0.33Bi0.67)zAs 1−z to be lattice matched to GaAs substrates. The ratio of 

GaBi and GaN molar fractions is consistent with theoretical values based on Vegard’s Law 

[211] assuming the lattice constants of GaAs, GaBi [202] and cubic GaN are 5.65, 6.23 

and 4.51 Å, respectively. A recent study has examined the influence of bismuth and 

nitrogen fluxes on the N mole fraction incorporation, x, and Bi mole fraction incorporation, 

y, during molecular-beam epitaxy growth of GaNxAs1-x-yBiy alloys [212]. As the N2 flow 

rate increases, x increases monotonically. Meanwhile, y is unchanged with increasing N2 

flow rate, indicating that Bi incorporation is unaffected by co-incorporation with N. As the 

Bi flux increases, y increases monotonically. Furthermore, although the N flux is fixed, x 

also increases with Bi flux, up to a saturation value of ~0.018. 

 

 

 

 

 

 

 

 

 

 
Figure 6.1. Predicted band gap of GaNxAs1-x-yBiy on GaAs at 300 K including the 

dependence of strain on N and Bi composition. The shaded region indicates where ΔSO > 

Eg that suggests Auger and leakage free devices [207]. 
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The goal of this study was to grow GaNxAs1-x-yBiy film with a bandgap of 1 eV followed 

by post-growth hydrogen passivation to increase the hole mobility that can enhance the 

thin film for far-infrared and mid-infrared photonic applications. 

The experimental bandgap is obtained by PL measurement. Considering the fact that 

experimental PL energy is usually slightly higher than the theoretical calculations [213], 

the energy range of 0.8 - 0.95 eV was selected in the theoretical prediction of GaNxAs1-x-

yBiy bandgap to find the estimated N and Bi content as shown in  Figure 6.1. Three 

interesting compositions for this purpose are:  

• [N] ≅ 1.0%, [Bi] ≅ 6% (bandgap of 0.8eV with 0.5% compressive strain) 

• [N] ≅ 0.5%, [Bi] ≅ 5% (bandgap of 0.95eV with 0.5% compressive strain) 

• [N] ≅ 1.5%, [Bi] ≅ 3% (bandgap of 0.95eV with 0 strain) 

However, it has been shown that the incorporation of Bi in GaAs produces a relatively high 

density of acceptor states (~ 1017 cm-3 at ~10% of Bi), which leads to a p-type conductivity 

in nominally undoped GaAs1-xBix [214]. Hydrogen passivation can be done by post-growth 

incorporation by low-energy (100 eV) proton irradiation [204, 215]. Hall effect 

measurements of the treated GaAs1-xBix films has shown passivation of Bi-induced shallow 

acceptor levels (responsible for the native p-type conductivity) and a tenfold increase of 

the hole mobility upon hydrogen incorporation in the host lattice with negligible affect on 

the PL emission energy.  

For growing GaNxAs1-x-yBiy a home-made helical radio frequency nitrogen source was 

used which was specifically designed for VG-V80H MBE [216]. The full description of 

the design and modeling of this home-made RF plasma source can be found in the work 

done by M. Adamcyk [217] while a general description is re-presented in Appendix A. 

Since the cell was not installed on the MBE system, installation procedure is described in 

the following. This includes the installation of associated components such as the signal 

generator that is used to power the cell as well as the nitrogen gas feed line with leak-valve 

adjusted flow. At the end, trouble-shooting actions are described followed by an 

explanation of the main factors responsible for the failure in the cell operation with future 

work suggestions that can be taken to fix the cell.         
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6.2. Molecular nitrogen activation using radio frequency plasma source 

Nitrogen is non-toxic, non-flammable and is easily pumped in a UHV environment. 

