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Abstract 

 

Silicon solar cell has been the dominant technology on the photovoltaic market for many years due to its 

advantages of low-cost, nature abundancy, and well-established volume production capacity. With the 

improvement, the conversion efficiency of monocrystalline silicon cell is approaching the Shockley-Queisser 

limit at about 30%. In contrast, III-V compound semiconductor based multijunction solar cell has shown a 

steady increase in recent years and a record efficiency at 46% has been reported. However, with the high-cost 

substrate material, III-V compound solar cell still cannot have a great impact on the market. 

 

 In order to achieve a higher conversion efficiency at a competitive cost, integrating high-efficiency III-

V semiconductor on cost effective silicon substrate is one of the promising ways. In recent years, a lot of 

researches on III-V-on-Si multijunction solar cell have been performed and have already made some headway. 

Among those investigations, various kinds of III-V materials are used to be the top cell material like GaAs, 

GaInP, InP and so on. Based on the simulation, the highest efficiency of dual-junction solar cell with a silicon 

bottom cell can be achieved when the top cell band gap is 1.7 eV. Therefore, GaAsP can be one of the 

appropriate materials to fabricate the top cell.  

 

The thesis will present the development of the building blocks of GaAsP/Si dual-junction tandem solar 

cell. At the very beginning, to confirm if high efficiency can be achieved in single junction GaAsP solar cell, 

a simulation was conducted, and the design of the single junction GaAsP solar cell was also shown. Then, the 

development of growth process of high-quality GaAsP epitaxy and the optimization of the crystal quality will 

be presented. In order to address the defects and dislocations problem, the GaAsP was grown on GaAs and 

GaP substrates, and the growths were characterized by high resolution x-ray diffraction (HRXRD), atomic 

force microscopy (AFM), scanning electron microscopy (SEM), photoluminescence (PL) and Raman 

spectroscopy. It is found that for some specific growth conditions, pits formed on the surface of the samples. 

Therefore, the investigations of those pits were also completed and presented in this work. Finally, the 

optimization of doping concentration following the result of simulation was provided, and the grown samples 

were characterized by various techniques. At the end of project GaAsP with bandgap about 1.7 eV, n-type 

GaAsP with carrier concentration of 7.7×1017 to 1.1×1018 cm-3, and p-type GaAsP with carrier concentration 

up to 2.8×1019 cm-3 were obtained. The outcomes of this work will facilitate the realization of GaAsP/Si 

tandem solar cells in near future. 

 

 

Key words: HVPE, GaAsP, III-V semiconductors, III-V/Si tandem solar cell. 
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Sammanfattning 

 

Kiselbaserade solceller har dominerat marknaden under många år tack vare sin låga kostnad, stora 

tillgänglighet samt en väletablerad och storskalig produktion. Med förbättringen av teknologin närmar sig 

verkningsgraden för monokristallina kiselceller på ungefär 30%. Däremot har III-V baserade solceller upplevt 

en stadig utveckling under de senaste åren och uppnått en verkningsgrad på 46%. Trots det kan III-V baserade 

solceller inte bli kommersiellt relevanta på grund av sin höga substratkostnad. 

 

Integrering av högeffektiva III-V solceller på billiga kiselsubstrat är en lovande metod för att uppnå en hög 

verkningsgrad till ett lågt pris. Mycket forskning kring III-V/Si-baserade tandemsolceller har utförts nyligen 

och redan sett framgång. Bland dessa undersökningar har olika III-V material används för toppcellerna, som 

GaAs, GaInP, InP m.m. Simuleringar har visat att den högsta verkningsgraden för en kiseltandemcell med två 

övergångar uppnås när topcellen har ett bandgap på 1.7 eV. Av den anledningen är GaAsP lämpligt som 

toppcell. 

 

Denna avhandling presenterar utvecklingen av byggstenar för en GaAsP/Si tandemsolcell. Simulering av en 

GaAsP-solcell med en övergång har utförts för att bekräfta att en hög verkningsgrad kan uppnås och för att 

undersöka designen av en sådan cell. Utvecklingen av högkvalitativ GaAsP-epitaxi och optimeringen av 

kristallkvalitén kommer att presenteras. För att undersöka problemen med defekter och dislokationer odlades 

GaAsP på GaAs- och GaP-substrat för att sedan karaktäriseras med högupplöst röngenkristallografi (HRXRD), 

atomkraftspektroskopi (AFM), svepelektronmikroskopi (SEM), fotoluminiscens (PL) och 

Ramanspektroskopi. Under vissa förhållanden formades gropar på provernas yta under tillväxten. En 

undersökning av dessa gropar utfördes och kommer också att presenteras. Slutligen utfördes optimering av 

dopningskoncentrationen baserad på simuleringsresultaten, och de proverna undersöktes med olika metoder. 

Projektet resulterade i framtagandet av GaAsP med ett bandgap på ungefär 1.7 eV, n-dopning med 

koncentrationer mellan 7.7×1017 cm-3 och 1.1×1018 cm-3 samt p-dopning med koncentrationer på upp till 

2.8×1019 cm-3. Projektets resultat kommer att leda till framtagandet av en III-V/Si tandemsolcell inom en snar 

framtid. 

 

Nyckelord: HVPE, GaAsP, III-V halvledare, III-V/Si tandemsolcell 
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Chapter 1. Introduction 

1.1 Background and literature review 

Nowadays, the environment issues and resources shortage become serious day by day. To settle the 

problems, the development of renewable resources is urgent. One of the renewable energies, the solar energy, 

is a promising resource for achieving the sustainable future. Based on the renewable energy data in 2019[1], 

the renewable energy in power generation kept growing steadily. As shown in Figure 1.1, more than half of 

additions in the renewable power capacity is contributed by the solar PV, representing that the utilization of 

solar energy has become an inevitable trend and necessary means in energy supply field. 

 

 

Figure 1.1 Annual Additions of Renewable Power Capacity[1] 

 

As the core device of photovoltaic conversion, the solar cell has been increasingly valued by the scientists 

in recent decades. Since 1954 when the first p-n silicon photovoltaic device was reported[2], relevant 

investigations of solar cell have been carried out, and attractive advances has been made in this field of study. 

To compete with the traditional power generation devices, the solar cell should not only have high conversion 

efficiency, but also possess an appropriate price. Silicon, fulfilling all the requirements of solar cell in material, 

has been dominating the photovoltaic industry for many years. The advantages that silicon possesses, like 

abundant, low-cost, appropriate bandgap and so on, bring a huge boom for the solar cell manufacture. The 

main progress in efficiency of solar cell in recent decades are shown in Figure 1.2. The blue line in the figure, 

representing the efficiency of silicon solar cell, are converging after a long-term increase, indicating that the 

efficiency of silicon solar cell has almost saturated due to the Shockley-Queisser limit[3]. Currently, the state-

of-the-art single-crystalline silicon solar cell has the record efficiency reaching 26.6%[4], which quite 

approaches to the maximum possible efficiency (29.4%) of the single-crystalline silicon solar cell[5]. 
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Figure 1.2 Best Research-Cell Efficiencies[6] 

 

In today’s photovoltaic industry, the major cost is mainly driven by installation, cabling and other parts[7], 

which are all area-dependent. Therefore, in order to decrease the levelized cost, improving the conversion 

efficiency is necessary. Apparently, the efficiency of silicon solar cell has almost saturated, demonstrating that 

it can no longer meet the needs of the future space and terrestrial applications. Thus, the method for raising 

the conversion efficiency should be come up. 

 

Unlike the situation of silicon solar cell, the multijunction solar cells maintain the strong pace in 

development, as shown in Figure 1.2. It is well-known that multijunction solar cell is an essential strategy to 

overcome the Shockley-Queisser limit. By stacking the solar cell materials with different bandgaps, the 

multijunction solar cell is able to absorb most of the solar radiation[8] and reduce the thermalization loss at the 

same time. After long-term exploration, the multijunction concept was most successfully implemented in III-

V semiconductor solar cell. Compared to the silicon, III-V compound has a lot of merits such as tunable 

bandgap, higher photon absorption, higher resistivity which can withstand rays with lower wavelength from 

space and smaller energy loss.[9] Furthermore, the tunable bandgap energy of some III-V compound 

semiconductor offers the possibility of designing multijunction solar cells with different structures. Therefore, 

III-V compound multijunction solar cell raised an immense attention, and many researches have been 

conducted. For example, the GaInP/GaAs dual-junction solar cell was reported by Olson et al, and this 

structure was improved by another group who made the efficiency reach 32.6%.[10] There are also many 

researches towards triple-junction solar cell aiming at increasing the efficiency. One of the classic works is 

the GaInP/GaInAs/Ge triple-junction solar cells proposed by Cotal et al[11], and similar explorations were also 

done in the field of four-junction solar cell[12] and five-junction cell[13]. At present, world-record efficiency of 

III-V multijunction solar cell is 46% under concentrated sunlight.[14] 

 

Achieving the highest photovoltaic conversion efficiency, III-V compound multijunction solar cells have 

been the most promising and successful technology for photovoltaic devices. Although the highest conversion 

efficiency was realized by III-V compound based multijunction solar cells, the expensive cost is always the 

impediment in their large-area application. One of the most significant cost is from the expensive substrate 

materials. The scarcity of some III-V semiconductor partly leads to the high cost, but more importantly, the 

expensive bill is mainly caused by the use of expensive substrates.[15] Typically, GaAs or Ge substrates are 
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usually utilized in III-V compound multijunction solar cell, and those substrates are comparatively costly in 

the photovoltaic market. 

 

Considering the low-cost substrate, silicon can be the most competitive candidate in cost reduction. What 

is more, silicon also has higher thermal conductivity and outstanding mechanical strength in comparison to 

GaAs or Ge substrates. Hence, integrating III-V compound on silicon substrate is an effective approach to 

decrease the levelized cost of energy and increase the conversion efficiency at the same time. 

 

Although combining III-V materials with silicon substrate can effectively improve the solar cell 

efficiency, choosing an appropriate III-V compound to achieve the highest conversion efficiency is still tricky. 

The first factor should be taken into consideration is the combination of bandgaps. In multijunction solar cell 

architecture, the combinations of different materials with different bandgap energies will have an enormous 

impact on the solar cell efficiency. Take dual-junction solar cell as an example whose contour of efficiencies 

is shown in Figure 1.3. When the bottom cell bandgap is around 1.0 eV, the dual-junction solar cell is possible 

to gain higher efficiency. Particularly, when silicon is the bottom cell material with the bandgap energy in 1.1 

eV, the highest efficiency can be obtained when the top cell material has the bandgap energy around 1.7 eV. 

