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ABSTRACT 

ANION ALLOYING OF III-V SEMICONDUCTORS FOR WATER SPLITTING 

Sonia Juliana Calero Barney 

November 15, 2022 

 

The challenge of solar energy conversion and storage translates into the discovery 

and development of semiconductor materials that can transform sunlight energy into 

electricity and/or high-energy-density fuels in a cost-effective way. From the solar energy 

conversion perspective, cation-alloyed III-V solar cells hold record-breaking energy 

conversion efficiencies, while anion-alloyed III-V’s are particularly interesting for 

photoelectrochemical hydrogen generation. The major challenge for the adoption of III-V-

based technologies lies in the high manufacturing costs of established synthesis 

techniques and the difficulty to control the composition of ternary alloys. 

  

One of the materials investigated in this work is GaSbzP1-z. Thermodynamic 

equilibrium and steady-state kinetics modeling of a Halide Vapor Phase Epitaxy (HVPE) 

reactor, facilitated process mapping for the growth of GaSbzP1-z free-standing films with 

antimony incorporation levels up to 6.7 at% and a direct band gap shift from 2.68 to ~2.0 

eV. The Water Splitting performance of these zincblende alloys revealed a more cathodic 

photocurrent onset potential, and an increased charge transfer efficiency at the alloy-

electrolyte interface when compared to sulfur-doped commercial gallium phosphide.



vii 

 

For the first time, Plasma-Assisted Vapor Liquid Phase Epitaxy (PA-VLPE) was 

used to grow anion-alloyed GaSbxN1-x and GaBiyN1-y wurtzite nanowires. Gold or Copper 

coated substrates (silicon, sapphire, and stainless steel) enabled high antimony and 

bismuth incorporation levels since the dissolution of these species into the metals was 

favored at high growth temperatures. The nanowires showed a direct band gap shift from 

3.4 to ~2.0 eV in the case of 5.6 at% antimony and 8.8 at% bismuth incorporation. 

Photoelectrochemical spectroscopy measurements showed efficient light absorption of 

620 nm photons in the case of GaSb0.056N0.944 sample. On the other hand, samples with 

incorporation (x, y) below 1 at%, helped to confirm the existence of a band gap reduction 

discontinuity at such a low alloying levels.  

  

The most significant accomplishments of this work are the demonstration of anion 

substitution control in the growth of GaSbzP1-z alloys through HVPE and the demonstration 

of visible light absorbing GaSbxN1-x and GaBiyN1-y nanowires grown through PA-VLPE. 

These results apply to the growth of other anion-alloyed III-V systems in multi-junction 

high-efficiency photovoltaics, power devices, and solid-state laser applications. 
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1. CHAPTER ONE 

INTRODUCTION 

1.1.Overall Goal 

 

The challenge of solar energy conversion and storage translates into the discovery 

and development of semiconductor materials that can transform sunlight energy into 

electricity and/or high-density fuels. Previous investigations on GaSbxN1-x and GaSbzP1-z 

alloys have shown good potential to accomplish that goal, however challenges associated 

to their synthesis processes have prevented the achievement of their fullest potential as 

photoanodes for Water Splitting1-3. The general objective of this work is to overcome those 

synthesis challenges by modifying and developing new techniques to produce high-

quality, visible light absorbing Ga(Sb or Bi)xN1-x and GaSbzP1-z alloys, with high 

substitutional anion incorporation fractions and direct band gap values between 1.7 and 

2.0 eV. “Halide Vapor Phase Epitaxy” and “Vapor Liquid Phase Epitaxy” will be modified 

to study the synthesis of these alloys. 

1.2.Rationale and Motivation 

The overall motivation of this dissertation is to contribute to the effort of migrating 

from fossil fuels to renewable energy sources necessary to keep the global temperature 

raise below 1.5 ºC and CO2 atmospheric concentration below 400 ppm. By far, solar 

energy is the most abundant renewable resource (89 TW/1.5h) and therefore a clear 

pathway to meet the energy demand worldwide in a clean way. Single junction silicon 

solar cells are
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reaching their theoretical maximum solar to electricity conversion efficiency of 30% (see 

Figure 1.1) and to meet the ever-increasing global energy demand using the smallest 

possible land it is necessary to use ultrahigh efficiency devices and/or solar concentration 

technologies.  

 

 
Figure 1.1 Shockley-Queisser limit to the photo-conversion efficiency under condition 

AM 1.5 as a function of the band gap of the material.  

 

Furthermore, the converted energy storage is a challenge that must be overcome 

simultaneously. The European Union and USA have proposed hydrogen generation as a 

key component in their renewable energy plans,4 the former is investing in photovoltaic 

plus electrolyzer systems to perform water splitting photo-electrosynthesis and the latter 

is funding integrated device approaches of the photo-electrocatalysis type (see Figure 

1.2). The detailed analysis of each type of technology is a very broad discussion that is 

III-V multinary alloys? 
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out of the scope of this dissertation, but in either scenario, the progress made in high 

energy conversion efficiency materials will have a great impact. 

The process of water photo-electrocatalysis has various requirements; since the 

materials are in direct contact with the electrolyte, they must be stable in aqueous media; 

the photovoltage generated by the semiconductor electrode needs to be greater than the 

1.23 V thermodynamic barrier for water oxidation and hydrogen reduction plus an 

overpotential associated with reaction kinetics, hence, narrow bandgap semiconductors 

such as silicon, InP, GaAs do not fulfill this requirement. The light absorption capabilities 

of the semiconductor material should be direct in nature and capture visible photons of the 

solar spectrum (wide bandgap materials such as WO3 and TiO2 get excluded). And finally, 

the Conduction Band Edge (CBE) and Valence Band Edge (VBE) must be appropriately 

aligned; this means that upon Fermi level equilibration between the semiconductor and 

the electrolyte the CBE must be more negative than the hydrogen reduction potential and 

the VBE must be more positive than the water oxidation potential, for a p-type and an n-

type semiconductor electrodes, respectively, or both conditions simultaneously in the case 

of a single absorber material.  

 

 
Figure 1.2 Photo-electrochemical cell for Water Splitting 

4h+ + 𝟐H2O(l)

⬚
՜O2(g)

+ 𝟒H++4 

4H+ + 𝟒e−
⬚
՜𝟐H2(g)

          E° =   0 V vs. 
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Figure 1.3 Band edge positions of III-V materials vs HER & OER potentials. (Adapted 
from Joe et. al.) 

 

Currently the solar-to-hydrogen (STH) conversion efficiency records are held by 

Metal Organic Vapor Phase Epitaxy grown III-V alloys; the band gap and lattice constant 

tuning upon ternary alloying have made it possible. A double junction of 1.78eV 

Ga0.41In0.59P top cell coupled to a 1.26eV Ga0.89In0.11As bottom cell achieved a STH 

conversion efficiency of 19%. Also, a 1.8eV-GaInP/1.2eV-GaInAs tandem cell reached 

16.2% STH efficiency. The key common element to both designs is the top phosphide 

absorber resulting from the cation alloying of indium into GaP, and a bottom 

semiconductor that adds photovoltage to straddle the Oxygen Evolution Potential. As can 

be seen in Figure 1.3, GaInP2 would need the same type of coupling due to its low valence 

band edge. 

The state-of-the-art results are very promising but the fact they have been obtained 

with expensive processes and raw materials (In), calls for the development of more cost-

effective options. Furthermore, MBE and MOVPE have not been particularly attractive for 

V

C
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anion alloying of III-nitrides, due to low anion incorporation at the high synthesis 

temperatures required to obtain good crystalline quality.1 

Anion alloying of III-V materials, i.e., antimony or bismuth into GaN or GaP, can 

also produce a band gap reduction of the binary host. However, the behavior of anion 

alloyed III-nitrides in terms of their potential toward water splitting have not been fully 

explored. This is because the existing methods have not enabled the growth of crystalline 

materials with high levels of anion incorporation as explained before. Many questions 

related to the alloy’s properties-synthesis relationship remain unanswered motivating this 

dissertation. In particular, the synthesis conditions to achieve high crystalline quality and 

high anion incorporation levels have been investigated. 

1.3.Objectives 

Primary goal is to develop inexpensive synthesis methods for single crystal quality 

layers of visible light absorbing Ga(Sb or Bi)xN1-x and GaSbzP1-z alloys, with high 

substitutional anion incorporation fractions (>10%) and band gap values between 1.7 eV 

and 2.0 eV, suitable for water splitting applications. Specifically, the objectives of this 

dissertation are the following: 

• Develop a synthesis process for GaSbxN1-x alloys that allows fine control of 

the incorporation fraction and produce samples with less than 3 at% 

antimony. Evaluate if such a low incorporation level produces changes in 

optoelectronic properties. 

• Enhance crystalline quality of HVPE-grown GaSbyP1-y alloys by conducting 

experiments at high substrate temperatures (>650C) and evaluate the 

effect on the material’s photoelectrochemical performance. 
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• Investigate substitutional anion incorporation in PA-VLPE grown Ga(Sb or 

Bi)xN1-x alloys, by introducing other metals into the reacting system (Au or 

Cu) that add degrees of freedom in terms of thermodynamic and solubility 

phenomena.  

• Increase substitutional anion incorporation into PA-VLPE-grown Ga(Sb or 

Bi)x N1-x alloys by facilitating the steps of precursor decomposition and 

dissolution into Ga, Au and Cu with changes in the melt temperature and/or 

plasma conditions. 

 

1.4.Organization of this Document 

Chapter 2 covers the state of the art of III-V alloys for water splitting applications. 

It is explained how anion alloyed III-V have paved the way to achieve high solar to 

hydrogen conversion efficiencies and what are the issues that still need to be addressed. 

Chapter 3 details the growing tools that were used in this dissertation, namely 

Halide Vapor Phase Epitaxy (HVPE) and Plasma-Assisted Vapor Liquid Phase Epitaxy 

(PA-VLPE) reactors. The methodology employed for the thermodynamic and kinetic 

modeling of the HVPE reactor, including the approach, the mass balance and the 

Arrhenius parameters of an extensive reaction set, are presented in this chapter. The 

materials characterization techniques (Scanning and Transmission Electron Microscopy, 

X-ray Diffraction, Diffuse Reflectance, Photoluminescence Spectroscopy, and 

Photoelectrochemical measurements) are also listed in this chapter and some of the key 

settings used in the acquisition of the data were reported. 

Chapter 4 presents the results of the modeling, synthesis, and characterization of 

GaSbzP1-z alloys. Chapter 5 is focused on the synthesis through PA-VLPE and 
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optoelectronic properties of dilute GaSbxN1-x and GaBiyN1-y alloys and elucidating the 

existence of a band gap reduction discontinuity in anion alloyed nitrides. 

Chapter 6 presents the most significant contribution of the present work. It details 

the results obtained with the plasma assisted VLPE technique and its use for growing 

anion alloyed GaSbxN1-x and GaBiyN1-y nanowires and demonstration of their capability in 

absorbing visible wavelength photons due to antimony and bismuth incorporation up to 

5.6 and 8.8 at%, respectively. The photoelectrochemical characteristics of these alloys 

are analyzed. 

Chapter 7 and 8 encompass this work with conclusions and recommendations. 

Chapter 9 lists bibliographic references. 
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2. CHAPTER TWO 

BACKGROUND 

2.1.State-of-the-Art  

2.1.1.Materials for Water Splitting  

Artificial photosynthesis has been attempted with different approaches over time. 

The most straightforward form is to couple a photovoltaic device with an electrolyzer 

equipped with platinum electrodes, decoupling the photon to current conversion from the 

current to chemical step. This approach, which in rigorous nomenclature is termed as 

photovoltaic electro-synthetic system, eliminates the need to fulfill all water splitting 

requirements within a single material or tandem of materials, but it also introduces energy 

losses that result in cost effectiveness issues5. Recent advances with solar concentration 

have enabled a record STH efficiency of 30% with a device comprised of a triple junction 

solar cell GaInP/GaAs/GaInNAsSb and 2 series connected electrolyzers.6 A variety of 

options within the systems that integrate light-to-current conversion and current-to-

chemical conversion (photoelectrochemical systems) where semiconductor-liquid 

junctions with photogenerated minority carriers being transported to the interface to 

participate in oxidation and reduction reactions and majority carriers flowing towards the 

bulk to recombine at an ohmic contact closing the electrical circuit, have been studied so 

far.5The experimental setup to conduct photoelectrochemical processes can be composed 

of a photoanode and a photocathode connected by an external circuit and immersed in an 

aqueous solution while carrying out water oxidation and hydrogen reduction, respectively. 