However, the binding energy of the nitrogen molecule (28 eV) is high [218] and thermal 

cracking is not practical for dissociation of such a refractory molecule. “Active nitrogen” 

refers to chemically reactive nitrogen ions, atoms and molecules all of which can be in 

excited states. Various forms of active nitrogen during epitaxial growth may have different 

effects on crystal structure or transport properties based on how the nitrogen incorporates 

into the material. An alternative way to activate nitrogen, instead of thermal cracking, is to 

transfer the energy of a radio frequency wave into molecular nitrogen gas to form a nitrogen 

plasma. Commercial capacitively coupled plasma (CCP) sources are the most common 

type of plasma sources; however, they typically operate in a limited range of operating 

parameters, most notably, pressure conditions, RF power and resonance frequency. On the 

other hand, a coaxial line-based resonator can be modeled using standard transmission line 

theory to design a coil with high quality factor which resonates at desired frequencies to 

transfer power to the gas within the discharge tube. Therefore, a high quality-factor RF 

resonator was used in this study that had been previously designed in the MBE lab. 

Figure 6.2 shows the schematic of the helical resonator used in this study. The wounded 

inner coil axis is parallel to the outer conductor and the RF power is coupled to the inner 

conductor using a positionally adjustable coupling loop.   

 

 

 

 

 

 

  

 

 

 

 

 

Figure 6.2. Schematic of helical resonator plasma source showing wounded inner 

conductor, outer shield and the adjustable coupling loop [217]. 
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6.3. RF power supply and gas handling system installation 

 

Installation of the RF power supply started with checking all the electrical connections 

in the source. The feedthrough assembly was checked for insulation between the inner 

conductor of the coaxial line and the outer grounded shield as well as the insulation 

between the coupling loop and the inner coil. Moreover, the proper connection for 

transferring the RF signal from the signal generator down to the coupling loop was 

confirmed. The next step was to observe the resonance in the cell as described in the 

following.    

 The helical resonator can be modeled by a lumped element equivalent circuit [219]. 

Within this context, the RF power supply is connected to two parallel transmission lines 

(terminated with a short circuit and an open circuit). Using standard transmission line 

theory, the reflection coefficient (ρ) of the oscillator can be calculated.  

The reflection coefficient quantifies the amplitude and the phase of the reflected signal 

with respect to the incident signal at the impedance discontinuity of the transmission 

medium which happens at the interface of the RF power supply and the helical resonator 

connection. When resonance is achieved, ρ approaches zero and the incident power is 

entirely absorbed by the load. Resonance or zero reflection in the designed helical resonator 

can be achieved by tuning both the tap position and the excitation frequency.   

To observe the resonance as a function of the excitation frequency as well as the coupling 

loop position, the RF source was connected to a network analyzer and the S11 parameter 

which represents the reflection coefficient was measured.  

Frequency scan was performed in the range of 50 ‒ 290 MHz to observe all resonance 

frequencies and finding the particular excitation frequency which is associated with the 

highest drop in the S11 parameter. It was also found that the coupling loop position can 

slightly change the resonance frequency within ±10 MHz range while affecting the S11 

drop in the order of ±5 dB. 

A typical result of this measurement is shown in Figure 6.3 (a) where two noticeable 

resonances are identified happening at ~ 130 MHz and 185 MHz. Figure 6.3 (b) shows the 
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highest obtainable S11 drop of ~ 27 dB at the excitation frequency of 185 MHz when the 

coupling loop is positioned close to the center of the coil. Finally, the MBE system was 

vented, and the RF source was mounted on the growth chamber and the nitrogen feed line 

was connected. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.3. S11 measurement using a network analyzer on the unloaded 

resonator. (a) Observation of resonance at 130 and 185 MHz while 

scanning the excitation frequency range 50 ‒ 290 MHz. (b) The highest 

observed drop of S11 at 185 MHz with coupling loop close to the center 

of the inner coil.  
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Figure 6.4 shows the schematic of the gas handling system that was installed to feed 

nitrogen to the RF resonator inside the UHV growth chamber. Semiconductor process 

grade nitrogen gas (99.9999% pure) is injected into the nitrogen feed line through a leak 

valve (Agilent 951-5106) that can operate in a vacuum range of atmosphere (inlet) to below 

10-11 torr (outlet). The leak valve includes a movable piston with an optically flat sapphire 

that meets a captured metal gasket. The sapphire’s movement is manually actuated by a 

cantilever arm (through a threaded shaft-and-lever mechanism) which provides precise gas 

flow control. The pressure in the nitrogen feed line is measured by a Pirani gauge (down 

to 10-3 torr) just before entering the growth chamber. A turbomolecular pump backed by a 

mechanical pump is connected to the feeding line via a ball valve to adjust the pressure 

within the line. The turbo pump is also used to evacuate impurities from the gas line due 

to outgassing from the walls of the gas-handling system before feeding nitrogen into the 

line.     