 

 
Figure 1.3 Efficiency contours of dual-junction tandem solar cells against the bandgaps at Shockley-Queisser limit.[16] 

 

Undoubtedly, materials can greatly affect the performance of solar cell, but presently, the main obstacle 

still lies on fabrication. The technology of combining III-V compounds with silicon substrate has been 

vigorously studied for more than 20 years.[17] In general, there are two approaches for integrating III-V 

semiconductors on silicon substrate: 1) heteroepitaxial growth and 2) mechanical stacking.[18] 

 

Heteroepitaxial growth is an advanced approach which is commonly used in present researches. There 

are multiple techniques for forming a single crystal epitaxial layer, and the oldest one is liquid phase epitaxy 

(LPE).[19] The growth of heteroepitaxy is conducted by means of MBE[20], MOCVD[21] or HVPE[22] in most 

cases. Although the thin and pure epitaxy can be achieved by using those techniques, there are many critical 

challenges existing. Firstly, the most significant one is the lattice mismatch between III-V material and silicon, 

which makes the direct growth of III-V material epitaxy on silicon challenging. The mismatch of lattice 

constant between these two materials results in the formation of defects and dislocations like threading 

dislocation, affecting the conversion efficiency of solar cell. Then, the antiphase domains owing to direct 

growth of polar III-V materials on unpolar silicon substrate is another essential challenge. This kind of 

structural defects also has a big impact on the solar cell efficiency, so how to decrease the antiphase domains 

still needs a proper solution. Lastly, what cannot be ignored is the difference of thermal expansion coefficient 

between III-V materials and silicon, and this thermal mismatch will also lead to the defects and dislocations 

in epitaxy due to the strain. All the challenges affect the performance of solar cell since they result in the 

formation of defects and dislocations in the epitaxial layer. In order to decrease the defects and dislocations in 
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epitaxy grown on silicon, many efforts have been made and great success has been gained. Through 

investigations, it is found that growing a buffer layer between silicon substrate and the III-V compound epitaxy 

can be a reliable strategy to overcome the problem. At an early research conducted by Yang[23], an AlGaAs 

buffer layer was grown on silicon substrate to address the problem of defects and dislocations, and the 

conversion efficiency of the solar cell reached 19.5%. Beside the AlGaAs buffer layer, other materials like 

GaInP[24], GaAsP[25], SiGe[26], GaP[27] and so on are also used to be the buffer layer in other investigations. 

 

The mechanical stacking is another path for integrating III-V compound and silicon enabling the 

combination of any materials. By using this approach, the constraints caused lattice mismatch can be avoided. 

However, challenges in the technology of wafer bonding and the requirements of initial materials are still 

blocking the way. 

 

Hence, to lower the levelized cost and increase the conversion efficiency of solar cell at the same time, 

there are many investigations that should be completed in the future. 

1.2 Objectives and outline of the thesis 

The thesis is the pre work of the project aiming at successfully fabricating GaAsP/Si dual-junction solar 

cell by means of HVPE. In the project, GaAsP is chosen as the top cell material since it has many advantages 

as the other III-V semiconductors. What is more, for dual-junction solar cell, as shown in Figure 1.3, when 

silicon is the bottom cell material, the highest efficiency can be expected when the top cell bandgap is about 

1.7 eV which can be achieved in GaAsP. Therefore, to fabricate a dual junction silicon based solar cell with 

comparatively high efficiency, GaAsP is a very promising material for top cell architecture. Moreover, many 

publications [28-30] have proved the feasibility of integrating GaAsP on silicon substrate. 

 

To attain the conversion efficiency as high as possible, the numbers of defects and dislocations should be 

decreased. As many works proposed, growing a buffer layer between III-V material and silicon can be a 

possible path. Thus, in this thesis, the GaAsP epitaxy will be first grown on GaAs and GaP substrates which 

can act as the buffer layer in the future work. Since the lack of the growth condition of high-quality GaAsP 

epitaxial layer, the optimization of GaAsP epitaxy grown on GaAs and GaP was carried out in the first step. 

 

In general, the thesis is the pre work for the GaAsP/Si multijunction solar cell fabrication, and the samples 

are all grown on GaAs or GaP substrate. The thesis is focus on the crystalline quality optimization of the 

epitaxial layer and adjustment of the doping concentration. Besides, the design and simulation of the single-

junction GaAsP solar cell are also included in the thesis. To sum up, the objectives of the thesis are: 

1. Designing solar cell with GaAsP emitter and base. 

2. Growing a high-quality GaAsP epitaxial layer on III-V compound semiconductor. 

3. Adjusting the doping concentration of the epi-layer. 

4. Predicting the future applications 

 

Beside the first chapter which includes the literature review and the objectives of the thesis, there are 6 

chapters of the thesis. The contents of the other five chapters are as follow: 

 

Chapter 2 describes the experimental setups and simply introduce the principles of those setups. 

Chapter 3 will show the design of solar cell by the means of simulation software PC1D. 

Chapter 4 is the crystalline quality optimization part and the corresponding characterization results and 

analysis of those planar samples are included. 
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Chapter 5 provides the carrier concentration adjustment. Relative characterization results will be shown in this 

chapter and analysis of each results will also be presented in this part. 

Chapter 6 is a general conclusion for the whole thesis. 
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Chapter 2. Experimental setup 

2.1 Hydride Vapor Phase Epitaxy (HVPE) 

 

Hydride vapor phase epitaxy, which we called HVPE, is one of the VPE technologies for fabricating 

various optoelectronic devices. In this thesis, the growth of GaAsP epitaxial layers were realized by HVPE 

technology. In GaAsP case, the precursors used in HVPE can be divided into two sorts. One of them are 

chloride compounds which are responsible for the participation of the group III elements. For GaAsP, the 

group III precursor should be GaCl which is generated by the reaction between HCl and molten Ga. Another 

kind of precursor is the group V precursor and they are PH3 and AsH3 in this case. The group V precursors 

decompose into A𝑠2 ⇌ A𝑠4 and 𝑃2 ⇌  𝑃4 before entering the reactor chamber.[31] Then, all of them enter the 

next zone for the deposition step. Global growth reaction of GaAsP can be written as: 

 

GaCl(𝑔) + 𝑥𝐴𝑠𝐻3(𝑔) + (1 − 𝑥)𝑃𝐻3(𝑔) ⇔ 𝐺𝑎𝐴𝑠𝑥𝑃1−𝑥 + 𝐻𝐶𝑙(𝑔) + 𝐻2(𝑔)                (2.1) 

 

The reactor of the HVPE consists of four zones presented in Figure 2.1. Zone 1 and zone 2 are the source 

zone for generating the precursor of group III element, so that the temperature of these two zones should be 

the same and the temperature should be kept higher than the boiling point of the precursor. After GaCl 

generated, it will be transport to the zone 3 and mixed with group V gases. Zone 4 is the deposition zone 

having the substrate samples inside. Zone 5 is a room-temperature zone, acting as the interface between the 

reactor and the loading chamber. The load-lock chamber can hold the stabilization flow consisting of group V 

hydrides for cooling down the sample fast.[32] 

 

 

Figure 2.1 The schematic picture of HVPE reactor used in this thesis 

 

The strengths of HVPE technique can be easily enumerated: 1) A high-growth rate can be achieved since 

the input mass transport of reactants is the step determining the growth rate.[33] 2) Desired composition of 

ternary or quaternary  compounds can be easily obtained by changing the gas phase components. 3) Selective 

growth property at normal operating temperature. Besides, the precursors of HVPE are cheaper than that of 

MOCVD. With so many advantages, HVPE is a competitive heteroepitaxial growth technique. 
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2.2 Characterization methods 

 

2.2.1 High Resolution X-Ray Diffraction (HRXRD) 

 

HRXRD is one of commonly used tools for semiconductor characterization due to its non-invasive 

property.[34] By means of HRXRD, some physical properties like composition, perfection of the epitaxy of 

semiconductors can be determined. The principle of HRXRD can be well explained by Bragg's law. Proposed 

by W.L. Bragg [35], Bragg's Law describes the phenomenon in crystal which has planes consisting of atoms 

arranged periodically, when two parallel incident rays strike two parallel planes whose distance is d. As shown 

in Figure 2.2, the Bragg's law demonstrates that the path difference of two incident rays when they propagate 

in the crystal should be equal to a multiple of the wavelength of the ray.[36] It was put forward with an equation: 

 

nλ = 2d sin 𝜃                                          (2.2)                 

where n is an integer and θ is the incident angle. 

 

When the all the conditions of the equation (2.2) are fulfilled, the diffraction will occur, which is the basis 

of the signal detected in HRXRD measurement. 

 

 

Figure 2.2 Schematic showing the condition fulfilling the Bragg’s law 

 

The Rocking curve measurement in HRXRD is always used in defect study, since the crystal reflection it 

obtained exhibits the quality of the crystalline lattice.[37] In the thesis, there are two kinds of rocking curve 

scan used, and they are double-axis omega-2theta scan and triple-axis ω scan. Although these two scans are 

rocking curve scans, their results offer different information of the crystalline quality, and also the 

configurations of these two modes are different which can be viewed in Figure 2.3. The composition and 

lattice mismatch were characterized by double-axis omega-2theta scan, and the mosaic spread was studied by 

triple-axis omega scan because of the low mosaic spread of the samples.  
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Figure 2.3 The difference between the configurations of (a) double-axis and (b)triple-axis scan[38] 

 

2.2.2 Atomic Force Microscopy (AFM) 

 

Atomic Force Microscopy (AFM) is a powerful and common instrument for checking the surface 

morphology, roughness and other details of a sample. As shown in Figure 2.4(a), the AFM setup used in the 

experiment consists of several basic parts like piezoelectric material, laser, cantilever and the detector. In the 

setup, the piezoelectric part facilitates the movement of the sample accurately, enabling the precise scanning. 

The cantilever, laser and the detector are responsible for the atomic force detection, achieving the purpose of 

morphology characterization. 

 

 The basic principle behind AFM is the detection of near-field forces, which may be repulsive or 

attractive, between tip and the sample.[39] The operating modes of AFM can be divided into two sorts, and they 

are contact mode and dynamic mode. In contact mode, the tip maintains constant and close contact with 

surface, indicating that the figure gained by contact mode is heavily influenced by frictional and adhesive 

forces. The relationship between force and distance of this mode is drawn by red line in Figure 2.4(b), showing 

that the force between tip and the sample is repulsive under the contact mode. Dynamic mode consists of non-

contact mode and tapping mode, and the force-distance curve is shown in Figure 2.4(b) as well. The non-

contact mode, which is also called attractive mode, can produce high-resolution atomic-scale image by using 

the attractive force. Unlike the modes mentioned above, the tapping mode uses both repulsive and attractive 

force. In the tapping mode, the tip touches the surface during each oscillation of the cantilever. It is the most 

popular mode among them, since it not only eliminates the frictional forces, but also prevent the image from 

the contamination influences.  

 

 

Figure 2.4(a) Schematic diagram of AFM setup; (b) The force-distance curve for AFM[40] 
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Using the proper mode, the morphology information of the specimen can be easily obtained. Through an 

AFM analysis, it can form an image of the three-dimensional shape (topography) of a sample surface at a high 

resolution, so that the RMS can be known. In addition, AFM can be used in force measurement and applied 

to perform force spectroscopy to show some mechanical properties of th e sample, such as the Young’s 

modulus and stiffness. 