The system can also be monolithically integrated (i.e particles or sheets) eliminating the 
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need of an external circuit and exploiting the charge carrier separation and 

transport enhancement (drift vs diffusion) derived from the electric field formation at the 

junction between different semiconductor materials. There are different types of junctions 

that can result, among the most commonly found in the literature for PEC applications is 

Type II heterojunction, which exhibits a staggered alignment of the bands; the simple p-n 

junction where minority carriers recombine at the junction interface generating a stronger 

electric field and charge separation efficiency than Type II junction; and the z-scheme 

junction where majority carriers recombine at the junction interface and minority carriers 

are available to be extracted at the semiconductor/electrolyte interface. 

In order for such type of system to be able to perform water splitting without the 

need of an external bias, the energy it generates upon illumination has to be greater than 

the thermodynamic requirements for the water splitting reactions (1.23 V) plus the kinetic 

overpotential (0.4 - 0.6 V), furthermore, the energetic level of the minority electrons has to 

be above 1.23 V vs RHE and the energy of minority holes has to be below 0 V vs RHE in 

order for these carriers to be transferred and participate in redox reactions. Wide bandgap 

semiconductors are likely to meet these 2 criteria but as a result, the portion of the solar 

spectrum they can absorb is limited.  

As briefly mentioned earlier, charge carriers also need a transport mechanism 

faster than diffusion and they need to be effectively separated (minority holes separated 

from majority electrons in the OER material/site, and minority electrons separated from 

majority holes in the HER material/site). The built-in electric field that forms between the 

semiconductor and the electrolyte due to the Fermi level equilibration enhances charge 

separation by promoting drift-like carrier transport, although not effective enough to 

suppress recombination processes. To serve transport purposes and harvest a larger 

portion of the solar spectrum, multijunction tandem devices have been proposed. The 

electric field generated by heterojunctions allows carriers to be effectively separated and 
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transported, and because these two aspects are unrelated to the chemical kinetic steps, 

heterojunctions do not need to be exposed to the electrolyte; that is the reason they are 

often referred to as buried junctions. 

Multijunction PEC cells are usually fabricated with III-V alloys, not only because of 

the outstanding optoelectronic properties of these kind of materials but also because of 

the possibility to tune the bandgap and lattice parameter by modifying the composition of 

the alloys. Tunning the bandgap to desired specific values allows for optimization of the 

solar to hydrogen conversion efficiency, and on the other hand, tunning the lattice 

parameter enables the metamorphic growth of heterojunctions with alloys of drastically 

different lattice parameters, with the use of compositionally graded buffers in between. 

Among the most efficient III-V tandem structures to date are a 1.78 eV GaIn top cell 

coupled with a 1.26 eV GaInAs bottom cell (14% STH)7; a 1.8eV GaInP top cell coupled 

with a 1.2eV GaInAs bottom cell (16.2% STH)8 and a passivated 1.78 eV GaInP top cell 

coupled with a 1.26 eV GaInAs bottom cell (19.3% STH)9. Unlike photovoltaic applications, 

in PEC is not common to find more than 2 junctions in a device, because even though the 

photovoltage increases with the number of junctions, the photocurrent decreases due to 

the series connection.10 

The challenges associated with light absorption and charge transport have also 

been addressed using nanostructures. In oriented nanowires arrays for example, the light 

absorption and charge separation directions are orthogonalized, the light is absorbed as 

much as the absorption penetration depth of the material allows, and the distance the 

photogenerated charges must travel from the point of generation to the interface with the 

electrolyte in the case of minority carriers and to the ohmic contact in the case of majority 

carriers, is typically shorter than in a planar analogous material. This is particularly 

important in semiconductor materials with minority carrier diffusion lengths and depletion 

regions significantly shorter than the absorption depths of incident photons11. 
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Among the advantages of nanostructures in photoelectrochemical processes, the 

increased surface area has been credited for the lower adsorption energies of reactive 

intermediates that participate the water splitting reaction mechanism11. However, the 

chemical stability of large area semiconductors can be compromised, particularly if the 

overpotential of holes towards semiconductor oxidation is greater than that of water 

oxidation. Likewise, if the overpotential of electrons towards semiconductor reduction is 

greater than that of hydrogen reduction, the use of passivation layers is necessary. TiO2 

or Al2O3 are common passivation layers given their good chemical stability. 

2.1.2.Challenges with III-V Alloys Synthesis 

The synthesis of III-Vs material as in many other semiconductors can proceed 

through liquid-solid or gas-solid mechanisms. In the former the driving force is a 

temperature gradient between the two phases. Super-cooling below the melting point 

should take place for the solid phase to form and the heat of formation removal is the 

limiting step for the growth. In the case of gas-solid reactions, the driving force for film 

deposition is species gas phase supersaturation, which means the difference between the 

partial pressure and the equilibrium pressure of key species at a certain temperature is a 

positive number. When supersaturation is achieved, surface reconstruction happens 

through a series of multiple steps, i.e. species impinging on the surface, diffusing to a 

surface site, decomposing into mono or dimeric forms, further diffusing, and reacting.  

The law of mass action (Equation 1) correlates the activity of the solid phase with 

the partial pressures of the reacting species and is an exponential function of the Gibbs 

free energy as can be seen in Equation 1. The right side of the equation decreases very 

fast with increasing temperature, implying that under such conditions, high partial 

pressures are required.  
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𝐾𝑒𝑞 =
𝑎𝑀𝑋

𝑃𝑀𝑃
𝑋

1/𝑛
𝑃

𝑇

1+1/𝑛
⁄

= 𝑒𝑥𝑝(−∆𝐺𝑓
0/𝑅𝑇) 

Equation 1 
 

The two most common gas-solid epitaxial growth techniques are Molecular Beam 

Epitaxy (MBE) and Metal Organic Vapor Phase Epitaxy (MOVPE). MBE is characterized 

for ultra-high vacuum conditions, transport in the molecular flow regime and surface 

processes are faster than transport processes. MBE is advantageous regarding the high 

purity, control of the composition and structure at the monolayer scale. Anion to cation 

(V/III) ratios equal or higher than one are used, which poses a challenge when growing 

multiple layers differing in the anion species, because anion substitution in the gas phase 

will proceed slowly. Differences in anion surface adsorption (in the case of mixed anion 

alloys) can produce pure metal monolayers on the growth front that can act as diffusional 

pathways leading to phase segregation12 as observed in the case of GaAsBi growth 

through MBE with Bi segregation. 

MOVPE uses V/III ratios in the order of 10 to 1000, mainly because anion 

precursors suffer from thermodynamic stability at elevated temperatures and the vapor 

pressure of the V-group cations is typically low. Pressures are in the range of 1 to 100 torr, 

reactants are fed through shower heads and samples are held in rotating disks to 

compensate radial non-uniformities. The growth is characterized by three regimes, at low 

temperature the surface reconstruction processes are limiting because they depend 

heavily on temperature, at moderate temperatures what reaches the surface is easily 

incorporated through reactions and the growth is limited by transport diffusion processes 

that have a weak dependence on temperature (these conditions favor epitaxial growth). 

At high temperatures desorption from the surface is faster than adsorption and 

decomposition of precursors in the gas phase is also prevalent, therefore the film growth 

rate is diminished.  
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The advantages of MOVPE include the rapid change of gas phase composition 

and increased safety inherent to low pressures. Its disadvantages include the difficulty to 

grow mixed V-group alloys since competing reactions can take place and neither anion 

would be a limiting reactant. Furthermore, metalorganic precursors can lead to additional 

challenges, one being the unintended carbon incorporation negatively impacting 

optoelectronic and kinetics properties as reported in the growth of GaAsBi through 

MOVPE; researchers identified differences for the samples grown using TEBi and TMBi 

as the source of Bismuth, in the case of TMBi the methyl radicals didn’t desorb creating a 

Bi-CH3 terminated surface that later became a Bi monolayer, hindering the incorporation 

of Bi in the alloy.13 

The growth of III-V semiconductors though HVPE uses gas phase precursors of V 

element species, typically hydrides and gaseous halide species of the III group of the 

periodic table, transported in vertical or horizontal hot wall chambers. The species reach 

a single crystal substrate where they get adsorbed and react forming the solid film. 

Halide Vapor Phase Epitaxy offers benefits over other gas-solid mechanisms, for 

example, it doesn’t require the use of expensive group III metalorganic compounds, it has 

higher utilization of the group-V hydrides and growth rates are one-two orders of 

magnitude higher than MOVPE and MBE respectively. This is attributed to the faster 

transfer kinetics that don’t involve reduction of many intermediate compounds.  

III-V crystalline quality is not compromised with HVPE. The growth of GaAs on Ge 

(001) substrates with 6° miscut towards [111] was successfully conducted yielding a 

growth rate of 44um/h and values of surface roughness and FWHM lower than films of the 

same material/substrate grown by MOVPE14. The only drawback of HVPE is that because 

of the high growth rates, it is difficult to deposit layers of different materials with very sharp 

interfaces between them which is typically the case in the p-n junction of solar cells15  
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A challenge that is common to gas-solid synthesis techniques is the difficulty of 

group-V anion incorporation at high substrate temperatures. Typically, ternary alloy’s 

optimized growth temperatures are lower than those for their binary counterparts and that 

is because at lower temperatures species surface diffusion and desorption are hindered. 

For example, the growth of GaAsBi and GaAsN with MOVPE can only be accomplished 

without phase segregation below 400C, condition at which the self-diffusion coefficients 

of Ga, Bi and N in GaAs are in the order of 1*10-30 cm2/s.  

Additionally, low temperature in pseudomorphically grown alloys produces a high 

dislocation density that can help decrease the strain generated by the introduction of a 

smaller or larger element into the host material, increasing the foreign element solubility. 

One example to illustrate this, is the plasma-assisted MBE growth of GaNBi at a 

temperature of at ~80-90C, where researchers were able to observe signs of 

polycrystalline growth with as less as 0.5mol% of bismuth incorporation in the alloy. It was 

also observed that a 3.5mol% of bismuth incorporation was necessary to bring the band 

gap below 2.5 eV.16 In this order of ideas, a pseudomorphically grown alloy for which the 

lattice parameter increases upon incorporation of a foreign element, will show a higher 

level of incorporation in single phase when the lattice parameter of the substrate where it 

is grown is larger, because the lattice mismatch between the substrate and the alloy will 

decrease and so the compressive elastic strain in the alloy. The drawback of this approach 

is that optoelectronic properties of III-V materials are negatively impacted by high 

dislocation densities. 

Fortunately, there are examples in the literature where17 high defect densities have 

been circumvented even in alloys with high substitutional anion levels. This has been 

achieved by taking advantage of 1D morphologies which are able to relax strains produced 

in alloys.  
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On the thermodynamic aspect, the phase which is in equilibrium with the desired 

alloy can also influence its composition and stability, for instance, if the alloy has a high 

thermodynamic drive to decompose into the phase that is in equilibrium with it, the 

likelihood of stepping into the miscibility gap conditions is higher. A DFT simulation for the 

GaAsBi system concluded that Bi solubility in the alloy can be increased by a 100 times if 

Bi metal formation is inhibited.18  

Liquid-solid growth techniques are another growth alternative. Liquid Phase 

Epitaxy (LPE) has been used in the synthesis if III-Vs,19 it was predominant during the 

early development of multi-junction devices and delivers high quality materials with sharp 

compositional gradients required in multi-junctions. Its drawback relies in the low 

throughput and small processing areas. The control of the shape of the solid-liquid 

interphase, the temperature gradient and distribution, etc, play critical roles in the 

obtention of uniform crystals. Quaternary phase diagrams show the miscibility range 

reduces with increasing temperature as mentioned before, and an alternative is to grow 

the materials far from equilibrium conditions to use high temperatures and take advantage 

of the benefits it offers. 