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6.4. Schematic of the gas handling system used to feed nitrogen into the RF resonator. 

Agilent 951 

leak valve 
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6.4. Powering up the plasma source and impedance mismatch measurement 

RF power supply includes a sinusoidal signal generator followed by an amplifier (ENI 

– 550L, 1.5 to 400 MHz, 50 dB) that was connoted to the plasma source via a compatible 

BNC cable. The signal generator produces a sinusoidal signal within the frequency range 

of 80 kHz to 250 MHz with the signal amplitude as high as 2V. The 50-dB amplifier input 

must be 1 volt and considering the ×316 peak-to-peak amplification, the ideal highest-

amplitude output signal should be 316 V. However, in practice, the highest obtained output 

signal amplitude was 175 V that corresponds with actual 46 dB gain.  

The amplified sinusoidal signal of 175 V drove the resonator coupling loop while the 

frequency was swept in the range of 80 kHz to 250 MHz to see if the plasma is ignited. 

Moreover, a wide range of growth chamber pressure (10-5 – 10-8 torr) containing only 

nitrogen injected from the gas line was tested for each frequency sweep to find if there is 

any appropriate pressure condition that can ignite the plasma within the discharge tube. 

While sweeping different frequencies and background pressures, special attention was paid 

to the frequencies within the range of 185 ± 20 MHz where the resonance of the highest 

Q-factor had been observed previously as described in section 6.4.  

A tesla coil was also used to start the initial breakdown and see if the plasma can be 

sustained by the RF resonator. Purple glow of nitrogen plasma was observed through the 

small window port on the cell flange whenever the tesla coil EM field was directly applied 

to the cell; however, the glow disappeared as soon as the tesla coil was removed away.  

Another effort was to inject argon into the chamber instead of nitrogen as argon 

breakdown voltage is 6× lower than nitrogen (breakdown voltage of nitrogen is ~ 3.45 

kV/mm while it is ~ 0.6 kV/mm for argon) [220]. Frequency and pressure sweep were 

repeated for the case of argon; however, plasma ignition was not observed.   

Since the plasma was not ignited in any frequency or pressure condition even in the case 

of argon, it was deemed necessary to measure the power transfer into the RF source. 

Therefore, a directional coupler (Werlaton – C5091, 10 - 250 MHz, 100 W, -30dB) was 

utilized to observe the amplitude of the delivered and the reflected signal to/from the RF 
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resonator. Figure 6.5 shows the directional coupler connections. The directional coupler is 

placed within the path of the signal from the power supply to the helical resonator to 

observe the delivered and reflected signal. In this experiment, 600 mV sinusoidal signal of 

185 MHz frequency was fed into the amplifier. The amplifier output is fed into a -30 dB 

coupler and then it drives the helical resonator. The delivered and reflected signals were 

measured to be 380 and 85 mV respectively. Regarding the 30-dB attenuation of the 

coupler, the actual delivered and reflected signal amplitudes are 12 and 2.6 V respectively. 

The low amplitude initial signal of 600 mV was selected to protect the oscilloscope from 

an incoming signal of more than 50 V amplitude. The measurement shows that about 40% 

of the signal power (~ V2) is delivered to the resonator indicating a noticeable mismatch in 

the connection. In such a case, even with an amplifier producing a sine wave of 175 V 

amplitude, plasma ignition is not practical while RF signal voltage in the order of kV has 

been reported to ignite nitrogen plasma in the pressure range of below 0.1 torr [221].    

The problem can be addressed by a more powerful amplifier and a matching box for 

efficient power transfer. Because of the dynamic nature of the plasma, the impedance of 

the total load (including the coupling loop, helical resonator and the discharged nitrogen) 

tends to change rapidly over time. Although matching boxes are usually expensive and 

dissipate power, they ensure maximum power transmission to the resonator to break down 

the gas and maintain the formed plasma.  