 

 In the thesis, the purpose of using AFM is to detect morphology of the sample, and those results are 

presented in Chapter 4. The information characterized by AFM includes three-dimensional topography, RMS 

and so on, which can be used for comparing with the results obtained from optical microscope. Furthermore, 

the topography of the sample can be accurately measured by AFM, contributing to filling the void of 

morphology characterization. 

 

2.2.3 Scanning Electron Microscopy (SEM) 

 

As a type of electronic microscopy, scanning electron microscopy is a powerful instrument which is 

widely used in current researches. SEM can not only satisfy the demands of scientists observing the structure 

in micrometer level, but also scan samples with higher resolution and better depth of field than scanning 

confocal microscopes.[41] Beside semiconductors as the samples in the thesis, SEM also permit the scanning 

of heterogeneous organic and inorganic material[42]. 

 

 A SEM configuration consists of three parts and they are electron gun, lenses and apertures as shown in 

Figure 2.5. As presented in the Figure 2.5, the electron beam, emitted by the electron gun, is concentrated by 

two condensers and pass through the scan coils. Then, the primary electron beam is formed and interacts with 

the sample. The interaction between the primary electron beam and the atoms of the sample will produce 

different signals, such as secondary electrons (SE), back-scattered electrons (BSE) and so on. Those signals 

will be detected by corresponding detectors and after the transformation, the images will be shown in the 

display screen.  

 

 

Figure 2.5 Structure of a scanning electron microscope (SEM) [40] 

 

In this thesis, SEM is utilized for observation and characterization of surface and cross sections of samples. 

Those results are shown and discussed in chapter 4. Considering the requirements of the thesis, the InLens 
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mode and SE2 mode were both used in the measurement.  

 

InLens and SE2 modes are basic modes in SEM measurement. The difference between these two modes 

is the type of electrons detected. In the InLens situation, the electrons detected are the low energy electrons, 

marked by SE1 in Figure 2.6. SE1 represents the secondary electrons originating from the surface of the 

sample, and this type of electrons are generated from the inelastic interactions between surface and electron 

beam. Unlike InLens mode, the detector of SE2 mode detects the electrons generated when back scattered 

electrons (BSE) leave the sample surface, and those electrons are labelled by SE2 in Figure 2.6. Since the 

back scattered electrons are generated by the elastic interaction between the beam and the atoms in deeper 

region of the sample, the images obtained by SE2 more focus on collecting the information in atomic level. 

Thus, SE signal and the BSE signal carry different kinds of information. The SE imaging concentrate on 

offering the detailed information of surface, while the BSE imaging is much more sensitive to the information 

influenced by the difference in atomic numbers, like different phases, different compositions and so on. 

Furthermore, crystallography, topography and other valuable information can also be obtained by means of 

BSE detection.[43] 

 

  
Figure 2.6 Schematic of generation of various electrons in SEM [44]  

 

2.2.4 Photoluminescence spectroscopy (PL spectroscopy) 

 

Optical property of matieral is one of the extremely greatest concerns of scientists. As an effective path 

to study optical properties, photoluminescence spectroscopy, often referred to PL, has been widely used in the 

field of semiconductor characterization. By means of PL spectroscopy, the bandgap energy of some 

semiconductors can be easily obtained. Apart from optical properties, PL technique can also be used to 

investigate the electronic structure, photochemical properties of semiconductor materials. [45] 

 

In the thesis, PL measurement was performed on the samples for investigating the crystalline quality and 

composition variation. Specifically, the crystalline quality of the samples can be evaluated by comparing the 

intensities of the PL peaks. Using the bandgap energies known by PL results, the compositions can also be 

calculated and compared with each other. Furthermore, the high sensitivity makes PL technique possible to 

capture the subtle changes of composition. In addition, compositions obtained by PL and HRXRD confirm 

each other, ensuring the reliability of the characterization works. 

 

It is well-known that the signal captured by PL spectroscopy is generated from the recombination process 

of electron-hole pairs. As illustrated in Figure 2.7, the principle of PL measurement is composed of two main 

steps, that is, electrons excitation and light emission. 
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Figure 2.7 The main principle of photoluminescence spectroscopy. (a) Electrons excitation; (b) Light emission 

 

     When the energies of incident photons are higher than the bandgap energy of the sample, those energies 

will motivate electrons to the higher energy state and this step is (a) shown in Figure 2.7. Then, those simulated 

electrons relax and return to the lower energy state and in the meanwhile, the photons are released resulting 

in the light emission. The release is described in Figure 2.7(b). The light emission detected through the process 

is photoluminescence, PL. [46] 

 

2.2.5 Raman spectroscopy 

 

Raman spectroscopy is a technique based on Raman effect, and this kind of technique is very sensitive on 

the information of crystal structure such as the vibrations of molecules, the strain of crystal and so on. As we 

know from “Rayleigh scattering”, when the incident light scattered on a sample, large fraction of photons 

diffuses keeping the same energy. [47] Nevertheless, a small number of photons have change in energy because 

of the inelastic scattering in crystal. Raman spectra arises due to those inelastic collision between the incident 

light and molecules of samples. [48]  

 

Raman spectroscopy is able to provide sufficient information of materials, such lattice dynamics and some 

electronics properties. Particularly, as one of the structural information, the compositions of some 

semiconductors, can also be reflected by the Raman results. As we all know, the frequency and intensity of 

longitudinal optical (LO) phonon as well as transverse optical (TO) phonon will be presented in the result of 

Raman spectroscopy. However, when the Raman measurement is performed in different plane of crystal, some 

modes will be forbidden. For example, at (1 0 0) surface, only the LO mode can be captured, while at (1 1 0) 

plane, only the TO mode can be observed. This special phenomenon can used for crystal plan confirmation. 

[49] 

 

The setup of Raman measurement is presented in Figure 2.8. In this thesis, Raman spectroscopy is a 

powerful method when investigating the inner structure of samples and the results and analysis will be 

discussed in detail in Chapter 4.  
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Figure 2.8 The schematic diagram of Raman measurement 

 

2.2.6 Hall effect measurement 

 

Hall effect measurement is a characterization method utilizing Hall effect to obtain the relative information 

of measured sample. As an essential observation in material science, Hall effect describes the phenomenon 

when current flows through a conducting material.  

 

Before the measurement, the Ohmic contact between sample and the alloy dots should be formed. Firstly, 

four alloy dots should be cut from a bulk metal as small as possible. Then, those four alloy dots are put on 

four corners of the sample. Lastly, the whole sample is put in the heater which is full of nitrogen gas. After the 

temperature change, the Ohmic contact is formed. Then, the samples will be taken out from the annealing 

machine and loaded in the Hall apparatus to test if the Ohmic contact is formed successfully. Only when the 

Ohmic contact constructed, the measurement about the carrier concentration, mobility and resistivity can be 

started.  

 

 When doing a Hall measurement, there are several things that should be noticed. Firstly, the magnetic 

field should be employed perpendicular to the current direction. Then the resistances put on four corners of 

the sample should not be too big and should not be too close to the corners. When the sample is put on the 

holder and connected to the machine, the connections should keep Ohmic contact. Besides, when the holder 

is put into the machine, the Ohmic contact requirement should also be satisfied. In the Hall measurement, 

keeping the connections being Ohmic contact is very important. After the Hall measurement, the information 

like mobility, doping concentration and so on can be obtained. In this thesis, the Hall measurement were 

carried out at T=295 K, and the results will be shown in chapter 5. 
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Chapter 3. Design of GaAsP solar cell 

 

In this chapter, the basic knowledge of solar cell and the structure designed will be presented along with 

the simulation results. Certainly, in the simulation work, the material of base and emitter utilized in the 

structure is GaAsP. The influences of base thickness, emitter thickness and doping concentration on the solar 

cell efficiency are discussed in this chapter by means of PC1D simulation. The structure designed shown in 

this chapter is expected to use in the future work. 

 

3.1 Theory and basic knowledge of solar cell 

 

The photovoltaic cell in this thesis is made up of semiconductor material GaAsP which is used as the 

material for absorbing light. When the energy of the incident light is higher than the bandgap energy of the 

GaAsP, the electron-hole pair will be generated in the material after absorbing the photons of the incident light. 

Then those charge carriers will be driven to one or other side, which means they will be separated. Because 

of the separation of those carriers, open-circuit voltage is established, and the current is generated under the 

short-circuit situation.[50] 

 

   The solar cell can be considered as a current generator in parallel with an ideal diode, and the ideal diode 

will generate the dark current whose direction is opposite with the current produced by current generator. Thus, 

the current-voltage characteristic of the solar cell can be seen as the sum of the dark current and the short 

circuit current. The sum of current can be described by an equation as follow. 

 

𝐼 = 𝐼𝑠𝑐 − 𝐼0(𝑒𝑞𝑉/𝑘𝐵𝑇 − 1)                         (Equation 3.1) 

 

Similarly, under the open-circuit condition, the equation for Voc is 

 

𝑉𝑜𝑐 =
𝑘𝑇

𝑞
𝑙𝑛 (

𝐽𝑠𝑐

𝐽0
+ 1)                          (Equation 3.2) 

When the voltage is between 0 and Voc, the solar cell delivers power. At V < 0, the cell under illumination 

acts as a photodetector consuming the power. At V > Voc, the device is also consuming the power. 

 

Apart from the short-circuit current and open-circuit voltage, there are still two essential parameters for 

describing a solar cell, and they are efficiency η and the fill factor FF. Both of them are defined as the ratio. 

The fill factor is 

 

FF =
𝐼𝑚𝑉𝑚

𝐼𝑠𝑐𝑉𝑜𝑐
                              (Equation 3.3) 

 

The efficiency η can be calculated by using the fill factor, 

 

 η =
𝐼𝑠𝑐𝑉𝑜𝑐𝐹𝐹

𝑃𝑖𝑛
                             (Equation 3.4) 
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3.2 Simulation work by PC1D 

 

In order to do the simulation on a single junction solar cell made by GaAsP, relative parameters are 

necessary for the work and that is where the main challenge lies. The electrical parameters for GaAsP are 

lacked, since the parameters are varied with different arsenic quantity.[51] In the thesis, some of parameters 

were found and listed in the Table 3.1 but others did not be mentioned in any paper. Considering the influence 

of composition on its physics properties, the unknown parameters were calculated by Vagard’s law. Since the 

work is the pre stage work for III-V/Si solar cell, the device should be appropriate to be a top cell of a 

multijunction solar cell. As mentioned in simulation study proposed by Arthur Onno et al[52], the bandgap of 

the top cell should lie between 1.6 and 1.8 eV. Therefore, the composition used in simulation is GaAs0.75P0.25.  