Another aspect to control during liquid-solid growth is the vapor pressure 

differences between anions and cations. Anion’s vapor pressures are orders of magnitude 

higher than those of cation’s, so a high total pressure cannot be used as strategy to 

prevent anion vaporization. The successful strategies used in the past involve the use of 

encapsulant gases over the melt of to maintain a vapor concentration of the anion in the 

gas phase adjacent to the melt, preventing anion depletion and non-stoichiometric solid 

formation. LPE is the epitaxial synthesis technique that falls within this type of growth. 

There has been significant progress in the growth of cation diluted (III1-xIIIxV) 

nanowires, i. e., GaInP, GaInAs, AlGaAs, and AlGaP.20 InGaN films in particular have 

shown continuous band gap reduction, reaching values of 2.7 to 2.1 eV with In 
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incorporation between 4 to 20 mol%, respectively21 or In mol% > 2022. On the other hand, 

anion diluted (IIIV1-xVx) counterparts have received less attention.20 GaAsSb, InAsSb, 

InAsP and GaAsP have been synthesized through selective area vapor-solid,23 or 

catalyzed vapor-liquid-solid 24 mechanisms, which constitute variations of well-established 

MOVPE, MOCVD and MBE synthesis techniques. The proposed applications for these 

anion diluted alloys revolve around transistors and infrared sensors. 

Research on anion diluted nitrides is even more scarce since their synthesis 

through MOCVD and MBE has always been a challenge because of the low 

decomposition and evaporation temperatures of GaN and group-III elements, 

respectively,25 which contrast with the high temperatures required for ammonia cracking. 

To circumvent these challenges many works on binary GaN, and AlN systems introduced 

the use of nitrogen plasma, enabling the growth at lower temperatures compared to 

ammonia sourced MBE and MOCVD.26 Plasma-assisted techniques have also made 

possible the growth of In-containing nitrides, otherwise limited by InN low sublimation 

temperature at moderate pressures.27 

Lower growth temperatures in plasma-assisted vapor-solid growth techniques 

have also served to overcome challenges in the synthesis of IIIV1-xNx nitrides that suffer 

from low anion substitution, due to the high vapor pressures of group-V elements. Through 

Plasma Assisted Molecular Beam Epitaxy (PA-MBE), 1.2 eV band gap GaBi0.11N0.89 was 

achieved16 Other studies of alloys with visible light absorption behavior such as PA-MBE-

grown GaSbN, report a drastic band gap shift from 3.4 to 2 eV with antimony content 

below 5 mol%,28 and 1 mol%29 In contrast, in our own experimental work on Plasma 

Assisted Vapor Liquid Phase Epitaxy (PA-VLPE) synthesis of GaSbN and GaBiN films, 

we did not observe a band gap reduction (versus pure GaN) for alloys with antimony or 

bismuth content less than 1 at%, and DFT simulations suggest GaN band gap reduction 

can only be achieved when antimony content is between 2 - 3 at%.30 Other studies by our 
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group with ammonia sourced2 and Plasma-Assisted 1 MOCVD, have enabled the growth 

of GaSbN films (2 - 8 Sb at%) and nanowires (2 - 4 Sb at%) with band gaps around to 2 

eV. Results that coincide more closely with ours PA-MBE-grown GaSbN nanowires with 

antimony content between 3 to 10 mol%, exhibited sub-bandgap light absorption.31 

 

2.1.3.Technoeconomic Overview 

Recently HVPE has regained attention as a method for III-V synthesis as the 

results have shown high growth rates while keeping the defect density low, it is also one 

of the most promising ways III-V semiconductors can be implemented in mainstream PV 

applications because the manufacturing costs can be significantly reduced due to more 

affordable precursors and shorter processing times that imply less capital costs.32 Schulte 

et. al. compared synthesis costs of III/Vs through HVPE and MOVPE, reporting raw 

materials cost and V/III ratio of one order of magnitude lower in the case of HVPE.33 

HVPE uses elemental metallic sources such as Gallium that costs around ten 

times less that trimethylgallium used in metalorganic chemical vapor deposition (MOCVD) 

systems and uses an order of magnitude lower V/III ratios 33. Additionally, HVPE is a high 

throughput process with growth rates in the order of hundreds of microns per hour which 

allows optimization of the processing time and lowers the capital costs.34 

The use of epitaxial lift-off and other film removal strategies is also under 

development due to potential cost reduction that can be obtain by substrate reuse.35 

In the case of III-Nitrides, traditional MBE, MOVPE and HVPE are characterized 

by the use of large amounts of ammonia, which not only poses a risk hazard but also 

accounts for for 30-50 % of MOCVD costs36 due to its low incorporation efficiency (3.8% 

at 700 C)25. MBE, MOVPE, HVPE as well as LPE can replace ammonia with nitrogen gas 
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in conjunction with plasma ionization to enhance the reactivity of nitrogen with other 

species. 

2.2. Summary 

Significant progress has been made to increase the efficiency of III-V devices for 

water splitting and it has been proved that cation and anion alloying of III-Vs is feasible 

with good control of composition and quality in either 0-D and 1-D structures. 

One challenge that still needs to be addressed is related to band gap engineering 

and simultaneous band edge alignment with respect to oxygen and hydrogen evolution 

potentials. Furthermore, due to the visible light absorption behavior of anion diluted 

nitrides, most of the revised literature signals optimism on their performance as photo-

electrodes for water splitting applications, but few studies demonstrate it. 

Another remaining challenge is associated with the cost-effectiveness of III-V 

synthesis methods since it is difficult to reduce III-V synthesis costs with incumbent 

techniques (MBE and MOVPE). 
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3. CHAPTER THREE 

MATERIALS AND METHODS 

 

3.1.Halide Vapor Phase Epitaxy (HVPE) 

3.1.1.Reactor and Synthesis Conditions 

 

The experimental setup for the growth of GaSbyP1-y alloys is shown in Figure 3.1 

and consists of a quartz tube with a volume of 1.2 L, fitted in a two-zone furnace and 

equipped with an additional zone for inductively heating a graphite susceptor where a 111 

silicon substrate was held. The reactor is coupled to two gas lines that mix before the 

entrance and carry 125 sccm of pure hydrogen and 100 sccm of hydrogen that has been 

previously flown though a bubbler containing phosphorous trichloride, maintained at a 

constant temperature of 35 ⁰C. In each of the furnace zones quartz boats are placed, the 

first with 5 g of antimony powder and the second with 10 g of gallium. The pressure inside 

the reactor was 500 torr and the antimony and gallium zones were kept at 750 ⁰C and 970 

⁰C respectively. The substrate temperature was varied between 400 ⁰C and 725 ⁰C.
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Figure 3.1 Schematic of the experimental setup illustrating two zones: first zone in which 

precursor generation occurs at gas-solid/liquid equilibrium and second zone in which 

precursor composition is under steady state condition through gas and gas-solid 

kinetics. 

3.1.2.Thermodynamic Modeling and Simulation 

 

There have been several modeling and experimental studies to understand the 

HVPE growth. Most of them have focused on direct measurements of the gaseous species 

and how the results compare with the equilibrium composition based on thermodynamic 

calculations. It is of general consensus that the group III element is transported by halide 

species while the group V element is mostly stable as hydrides, a diatomic or tetratomic 

molecules 37.  

Hong and Lee used the law of mass action for a simple reaction set to propose an 

“intrinsic growth” rate of GaAs and then used boundary layer thickness to account for the 

mass transport effects 38. Mimila and Arroyo proposed a very interesting approach with a 

single reaction of the III element to form the transporting species, and the same reaction 

in the reverse direction occurring at the substrate, based on activity coefficients that are 

different in each surface. The effect of the V element species was introduced by the effect 

its partial pressure has on the activity coefficient of the III element containing species at 

the substrate surface. This model was validated with GaAs, GaP, InP and InAs growth.39 
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Hollan et al.40 Developed a growth rate based on partition functions and surface coverage 

coefficients for the deposition of GaAs though a simplified reaction mechanism where 

GaCl reacts with hydrogen and arsenide to produce gallium arsenide and hydrochloric 

acid. Veuhoff et al.41 proposed growth rate models accounting for transport of the species 

in the bulk phase, diffusion from the bulk to the surface, adsorption of the species on the 

surface and subsequent reactions governed by the activated-complex theory, also for the 

growth of GaAs.  

All studies agree that the temperature dependence of the growth rate shows two 

distinctive regions as described in the work by Shaw.42 At low temperature, the 

adsorption/desorption of species on the substrate is the determining step and the growth 

is kinetically limited, then the growth rate reaches a maximum value and further increase 

in the temperature causes the growth rate to decrease because the species react faster 

than they are transported in the bulk gas and it is therefore called the mass transfer limited 

regime. Low system pressures can diminish the substrate temperature effect and increase 

the film homogeneity because it enhances the transport of species,41 contrary to 

increasing the inert gas content which causes the opposite effect.43 Finally, it is also widely 

accepted that the growth rate is proportional to the partial pressure of group-V species 

and an excess of group-III species blocks the substrate surface sites decreasing the 

growth rate.44 

Computational modeling of the HVPE reactor is done by dividing the reactor into 

two zones: first zone in which metals react with halides to form precursors and second 

zone where the precursors interact with substrate and deposit films. In the first zone, gas-

solid/liquid equilibrium is assumed for determining the gas phase composition. In the 

second zone, steady state composition is determined using gas phase and gas-solid 

chemical kinetics. This is schematically represented in Figure 1. 
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The theoretical calculations were done using the software Chemkin Pro 18.1. First 

the equilibrium composition in zone 1 was determined by the Gibbs free energy 

minimization method considering an initial mixture of liquid gallium, antimony powder, 

hydrogen and phosphorous trichloride. In the equilibrium analysis, twenty-one possible 

species including hydrides and halides such as, GaCl, GaCl2, GaCl3, Ga2Cl4, Ga2Cl6, GaH, 

GaH2, GaH3, PCl, PCl2, PH, PH2, PH3, as well as P, P2, P4, H, Cl, Cl2, HCl and gaseous 

Ga, were considered. The required thermodynamic data was obtained from Janaf tables 

and NASA Thermobuild databases. Any other required input was matched with the 

conditions used experimentally, i.e. 250 and 500 torr, 1.2L, 3.05*10-2 moles of H2, 2.92*10-

3 moles of PCl3, 1.43*10-1 moles of gallium and 4.11*10-2 moles of antimony. 

The equilibrium composition was used as the input for zone 2 (film deposition) as shown 

in Figure 3.1 and subsequently the steady state composition was determined for different 

temperature values matching the range used experimentally. Solid gallium phosphide 

formation was considered to take place both at the gallium boat driven by reactions 

between gaseous species and the gallium; as well as at the silicon substrate where gallium 

halides are transported. The compilation of kinetic parameters is shown in Table 3.1Table 

3.3. The steady-state concentrations required solving the general mass balance.  
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Where 𝜌 is the mass density, 𝑉 is the reactor volume, �̇�∗ and �̇� are the inlet and 

outlet mass flow rates. 𝐴𝑚 is the surface area of the mth material. 𝑀 and 𝐾𝑔 are the total 
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number of materials and gas species respectively. �̇�𝑘 is the molar production rate of kth 

species and is given by  

�̇�𝑘 = ∑ 𝜈𝑘𝑖𝑞𝑖

𝐼

𝑖=1

 
Equation 4 
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Equation 5 

 

The model considers reversible chemical reactions: 
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Equation 6 

where 𝜈𝑘𝑖 = 𝜈𝑘𝑖
′′ − 𝜈𝑘𝑖

′  Equation 7 

 

𝜈𝑘𝑖 are the stoichiometric coefficients and 𝑋𝑘 are the chemical symbols of the kth 

species. The rate of progress for the ith reaction, 𝑞𝑖, is given by the difference of the forward 

and reverse rates: 

𝑞𝑖 = 𝑘𝑖𝑓 ∏[𝑋𝑘]𝜈𝑘𝑖
′

𝐾
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Equation 8 

 

𝑘𝑖 is the rate constant for the ith reaction and follows an Arrhenius type of 

dependence with the temperature: 

𝑘𝑖 = 𝐴𝑖𝑇𝛽𝑖exp (
−𝐸𝑖

𝑅𝐶𝑇⁄ )) Equation 9 

Where 𝐴𝑖 is the pre-exponential factor, 𝛽𝑖 is the temperature exponent and 𝐸𝑖 is 

the activation energy. 
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Table 3.1 Gas Phase reactions 

  
𝐴𝑖 

(mole cm-3) 
𝛽𝑖 

𝐸𝑖 

(kcal mole-1) 
Ref. 