     

 

 

 

 

 

 

 

 

Figure 6.5. Directional coupler connections.  

From RF power supply 
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6.5. Conclusion 

Capacitive Coupled Plasma sources (CCP) at 13.56 MHz were the first in plasma 

processing applications and are reliable; however, the major problem is the low Q-factor 

and the limited range of working pressure while the pressure range of <10-5 torr is essential 

for the MBE method. Moreover, lower pressure is more desirable as it means higher mean 

free path and less scattering for the atoms to reach the wafer surface [222].  

On the other hand, Inductively Coupled Plasma sources (ICP) based on helical resonators 

can operate in a wide range of gas pressure and frequencies [223] while theoretically 

provides the highest Q-factor in the smallest physical size [224] in comparison with CCP 

systems. In this study a helical resonator was used to ignite the plasma; however, it seems 

that a matching network is required to ensure maximum power transmission to the plasma. 

Dynamic nature of the plasma tends to rapidly change the impedance of the load; therefore, 

the connection between the external RF power supply and the load, which includes 

dynamic plasma, would experience high level of mismatch that result in power transfer 

drop during growth. MBE methods requires high control over the material sources and 

maintaining plasma with the same characteristics such as flow and temperature of the 

plasma. This is of fundamental importance for controlling the growth condition to obtain 

the desired thin film structure. Therefore, the use of a matching box is necessary to transfer 

the impedance of the coil coupled to the plasma to match the impedance of the RF power 

supply [225] although it may result in more dissipation of total power. This would increase 

the ICP power transfer efficiency and helps ICP operation at low plasma density [226]. 
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7. Chapter 7: Conclusion 

GaAs, as the most applied binary semiconductors for optoelectronic devices and high-

frequency electronic devices, will continue to be used because of its properties that allow 

high-speed electronic interaction and efficient light emission to take place. A distinct 

advantage of molecular beam epitaxy is its ability to grow high-quality (low-defect, highly 

uniform) heterostructures with highly controllable changes in the doping and atomic-layer 

control. In this study, GaAs-based alloys and heterostructures were grown to study the 

optoelectronic properties and device performance of the grown structures.     

Bismuth containing GaAs alloys are promising materials for applications in long 

wavelength optoelectronic devices by providing the bandgap reduction of ~ 88 meV/% Bi 

at low Bi concentrations. Therefore, the optical properties of GaAs1-xBix are of fundamental 

importance in designing devices from this alloy system. The optical properties can be 

studied by non-destructive ellipsometry method. The complex dielectric function of MBE 

grown pseudomorphic GaAs1-xBix (0 < x < 17) alloys was studied over the energy range of 

0.37-8.9 eV which opened new insights into the effect of Bi incorporation on Brillouin 

zone critical points as well as the surface morphology. Critical points in the dielectric 

function, ɛ(E), were studied using standard analytic line shape formulation of the joint 

density of states. A total of 11 different critical points in the complex dielectric function 

were observed in which most of them extrapolate back to GaAs critical points at a Bi 

concentration of 0%. The energy of the observed CPs as a function of Bi content showed 

that the top of the valence band is most sensitive to Bi incorporation while other parts of 

the BZ are less affected. Extrapolating the Bi dependence of optical features to 100% Bi 

content, predicted some of the CPs energy for binary GaBi material at high symmetry 

points (L and X) of BZ which showed reasonable agreement with the theoretical 

predictions of GaBi band structure. Moreover, an interesting new critical point was 

observed in the 2 ‒ 2.5 eV energy range that was attributed to alternative allowed optical 

transitions made possible by changes to the top of the valence band in the Bi alloy caused 

by resonant interactions with Bi orbitals.  