 

Table 3.1 Main parameters used in PC1D simulation 

Parameter Equation 

Bandgap (eV) 𝐸𝑔(𝐺𝑎𝐴𝑠𝑥𝑃1−𝑥) = 1.42𝑥 + 2.78(1 − 𝑥) − 0.19𝑥(1 − 𝑥) [52] 

Density of states in 

conduction band (cm-3) 
𝑁𝑐(𝐺𝑎𝐴𝑠𝑥𝑃1−𝑥) = 5.6 × 1019(0.08 − 0.039𝑥)

3

2 [51][53][54] 

Density of states in the 

valence band (cm-3) 
𝑁𝑉(𝐺𝑎𝐴𝑠𝑥𝑃1−𝑥) = 2.9 × 1019(0.6 − 0.18𝑥)

3

2 [51][53][54] 

Diffusion coefficient of 

electrons (𝒄𝒎𝟐 ∙ 𝒔−𝟏) 
𝐷𝑛(𝐺𝑎𝐴𝑠𝑥𝑃1−𝑥) = 39 − 57𝑥 + 108𝑥2 [7][51][53][54][55] 

Diffusion coefficient of 

holes (𝒄𝒎𝟐 ∙ 𝒔−𝟏) 
𝐷𝑃(𝐺𝑎𝐴𝑠𝑥𝑃1−𝑥) = 5 − 10𝑥 + 12.5𝑥2 [51][53][54] 

 

Based on the research done by Yaung et al [56], the n-type doping emitter and the p-type doping base are 

set to 1018 cm-3 and 1017 cm-3, respectively. The PC1D simulation is carried out under AM 1.5 G condition. 

There are several points should be paid attention to during the simulation: 1) the shunt resistance will not 

change automatically when the solar cell surface area is changed, so it is significant to adjust the shunt 

resistance after changing the surface area. 2) When constructing a solar cell model, in terms of emitter 

construction, it would be better adding a front diffusion in the base than inserting a new layer. Adding a front 

diffusion can get the result more realistic than inserting a new layer. 3) The minority carrier lifetime of GaAsP 

should be small due to the band structure, and 8 ns are used in this simulation. 

 

After building up the solar cell model, the simulation can be started. To begin with, the optimization of 

base thickness is presented and the influence of the base thickness on efficiency is also discussed in the 

following content. The simulation results are shown in the Figure 3.1. In this figure, how the base thickness 

affects the efficiency can be clearly observed. Although the thicknesses of emitter are different, the lines follow 

the same tendency. With the increment of base thickness, the efficiency goes up significantly in the front part, 

followed by a stable period. This phenomenon indicates that when the base thickness reached a value, the 

increase of its thickness will not have a big impact on the device efficiency. Thus, the optimum thickness of 

base can be any value bigger than 6 μm and we chose 10 μm for convenience. In Figure 3.1, what can also be 

obtained is that the thickness of emitter has a significant influence on the efficiency and the optimization of 

emitter thickness will be shown later.  
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Figure 3.1 The influence of base thickness on efficiency under different emitter thicknesses 

 

Then, since the optimization of base thickness has completed, the emitter thickness should also be 

optimized, and the results are shown in Figure 3.2. 

 

 

Figure 3.2 The influence of emitter thickness on efficiency under different base thicknesses 

 

Because of the limitation of HVPE technology, the minimum value of emitter thickness was set to be 0.05 

μm. Apparently, the efficiency declines sharply when the emitter thickness increases, indicating that the 

emitter should be as thin as possible. In addition, it is observed that the base thickness does not have an obvious 

influence on the efficiency and when base is thicker than 6.6 μm, the efficiency keeps almost unchanged which 

has already demonstrated previously. Since the process limitation, the emitter thickness chosen here is 0.18 

μm. 

 

Therefore, the thicknesses of base and emitter after optimization are 10 μm and 0.18 μm, respectively. 

Base on the thicknesses, it is found that when the doping concentrations in base and emitter are 

1.05 × 1016 𝑐𝑚−3 and 1 × 1018 𝑐𝑚−3, respectively, the efficiency can reach 8.0 %. The final structure and 

the corresponding I-V curve are both shown in Figure 3.3. 
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Figure 3.3 The I-V curve obtained by simulation and the designed structure of GaAsP solar cell 
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Chapter 4. GaAsP grown by HVPE 

 

In this chapter, the characterization results and the corresponding analysis are presented. The samples are 

fabricated by HVPE technique which has been described in the chapter 2. GaAs and GaP were used to be the 

substrate material, and GaAsP epitaxial layer was grown on those substrates under different growth condition. 

The relative characterization works are completed for evaluating the crystalline quality of the samples. Besides, 

under the specific growth condition, some pits can be observed in some samples, and the relative 

characterizations of pits are done as well. Finally, the optimum growth condition is obtained. 

 

4.1 Growth condition 

 

The crystal growth in this thesis was carried out by HVPE, and the epitaxial layers were grown on (0 0 1) 

plane. There are 4 runs fabricated for the crystalline quality optimization investigation and all the samples are 

labeled as a-1, b-1 and so on which are shown in Table 4.1. One thing has to be mentioned is that for the 

sample d-1 and d-2, there is a GaAs buffer layer grown before the growth of GaAsP epitaxy.  

 

Table 4.1 Growth condition recipes for samples grown for crystalline quality optimization 

Run number Temperature V/III ratio 
Stabilization 

flow 

Sample 

number 
Substrate 

Growth rate 

(μm/h) 

3744 710 ℃ 20 PH3 
a-1 GaAs 52.00 

a-2 GaP 47.60 

3746  660 ℃ 20 PH3 
b-1 GaAs 35.60 

b-2 GaP 35.60 

3748 660 ℃ 6 AsH3 
c-1 GaAs 76.44 

c-2 GaP 75.20 

3762 710 ℃ 20 AsH3 
d-1 GaAs 55.20 

d-2 GaP 56.00 

 

The growth rates are also listed in Table 4.1. Since the growth rate is determined by the mass input rate of 

reactants [33], run 3748 with highest GaCl flow has the highest growth rate among those runs. When comparing 

run 3746 and 3744, it is found that temperature also has some influence on the growth rate, and it may be 

caused by the near-equilibrium nature arisen by HVPE. Hence, if the temperature is higher, the growth rate 

will also be higher. However, the change of stabilization flow does not have an obvious effect on growth rate. 

 

4.2 Characterization results 

4.2.1 Surface morphology 

Surface morphology is important for our samples since it may directly affect the performance of solar cell. 

Besides, the surface morphology can also reflect the crystalline quality to some extent. Thus, characterization 
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of surface morphology is necessary, and those results are presented in the following content. 

 

 

Figure 4.1 The optical microscopy images of sample (a) a-1; (b) b-1; (c) c-1; (d) d-1 

 

Figure 4.1 shows the optical microscope images of four samples grown on GaAs substrate. Based on 

the principle of HVPE technology described in chapter 2, there are many factors affecting the crystalline 

quality of the epitaxy layer such as growth temperature, gas-phase component and stabilization flow. The 

influence of growth temperature can be clearly observed when comparing sample a-1 (Figure 4.1(a)) with 

sample b-1 (Figure 4.1(b)). In these two samples, the surfaces observed are both covered by hillocks with 

different sizes. The surface of sample a-1 looks more uniform than that of sample b-1. However, because of 

the smaller average hillock size in sample b-1, the roughness value of sample b-1 may be smaller than that of 

sample a-1 and that can be verified by AFM measurement later. It seems that lower temperature brings the 

better surface morphology, but that should be double checked by other characterizations.  

 

In Figure 4.1(c) and (d), the deterioration in morphology can be viewed. There are pits appearing in 

both of them, and based on the growth conditions, we can initially consider that those pits are caused by the 

change of stabilization flow. Even though the morphology is similar between sample c-1 and d-1, there are a 

few minor differences between them. Firstly, the density of pit is higher in sample d-1 in comparison with 

sample c-1. Then, the shapes of pits are much clearer in sample c-1 unlike shapes in sample d-1. The factors 

resulting in those pits still remain vague, and further explorations are needed. 
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Figure 4.2 The optical microscopy images of sample (a) a-2; (b) b-2; (c) c-2; (d) d-2 

 

Figure 4.2 presents the optical microscope results of samples grown on GaP substrate, and there is a 

GaAs buffer layer existing in sample d-1. The phenomenon happened in sample a-1 and b-1 also occurred in 

sample a-2 (Figure 4.2(a)) and b-2 (Figure 4.2(b)). Compared to sample a-1 and b-1, the hillocks appeared 

in sample a-2 and b-2 are slightly larger in size, reflecting that the substrate also have an impact on the surface 

morphology of epitaxy. Sample c-2 shown in Figure 4.2(c) should be the flattest one among all the samples 

shown in this chapter, but the crystalline quality should be further confirmed by other methods. However, 

under the same growth condition, there are many pits observed in sample c-1 with GaAs substrate, whereas 

sample c-2 grown on GaP substrate has the flattest surface among all the samples. Combining the growth 

condition to analyze, the possible reasons led to the pits are not only the stabilization flow, but also the 

substrate. That can be further confirmed by sample d-2 shown in Figure 4.2(d). Sample d-2 has a GaAs buffer 

layer, so that the substrate can be seen as GaAs. Similarly, the pits also appear in sample d-2, indicating that 

when arsine stabilization flow and GaAs substrate are used at the same time, the pits would appear on the 

GaAsP surface. 

 

Through the comparison, what can be inferred is that when other growth conditions are the same, lower 

temperature may produce the flatter surface. Besides, it seems that samples using GaAs substrate have better 

surface morphology than those grown on GaP substrate. To confirm the inference, related samples were 

measured by AFM and the results are discussed in the following part. 
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Figure 4.3 AFM results of sample (a) a-1; (b) b-1; (c) a-2; (d) b-2 

 

AFM results of sample a-1, b-1, a-2 and b-2 are shown in Figure 4.3. The RMS value representing the 

roughness of those samples are 53.7 nm, 28.7 nm, 80.7 nm and 44.8 nm, respectively. As we expected, the 

RMS values are in good agreement with the optical microscope results, determining the results characterized 

by optical microscope. Another thing can also be confirmed by the AFM results is that samples grown on GaP 

substrate always have higher roughness than corresponding samples grown on GaAs. 

 

 
Figure 4.4 (a) Two-dimensional; (b) Three-dimensional AFM results for sample c-2 

 

To sum up, surface morphology characterization is realized by two methods. The optical microscope 

results offer the initial surface information which can help us build up the original impression of the samples. 

From the results of optical microscope, it is estimated that sample c-2 has the flattest surface among all the 

samples. However, the RMS of sample c-2 is 39.9 nm, and the relative results are shown in Figure 4.4. After 

finishing the AFM measurement which can provide the accurate values of some properties like roughness, it 

is found that sample b-1 has the smallest roughness value but not sample c-2. Although the results from two 

methods are not consistent, the sample we need for the final device should be relatively flat, which means the 

value of roughness should be as small as possible. Obviously, in terms of surface roughness, the results of 

AFM are more convincing than that of optical microscope. Thus, as far as device fabrication is concerned, 

sample b-2 has a better surface morphology than sample c-2. 

 

Aiming at improving the crystalline quality, the information of surface morphology is insufficient, and 

more information about the inner structure, composition and other aspects is required. In this thesis, the further 
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characterizations were conducted by HRXRD, PL spectroscopy and Raman spectroscopy and their results are 

displayed in the following section. 