G.1 GaCl+Cl2GaCl3 1.7*10-12 0.690 8.55*104 45 

G.2 0.5H2+0.5Cl2HCl 1.51*10-1 -0.713 2.08*104 45 

G.3 GaCl3+H2GaCL+2HCl 2.21*1010 -2.116 -4.38*104 45 

G.4 P42P2 7.56*107 -1.150 -5.53*104 45 

G.5 0.25P4+1.5H2PH3 1.84*101 -2.760 6.72*103 45 

G.6 0.25P4+1.5Cl2PCl3 1.54*10-6 0.575 8.18*104 45 

G.7 Ga2Cl62GaCl3 1.61*109 0.000 8.18*104 46 

G.8 Ga2Cl4GaCl3+GaCl 4.83*102 0.000 -2.10*104 46 

G.9 PH3PH+H2 7.55*10-4 0.000 7.36*104  

G.10 PH0.5P2+0.5H2 7.092*10-6 0.000 6.93*104  

G.11 PCl3+HHCl+PCl2 2.41*10-20 0.000 0.00 47 

G.12 2H22H+H2 9.04*103 0.000 0.00 48 

G.13 P+Cl2PCl+Cl 3.90*10-20 0.000 0.00 47 

G.14 PCl3+PPCl2+PCl 2.51*10-19 0.000 0.00 47 

G.15 P+H2PH2 5.00*10-23 0.000 0.00 47 

G.16 Cl+ClCl2 5.51*10-42 0.000 0.00 47 

G.17 PH3+ClHCl+PH2 2.20*10-31 0.000 0.00 47 

G.18 H2+ClHCl+H 2.44*10-20 0.000 0.00 47 
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Table 3.2 Surface reactions at the gallium boat 

  
𝐴𝑖 

(mole cm-3) 
𝛽𝑖 

𝐸𝑖 

(kcal mole-1) 
Ref. 

B.1 Ga+0.5Cl2GaCl 6.98*1010 -1.081 1.69*104 45 

B.2 Ga+1.5Cl2GaCl3 2.71*102 -0.391 1.03*105 45 

B.3 GaCl3+2Ga3GaCl 2.93*1025 -2.829 -5.16*104 45 

B.4 Ga+0.5P2GaP 1.09*10-1 0.000 4.30*104 45 

B.5 Ga+0.25P4GaP 8.59*101 -0.299 2.29*104 45 

B.6 Ga+HClGaCl+0.5H2 1.14*108 -0.368 -3.98*103 49 

 

Table 3.3 Surface reactions at the silicon substrate 

  
𝐴𝑖 

(mole cm-3) 
𝛽𝑖 

𝐸𝑖 

(kcal mole-1) 
Ref. 

S.1 2GaCl+0.5P42GaP+Cl2 2.58 1.564 2.46*104 45 

S.2 3GaCl+0.5P42GaP+GaCl3 9.14*10-9 2.254 1.10*105 45 

S.3 GaCl+0.25P4+0.5H2GaP+HCl 2.08*1012 0.069 3.32*104 45 

 

3.2.Plasma-Assisted Vapor Liquid Phase Epitaxy (PA-VLPE) 

 

The experimental setup used to obtain results of CHAPTER SIX is illustrated in 

Figure 3.2 (setup used in CHAPTER FIVE is similar but details are described elsewhere).30 
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Figure 3.2 Experimental setup (gases, radio frequency plasma source and furnace) 

 

Four different gases can be fed to the system (N2, Ar, H2 and HCl) and the flow 

rates are controlled by MKS mass flow controllers. Hydrochloric acid was purchased from 

Sigma Aldrich as well as solid gallium and antimony. Substrates were gold and copper-

coated in a Trovato evaporator (not depicted in Figure 3.2). The radio-frequency plasma 

system included a power supply (R601), and a matching network (MC2-5382, AT6-009) 

purchased from Seren IPS. 

 

3.3.Materials Characterization Techniques 

3.3.1.Electrochemical Measurements 

The electrochemical measurements were performed with a Metrohm 

potentiostat/galvanostat (PGSTAT204 with a compliance voltage of 20 V and a maximum 

current of 400 mA or 10 A), in a 3-electrode configuration (unless stated otherwise), using 

a platinum mesh counter electrode, a Ag/AgCl reference electrode and Ga(Sb or Bi)xN1-x 

or GaSbzP1-z working electrodes. The electrochemical cell had a capacity of 100 mL and 

was equipped with a quartz window. 1 M sulfuric acid solution was the electrolyte used to 

conduct the measurements. A Newport solar simulator (300 W arc lamp, AM 1.5 filter, IR 

filter) was used on its own or coupled with a monochromator for the photocurrent 

spectroscopy measurements. A 470nm LED was also used for some of the 
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photoelectrochemical measurements. Reported irradiance values of the different light 

sources were measured with a calibrated silicon photodiode purchased from Thorlabs. 

3.3.2.Uv-Vis Spectroscopy 

Diffuse reflectance measurements were carried out with a PerkinElmer 

Lambda950 spectrometer equipped with a 60 mm integrating sphere. Scans covered the 

range between 850 to 300 nm with 1 nm intervals. 

3.3.3.X-ray Diffraction 

A Bruker Discovery D8 HR-x-ray diffractometer equipped with a Cu Kα source and 

LynxEye(TM) detector, was used to perform the x-ray diffraction scans in a 2θ range 

between 20 to 90 degrees at a rate of 0.05 seconds/step. The software EVA 2.0 (ICCD 

PDF-2) enabled crystal structure matching and scans background subtraction. 

3.3.4.Scanning and Transmission Electron Microscopy 

Transmission Electron Micrographs were acquired using 200-kV FEI Tecnai F20 

FEG-TEM/STEM (transmission electron microscope/scanning TEM). Scanning Electron 

Micrographs were acquired with FEI Nova600 FEG-SEM and TESCAN Vega3 SEM and 

microscopes. Typical image acquisition settings for Scanning Electron Micrographs were 

a working distance of 5 mm or less, 10 to 20 keV, spot size 4 and magnification between 

(10*103)x to (25*103)x. 

3.3.5.Raman and Photoluminescence Spectroscopy 

Photoluminescence measurements were acquired with a Renishaw inVia confocal 

Raman/PL microscope system, using a 325-nm laser, 1200 mm-1 grating, exposure time 
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of 10 s and a minimum of 10 accumulations, at room temperature or at −196 ºC with the 

aid of a Linkam cooling stage (THMS 600). 
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4. CHAPTER FOUR 

GaSbzP1-z THROUGH HALIDE VAPOR PHASE EPITAXY 

4.1.Introduction 

In section 2.1.2 it was explained how the elevated temperatures needed to grow 

epitaxial films in vapor-solid synthesis techniques can become a challenge for the 

obtention of high incorporation fractions in ternary III-V alloys. The available HVPE setup 

for the synthesis of GaSbzP1-z alloys does not allow an independent control of key V-group 

species, since generation of SbCl depends on the PCl3 flow rate. Therefore, it is 

particularly important to map the experimental conditions (temperatures, pressure, flow 

rates, etc) that promote high concentrations of substitutional anion species SbCl in the 

same order of magnitude as competing P2 and P4 species. 

Process conditions mapping usually involves modelling approaches. Despite the 

available literature on HVPE modeling, the reported approaches focus either on precursor 

formation or on surface kinetics but not on both aspects, use limited reaction sets, and 

were developed for well-established III-V materials.  

In this study, a simple methodology for the computational modeling of HVPE 

reactors was developed, where precursors are formed by means of vapor-liquid/solid 

reactions in the first zone and then transported to a second zone where the film grows. 

The growth of films in the second zone was modeled using a comprehensive gas phase 

and gas-surface reaction sets. The described first and second zones refer to Figure 3.1. 

The simulations results helped identify key growth species and were used to 

design and conduct the synthesis of GaSbzP1-z at high substrate temperatures (>725C) 
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resulting in antimony incorporation fraction “z” of up to 6.7 at%. Good agreement 

betweenpredicted and experimental GaSbzP1-z alloys growth rates was found. Finally, the 

morphologic, crystallographic, optoelectronic, and photo-electrochemical properties of the 

grown GaSbzP1-z alloys were evaluated as explained in section 3.3. 

4.2.Thermodynamic Modeling and Simulation of HVPE-grown GaSbzP1-z Alloys 

 

Figure 4.1. a. Most abundant gaseous species in zone 1 under thermodynamic 

equilibrium, b. Less abundant gaseous species in zone 1 under thermodynamic 

equilibrium, c. Most abundant gaseous species in zone 2 under steady state conditions, 

d. Film growth rate versus inverse temperature of the substrate. 

 

Computational results of equilibrium composition in zone 1 (refer to Figure 3.1) are 

shown in Figure 4.1a&b. Hydrogen molecule is by far the most abundant species due to 
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its thermodynamic stability and its initial excess relative to other species in the feed. GaCl 

also shows high stability as well as SbCl and HCl. The percentage of P2 and P4 is two 

orders of magnitude lower but these are the most stable of the phosphorous containing 

species. Both y-axes in Figure 4.1a-c represent the molar concentrations of the species. 

GaCl2, GaCl3, GaH, GaH2 and PH3 are also present throughout the whole 

temperature range in the order of 10-2-10-3 molar percentages All other hydride species 

considered in this study PH, PH2 and GaH3, exhibit low relative abundance values. 

Particularly the absence of gallium hydrides can be explained by the claims that III group 

element hydrides dissociate into their constituting elements at near ambient 

temperatures.50 

Other species such as the phosphorous halides PCl, PCl2, PCl3 as well as Cl, Cl2 

and P, have negligible concentration values, observations that are supported by several 

studies with similar systems.49, 51 For example, thermodynamic computations for the GaAs, 

H2 and Cl system between 800-1200 K, established that among the species of interest for 

this study, only Ga, GaCl3, GaCl, HCl, H2, Cl2 are present in important amounts contrary 

to Cl and GaCl2.52 The equilibrium calculations of the Cl + GaP system predict that in a 

range of 1000-1200 K the most abundant gaseous species are GaCl, P4, P2 GaCl3, while 

Ga2Cl2, Ga2Cl4, GaCl2 Ga2Cl6 PCl, PCl3 and Cl are present in lower orders of magnitude.53 

Ga2Cl2 and Ga2Cl6 were found to have negligible presence throughout the studied 

temperature range, a result in agreement with Raman spectral observations conducted in 

gaseous mixtures of Ga and Cl containing species under the studied conditions (700-785 

K)54 and therefore these species were not considered in the present study.  

One of the major discrepancies of our results with the ones found in the literature 

is that even though P2 and P4 are present, their amounts are not significant when 

compared to other species, while the theoretical calculations by Klima51 of the Ga-PCl3-H2 

system, and by Seki55 for a system of H2 and a chloride source over GaP (powder) to form 
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a GaP film, yielded that up to 850 ⁰C P4 is a predominant species, and at temperatures 

higher than 900 ⁰C, P2 becomes significant. In the deposition of GaAsP films modeled by 

Bleicher49 under temperature conditions similar to the ones of the present study, PH3 was 

found to have comparable partial pressures to P2, coinciding with our results.  