By having more information on optical properties of GaAsBi alloy system, the material 

can be used to fabricate optoelectronic devices, such as photovoltaic device, to investigate 
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more aspects of the material properties such as carrier transport properties. Bi alloyed GaAs 

can be used as a sub-cell in multi-junction solar cells to tune the bandgap below 1.42 eV 

and to absorb long wavelength radiation of the solar spectrum which exceeds GaAs cut off 

wavelength (λ>870 nm). Theoretical studies show the enhancement of GaAs-based multi 

junction solar cell overall efficiency by adding a 1eV GaAsBi sub-cell. In this study single 

junction of dilute GaAs1−xBix (x = 0.3, 0.7 and 1.1%) based p+/n and n+/p solar diodes were 

grown by MBE and the solar performance was reported for the first time. It was observed 

that by introduction of Bi into GaAs, a non-zero EQE below the GaAs band edge is 

obtained. Among different Bi contents investigated in this study, GaAs92Bi08 showed the 

highest increase in efficiency with about 30% increase of total power conversion efficiency 

in comparison with the reference GaAs devices that were grown under unconventional 

growth condition (at low temperature) without any Bi incorporation. By investigation of 

the IV curves and modeling the external quantum efficiency spectrum with continuity 

equations that describe carrier transport within a pn junction, the diffusion and drift current 

of the fabricated devices were simulated using the ellipsometry measured absorption 

spectrum of the GaAsBi. Thereby, transport properties of the minority carriers in GaAs 

with 0.8% Bi incorporation were estimated. Minority electron and hole lifetimes in 

GaAs92Bi08 with 1016 cm-3 doping level were estimated to be in the order of τn ~ 270 and 

τp ~ 25 ps respectively. This results in the minority carrier diffusion lengths of Ln ~ 1600 

and Lp ~ 140 nm. The CV characteristics of the fabricated devices was obtained by 

impedance spectroscopy and the pn junction capacitance was modeled by a parallel 

combination of depletion and diffusion capacitance, respectively for reverse and forward 

biased regime. By modeling the reverse bias capacitance with Mott–Schottky relation, the 

p+n and n+p structures built in potentials was estimated to be 1.41 and 1.36 V while the 

doping of the base region was found to be in the range of 1015 cm-3. Modeling the forward 

bias capacitance with exponential dependence on applied voltage, resulted in the ideality 

factors of greater than 2 which indicates the presence of highly disturbed regions where the 

density of defects is high. Such spatial inhomogeneity, mainly caused by the 

unconventional growth of GaAs, results in carrier recombination mechanisms beyond the 

one defect level mechanism in SRH recombination theory.  
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Low temperature growth of GaAs introduces defect states which results in the reduced 

carrier lifetime and diffusion length which makes it less promising for photovoltaic 

application; however, this reduced carrier lifetime can be utilized in THz (1.24 - 12 meV) 

optoelectronic devices where carrier lifetime in the order of sub-picoseconds is desired. 

For this purpose, GaAs was grown at low temperature (150 ~ 250 ◦C) under arsenic over 

pressure growth condition to increase the mid-gap defect state to reduce the carrier 

lifetimes to the order of sub-picosecond. Such material with sub-picosecond carrier lifetime 

can be used to fabricate THZ photoconductive antennas for emission and detection within 

the telecom window where low-cost, high-power fiber-based components are available. 

The low temperature grown GaAs material properties can be optimized to enhance the 

performance of the fabricated photoconductive antennas in THz time domain spectroscopy 

setup. For this purpose, the arsenic content of the LT-GaAs layer was optimized to 

maximize the photo-carrier generation using 1550 nm laser excitation while maintaining 

high mobility and resistivity required for optical switching. In addition, post growth 

annealing with the optimized temperature increased the film resistivity which is desired for 

photoconductive antenna performance. Finally, adding a barrier layer of AlAs below the 

LT-GaAs layer increased the PCA signal intensity by limiting the carrier loss from 

diffusion into the GaAs substrate as well as causing optical reflection for the transmitted 

laser beam back into the LT-GaAs layer. The optimized plasmon-enhanced 

photoconductive antenna fabricated in this study (2-µm LT-GaAs on 60-nm AlAs, with 

As2:Ga BEP of ~7 and annealed at 550°C for 1 minute) outperformed a commercial 

InGaAs-PCA (BATOP, PCA-40-05-10-1550-a) by a factor of 15 at 1550 nm wavelength 

operation.  