 

4.2.2 Crystalline quality and composition 

1. HRXRD 

 

As the previous introduction of HRXRD in chapter 2, this method can help us to determine the 

composition of the epitaxial layer and obtain the information about crystalline quality in the meanwhile. 

 

 

Figure 4.5 Double-axis (0 0 4) omega-2theta scan results of (a) GaAsP/GaAs samples and (b) GaAsP/GaP samples 

 

Figure 4.5 shows the HRXRD (0 0 4) omega-2theta scan results of the samples and all the results are 

plotted in linear form. In Figure 4.5(a), sample a-1 has the highest intensity among the samples grown on 

GaAs substrate, while the intensity of sample d-1 is the lowest one. Then, what is not hard to find is that the 

intensities of sample a-1 and b-1 are both higher than sample c-1 and d-1, but the values of FWHM are lower, 

reflecting that sample a-1 and b-1 have higher crystalline quality than the other two samples. In addition, on 

the basis of the layer peak positions, the composition can be known, and those data are listed in Table 4.2. 

However, the HRXRD results are totally different in the GaP-substrate case. In Figure 4.5(b), the intensity of 

sample c-2 takes up the first place among the results in the figure. Sample b-2 has the lowest intensity among 

samples grown on GaP substrate, whereas sample b-1 having the same growth condition owns the second-

highest intensity in Figure 4.5(a). Comparing sample b-1 and b-2, it can be known that composition plays a 

significant role in the crystalline quality of these two samples. With high As component in epi-layer, the 

crystalline qualities of them have different behavior due to different substrates. The complicated relationships 

among composition, substrate and crystalline quality can be easily explained by lattice constant. If the epitaxy 

has the similar lattice constant with the substrate material, the crystalline quality will be comparatively better, 

and it may because of the reduction of defects or dislocations brought by strain in crystal structure. 

Additionally, the peak of the GaAs buffer layer in sample d-2 is obvious in the Figure 4.5(b). 
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Figure 4.6 Triple-axis (0 0 4) omega scan results of (a) GaAsP/GaAs samples and (b) GaAsP/GaP samples 

 

The results of (0 0 4) omega scan are presented in Figure 4.6 and they are plotted in logarithmic form. 

The information obtained by omega scan reflects the crystalline quality about the lattice orientation, which is 

slightly different form the omega-2theta scan. In omega scan, the value we should be extremely concerned 

about is FWHM which reflects the crystalline quality, and relative data can be found in Table 4.2. As shown 

in Figure 4.6(a), sample c-1 and d-1 both have higher FWHM value than the other two samples, indicating 

the worse crystalline quality. In Figure 4.6(b), sample c-2 has the lowest FWHM among four samples while 

sample b-2 got the highest. The results of ω scan are similar to what were obtained from the omega-2theta 

scan. 

 

There are many values that we can collect from HRXRD results and they are presented in Table 4.2 which 

has been already mentioned before. 

 

Table 4.2 Relative data obtained form HRXRD 

Sample Composition Layer FWHM (arcsec) Mismatch (ppm) Omega scan FWHM (arcsec) 

a-1 GaAs0.72P0.28 286 -10027 230 

a-2 GaAs0.69P0.31 416 25574 374 

b-1 GaAs0.82P0.18 275 -6459 221 

b-2 GaAs0.73P0.27 603 27048 621 

c-1 GaAs0.59P0.41 570 -14708 510 

c-2 GaAs0.54P0.46 324 20000 247 

d-1 GaAs0.75P0.25 642 -8971 499 

d-2 GaAs0.74P0.26 468 27594 302 

 

2. PL spectroscopy 

 

In order to further study some optical properties of the samples, PL measurement was carried out among 

all the samples under the same measured condition. 
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Figure 4.7 Photoluminescent spectra of samples for crystalline quality optimization 

 

Figure 4.7 presents the PL spectra of all the samples in this chapter and the measurement was done at 

room temperature. For all the samples, single PL peak can be easily observed in Figure 4.7 but there are great 

differences in their intensities. Among the samples grown on GaAs substrate, the highest PL intensity can be 

observed in sample a-1. Similarly, among the samples grown on GaP substrate, the highest intensity can also 

be obtained in sample a-2. Thus, sample a-1 and a-2 have the highest PL response among all the samples. The 

intensity of PL signal not only represent the surfaces or interfaces quality of samples, but also affects the 

efficiency of solar cell.  

 

Actually, the most essential information of the PL spectra is the bandgap energy which can be calculated 

by wavelength of each peak. The wavelengths corresponding to those peaks can be used for calculating the 

compositions and make a comparison with compositions obtained in HRXRD. The measured wavelengths 

corresponding to peaks shown in Figure 4.7 are presented in Table 4.3. By using the equations Eg = 2.78-

1.55x+0.19x2 and 𝐸𝑔 =
ℎ𝑣

𝜆
 , the compositions of each sample are calculated and the results are listed in the 

Table 4.3. 

 

Table 4.3 The peak wavelengths, calculated bandgap energy and composition of the samples 

Sample Wavelength (nm) Bandgap energy (eV) Composition 

a-1 696.9 1.78 GaAs0.71P0.29 

a-2 698.7 1.77 GaAs0.71P0.29 

b-1 737.2 1.68 GaAs0.79P0.21 

b-2 743.7 1.67 GaAs0.80P0.20 

c-1 644.7 1.92 GaAs0.60p0.40 

c-2 629.2 1.97 GaAs0.56P0.44 

d-1 720.4 1.72 GaAs0.75P0.25 

d-2 735.1 1.69 GaAs0.78P0.22 

 

However, some of the calculated compositions do not match the results obtained from HRXRD. For the 

samples which are grown on GaAs substrate, the HRXRD and calculated results are similar except for sample 
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b-1. In the case of sample b-1, the composition obtained from HRXRD should be GaAs0.82P0.18 while the 

calculated value is GaAs0.79P0.21. However, for samples grown on GaP substrate, the difference in compositions 

obtained from two characterization methods is larger. For those samples grown on GaP substrate, the 

component of As element of calculated compositions are generally higher than that of HRXRD results. 

 

There are several possible reasons resulting in the difference. First, since the PL measurement in the thesis 

measures a point on the surfaces of the samples, the composition variation of the surfaces has a big impact in 

the peak position of PL spectra. Unlike PL measurement, HRXRD give more general information of the 

crystalline structure. Therefore, in this situation, the compositions obtained by HRXRD may more reliable 

than that calculated by using values of PL peaks. Second, the problem that higher As component existing in 

the samples grown on GaP substrate may be caused by the equations used in calculation. The equation used 

for composition calculation may not totally applicable to samples grown on GaP substrate. Finally, the results 

of PL measurement may be affected by many factors like pits on surface, environment surrounded and so on. 

To summary, the compositions obtained from HRXRD may more reliable than that calculated by PL results. 

 

3. Raman spectroscopy 

 

To further study the optical properties and double check the results measured by other characterization 

methods, Raman measurement was also done in all the samples and those results are presented in Figure 4.8 

and Figure 4.9. Unlike the case of GaAs and GaP, GaAsP is a ternary semiconductor, indicating that there 

would be two sets of peaks that can be observed in its Raman spectrum. The intensities and the positions of 

those peaks will be influenced by the composition of GaAsP and this effect can be clearly observed in these 

two figures. 

 

 
Figure 4.8 Raman shift of GaAs substrate, GaP substrate and sample a-1, b-1, c-1 and d-1 

 

Raman spectra of samples with GaAs substrate are presented in Figure 4.8. From the figure, the LO peaks 

shift can be clearly seen, and the change of intensity can also be obtained easily. The positions of those LO 

modes and corresponding compositions obtained by HRXRD are shown in Table 4.4. Like the tendency 

observed by Pistol et al [57], with the increment of P concentration, the LOGaP gradually shifts to higher 

frequency and its intensity is increasing in the meanwhile. On the contrary, when the P concentration is going 

up, the LOGaAs shifts to the lower frequency while decreasing in the relative intensity. However, in Figure 4.8, 

the Raman spectrum of x=0.75 does not follow the trend, and the possible reason causing the phenomena is 
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that the sample whose Ga concentration is 0.75 has a GaAs buffer layer. The GaAs buffer layer leads to the 

increase of intensity of LOGaAs phonon and the right shift of LOGaAs position. 

 

Table 4.4 The LO modes positions of sample grown on GaAs substrate and the 

corresponding composition obtained by HRXRD 

Sample Composition LOGaAs (cm-1) LOGaP (cm-1) 

a-1 GaAs0.72P0.28 283.80 374.50 

b-1 GaAs0.82P0.18 286.40 369.20 

c-1 GaAs0.59P0.41 282.70 378.80 

d-1 GaAs0.75P0.25 287.00 369.20 

 

 

Figure 4.9 Raman shift of GaAs substrate, GaP substrate and sample a-2, b-2, c-2 and d-2 

 

Figure 4.9 shows the Raman shift of the samples grown on GaP substrate, and the compositions, positions 

of LO modes are listed in Table 4.5. Similarly, the movement of the LO modes can also be observed in Figure 

4.9. With the P component increased, the LOGaP gradually moves to higher value and the intensity of the peak 

is strengthening in the meanwhile. On the other hand, LOGaAs is moving to the opposite direction which is 

away from the standard LOGaAs peak provided by GaAs substrate. 

 

Table 4.5 The LO modes positions of sample grown on GaP substrate and 

the corresponding composition obtained by HRXRD 

Sample Composition LOGaAs (cm-1) LOGaP (cm-1) 

a-2 GaAs0.69P0.31 283.76 374.01 

b-2 GaAs0.73P0.27 285.91 369.17 

c-2 GaAs0.54P0.46 282.15 381.53 

d-2 GaAs0.74P0.26 286.15 368.64 

 

By utilizing its composition, many mathematical models are built for calculating the LO mode and TO 

mode positions and intensities for GaAsP, for instance, Chen et al[58] put forward the matrix which can 

determine the frequency, and also Verleur et al[59] construct a mathematical model for providing the 
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frequencies and strengths of the optical phonon modes. Therefore, in the future, those mathematical models 

can be used here to make a comparison between the theoretical values obtained by models and the measured 

values. 

 

4.3 Pits investigation 

 

Through the observation, it is found that when the stabilization flow is arsine and the substrate is GaAs, 

there would have many pits cover the sample surface, and this phenomenon did not appear in the other samples. 

In order to clarify the reasons led to that special phenomenon, some characterization works were done towards 

those pits. 

 

4.3.1 Sample c-1 

 

    In the first place, by means of the SEM, the features with higher resolution were obtained. The SEM 

image for the surface of sample c-1 is shown in Figure 4.10. 

 

 
Figure 4.10 SEM image of sample c-1 surface 

 

In Figure 4.10, there are many pits can be viewed in the region observed, which is in great agreement 

with the results obtained by optical microscope. With the high-resolution results, it can be observed that the 

shapes and sizes of those pits are both similar between each other, but it is hard to estimate their depths. For 

this reason, the observation of cross section is necessary. Then, the sample was cleaved, and the cross section 

were characterized by SEM as well. The results are presented in Figure 4.11(a), (c). Clearly, those pits are V-

shaped or approximate V-shaped pits. From the observation, it is found that the pits occur during the growth 

of epitaxy due to the distance between the substrate and pits.  