The equilibrium composition along with flow rates were used as input for zone 2 

(refer to Figure 3.1). Using the reaction set of homogeneous and heterogeneous 

reactions,56 steady state compositions were obtained at various substrate temperatures. 

When the steady state composition is compared to the one under thermodynamic 

equilibrium, most of the species are supersaturated except GaCl particularly at high 

temperatures; implying thermodynamic constraints are also significant. Furthermore, the 

used kinetic model also suggests GaCl is the limiting reagent (see reactions S.1-S.3 of 

Table 3.3). 

Other species with significant presence at the deposition zone under steady state 

conditions, are shown in Figure 2c. Hydrogen is very abundant in this case, as well as 

hydrochloric acid, even reaching supersaturation conditions which causes acid 

condensation. At low temperatures P4 has significant concentrations and at high 

temperatures P2 increases as a result of P4 decomposition. 

Regarding the effect of V/III ratio on the growth rate, several studies have reported 

that HCl and GaCl have higher adsorption coefficients than V species and therefore 

increasing the partial pressure of the latter, normally causes the growth rate to increase.44 

Despite the fact our model considers only kinetic and not adsorption effects, it coincides 

with the literature reports in the region below 650 ⁰C, as the V/III ratio increases, so does 

the growth rate. A further increase in the temperature results in higher V/III ratios but under 

those conditions GaCl becomes the limiting reactant as stated before. It was not possible 

to evaluate the effect of the V/III ratio experimentally because the employed setup uses 

PCl3 as the source for V species and HCl. As discussed previously Gallium halides are 
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the major transport mechanism of III species making both variables, V and III species 

concentrations dependent on each other. 

Figure 4.1d shows the dependence of the gallium antimonide phosphide growth 

rate with the inverse of the substrate temperature at four different pressures. The curves 

represent the predicted values from 800 to 50 torr and the scattered points correspond to 

the experimental samples obtained at 500 and 250 torr. For all pressure conditions, the 

increase in the temperature is reflected in higher growth rates, implying the process is 

kinetically driven. After reaching a maximum the growth rate decreases, a phenomenon 

widely observed in CVD literature and summarized by Shaw,42 which is attributed to 

transport limitations of the species in the bulk of the gas. In our case the decrease in the 

growth rate can be explained by the decrease in the concentration of GaCl and P4, 

however, the fact that the experimental values are lower than the ones predicted by the 

model is an indication of mass transport limitations. The difference between the measured 

and predicted growth rates could also be attributed to uncertainties in the reported 

experimental values because ramp up and shut down periods were not considered as 

growth time. At 400 ⁰C (1000/T=2.5) the obtained film was very thick but mostly composed 

of agglomerated particles (see Figure 4.2a) that probably nucleated in the gas phase close 

to the substrate, a phenomenon not considered in the simulation. For more details on the 

experimental growth conditions of GaSbzP1-z alloys refer to section 3.1.1. 

The closest reference we can compare to in the literature is gallium phosphide. 

The results of Seki and Araki55 suggest that the relative concentration of GaP under 

thermodynamic equilibrium increases at higher temperatures but it is worth noting their 

calculations are not based on Gibbs free energy minimization, instead the authors use the 

partial pressures as function of temperature and calculate equilibrium constants for the 

main possible reactions between the available species. This result is contradicted by 

another theoretical study51 in which although GaP is stable in the temperature range 
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between 600-840 ⁰C, its mole fraction decreases with temperature, coinciding with the 

results of this study. Surprisingly, Bleicher49 shows that solid GaP is stable in the narrow 

studied temperature range between 1000-1150 K, but its mole fraction doesn’t show a 

strong dependence with the temperature.  

 

4.3.GaSbzP1-z Alloys Growth and Characterization 

4.3.1.Effect of the Substrate Temperature on Antimony Incorporation and 

Crystalline Quality of the Films 

 

As explained in section 2.1.1, GaSbzyP1-z alloys are good photoanode candidates 

for Water Splitting. It is hypothesized their photoelectrochemical performance will improve 

alongside with their crystalline quality and the latter requires an increase in the substrate 

temperature. It is well known high temperatures promote an enhancement of species 

surface diffusion and therefore nucleation islands coalesce with each other at initial stages 

of the growth producing good crystalline quality films. 

The experimental setup for the growth of GaSbzP1-z alloys is shown in Figure 3.1 

and consists of a quartz tube with a volume of 1.2 L, fitted in a two-zone furnace and 

equipped with an additional zone for inductively heating a graphite susceptor where the 

111 silicon substrate was held. The reactor is coupled to two gas lines that mix before the 

entrance and carry 125 sccmof pure hydrogen and 100 sccm of hydrogen that has been 

previously flown though a bubbler containing phosphorous trichloride, maintained at a 

constant temperature of 35 ⁰C. In each of the furnace zones quartz boats are placed, the 

first with 5 g of antimony powder and the second with 10 g of gallium. The pressure inside 

the reactor was 500 torr and the antimony and gallium zones were kept at 750 ⁰C and 970 

⁰C respectively. The substrate temperature was varied between 400 ⁰C and 725 ⁰C. 
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Figure 4.2 Cross sectional SEM images of free standing GaSbzP1-z films grown at different 

substrate temperatures: a. 400 ⁰C, b. 600 ⁰C, c. 690 ⁰C, d. 710 ⁰C, e. 725 ⁰C and f. X-ray 

spectra of the samples grown at substrate temperatures between 400 ⁰C and 725 ⁰C. Grey 

dashed and black lines correspond to pure GaP (PDF-00-012-0191) and Sb (PDF-00-001-

0802) spectra, respectively.  

 

As seen in Figure 4.2, Increasing the substrate temperature had a positive effect 

in the crystal quality of the film which can be attributed to an increased surface diffusion 

of the impinging species and/or faster lateral growth rate that allows the nucleation islands 

to coalesce, less voids and grain boundaries can be observed for the higher substrate 

temperature samples. The XRD spectra also confirms the higher purity of the phase, and 
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the growth orientation is preferential towards [111] plane as its intensity is higher 

compared to the other peaks, and the ratio of [111] to each of the other planes increases 

with substrate temperature except for the sample grown at 725 ⁰C. It can be observed the 

peaks are shifted to lower angles versus the pure GaP spectrum, indicating an increase 

in the lattice parameter. The shift magnitude was employed to estimate the degree of 

antimony incorporation using Vegard’s Law. At low substrate temperature the degree of 

Antimony incorporation was the highest and even pure Sb peaks were evidenced. An 

increase in the temperature causes a decrease in the incorporation probably due to 

desorption of the antimony precursors from the substrate, pointing out the major limitation 

of the used setup/recipe for the synthesis of GaSbzP1-z alloys with high antimony content.  

 

4.3.2.Optoelectronic Properties and Photoelectrochemical Performance 

 

From diffuse reflectance measurements (Figure 4.3), it can be observed that the 

alloys exhibit direct energy transitions between 2.4 -2.5 eV, confirming a decrease of the 

direct energy transition at 2.68 eV of pure GaP. Energy transitions below 2.0 eV were 

disregarded since they have been described as “exponential tails” that lead to bandgap 

underestimation.57 Figure 4. 4 helps illustrate band gap differences caused by the alloying. 

While  
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Figure 4.3 Direct Tauc plots from diffuse reflectance measurements of 5 GaSbzP1-z films 

grown between 600 and 725 ⁰C with different Sb incorporation levels 

 

 

Figure 4. 4 GaP and GaSbzP1-z band structure schematic  
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Photoelectrochemical measurements were performed in 1M H2SO4 using a 3-

electrode setup including an Ag/AgCl reference electrode and a platinum mesh counter 

electrode. The different levels of irradiance for the experiments with a solar simulator and 

a 470nm LED were measured using a calibrated silicon photodiode immersed in the 

electrolyte in the same position working electrodes were placed. 

Figure 4.5 shows chronopotentiometry and Linear Sweep Voltammetry 

measurements of the same alloys under 6 sun full spectrum illumination. The potential 

under illumination condition switched to more negative values indicating an n-type 

conductivity and their conduction band edge as estimated from the potential value under 

illumination became more negative as the antimony level increased. The higher antimony 

content alloys also show slower response to the changes in illumination, i.e. the steps are 

less flat, indicating charge transport deficiencies. However, this observation can also be 

related to the worse crystalline quality of these samples grown at lower substrate 

temperatures. 

Figure 4.6a shows the linear sweep voltammetries under intermittent 470nm LED 

illumination corresponding to an irradiance of 506 mW*cm-2. Once more the GaSbzP1-z 

alloys show significantly higher current densities at lower applied biases compared to the 

commercial sulfur-doped GaP. The performance differences among the alloys can be 

attributed to the crystallinity variations but in the case of the two alloys grown at 710⁰C 

with 4.4 and 5.9 at% antimony incorporation, the measurements suggest a better 

performance of the sample with less antimony. Electrochemical impedance spectroscopy 

(EIS) measurements were performed at 506 mW*cm-2 (470nm LED) and 0V RHE for 

sulfur-doped GaP and GaSbzP1-z photoanodes. 
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a. 

. 
b. 

 
Figure 4.5 a. Chronopotentiometry measurements under intermittent 6 sun (full 

spectrum) and at a current of 0 A. b Linear Sweep Voltammetries under 6 sun (full 

spectrum) for GaSbzP1-z photoanodes with different Sb incorporation levels compared 

to a commercial sulfur-doped GaP wafer  
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a. 

 
b. 

 
Figure 4.6 a. Linear Sweep Voltammetries under intermittent 470nm LED illumination 

(506 mW*cm-2) for GaSbzP1-z photoanodes with different Sb incorporation levels 

compared to a commercial sulfur-doped GaP wafer. b. Impedance spectroscopy 

measurements at 0V vs RHE of the GaSbyP1-y photoanodes compared to a sulfur-

doped GaP wafer and an IrxWO3-x co-catalyzed GaSbyP1-y alloy, under a 470nm LED 

illumination of (506 mW*cm-2). 

 

The Nyquist plots in Figure 4.6b indicate the presence of two semicircles for 

the sulfur-doped GaP, GaSb0.059P0.941 and GaSb0.065P0.935 electrodes. The semicircle 

located at lower resistances and high frequencies is attributed to the charge transfer 
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process in the depletion zone meanwhile the semicircle at low frequencies is related with 

minority carrier charge transfer and recombination at the semiconductor-electrolyte 

interface.58 Here the relatively large second semicircles indicate low charge transfer 

efficiencies explaining the corresponding low photocurrent values at 0V RHE in the case 

of the sulfur-doped GaP, GaSb0.059P0.941 and GaSb0.065P0.935 electrodes the relatively large 

second semicircles indicate low charge transfer efficiencies and could explain the low 

photocurrents observed in Figure 4.5b for the samples at 0V RHE. On the other hand, at 

the same applied bias the GaSb0.044P0.956 and 

GaSb0.037P0.963 materials exhibit only one clear semicircle and a better performance which 

is consistent with the fact that for these electrodes the operating point is closer to the 

current saturation plateau where the transfer efficiency reaches its maximum. These 

results suggest that a controlled antimony concentration in the alloy can increase the 

charge injection from the valence band, however an excess of antimony can generate 

surface states in the alloy that lead to surface charge carrier recombination.  

From the photoelectrochemical and impedance results of GaSbzP1-z alloys it is 

hypothesized the system might exhibit antimony segregation that causes the higher 

antimony containing samples to show charge transport issues. It is also possible that 

antimony is adsorbing onto the substrate as a monoatomic species in higher proportion 

than as SbCl and that the monoatomic species incorporation kinetics is not favorable. 

More research is needed to understand the Halide Vapor Phase Epitaxy Mechanisms, in 

order to synthesize GaSbzP1-z alloys with high antimony incorporation that would result in 

a direct bandgap between 1.7eV to 2.0eV, while enhancing the crystalline quality 

simultaneously. 