Another promising alloy for variety of optoelectronic applications is GaAsBiN which 

can be obtained by co-alloying of GaAs with Bi and N. The band gap and lattice constant 

of such quaternary alloy can be tuned separately; therefore, quaternary alloy of GaAsBiN 

with the tuned bandgap of 1 eV and completely lattice matched to GaAs is another 

promising material for multi junction solar cells. One way to introduce active nitrogen into 

the MBE growth chamber is using Inductively Coupled Plasma sources (ICP) that can 

operate in a wide range of gas pressure and frequencies with high Q-factor. To achieve 

this, a home made ICP-based helical resonator was installed on the MBE chamber and the 
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resonance frequency was observed with a network analyzer. However, power reflection of 

the cell measured by directional coupler showed that 40% of the signal power is delivered 

to the resonator indicating a noticeable mismatch in the connection. The mismatch between 

the load and the external RF power supply can be solved by using a matching box to 

enhance the power transfer efficiency and helps ICP operation at low plasma density. 
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Appendix A – Helical radio frequency plasma source 

Transmission lines support standing waves and exhibit resonance at frequencies 

determined by physical length and propagation velocity. Therefore, a resonator can be 

made using a coaxial line and by wounding the inner conductor with the axis parallel to the 

outer conductor. Figure A.1 shows a schematic of a typical helical resonator with one end 

of the coil shorted to the shield while the other end is open ended. It resonates when an 

integral number of RF quarter-waves fits between the two ends of the system.  

A schematic representation of the RF plasma source designed for VG-V80H MBE 

system is shown in Figure A.2. The helical resonator including the inner coil, outer shield, 

coupling loop and the central discharge tube are mounted on a 4.5” conflat flange [219]. A 

UHV-compatible coaxial cable connects the RF power supply to the coupling loop through 

a feedthrough mounted on a 1.3” conflat mini-flange which is attached to the main flange. 

The feedthrough assembly is shown in Figure A.3. RF power is coupled into the resonator 

using a two-turn coupling loop that is concentric with the helical resonator. The coupling 

loop is physically detached from the resonator and its position can be adjusted externally 

along the axis of the resonator to maximize the power transfer. This is analogous to 

changing the RF tap in the helical resonator shown in Figure A.1 [217]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.1. Schematic representation of a helical RF resonator (left) and the 

associated coaxial line (right). One end of the coil is shorted to the shield and the 

other end is left open circuited. The inner coil is directly connected to the RF power 

while the position of the connection can be adjusted. The resonance frequency of the 

resonator can also be adjusted by changing the position of the RF connection along 

the length of the inner coil [217]. 
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There is a combination of electric field and magnetic field inside the resonator. Both 

electric and magnetic fields have axial, radial and azimuthal components which make the 

total combination of fields quite complex [227]. Electrons are accelerated along the axis of 

the inner coil by the axial electric field. Moreover, electrons are confined radially by the 

magnetic field to not hit the walls of the discharge tube [217].  

A discharge tube made of dielectric insulating pyrolitic boron nitride (PBN) is used to 

insert the gas supply. The PBN tube also has several baffle discs at the end to reduce the 

ion density of the outgoing through collisions with the disks. Although ions quickly 

neutralizes upon collision with the baffle discs, atomic nitrogen can still exit as it is very 

long lived [217]. 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 
Figure A.3. Feedthrough assembly connecting of the RF power supply to the coupling loop.  

Figure A.2. Schematic representation of the RF plasma source designed for the MBE [217]. 
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Appendix B – Rapid thermal annealing setup and operation 

Rapid thermal annealing was used to anneal LT-GaAs as discussed in section 5.4.3 in 

order to increases the size and density of the arsenic precipitates to increases the resistivity 

of LT-GaAs. Annealing is very sensitive to temperature variations and time. The quality 

of the process is dependent on how sharp the temperature rises and drops.  

Figure B.1 shows the schematic of the rapid thermal annealing setup used for this project. 

The annealing process is performed within a vacuum chamber connected to a turbo pump 

backed by a mechanical pump. The sample is mounted on the holder and then the chamber 

is pumped down. The heat source is a halogen light bulb and a copper sample holder is 

mounted directly on the bulb. A k-type thermocouple is connected to the surface of the 

copper sample holder to monitor the temperature. The temperature rises instantly as a 

halogen light bulb turns on under a sample holder. A closed loop controller module turns 

the light bulb on/off in vacuum to maintain a pre-set temperature while the duration of the 

process can be adjusted manually. Once the annealing time elapses, the pumping valve is 

closed, and the chamber is vented with nitrogen gas immediately to cool down the sample.    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure B.1. Diagram of the rapid thermal annealing chamber showing the pump 

line, vent line and the sample holder mounted on the light bulb. 
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Appendix C – Cryogenic pump maintenance and repair  

The cryo-pump provides fast, clean pumping of all gases in the range of 10−3 to 10−9 torr. 