 

To further extract the information from the cross section, the stain etching for the cross section was carried 

out and the characterization works were also completed. The SEM images of the cross section after stain 

etching are shown in Figure 4.11 (b), (d). After stain etching, there are some etching lines organizing as a 

triangle shape which can be observed in the figures. Most of them have the shape like an isosceles triangle 

whose base angles are about 66.1 °, so those etching lines propagate along plane (2 1 1). The angles of the pits 

seem depend on their depths which is dependent on the cleaved position. 
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Figure 4.11 The SEM results of sample c-1 (a) cross section before stain etching; (b) image of the 

blue box after stain etching; (c) image of the red box before stain etching; (d) image of the red 

box after stain etching 

 

To further investigate how those pits generated, the PL measurement are carried out on the sample. At 

first, laser beam shoots in different pits and the PL spectra of those pits were obtained which are shown in 

Figure 4.12. Then, in order to compare the PL peak wavelength between pits and the planar surface, we also 

chose some points on the planar surface to do the PL measurement and the results is presented in the Figure 

4.13. 

 

 

Figure 4.12 PL results of the pits in sample c-1 

 

From the Figure 4.12, it is obvious that the wavelengths of those peaks are various, and the shifted region 

is broad, reflecting that the composition variation is existing in different pits. The smallest wavelength that 

can be observed in Figure 4.12 is 623.4 nm while the biggest value is 658.0 nm. Additionally, there are many 

peaks concentrating around 644.9 nm. Using the peak wavelengths labeled in Figure 4.12, the corresponding 

compositions can be calculated, and the results are listed in the Table 4.6. Those results can compare with the 
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composition obtained from HRXRD which is GaAs0.59P0.41. 

 

Table 4.6 Compositions calculated from wavelengths labeled in Figure 4.12 

Wavelength (nm) Bandgap energy (eV) Composition 

623.4 nm 1.99 GaAs0.55P0.45 

644.9 nm 1.92 GaAs0.60P0.40 

658.0 nm 1.88 GaAs0.63P0.37 

 

Figure 4.13 presents the PL spectrum measured on the planar surface of sample c-1. From this figure, it 

is found that the wavelengths of PL peaks all focus around 643 nm, exhibiting that the composition of the 

planar surface is much more uniform than that of pits. The PL peak shifts slightly when measuring planar 

surface while that shifts greatly when measuring the pits. After making a comparison of Figure 4.12 and 

Figure 4.13, what can be further determined is that the composition variation is existing among pits. 

 

 

Figure 4.13 PL results of the planar surface in sample c-1. 

 

Similarly, the corresponding compositions can be also calculated by using the related equation. Utilizing 

the wavelength values labeled in Figure 4.13, it is calculated that the composition of the planar surface is 

varied from GaAs0.59P0.41 to GaAs0.60P0.40. The compositions obtained here are in great agreement with the 

composition obtained in HRXRD. 

 

Based on the PL results obtained from pits on sample c-1, what can be inferred is that some pits may be 

relatively P-rich whose PL peaks may lie between 623 nm and 644 nm. In the meanwhile, other pits are 

relatively As-rich comparing with the planar surface and the PL peaks of those parts may lie between 645 nm 

and 657 nm. In order to further confirm that inference, PL mapping was also done and shown in Figure 4.14. 

 

Figure 4.14 shows the contour of wavelengths at maximum intensity point, and the pits can be easily 

recognized in the figure. Obviously, for the planar surface, the wavelengths observed mostly lie between 639.3 

nm and 644 nm, which is similar to the result gained from the PL measurement. However, in terms of pits, 

those wavelengths at maximum intensity points are all generally smaller than that of planar surface. 

Furthermore, the wavelengths observed are becoming smaller and smaller from the edge of pits to the center, 
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indicating that the central parts of pits may have As cluster. Unlike the result shown in Figure 4.12, the 

wavelength higher than 644 nm did not appear in PL mapping. The most possible explanation is that the area 

we observed is too small to present all the features of the sample. Although the PL mapping has its limitation, 

the result at least confirms that the composition difference of planar surface and pits really exists. 

 

 

Figure 4.14 The PL mapping result of sample c-1. 

 

The comparison of Raman spectrum between planar surface and pits of sample c-1 is also made and the 

spectra are presented in Figure 4.15. It is found that the intensities of LO modes which were captured in pit 

are much lower than that measured on planar surface. However, the TO modes can be clearly seen in the 

spectrum of pit, which does not appear in the case of planar surface. The appearance of TO mode in pit 

indicates that the crystal plane measured is not (0 0 1) since TO mode is forbidden in (0 0 1) plane, and this 

phenomenon also confirm that the point measured is inside the pit because the planar surface is (0 0 1) plane. 

Normally, the appearance of TO mode and LO mode indicates that the Miller indices of the crystal plane 

measured is (1 1 1). Since the substrate plane is (0 0 1), the angle between substrate and the measured plane 

should be about 54.7°. What is more, the difference of intensity may show the different compositions between 

planar surface and pits. The related results obtained from the Raman spectra are listed in Table 4.7. 
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Figure 4.15 The Raman spectra of planar surface and pit of sample c-1 

 

Table 4.7 Related results obtained from Raman spectra in Figure 4.16 

 LOGaAs/LOGaP LOGaAs mode position LOGaP mode position 

Planar surface 0.871 282.7 cm-1 379.4 cm-1 

pit 0.760 282.7 cm-1 382.1 cm-1 

 

One thing worth being noticed is that in Figure 4.15, the Raman spectrum of pit shows that there are 

three peaks near LO mode of GaAs, and what is certain is that one of these peaks is provided by the TO phonon 

of GaAs but the others cannot be identified. Besides, in terms of the spectrum of the pit, the LOGaP slightly 

shift to higher frequency compared to the result of planar surface. Thus, it is inferred that the LOGaAs of pit 

slightly moves to lower position, but the peak is split due to some reasons. The shift of LO peaks may owe to 

the strain difference inside the pit but has nothing to do with composition difference since the shift is too big. 

 

4.3.2 Sample d-1 
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Figure 4.16 The SEM images of sample d-1 (a) top view; (b) cross section; (c) cross section after 

stain etching; (d) the depths of pits 

 

Figure 4.16 shows the surface and cross section morphology of sample d-1. In the Figure 4.16(a), the 

pits are closer to hexagonal shape compared to sample c-1, and it is apparent that some lines can be observed 

inside those pits. Making a comparison with sample c-1, the density of pits is much higher in sample d-1. 

Figure 4.16(b) is the cross section of sample d-1 and a lot of pits can be viewed in the image, but the GaAs 

buffer layer cannot be observed. After stain etching, cross section of sample d-1 are shown in Figure 4.16(c) 

and (d). In the Figure 4.16(c), the GaAs buffer layer can be seen clearly, and the thickness of the buffer layer 

and the epitaxial layer can be measured which are 1.1 μm and 9.9 μm, respectively. The measured thicknesses 

are in great agreement with the results calculated by using growth rate. Apart from the layers, one of the 

dislocations with a 54.8° angle can be viewed in the figure. This kind of dislocation is the threading dislocation 

which is lying on plane (1 1 1). The depths of pits were measured and shown in Figure 4.16(d). There are two 

pits measured in the figure, their depths are 1.5 μm and 1.8 μm, respectively. Apparently, the depths and angles 

of pits in this sample are not uniform, so it is hard to find a representative pit. Besides, the etching lines cannot 

be observed in Figure 4.16(d). 

 

 

Figure 4.17 The AFM image of sample d-1 and the profile of line labeled in AFM image 

 

The utilization of AFM is helpful for further investigating the shape and the depth of sample d-1. As 
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presented in Figure 4.17, the results provided by AFM are in great agreement with SEM, showing the depth 

of pit is about 1.0 to 1.6 μm. The results are similar to that obtained from SEM shown above. 

 

Similarly, in order to study the properties of sample d-1, like bandgap, crystalline quality and so on, the 

PL measurement was conducted. Firstly, we shoot the laser into different pits to get corresponding PL spectrum 

and those results are shown in Figure 4.18. As expectation, the wavelengths of PL peaks shift within a range.  

 

 

Figure 4.18 The PL measurement result of pits on sample d-1 

 

 

Figure 4.19 The PL measurement result of planar surface on sample d-1 

 

In Figure 4.19, the PL peaks which are close to 719.2 nm have stronger signal when they are compared 

with the other peaks. Then, a weaker signal can be observed at the wavelength 737.2 nm while the weakest 

one appears at 768.7 nm. Thus, from the Figure 4.19, there are three kinds of peak wavelengths, reflecting 

that the composition in pits are different from place to place. According to those wavelengths which are 719.2 

nm, 737.2 nm and 768.7 nm, the corresponding composition can be calculated and they are GaAs0.78P0.21, 

GaAs0.75P0.25 and GaAs0.84P0.16, respectively. 

 

Afterwards, the laser was shot to different parts on planar surface and the corresponding results were also 

got which are presented in Figure 4.19. Although the shift of PL peaks can be viewed in both Figure 4.18 and 

Figure 4.19, the shift range of planar surface is much narrower than that of pits, exhibiting that the composition 

of planar surface is much more uniform than that of pits. As shown in Figure 4.19, the wavelengths of the PL 
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peaks are varied from 714.5 nm to 721.6 nm, and the corresponding composition can be calculated and they 

are GaAs0.74P0.26 and GaAs0.75P0.25, respectively. Based on the observation of those two figures, it is found that 

the composition of the planar surface is about GaAs0.75P0.25 ,which has a good match with the composition 

obtained by HRXRD. However, there are some pits having higher As component whose composition is 

GaAs0.78P0.21. Besides, an extremely weak signal is detected at 768.7 nm, and this phenomenon demonstrates 

that there are some places having comparatively higher P component, but the quantities are very low. To get a 

more intuitive impression on the composition variation of the sample, the PL mapping was used. 

 

 
Figure 4.20 PL mapping of sample d-1 

 

The contour presented in Figure 4.20 is the PL mapping of sample d-1. Within the observation region, 

several pits and planar can be easily recognized. As the results shown previously, the composition of planar 

surface is uniform with the wavelength about 721 nm. Besides, in this image, it is obvious that some of the 

pits have the wavelengths about 718 nm while others have the wavelengths about 730 nm. This phenomenon 

can be also obtained from the single-point PL measurement. Thus, the result of PL mapping is in good 

agreement with the single-point PL measurement. Additionally, the 768 nm wavelength cannot be seen in the 

PL mapping result, and it can be attributed to the weak signal at this wavelength. 

 

Figure 4.21 The Raman spectra of planar surface and pit of sample d-1. 
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Table 4.8 Related results obtained from Raman spectra in Figure 18 

 LOGaAs/LOGaP LOGaAs mode position LOGaP mode position 

Planar surface 1.800 287.0 cm-1 369.2 cm-1 

pit 1.296 287.5 cm-1 368.6 cm-1 

 

Room temperature Raman spectra of the pit and planar surface of sample d-1 are shown in Figure 4.21. 