The current chemistry used in our HVPE setup uses PCl3 carried by H2 that flows 

over Sb and Ga solid sources producing mainly GaCl, SbCl, P2 and P4 species that react 

to form GaSbyP1-y. The gas phase concentration of anion species Sb and P that compete 
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for available surface sites to adsorb onto, cannot be controlled independently (increasing 

PCl3 to produce more SbCl will also result in higher P2/P4 partial pressures).  

4.4.Summary 

A thermodynamic and kinetic model for the GaSbzP1-z growth through Halide Vapor 

Phase Epitaxy was developed in Chemkin Pro. This model was instrumental to understand 

the correlation between experimental conditions and alloys properties and growth 

mechanisms. 

Optical, crystallographic and photoelectrochemical properties of as-deposited and 

IrxWO3-x decorated GaSbzP1-z alloys were compared to sulfur-doped GaP. The results 

suggest as-deposited GaSbzP1-z alloys have an improved catalytic performance when 

compared with GaP but will benefit from larger substitutional anion incorporation that will 

lead to larger bandgap reduction and more efficient light absorption. 
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5. CHAPTER FIVE 

DILUTE ANION ALLOYED, GaSbxN1-x AND GaBiyN1-y FILM SYNTHESIS THROUGH 

PLASMA ASSISTED VAPOR LIQUID PHASE EPITAXY 

5.1.Introduction 

 

Dilute anion alloying into III-Nitrides is of interest for exploring materials with band 

gap and band edge engineering. Reports have shown that dilute ternary alloys for the 

GaNxSb1-x system for even a very small y value exhibit band gap bowing from that of GaSb 

and extend to negative band gaps for composition in excess of about 8% N.59 Following 

the same line of thought, the optoelectronic properties of GaN were expected to change 

with small amounts of anions such as antimony. Initial experimental reports show that 

substitutional alloying with antimony can produce visible light absorbing alloys.60 However, 

there are some contradictions in the literature about how band gap bowing occurs from 

3.45 to 2 eV and at what concentrations of Sb. Sheets et al60 predicted a band-gap value 

of 2 eV for incorporation fractions 0.05 <x< 0.06. Later on, Andriotis et al.61 theoretically 

determined that antimony incorporation fractions as low as 0.02 could indeed produce 

GaSbxN1-x alloys with direct 1.8 eV band gap. More recently, Chowdhury et al.29 claimed 

it was possible obtain GaSbxN1-x alloys with continuous band gap reduction versus pure 

GaN with antimony incorporation fractions x, below 0.01. A critical examination of the latter 

study reveals possible misinterpretation of photoluminescence results where defect 

recombination emission is presented as bandgap emission. To understand the true band 

gap and band edge engineering potential of dilute GaSbxN1-x alloys it is necessary to 

conduct further experimental and theoretical research. 
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The synthesis of III-Nitrides is another major challenge, GaN growth is especially 

intricate due to the strong bond between Ga and N and because in a solution of these two 

elements, gaseous nitrogen is thermodynamically favored versus solid GaN at 

temperatures close to the melting point and moderate system pressures, therefore 

traditional Bridgman or Czochralski techniques are beyond consideration. Vapor phase 

epitaxy techniques such as halide vapor phase epitaxy (HVPE), metalorganic chemical 

vapor deposition (MOCVD) and molecular beam epitaxy (MBE), show similar synthesis 

issues for GaN and ternary III-Nitride alloys, including the difficulty to control final alloy 

thickness, contamination with carbon from metal-organic precursors, and ultra-high 

vacuum requirements. Particularly for the ternary alloys, phase segregation is very 

common.62 

Direct nitridation of molten gallium using nitrogen plasma can be used to create 

GaN. However, the nucleation and growth of Gallium nitride occurs in bulk and results in 

GaN layer on top of molten gallium. Recently, epitaxial growth of gallium nitride on 

substrates using nitridation of molten gallium was achieved by intermittently exposing 

nitrogen plasma. The plasma exposure created a concentration gradient of nitrogen 

radicals in the melt and pulsing on the order of minutes avoided supersaturation of the 

molten gallium surface to reach critical levels compared to bulk. Under these conditions, 

the growth of GaN occurred in epitaxial fashion at the substrate/liquid interface and not in 

other regions of the melt neither on its surface. The technique resulted in the growth of 

single-crystal quality GaN films at around 1 µm/h, in a Vapor Liquid Phase Epitaxy (VLPE) 

fashion.63 In the present work, the same technique proved its effectiveness to grow dilute 

GaSbxN1-x and GaBiyN1-y films with alloying fraction around 0.01, which has been out of 

reach in techniques such as MOCVD. 

Crystallographic and optical properties of the alloys were evaluated confirming the 

potential of the synthesis technique to produce good crystal quality materials, and on the 



45 

 

other hand, that the alloys have a band gap reduction discontinuity in the studied alloying 

range.  

 

5.2.Growth of GaSbxN1-x and GaBiyN1-y Films 

The experimental setup consists of a quartz tube of 30mm OD and 80cm length 

sitting on a furnace. N to Ar gas mixture has been flown in a 1:9 ratio and an radio-

frequency plasma of 100 W was applied intermittently with cycles of 1 minute “on” and 10 

minutes “off”. A 0.1 mm molten gallium layer covered the substrate (GaN for 

GaSb0.012N0.988 and sapphire for GaSb0.015N0.985 and GaBi0.014N0.986) and it was heated at 

900 ºC. Antimony has been supplied in powder form in a boat reaching a temperature of 

500 ºC and bismuth has been supplied as BiCl3 at room temperature 

The samples were synthesized on GaN or sapphire substrates by dissolving 

plasma activated nitrogen and substitutional anion species i.e., bismuth trichloride and 

antimony, into the molten gallium layer dispersed on the substrate and kept at 900 ºC. 100 

sccm of nitrogen were ionized with a radio frequency source at room temperature and 

then used to transport substitutional anion species that were kept. 

The duration of the growth was five hours. More details related the Plasma 

Assisted Vapor Liquid Phase Epitaxy method can be found in the work by Jaramillo et al.63 

The main difference here is the introduction of anion species in the gas phase along with 

nitrogen for liquid phase epitaxy of ternary alloys.  
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Figure 5.1 Schematic of the Ga(Sb or Bi)xN1-x alloy growth process. 
 

Figure 5.1 shows different stages in the growth of the Ga(Sb or Bi)xN1-x alloys, 

initially the surface tension of molten gallium causes it to form droplets and then at 

elevated temperatures and the exposure to plasma, it spreads out covering the substrate 

of approximately 2 cm2. After the dissolution of V-group species into gallium, the alloy 

formation takes place in a Vapor Liquid Phase Epitaxy fashion. By the end of the growth 

process, unreacted gallium covers the top of the III-V alloy. 

 

5.3.GaSbxN1-X and GaBiyN1-y Film Characterization 

Figure 5.2a&b show cross sectional transmission electron micrograph (a) and 

scanning electron micrograph (b) of 400 nm thick GaSb0.003N0.997 alloy on GaN. The grown 

alloy exhibits a satisfactory crystalline quality which can also be confirmed through high-

resolution transmission electron micrographs (see Figure 5.5a). Figure 5.2c&d present a 

top view of the same sample, where the hexagonal structure becomes evident. 
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Figure 5.3 Antimony mapping across GaN substrate and GaSb0.003N0.997 alloy. 

 

Figure 5.3 shows the antimony mapping across the GaN substrate, the interface and the 

grown GaSb0.003N0.997 alloy. Even though a level of antimony can be observed in the GaN 

 
Figure 5.2 Cross sectional transmission electron micrograph (a) and scanning electron 

micrograph (b); top view scanning electron micrographs of GaSb0.003N0.997 alloy on 

GaN (c & d). 
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side, it was interpreted as the detection baseline of the instrument. The alloy side shows 

a slightly higher antimony content that is consistent with the incorporation level determined 

by x-ray diffraction spectra.  

Of particular interest is the antimony level spike detected at the interface between 

GaN and GaSb0.003N0.997. Antimony segregation indicates the species can diffuse through 

the gas bulk and the molten gallium layer reaching the gallium-substrate interface, and 

having less surface tension than gallium, spreads out onto the substrate. There are reports 

of the use of antimony and bismuth as wetting agents in Liquid Phase Epitaxy growth of 

III-V alloys. Furthermore, when a metallic layer is formed at the substrate, the rate of 

diffusion changes differently for each reacting species leading to phase segregation.62 

This incidental finding could be potentially exploited in the integration of these ternary 

alloys into functional devices as the metallic layers could provide ohmic or Schottky 

contacts and/or tunnel junctions. 
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Figure 5.4 Complete XRD spectra of different GaSbxN1-x, GaBiyN1-y, GaN and sapphire 

samples. 
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High resolution Transmission Electron Micrographs of sample GaSb0.003N0.997 

(Figure 5.5a) reveal the epitaxial nature of the grown alloys as the planes on both sides of 

the GaN/GaSbxN1-x interface are aligned in the same orientation. This growth 

characteristic was observed in different regions of the interface however, complete x-ray 

diffraction spectra of GaSbxN1-x and GaBiyN1-y samples (see Figure 5.4), show the grown 

alloys have wurtzite structure with (002) and (004) peaks, suggesting that over a larger 

area the samples exhibit polycrystallinity, particularly where the gallium wetting of the 

substrate was not optimum. Figure 5.5b compares x-ray diffraction spectra around (002) 

of different GaSbxN1-x and GaBiyN1-y alloys versus commercial MOCVD-grown GaN and a 

sapphire substrate. Most of the ternary alloys were grown on GaN substrates except 

GaSb0.006N0.994 and GaBi0.011N0.989 which were grown directly on c-plane oriented sapphire, 

but regardless of the used substrate all samples exhibit a (002) peak shift towards lower 

2-θ values, consistent with a lattice parameter increase due to radii size difference 

between nitrogen and the substitutional anion, i.e., Sb or Bi. The lattice parameter 

increase and Veggard’s Law were used to estimate the reported levels of substitutional 

anion incorporation. EDAX analysis was also performed to investigate the alloying degree 

and even though the results are slightly higher than the values determined through x-ray 

diffraction, they are in the same order of magnitude (see Table 5.1). 

 

Table 5.1. Comparison of sample composition determined through X-ray diffraction and 
EDAX 

Sample 

From XRD From Edax 

molar 
concentration 

(%) 

atomic 
percentage 

(%) 

atomic 
percentage 

(%) 

GaSb0.009N0.991 0.45 0.23 0.32 ± 0.05 

GaSb0.003N0.997 0.15 0.08 0.28 ± 0.05 

GaBi0.007N0.993 0.33 0.16 0.24 ± 0.13 

GaSb0.006N0.994 0.30 0.15 0.24 ± 0.07 

GaBi0.011N0.989 0.53 0.26 0.23 ± 0.1 
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Figure 5.5 a. High resolution Transmission Electron Micrographs of sample 

GaSb0.003N0.997 b. X-ray diffraction spectra of GaN, sapphire, GaSbxN1-x and GaBiyN1-y 

alloys 
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Figure 5.6a&b present the absorption coefficient and photoluminescence spectra 

of samples GaSb0.006N0.994, GaSb0.003N0.997, GaSb0.009N0.991, GaBi0.007N0.993 and GaN. The 

absorption coefficient curves show the photon energy required for band-to-band 

 
Figure 5.6 Absorption coefficient (left), and photoluminescence spectra (right) of GaN, 

GaSbxN1-x and GaBiyN1-y alloys. 
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absorption is around 3.4 eV, same as pure GaN direct band gap. The negligible light 

absorption at energy values below the direct band gap can be attributed to intra-band 

energy states. The room temperature photoluminescence spectra, Figure 5.6b, shows two 

distinctive peaks around 2.2 eV and 3.4 eV which correspond to yellow luminescence and 

band gap energy respectively. The discussed findings suggest dilute anion substitution 

alloying is not sufficient to produce changes in the density of states of host material, GaN. 

 

 

Figure 5.7 Photoluminescence measurements at room temperature and -196 ºC of 

GaN, GaSbxN1-x, GaBiyN1-y on sapphire. 