A cryopump traps gases and vapours by condensing them on a cold surface. All surfaces 

are cooled by a closed cycle helium compressor attached to the pump by insulated tubes.  

The general structure of cryo-pump is shown in Figure C.1 which essentially has three 

stages at various low temperatures, with the outer stages shielding the colder inner stages. 

The stages are: (1) 80K chevron baffle, (2) 15K inverted cup-shaped array and (3) 

underside of the cup-shaped array coated with activated carbon. Over time, the surface 

eventually saturates with condensate, and thus the pumping speed gradually drops to zero. 

Regeneration of a cryopump is done by warming up the pump to room temperature 

allowing the trapped gases to change from a solid state to a gaseous state. Thereby, the gas 

is released from the cryo-pump through a pressure relief valve into the atmosphere while 

the gate valve is used to isolate the cryopump from the vacuum chamber.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure C.1. General structure of cryo-pump showing different stages (Left). The 

three stages of cryo-pump with their associated gas capturing mechanism (Right).  
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Although the condensed gas on the metal plates is evaporated out easily though 

regeneration, most of the adsorbed gases in the activated carbon stage can not evaporate 

and the porous nature of the charcoal is filled over time. Therefore, the carbon coated arrays 

need replacement. This was observed by no improvement in pumping speed after several 

regenerations in VG-V80H MBE system. Therefor, it was concluded that the 15 K carbon 

coated array needed replacement. The required parts (80K and 15K arrays) were ordered 

and the cryopump was dissociated form the growth chamber and the He compressor lines. 

Physical accessing the cryo-pump was quite challenging because of its mounting position. 

Figure C.2 shows the cryo-pump mounted on the system and Figure C.3 shows the replaced 

80 K and 15K arrays which were heavily covered by arsenic deposition. The part was un-

mounted and after pump cleaning, replacing the 15K array and checking the electrical 

connection of the temperature sensor it was mounted back on the growth chamber.     

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure C.2. The mounted cryo-pump on the MBE growth chamber. 

Figure C.3. The 80 K array (Left) and the 15K array (Right) which were heavily 

coated by arsenic.  
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Appendix D – Ion pump array replacement 

An ion pump is a type of ultra high vacuum pump operating in the range of 10-6 to 10-11 

torr under ideal conditions.  

Figure D.1 shows a general schematic of an ion pump. All ion pumps have a parallel 

array of short, stainless steel tubes, several arrays (Ti or Ta) spaced a short distance from 

the open ends of the tubes, a power supply that can generate high electric potential and a 

strong magnetic field parallel to the tubes’ axes. An ion pump ionizes gas within the vessel 

it is attached to by employing a strong electrical potential, typically 3–7 kV for electric 

discharge. The pump includes magnets located outside the vacuum generating 1200 gauss 

magnetic field which traps the produced electron cloud (referred to as plasma) in the anode 

tube assembly. These electrons consistently strike the gas molecules and ionizes them. The 

positive swirling ions are forced out of the anode tube by the high voltage field at a high 

velocity toward the cathode plate to strike a chemically active cathode (usually titanium). 

The ions will chemically and physically react with the cathode material and either become 

buried within the cathode or sputter cathode material onto the walls of the pump that can 

act as getter.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure D.1. General structure of an ion-pump showing the anode, cathode and the 

direction of the applied electric and magnetic fields (Left). Close look at the 

configuration and cross section of the cathode and anode assembly (Right).  
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Over time, the cathode array under ion strike lose its titanium content. There is a high 

chance that the sputtered titanium makes an electrical connection between the cathode 

array and the anode frame surrounding it. Such problem was observed on the MBE 

preparation chamber ion pump which was Varian 912-7022 8" CF ion pump. Figure D.2 

(Left) shows the full assembly including the cathode cylindrical arrays made of titanium 

and the surrounding frame made of stainless steel. The assembly were tested and the 

electrical isolation between the central cathode cylindrical arrays and the surrounding 

anode frame failed. The arrays were sent for refurbishing and the new arrays were installed 

back again into the pump. Figure D.2 (Right) shows four refurbished arrays mounted back 

in the ion pump envelope.     