In the Raman spectrum, the TOGaAs and TOGaP should be forbidden since the crystal plane of the surface is (0 

0 1). For the planar surface, the LOGaAs and LOGaP modes can be observed and the intensity of LOGaAs is much 

higher than LOGaP because of the composition. However, the TOGaAs appears in the pit Raman spectrum. The 

TO mode can be observed when measuring the plane (1 1 0) and (1 1 1), but in (1 1 0), only the TO mode can 

be viewed.[49] Thus, combining the Raman spectra, the crystal plane of pit could be determined. It is weird 

that the TO mode of GaP cannot be observed in this spectrum, and the phenomenon may owe to the low 

component of P element in the pit.  

 

4.3.3 Sample d-2 

    

   Having the same growth condition with sample d-1, sample d-2 also has a lot of pits on its surface.  

 

Figure 4.22 SEM image of sample d-2 (a) surface; (b) cross section before stain etching; (c) cross 

section after stain etching observed by InLens detector; (d) cross section after stain etching 

observed by SE2 detector. 

 

Figure 4.22 shows the SEM results of sample d-2. Figure 4.22(a) shows the surface morphology of 

sample d-2 and the pits can be observed. Comparing sample d-1 and sample d-2, what can be found is that 

although these two samples have the same growth condition, the density of pits of sample d-1 is much higher 

than that of sample d-2. Likewise, the cross section of sample d-2 are studied by means of SEM and those 

results are presented in Figure 4.22(b)(c)(d). In Figure 4.22(b), the cross section before stain etching is shown, 

and it is observed that the depth of the pit is about 2.0 μm. The angle between one plane of the pit and substrate 

is also labeled in the image, and it is 46.3°. Contrary to the expectation, the buffer layer cannot be observed 

in this image, so it is decided to do a stain etching on the cross section. After stain etching, the SEM images 
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of the cross section are shown in Figure 4.22(c) and (d). In Figure 4.24(c), the InLens detector is used but 

the buffer layer is still hard to be observed. The reason why the features of cross section after stain etching is 

difficult being viewed may be attributed to inappropriate etching time or other factors affecting the etching 

results. However, when the signal detector was changed to SE2, the buffer layer can be found in the image but 

still very blurry. The thickness of the buffer layer can be measured, and it is about 1.4 μm which is close to 

the value we obtained from the sample d-1 result. 

 

 

Figure 4.23 The AFM image of sample d-2 and the depth profile of line labeled in AFM image 

 

The properties of pits are also investigated by means of AFM and those results can be compared with 

other characterization results. As shown in Figure 4.23, the depth of pit is between 2.0 to 2.3 μm which is in 

great agreement with the observation of SEM. Compared to the pit depth of sample d-1, the pit of sample d-2 

has higher value of depth. 

 

Single-point PL measurement was completed for further investigation and shown in Figure 4.24 and 

Figure 4.25. Similar to the measurement of previous two samples, at first, the laser was shot to pits and the 

PL spectra were obtained and shown in Figure 4.24. Then, the PL spectra of planar surface were also got when 

the laser was shot to the planar surface. As we can know from the Figure 4.24, the wavelengths of PL peaks 

shift from 723.69 nm to 731.26 nm, reflecting the composition variation of pits. However, in Figure 4.25, it 

is found that the wavelength shift from 732.9 nm to 735.7 nm and this range is much narrower than that shown 

in Figure 4.24. What is more, these two peak-shift regions are totally different from each other, that is, they 

do not have an overlapped region.  
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Figure 4.24 The PL spectra of pits on sample d-2 

 

 

Figure 4.25 The PL spectra of the planar surface of sample d-2 

 

The information of peaks labelled in Figure 4.24 and Figure 4.25 is listed in Table 4.9. In this table, the 

bandgap energies and corresponding compositions calculated are shown. 

 

Table 4.9 Compositions calculated from wavelengths labeled in Figure 4.24 

and Figure 4.25 

Wavelength (nm) Bandgap energy (eV) Composition 

723.69 nm 1.71 GaAs0.76P0.24 

731.26 nm 1.70 GaAs0.77P0.23 

732.9 nm 1.69 GaAs0.78P0.22 

735.7 nm 1.68 GaAs0.78P0.22 

 

In the HRXRD characterization section, the composition obtained from the HRXRD is GaAs0.78P0.22, and 
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this result is the same as the composition we calculated from the planar surface PL results. Although there is 

a shift appearing in the planar surface PL peaks, the shift region is narrow, and it would not make a difference 

in the composition. More importantly, the compositions of the pits are different from either HRXRD or PL 

results of planar surface.  

 

Then, to make a comparison with the results of single-point PL measurement, the PL mapping was also 

done, and the result is presented in Figure 4.26. Based on the planar surface PL results, the wavelength of 

their PL peaks should lie around 733 nm, but that is totally different from the result shown in Figure 4.26. In 

the result of PL mapping, most of the area is covered by green and blue colors, indicating that the maximum 

emission wavelength lies between 721.1 nm and 730.6 nm. However, this wavelength range is almost similar 

to the single-point PL results of pits. Besides, the highest wavelength can be observed in the right side of the 

figure, but the region is small, and the shape is more like a pit. Considering those phenomena, there are two 

reasons which may be responsible for them. First, the area used for measurement may be totally covered by 

pits. Second, composition variation also exists on the planar surface and those compositions is similar to the 

compositions measured in the pits cases, making the mapping results confusing. 

 

 

Figure 4.26 The PL mapping result of sample d-2 

 

If we make a comparison in PL measurement results among sample c-1, d-1 and d-2, it is apparent that 

in the planar surface situation, their wavelengths all have a very narrow shifting region. Also, after calculating 

the compositions, we would find that the results are similar to what we obtained in HRXRD results and the 

narrow shift do not have any effect on the composition. When it comes to the results of pits, the situations are 

different due to the substrate. After further studying the PL results of sample c-1 and d-1, we would notice that 

these two figures have some common properties. Firstly, both of their peak-shifting regions are large, and also 

have significant influences on the compositions. Then, they both overlap with their planar surface results. 

Finally, there are some peaks with weak signal which is far away from the peaks with strong signal. However, 

the result of sample with GaP substrate is not similar with that of samples grown on GaAs substrate. In GaP 

substrate case, the peak-shifting region in much narrower than that in GaAs substrate but still larger than the 

region obtained from its planar surface. Its peaks are all concentrate on a comparatively narrow region and the 

intensity of those peaks do not have a big difference. Additionally, for the sample d-2, in the pits PL results, 
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the peak-shifting region does not overlap with the region of planar surface.  

 

Raman spectra measurement is also done for the sample d-2 and presented in Figure 4.27. 

 

 

Figure 4.27 Raman spectrum of a pit and planar surface of sample d-2 

 

There should be only two LO modes appearing in the Raman spectra because of the (0 0 1) surface. 

However, in Figure 4.27, a TO mode for GaAs with high intensity can be found in the Raman spectra of the 

pit but the TO mode for GaP cannot be observed. The reason why the TO mode of GaP cannot be found in the 

figure is that the component of P element is much less than As in this ternary semiconductor. That phenomenon 

demonstrates that the (1 1 1) plane which will have TO mode signal may be one of the crystal planes of pits. 

Besides, the composition difference among different planes might be calculated by the intensity of the LO 

modes or the peak shift. 

 

Table 4.10 Related results obtained from Raman spectrum in Figure 4.27 

 LOGaAs/LOGaP LOGaAs mode position LOGaP mode position 

Planar surface 2.205 286.98 cm-1 369.17 cm-1 

pit 1.662 268.98 cm-1 369.17 cm-1 

 

As we can know from the Table 4.10 above, the ratio between LOGaAs and LOGaP has a big difference but 

the mode positions do not have an obvious movement. The difference in intensity indicates that the As 

component of the place closed to surface is higher than the zone inside the pit which is deeper inside the 

sample. Why the position of LO modes does not change obviously is because this kind of change is too slight 

to reflect in the position movement in Raman spectra. 

 

4.4 Summary 

In this chapter, the surface morphology and crystalline quality of GaAsP/GaAs and GaAsP/GaP are 

characterized by HRXRD, optical microscope, AFM and SEM, and some relative optical characteristics are 

also measured by PL spectroscopy and Raman spectroscopy. Besides, the characterization results can be 

supported by each other which makes the results much more reliable. Finally, the growth condition which can 
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produce relatively good quality samples is selected and able to use in the next step. 

 

Beside the optimization work, the investigation of pits observed in the samples also be done. It is found 

that, when the arsine stabilization flow and GaAs substrate are utilized in the meanwhile, there would have 

much pits on the surfaces of samples. Under some growth condition, the pits with clear rhombus shape can be 

observed. However, the reason resulting in the pits is not clear so far and has to be further investigated. 
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Chapter 5. Doping of GaAsP 

 

In this chapter, the adjustment in doping concentration are shown, and the growth condition of run 3746 

was chosen to be used in the subsequent growth runs due to the comparative good crystalline quality. Certainly, 

the relative characterization works will also be included in this chapter. 

 

5.1 Growth condition 

 

The growth conditions of all the samples are shown in Table 5.1. As described in chapter 3, the targeted 

composition should be GaAs0.75P0.25, but the As component of samples of run 3746 is higher than the targeted 

value. In order to achieve the targeted composition, the arsine flow is decreased, and the phosphine flow is 

increased in the meanwhile to keep V/III ratio the same. 

 

Table 5.1 The growth condition for sample 1 to 9 

Run number Temperature V/III ratio Doping Source Dilute Sample number Substrate 

3810 

660 °C 20 

S-doped 4 60 1 GaAs 

3812 S-doped 25 16 
2 GaAs 

3 GaP 

3814 S-doped 4 120 
4 GaAs 

5 GaP 

3816 Zn-doped 25 35 
6 GaAs 

7 GaP 

3818 Zn-doped 25 35 
8 GaAs 

9 GaP 

 

To make sure if the crystalline quality is still as good as that of the sample b-1 and b-2, the characterization 

works for confirming the surface morphology and crystalline quality have to be done. The results are shown 

in the following contents. 

 

5.2 Surface morphology and crystalline quality characterization 

 

5.2.1 Surface morphology characterization 
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Figure 5.1 the optical microscope results for (a) sample 1; (b) sample 2; (c) sample 4; (d) sample 6; 

(e) sample 8 grown on GaAs substrate. 

 

In Figure 5.1, the morphology of the samples grown on GaAs substrate are shown. As what was expected, 

hillocks can still be observed on the surfaces, but there are differences among those samples. In the Figure 

5.1(a) and (c), the sizes of those hillocks are more uniform than other samples. Sample 6 shown in Figure 

5.1(d) and sample 8 shown in Figure 5.1(e) have a very similar surface morphology. The sizes of hillocks of 

sample 2 presented in Figure 5.1(b) are the largest one among these five GaAs-substrate samples. The surface 

morphologies of sample 6 and 8 are the closest to that of sample b-1 which is presented in chapter 4. 