 

For a better understanding of the energy transitions in pure GaN and the grown 

ternary alloys, wider range photoluminescence measurements were performed at room 
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temperature and -196 ºC (see Figure 5.7). GaN, GaSb0.006N0.994 and GaBi0.011N0.989 grown 

on sapphire, all exhibit the band gap energy transition at 3.4 eV and yellow luminescence 

around 2.2 eV, as well as a peak around 1.65 eV. A band gap peak closeup presented in 

the right panel of Figure 5.7 shows a shoulder towards lower energy values, around 3 eV 

in the case of sample GaBi0.011N0.989, which is worth further investigation. 

Chowdhury et al. 29 synthesized GaSbxN1-x alloys through Molecular Beam Epitaxy 

with antimony content between 0 and 0.8% (determined through Secondary Ion Mass 

Spectrometry) and claimed the achievement of a continuous band gap reduction within 

this dilute incorporation range. The photoluminescence measurements of 0-D and 

nanowire samples reported as band-to-band energy transitions were 2.03 eV, 2.27 eV, 

2.34 eV and 2.90 eV. By comparing these values to the ones presented in Figure 5.7 we 

can observe relative correspondence, for instance, peaks 1.65 eV and 2.2 eV in our 

measurements and 2.03 and 2.27 eV in theirs, could probably be ascribed to the same 

originating intra-band defect and not to band gap energy transitions. 

 

5.4.Summary  

GaSbN with 1.2 and 1.5 at% antimony incorporation and GaBiN with 1.4 at% 

bismuth incorporation have been synthesized with Plasma-Assisted Vapor Liquid Phase 

Epitaxy. This technique has allowed the synthesis of high crystalline quality alloys with 

dilute anion incorporation levels that have been out of reach in previous studies of the 

same material system, carried out with Metal-Organic Chemical Vapor Deposition.  

 

https://www.eag.com/techniques/mass-spec/secondary-ion-mass-spectrometry-sims/#:~:text=Secondary%20Ion%20Mass%20Spectrometry%20(SIMS)%20detects%20very%20low%20concentrations%20of,tens%20of%20micrometers%20(%C2%B5m).
https://www.eag.com/techniques/mass-spec/secondary-ion-mass-spectrometry-sims/#:~:text=Secondary%20Ion%20Mass%20Spectrometry%20(SIMS)%20detects%20very%20low%20concentrations%20of,tens%20of%20micrometers%20(%C2%B5m).
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6. CHAPTER SIX 

GaSbxN1-x AND GaBiyN1-y NANOWIRE GROWTH THROUGH METAL CATALYZED 

PLASMA-ASSISTED VAPOR LIQUID PHASE EPITAXY 

6.1.Introduction 

Research on anion diluted nitrides is scarce since their synthesis through MOCVD 

and MBE has always been a challenge because of the low decomposition and evaporation 

temperatures of GaN and group-III elements, respectively,25 which contrast with the high 

temperatures required for ammonia cracking. Additionally, this precursor accounts for 30-

50 % of MOCVD costs36 due to its low incorporation efficiency (3.8% at 700 C).25 To 

circumvent these challenges many works on binary GaN, and AlN systems introduced the 

use of nitrogen plasma, enabling the growth at lower temperatures compared to ammonia 

sourced MBE and MOCVD.26 Plasma-assisted techniques have also made possible the 

growth of In-containing nitrides, otherwise limited by InN low sublimation temperature at 

moderate pressures 27. 

Lower growth temperatures in plasma-assisted vapor-solid growth techniques 

have also served to overcome challenges in the synthesis of IIIV1-xNx nitrides that suffer 

from low anion substitution, due to the high vapor pressures of group-V elements. Through 

Plasma Assisted Molecular Beam Epitaxy (PA-MBE), 1.2 eV band gap GaBi0.11N0.89 was 

achieved.16 Other studies of alloys with visible light absorption behavior such as PA-MBE-

grown GaSbN, report a drastic band gap shift from 3.4 to 2 eV with antimony content 

below 5 mol%,28 and 1 mol%.29 In contrast, in our own experimental work on Plasma 

Assisted Vapor Liquid Phase Epitaxy (PA-VLPE) synthesis of GaSbN and GaBiN films 
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(CHAPTER FIVE), we did not observe a band gap reduction (versus pure GaN) 

for alloys withantimony or bismuth content less than 1 at%, and DFT simulations suggest 

GaN band gap reduction can only be achieved when antimony content is between 2 - 3 

at%.30 Other studies of our group with ammonia sourced2 and Plasma-Assisted1 MOCVD, 

have enabled the growth of GaSbN films (2 - 8 Sb at%) and nanowires (2 - 4 Sb at%) with 

band gaps around to 2 eV. PA-MBE-grown GaSbN nanowires with antimony content 

between 3 to 10 mol%, exhibited sub-bandgap light absorption31, results that coincide 

more closely with ours. 

Due to the visible light absorption behavior of these anion diluted nitrides, most of 

the previous studies also focused on their performance as photoanodes for water splitting 

applications. In this chapter the growth and characterization of Au and Cu catalyzed PA-

VLPE synthesis of GaSbxN1-x and GaBiyN1-y nanowires where x and y lie between 3.4 - 

5.6 at% and 1.0 – 8.8 at%, respectively, are presented. 

 

6.2.Metal Catalyzed GaSbxN1-x and GaBizN1-z Nanowire Growth 

 

The experimental setup for the alloy’s growth is illustrated in Figure 3.2. Sapphire, 

(100)-Si and stainless-steel substrates were coated with 20 nm thick catalyst layer (gold 

or copper) are loaded into the quartz tube that is heated with a one-zone furnace. 

Preceding the substrates gallium and group-V metals (antimony or bismuth) are loaded in 

quartz boats. The electrodes used to apply radio frequency power are located right outside 

of the furnace.  

After the substrates and precursors are loaded in the appropriate positions inside 

the tube, the system is closed, purged with hydrogen and leak checked. To remove any 

oxide from the substrates and metallic precursors, 50 sccm of hydrogen are fed to the 

system and 70 W are applied to the flowing gas while the system is heated from room 
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temperature to 750 C, which takes about 15 min. While keeping the furnace temperature 

at 750 C, 10 sccm of hydrogen chloride diluted in 50 sccm of hydrogen, are fed for one 

hour, with the purpose of transporting gallium and group-V halide species that result from 

the reaction between hydrogen chloride and the metals. Since the substrates have a 20 

nm catalyst coating, the flux of GaCl and SbCl/BiCl reached the surface and the species 

dissolved into the catalyst. After the “transport” step has been completed, the furnace 

temperature is raised to the growth temperature (between 800-950 C) and a mixture of 40 

sccm of nitrogen, 15 sccm of argon and 10 sccm of HCl are fed into the system. As has 

been explained elsewhere 21, nitrogen gas does not react with gallium to form GaN at the 

pressure and temperature conditions used in this study, and therefore 70 W radio 

frequency power was applied intermittently (0.5 min on and 5 min off) to the gas mixture 

for one hour, generating ionized and other activated nitrogen species that dissolved into 

the catalyst and formed the alloys by reacting with gallium and antimony/bismuth. 

It is worth noting that high (Ga+Sb/Bi)/N ratio was likely the prevalent condition in 

all experiments, given that gallium and antimony/bismuth fluxes are exponentially 

proportional to temperature, as the metals react with hydrogen chloride during “transport” 

and “growth” steps at 750 ºC and 800 ºC- 950 ºC, respectively, while nitridation occurs 

only during the “growth” step. 

 

6.3.GaSbxN1-x and GaBiyN1-y Nanowire Characterization 

Scanning Electron micrographs of GaSbxN1-x and GaBiyN1-y nanowires grown at 

different temperatures are shown in Figure 6.1. The growth temperature affects both the 

alloying degree and the shape of the wires, i.e., at 800 ºC GaSbxN1-x wires are very thin 

and the antimony incorporation is only 3.4%, however, the wire diameters become larger 

at 900 and 950 ºC and the antimony content in these alloys is 4.9 and 5.6 %, respectively. 
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A similar trend can be observed in GaBiyN1-y samples, where thin wires with low bismuth 

content are obtained at 800 ºC, and the wire diameter increases as well as the bismuth 

content when the growth temperature was increased to 950 ºC. The diffusion coefficient 

of all alloy constituents into the catalyst increases with temperature and so does the 

(Ga+Sb/Bi)/N ratio (as explained in section 6.2) which promotes the observed morphology 

changes, as it has been previously described for GaN wire growth through halide VLS 

mechanism, that an increase in the GaCl flux while keeping ammonia flux constant, would 

favor lateral growth over axial growth resulting in shorter and thicker wires.31 

Figure 6.1a shows GaSb0.041N0.959 sample grown at 850 ºC, the wire growth 

direction was identified as a-plane because it is parallel to 101̅0 direction. The 

corresponding hexagonal diffraction pattern is shown in Figure 6.2b and high-resolution 

Transmission Electron Micrographs perpendicular to wire’s c-plane orientation are shown 

in Figure 6.2c&d. The interplanar distance, for 1̅100, 011̅0 and 101̅0 was determined to 

be 2.69, 2.83 and 2.69 Å, respectively, averaging 2.74 Å which is close to pure a-GaN 

interplanar distance of 2.76 Å. Considering the wires are mostly exposing c-plane when 

still attached to the substrate (see Figure 6.1), it is consistent to observe (002) peak in the 

x-ray diffraction measurements (Figure 6.3a). The degree of alloying (x or y) increases as 

a function of temperature from 3.4 to 5.6 at% in the case of GaSbxN1-x wires, and from 1 

to 8.8 at% in the case of GaBiyN1-y alloys grown at temperatures between 800 and 950 ºC, 

respectively. Higher growth temperatures result in larger (002) peak shifts towards lower 

2θ values with respect to pure GaN. As described previously, (Ga+Sb)/N ratio increases 

as a function of temperature and therefore the availability and incorporation of 

substitutional species increases as well. 
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Figure 6.1 GaSbxN1-x wires grown at a. 800 ºC, b. 850 ºC and c. 950 ºC. GaBiyN1-y wires 

grown at d. 900 ºC and e. 950 ºC 
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Figure 6.2 a. GaSb0.041N0.959 wire grown at 850 ºC showing a-plane orientation, b. its 

corresponding diffraction pattern, c. and d. high-resolution Transmission Electron 

Micrographs of wire’s c-plane orientation.  
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Figure 6.3 X-ray diffraction measurements of a. GaSbxN1-x and b. GaBiyN1-y samples 

with different degrees of alloying. 
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Figure 6. 4 Plasma-Assisted Vapor Liquid Solid growth mechanism 

 

Figure 6. 4 depicts the proposed growth mechanism. The dissolution of atomic 

nitrogen species has been shown before. N2+ species may exist in plasma along N 

species which ultimately dissolve into molten Ga. In this case gallium, nitrogen and 

substitutional anions saturate the catalyst droplet and the alloy starts to grow epitaxially 

forming a 1-D structure. 

Figure 6.5 corresponds to GaSbxN1-x wires grown at 850 ºC. Figure 6.5a shows a 

high-resolution Transmission Electron Micrograph where a round darker element stands 

out, and the contrast difference suggests it probably contains a high conductivity element. 

Being located at the tip of the wire is indicative of a Vapor Liquid Solid mechanism of alloy 

growth, by dissolution into copper droplets. 

In Figure 6.5c, it can be observed that copper mainly concentrates in round areas, 

and even though, the alloyed nature of the samples has been discussed previously, 

antimony seems to have higher concentration in the same spots as copper (see Figure 

6.5e). 
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Figure 6.5 High resolution Transmission Electron Micrograph of a. GaSbxN1-x wires 

grown at 850 ºC, b. the corresponding High-angle annular dark-field image, and the 

elemental mapping of c. copper, d. gallium and e. antimony.  