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure D.2. The ion pump array including cathode which is an arrangement of 

cylindrical shaped arrays made of titanium and surrounding frame made of 

stainless steel (Left). Total of four arrays (two on the top and two on the bottom) 

mounted in the envelope of Varian 912-7022 8" CF ion pump (Right).     
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Appendix E – Ion pressure gauges repair  

The hot-filament ionization gauge is the most widely used device to measure the 

pressure of UHV range from 10−3 to 10−10 torr.   

Figure E.1 shows a general schematic of an ion gauge. The filament (cathode) which is 

made of tungsten or iridium is heated up by applying the voltage difference of about 30 

volts to the ground. This cause the emission of electrons (typically 25 µA to 10 mA) from 

a heated filament. The emitted electrons are then accelerated toward a positively charged 

wire grid (anode) by a DC potential of about +150 volts. Electrons pass into the space 

enclosed by the grid and collide with the gas molecules and ionize fraction of them. The 

positive ions are then collected by the ion collector that is located along the axis of the 

cylindrical grid. Produced ion currents are on the order of 1 mA/Pa and are a measure of 

the pressure in the chamber. At a constant filament-to-grid voltage and electron emission 

current, the ions current is linearly proportional to the density of molecules (pressure) in 

the gauge for pressures range of approximately 10-3 to 10-10 Torr. Therefore, this gas 

composition-dependent current is usually calibrated for nitrogen gas and is amplified to 

address the pressure of the chamber. 

 

 

 

                  

            

                                           

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure E.1. An ion gauge mounted on the con flat vacuum flange with feed though 

connections (Left). Filament, grid, ion collector and their associated biasing value 

ranges for ion gauge operation (Right).     
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A glass envelope with an opening to the vacuum can surround the electrodes, but usually 

the Nude Gauge is inserted in the vacuum chamber directly. Since the current is passed 

through the filament for thermionic emission of electrons, the filament would be consumed 

over time. Therefore, many ion gauges are designed to accommodate two filaments in order 

to switch the connection to the second filament without venting the chamber to access the 

gauge. Figure E.2 shows the connections of a single and dual filament ion gauges. The pins 

are fed through a ceramic plate in the wall of the chamber to apply appropriate voltages on 

gauge elements. 

As mentioned in the section 2.1.3, the PC is equipped with a Varian ion gauge while the 

GC is equipped with two Varian gauges to measure the overall pressure as well as beam 

equivalent pressure of the cells. All ion gauges installed on the MBE system went through 

filament changing process. More specifically, the ion gauge mounted on the GC for 

measuring BEP required venting and un-mounting the retractable holder. It was also 

observed that the retractable feed through connections were broken which was replaced. 

Surfaces heavily deposited by arsenic were cleaned, connections were fixed, and the 

assembly was mounted back on the MBE system.      

 

 

 

 

 

 

 

 

 

 

 

Figure E.2. Electrical connection of a single filament and a double filament ion gauge.  
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Appendix F – Published paper abstracts   

Abstract of the published papers based on this thesis: 

➢ Complex dielectric function of GaAsBi as a function of Bi content.  

Physical Review Materials Vol. 3, Issue. 5, pp. 054601 (2019).  

 

➢ Plasmon-enhanced LT-GaAs/AlAs heterostructure photoconductive antennas for sub-

bandgap terahertz generation. 

Optics Express Vol. 25, Issue 18, pp. 22140 (2017). 

 

➢ Plasmonic Antireflection Coating for Photoconductive Terahertz Generation 

ACS Photonics Vol 4, Issue 6, pp. 1350 (2017). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://doi.org/10.1103/PhysRevMaterials.3.054601
https://doi.org/10.1364/OE.25.022140
https://doi.org/10.1021/acsphotonics.7b00410
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