 

 

Figure 5.2 Optical microscope images of (a) sample 3; (b) sample 5; (c) sample 7 and (d) sample 9 grown 

on GaP substrate. 

 

Figure 5.2 shows the surface morphology of samples grown on GaP substrate. Compared to the 

corresponding samples grown on GaAs substrate, they show a similar surface morphology. Although there is 

difference existing on their surfaces, the morphologies of those samples are still similar to each other. 

Combining all the morphology characterization results together, it is obvious that the quality of epitaxy grown 
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by HVPE technique are stable, indicating that repetition of HVPE technique is very reliable. 

 

5.2.2 Crystalline quality characterization 

 

Beside characterizing the surface morphology of samples, crystalline quality characterization is essential 

for those samples as well. Thus, to further know the crystalline quality of those samples with dopants and 

determine the repetition of HVPE technology, the HRXRD measurement were carried out on those samples.  

 

 

Figure 5.3 Double-axis (0 0 4) omega-2theta scan results for samples grown on GaAs substrate 

 

The HRXRD using (0 0 4) omega-2theta scan results of samples grown on GaAs substrate are shown in 

Figure 5.3. From this figure, the movement of the layer peaks can be easily observed but the region is narrow, 

indicating that the movement will not have much influence on the composition. More importantly, what would 

be noticed is that the substrate peak of sample 2 is much broader than other samples and the intensity of this 

peak is much lower than others as well. In order to make sure if the substrate peak of sample 2 is made of two 

different peaks, the triple-axis (0 0 4) omega-2theta scan was done on sample 2. The results of the double-axis 

measurement and the triple-axis measurement are both plotted in Figure 5.4. 
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Figure 5.4 The comparison of HRXRD results between double-axis mode and triple-axis mode on sample 2 

 

After completing the triple-axis (0 0 4) omega-2theta scan on sample 2, the sharp substrate peak can be 

easily observed. However, comparing those two figures is still problematic due to the broad substrate and 

layer peak of the double-axis result which leads to the difficulty in alinement. Thus, in this figure, the highest-

intensity points of layer peaks are used to do the alinement. Besides, through the triple-axis result, the 

composition of sample 2 can be known correctly. Although the composition and the crystalline quality of 

sample 2 can be known, the reason resulted in the broad substrate peak of the double-axis scan is still unclear. 

 

Similarly, HRXRD is utilized for confirming the crystalline quality of samples grown on GaP substrate 

as well and the results are shown in Figure 5.5 below. 

 

 

Figure 5.5 Double-axis (0 0 4) omega-2theta scan results of samples grown on GaP substrate 

 

In Figure 5.5, the high intensities of the substrate peaks can be observed as our expectation. Compared 

with the results shown in Figure 5.4, these four samples not only has lower intensities of layer peaks than that 

of substrate peaks, but also have larger lattice mismatch, indicating that the samples grown on GaP substrate 

have worse crystalline quality compared to those grown on GaAs substrate. The possible reason causing this 

phenomenon is that the P component of the epi-layer is much lower than As component, which makes the 

lattice constant of epi-layer is much closer to GaAs but not GaP, resulting in the larger lattice mismatch and 
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lower intensity values in samples with GaP substrate. The shift of layer peaks can be observed in the figure as 

well, exhibiting the composition difference of the epitaxial layer, but the shift is in a reasonable region which 

will not have a big impact on the composition. The compositions obtained by HRXRD (0 0 4) double-axis 

omega-2theta scan are shown in Table 5.2, but for sample 2, the composition was obtained by the triple-axis 

(0 0 4) omega-2theta scan. 

 

Table 5. 2 The compositions obtained by HRXRD 

Sample(n-type) Composition Sample(p-type) Composition 

1 GaAs0.76P0.24   

2 GaAs0.74P0.26 3 GaAs0.72P0.28 

4 GaAs0.76P0.24 5 GaAs0.72P0.28 

6 GaAs0.78P0.22 7 GaAs0.74P0.26 

8 GaAs0.77P0.23 9 GaAs0.75P0.25 

 

 

Then, aiming at further study the layer properties, the triple-axis omega scan was done on layer peak for 

all the samples and those results are shown in Figure 5.6 and Figure 5.7. 

 

 

Figure 5.6 Triple-axis (0 0 4) omega scan on layer peak of samples with GaAs substrate 

 

The omega scans of the samples having GaAs substrate indicate that except for sample 2, the crystalline 

quality of the other samples is similar due to the closed peak intensity and position. The higher FWHM value 

of sample 2 is as expected and the microscopy results already shows the worse crystalline quality of sample 

2, representing the good agreement between optical microscope results and HRXRD results. 
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Figure 5.7 Triple-axis (0 0 4) omega scan of samples grown GaP substrate 

 

Obviously, sample 5 have two peaks in the omega scan demonstrating that there are two kinds of 

orientation existing in the crystal in sample 5. Except for sample 5 who has two peaks in the scan, the peak 

intensity and the position of other samples are similar, indicating that the crystalline quality are stable among 

the other growth condition. Regarding to the problem appearing in the omega scan of sample 5, actually，the 

optical microscope results have already illustrated the problem. Both the results of optical microscope and 

HRXRD manifest the worse crystalline quality of sample 5. 

 

5.3 Doping concentration characterization 

 

There are two kinds of dopants used during the doping period. One is S which are doped in sample 1 to 

sample 5, while another one is Zn doped in sample 6 to sample 9. The n-type dopants are offered by H2S flow 

and the p-type dopants are offered by zinc flow. For a PN junction, doping concentration is an extremely 

significant property and it would be checked by Hall measurement in this experiment. The results obtained by 

room-temperature Hall measurement are listed in the following Table 5.2. 

 

Table 5. 3 Data obtained by Hall effect measurement 

Sample number Substrate Carrier concentration (cm-3) Mobility (cm2/Vs) Type 

1 GaAs 1.1 × 1018 660.1 N-type 

2 GaAs 2.2 × 1017 931.1 N-type 

3 GaP 8.0 × 1017 317.5 N-type 

4 GaAs 7.7 × 1017 882.3 N-type 

5 GaP 8.3 × 1017 790.7 N-type 

6 GaAs 2.8 × 1019 26.3 P-type 

7 GaP 2.6 × 1019 32.9 P-type 

8 GaAs 1.1 × 1019 39.0 P-type 

9 GaP 2.8 × 1019 15.9 P-type 

 

Mobility is mainly influenced by the doping concentration and defects in crystal. For the n-type samples 
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grown on GaAs, with the doping concentration increased, the mobility is decreased. On the contrary, for the 

n-type samples grown on GaP, the sample 3 having the lower concentration than sample 5, has the lower 

mobility. Basically, if a sample has a higher concentration than the other sample, its mobility should be lower 

than the other sample, but the results of sample 3 and sample 5 do not match the theoretical trend.  

 

Apart from doping concentration, the defects in crystal also have a great influence on mobility. Thus, the 

lower mobility of sample 3 may be caused by effect of defects. However, the HRXRD results show that sample 

3 should have better crystalline quality than sample 5, indicating that sample 3 should have higher mobility 

than sample 5 which is totally different from the results obtained from Hall measurement. The reason why n-

type samples grown on GaP have wired phenomenon still need to be further study. Additionally, when the n-

type samples are grown in the same condition, samples with GaAs substrate always have lower doping 

concentration than the samples with GaP substrate. 

 

For n-type samples grown on GaAs substrate, combining the growth condition and the results of Hall 

measurement, it is not hard to find that, with the increase of the amount of source flow, the carrier 

concentration also increases but followed by a reduction. Thus, it is estimated that when an appropriate ratio 

between source flow and dilute flow is reached, the carrier concentration will reach the maximum. Besides, 

the mobility decreases if the carrier concentration increases. For n-type samples grown on GaP substrate, the 

carrier concentration also follows the same track as samples grown on GaAs substrate. However, their 

mobilities increase with the increase carrier concentration. What is more, the crystalline quality obtained by 

HRXRD reflects that the sample with higher mobility has worse crystalline quality. The strange phenomenon 

of samples grown on GaP remains the problem and it is needed to be study in the future. 

 

 

Compared GaAs-substrate to GaP-substrate samples, it is found that when the amount of source flow is 

the same, the carrier concentration of sample grown on GaP is always higher than that grown on GaAs. On 

the contrary, the mobility of GaP-substrate sample is always lower than that of GaAs-substrate sample. 

 

However, for the samples which are doped to form a p-type semiconductor, the results of Hall 

measurement do not make sense due to the big difference between two runs with same growth condition. Since 

the condition used for doping is the same, the difference in carrier concentration was not expected, reflecting 

that the results for doping are not reliable enough. More importantly, the doping concentration of p-type 

sample is too high to satisfy the requirement of the device design shown in chapter 3, so changing the ratio of 

flows to obtain a lower doping concentration is necessary for p-type doping samples. 
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Chapter 6. Conclusion 

In this thesis, the pre work of GaAsP/Si dual-junction solar cell is presented. In the first place, the design 

and simulation work of GaAsP single-junction solar cell were done. Second, the crystalline quality 

development of GaAsP epitaxial layer grown on GaAs and GaP substrate is completed, and the relative 

characterization works were conducted via optical microscope, HRXRD, AFM, SEM, PL spectroscopy and 

Raman spectroscopy. Besides, the investigations focusing on pits were carried out. Lastly, the work about 

adjusting the doping concentration is also presented. There are several goals which have been achieved in the 

thesis: 

1) Through PC1D, the simplified GaAsP solar cell structure has been designed successfully and its efficiency 

is about 8%. 

2) The growth condition for growing GaAsP epitaxial layer with 1.7 eV has been obtained. 

3) The GaAsP with bandgap about 1.7 eV, n-type GaAsP with carrier concentration of 7.7 × 1017  to 

1.1 × 1018 𝑐𝑚−3, and p-type GaAsP with carrier concentration up to 2.8 × 1019 𝑐𝑚−3 were obtained. 

 

However, there are some problems still needed to be further investigated: 

1) The optimization of crystalline quality should be continued, since there are many hillocks observed on 

the sample surface. 

2) From the characterization works, it is found that when utilizing arsine stabilization flow when growing 

epitaxy on a GaAs substrate, there would be many pits appearing on the surface of epitaxy. Nevertheless, 

the reason causing this phenomenon and the mechanism of the phenomenon have not been clarified in 

the thesis, so further study is needed. 

3) For the p-type doping samples, the carrier concentrations are too high to satisfy the requirements of a 

device. Therefore, a new ratio for dopant flow should be explored to reduce the p-type doping 

concentration.  

4) Since there are many limitations of HVPE technique, designing other kinds of solar cell structures could 

be taken into consideration. For example, the structure with p-type emitter and n-type base can be 

designed. 

 

The works in this thesis are the pre stage work for fabricating a multijunction solar cell and many 

investigations are expected to be finished in the future, for instance, the device structure optimization, 

designing the structure of GaAsP/Si dual junction solar cell and integrating the high-quality GaAsP on Si are 

all the paths for the future works. The outcome of this work can facilitate the realization of GaAsP/Si 

tandem solar cells in the near future. 
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