 

Figure 6.6a&b show tauc plots of GaSbxN1-x and GaBiyN1-y samples with different 

degrees of alloying. These plots were derived from diffuse reflectance measurements 

carried out in a PerkinElmer Lambda950 spectrometer equipped with a 60 mm integrating 

sphere. GaBiyN1-y samples with 1.0 and 2.6 at% of bismuth show a direct absorption band 

edge close to 3.4 eV that corresponds to pure GaN. The bismuth content 8.8 at% alloy 

has a very sharp absorption edge below 2 eV. GaSbxN1-x samples containing 3.4 and 4.1 

at% of antimony show sub-band gap absorption around 2 eV while samples with 4.9 and 

5.6 degree of alloying have a sharper absorption edge below 2 eV. 
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Figure 6.6 Tauc plots of a. GaSbxN1-x and b. GaBiyN1-y samples with different degrees 

of alloying. 

 

Photocurrent spectroscopy measurements were carried out with GaSbxN1-x 

samples containing 4.1 and 5.6 at% of antimony, and GaN sample. These measurements 
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were carried out using a Newport solar simulator with 10 sun irradiance (1000 mW*cm-2), 

in conjunction with a monochromator that was manually set at each individual wavelength 

from 320 nm to the photoactivity limit of each sample, with increments of 5 or 10 nm. The 

photocurrent was measured under 0.5 V vs RHE. The results are presented in Figure 6.7. 

GaSb0.056N0.944 and GaSb0.041N0.959 samples exhibit photocurrent up to 620 and 585 nm, 

2.00 and 2.12 eV, respectively, while pure GaN is not photoactive beyond 370 nm (3.35 

eV). We encountered a difficulty to keep constant irradiance as a function of wavelength 

after the light beam is filtered in the monochromator. The irradiance decreases by two 

orders of magnitude (also after beam is filtered) was in the range between 20 – 80 mW*cm-

2 and explains the low photocurrent density magnitudes shown in Figure 6.7. 
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Figure 6.7 Photocurrent spectroscopy measurements of GaSb0.056N0.944 and 

GaSb0.041N0.959 samples  

 

Photocurrent spectroscopy measurements tend to overestimate the optical band 

gap of materials because a portion of the photo-generated carriers recombines before 

they can be measured as current. Nonetheless, the photocurrent spectroscopy 

measurements of three alloys shown in Figure 6.7 are in good agreement with the optical 

band gap values deduced from Tauc plots. 

Linear Sweep Voltammetries of IrxWO3-x decorated samples GaSb0.041N0.959, 

GaSb0.049N0.951 and GaSb0.056N0.944, under 1, 5 and 10 sun irradiance are shown in Figure 
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6.8. The measurements were conducted in a three-electrode configuration using Ag/AgCl 

and platinum mesh as reference and counter electrode, respectively. The photocurrent 

onset is visible at applied biases that differ among the samples within tens of mV around 

0 V vs RHE. Surprisingly, same photocurrent density onset potential was observed for the 

uncatalyzed samples (see inset in Figure 6.8), however the magnitude of the photocurrent 

density is ~20% lower when no catalyst is used. This suggests IrxWO3-x might be acting as 

a co-absorber rather than a catalyst. More details about the synthesis of IrxWO3-x can be 

found in the work by Kumari et. al.64. IrxWO3-x loading in this study was approximately 

0.028 mg*cm-2. 

As expected, the increase of irradiance has a positive effect on the magnitude of 

the photocurrent density, i.e. Jph at 5 sun is approximately 5x(Jph at 1 sun), however the 

photocurrent density at 10 sun falls short from the expected proportional increase. This 

indicates the photoactivity of the alloys might be absorption limited. 
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Figure 6.8 Photocurrent density versus applied bias in 3-electrode configuration 

of IrxWO3-x decorated samples GaSb0.041N0.959, GaSb0.049N0.951 and 

GaSb0.056N0.944, under 1, 5 and 10 sun irradiance. Performance of same three 

samples under 10 sun without IrxWO3-x (inset). 
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Figure 6.9 Photocurrent density versus applied bias in 3-electrode configuration, under 

10 sun irradiance of full spectrum (grey lines) or 470 nm (black lines). a. GaSb0.041N0.959, 

b. GaSb0.049N0.951 and c. GaSb0.056N0.944. d. Optical absorption coefficient versus photon 

energy of same three samples (solid lines) and x10(AM 1.5 G) irradiance versus photon 

energy (dotted line) 

 

Photocurrent density magnitude is also impacted by antimony incorporation 

differences among the three samples shown in Figure 6.8. Optical absorption coefficients 

versus photon energy (see Figure 6.9d) show low absorption of photons with energies 

below 1.8 eV, which means only about half of the energy input supplied with full spectrum 

illumination can be absorbed by these alloys. GaSb0.041N0.959 sample exhibits the lowest 

absorption coefficient, but it increases towards the visible range, while GaSb0.049N0.951 and 

GaSb0.056N0.944 samples have similar absorption capability with weaker wavelength 

dependence. 
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Figure 6.9a-c compares the photocurrent density versus applied bias of each 

sample under 10 sun illumination of full spectrum or 10 sun of 470 nm LED. Considering 

photocurrent spectroscopy, Tauc plots and absorption coefficient results, it is reasonable 

to assume that photocurrent density under 470 nm illumination should be twice as high 

compared to when a full spectrum source is used. That is the case for sample 

GaSb0.056N0.944. GaSb0.049N0.951 sample only shows 1.5 times increase, but sample 

GaSb0.041N0.959 which has the lowest absorption coefficient, shows an increase of 

photocurrent density of 2.5 times. GaSb0.041N0.959 samples is also the one with thinnest 

and less vertically aligned wires, which can explain why 470 nm phonons can be efficiently 

absorbed while phonons with a broad wavelength distribution cannot. 

Figure 6.10 shows the photocurrent density of sample GaSb0.056N0.944 shorted with 

a p-Si electrode under 0.5 V versus RHE and 10 sun/470nm illumination. The photocurrent 

magnitude was high enough to produce visible hydrogen and oxygen bubble formation at 

the surface of the electrodes. The photocurrent maintained the same order of magnitude 

over a period longer than 30 hours. There is a moment when electrodes were shaken to 

remove the accumulated bubbles and the photocurrent recovered a magnitude close to 

the initial value. This demonstrates the stability of the alloy at typical application conditions. 
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Figure 6.10 Photocurrent density versus time of sample GaSb0.056N0.944 in a 2-electrode 

configuration (p-Si counter electrode), at 0.5 V vs RHE and 10 sun/470 nm illumination 

 

Figure 6. 11 shows the Scanning Electron Micrographs and X-ray diffraction 

spectra of sample GaSb0.056N0.944 before and after stability measurements. A slight 

smoothening of the surface can be seen in the sample after the 30-hour 

chronoamperometry measurement (see Figure 6.10) and it is possible this change in 

morphology is responsible for the decrease in the photocurrent density. However, the alloy 

shows no signs of degradation according to the X-ray Diffraction spectra that shows only 

c-plane gallium nitride reflections and the right shift of peak (002) is still present in the 

“after” measurement. 
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Figure 6. 11 Scanning Electron Micrographs and X-ray diffraction spectra of sample 

GaSb0.056N0.944 before (a & c) and after (b & d) stability measurements. 

6.4.Summary 

For the first time GaSbxN1-x and GaBiyN1-y alloys were synthesized through 

Plasma-Assisted Vapor Liquid Phase Epitaxy, with alloying degree values, x and y, 

ranging from 3.4 to 5.6 at% and from 1.0 to 8.8 at%, respectively. Band gap values below 

and around 2.0 eV were observed for the samples with larger anion substitution. 
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The synthesized alloys were characterized with Scanning and Transmission 

Electron Microscopy, X-ray diffraction, Diffuse reflectance and photoelectrochemical 

techniques. A setup shorting n-GaSb0.056N0.944 and p-Si electrodes showed stable 

photocurrent density at 0.5 V versus RHE reaching values between 6 – 9 mA*cm-2 for 

more than 30 hours under 10 sun/470 nm illumination. 
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7. CHAPTER SEVEN 

CONCLUSIONS 

 

The Halide Vapor Phase Epitaxy growth of GaSbzP1-z was successfully modeled 

with a set of gas and surface phase reactions following the law of mass action formalism, 

in a cluster of equilibrium and steady state reactors connected in series.  

Predicted and experimental growth rates are in good agreement and exhibit similar 

trends as function of the substrate temperature and system pressure. The growth rate of 

GaSbzP1-z versus the inverse of the substrate temperature shows two distinctive regions 

that have been defined in the literature as kinetically and mass transfer limited, at low and 

high substrate temperatures, respectively.  

Additionally, thermodynamic calculations show GaSbzP1-z stability is not favored at 

temperatures above 850 ⁰C, at a chamber pressure of 500 torr. A decrease in the system 

pressure lowers the concentrations of all species which are directly proportional to the 

production rate of GaSbzP1-z. HCl, P2, and P4 are the species under supersaturated 

conditions throughout the studied temperature range and therefore are the ones that 

determine the growth of GaSbzP1-z on the substrate. SbCl is present in low concentrations 

but is probably the species responsible for Sb transport, as it is thermodynamically favored 

particularly at high temperatures. Increasing the substrate temperature is beneficial for the 

crystalline quality of the GaSbzP1-z films as evidenced in SEM images and XRD 

measurements showing a preferential orientation towards [111] peak. The antimony 

content of the films decreased at high substrate temperatures.
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The incorporation of antimony in the GaP lattice modifies its light absorption 

properties as evidenced in the more pronounced slopes of direct Tauc plots of the higher 

antimony content alloys and it also enhances their performance as photoanodes towards 

the water splitting reactions, with a lower onset potential and higher fill factor versus the 

sulfur-doped GaP reference material. Our results also suggest there might be an optimum 

degree of antimony incorporation given that the alloys with the highest antimony levels 

show evidence of charge transfer resistance at the interface between the material and the 

electrolyte. 

GaSbxN1-x and GaBiyN1-y dilute alloys with antimony (0.003< x <0.009) and bismuth 

(0.007< y <0.011) fractions were synthesized through Plasma-Assisted Vapor Liquid 

Phase Epitaxy. The alloy’s morphologic, crystallographic, and optical properties were 

characterized confirming good crystalline quality with preferential (002) orientation of 

wurtzite structure. No band gap reduction of host material (GaN) was observed through 

photoluminescence and absorption coefficient estimations, indicating the existence of a 

band gap reduction discontinuity within the dilute alloying range. 

Gold and copper catalyzed PA-VLPE proved to be effective for the growth of high 

anion-alloyed nitride nanowires for the first time. The synthetized wurtzite nanowires are 

single crystalline and have band gaps below and around 2.0 eV and therefore are great 

candidates for solar Water splitting. 

Optimization of the growth process are necessary to achieve vertical alignment of 

GaSbxN1-x and GaBiyN1-y on the substrates. Which will enable a more efficient light 

absorption and an enhancement of the material’s performance in its targeted application. 
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8. CHAPTER EIGHT 

RECOMMENDATIONS 

 

• Both growth tools used in this work need modifications to allow the independent 

control of competing group-V substitutional anion species.  

o In the HVPE system used to grow GaSbzP1-z, this can be accomplished by 

supplying antimony halide species contained in a bubbler and fed at the 

entrance of the reactor along phosphorous trichloride. 

o In the PA-VLPE system used to grow GaSbxN1-x and GaBiyN1-y films and wires, 

a multiple feedthrough setup would allow independent generation and 

transport of the different species involved, as separate hydrochloric acid flow 

rates would enable precise control of gallium, antimony/bismuth halide 

species. Such a setup would also result in a more efficient transport as each 

precursor discharge can be placed closer to the substrates. A two-zone 

furnace would also help to control the gallium and substitutional anion species 

in-situ generation since these metals have different vapor pressures as a 

function of temperature. 

•To enhance GaSbxN1-x and GaBiyN1-y wires light absorption and 

photoelectrochemical performance it is necessary to either achieve vertical arrays 

growth or increase the thickness of the nanowire film to fully utilize the absorption 

depth of these dilute alloys.  
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