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  III-V nanowires (NWs) have in recent years attracted an increasing research 

interest owing both to their interesting fundamental properties and to the prospect of 

numerous potential applications in electronics, optoelectronics, and photovoltaic. Dilute 

nitride NWs is a group of novel semiconductor material in which small amounts of N 



xix 

atoms substrate group V elements in conventional III-V semiconductor. With the 

advantage of free of lattice mismatch constraints and high absorption coefficients, 

III-N-V NWs is a group of promising yet little-studied material for solar cell applications. 

As a first step towards III-N-V NW solar cells on Si, the goal of this dissertation is to 

optimize the growth conditions of different NWs including on arbitrary substrate, 

patterned substrate and core-shell NWs. 

  The dissertation is divided into three major parts. In the first part, we report 

epitaxial growth of dilute nitride GaNAsP nanowires (NWs) and GaAsP/ GaNAsP core–

shell nanowires on Si (111) by a self-catalyzed method. Growth windows, structural 

properties are investigated. The structural properties and optical properties are 

characterized using SEM, photoluminescence (PL), EDX etc. The properties of 

GaAs/GaNAsP nanowires demonstrates that alloying GaAsP with nitrogen represents a 

viable and attractive approach of bandgap engineering, which allows efficient tuning of 

the electronic properties of the GaNAsP NWs as required for future optoelectronic and 

photonic applications. 

  The second part demonstrates the successful growth of GaAs/GaNAs core/shell 

nanowires on patterned Si substrate. The micro-PL and Transmission electron 

microscopy characterization results show good crystal structure of nanowires and 

minimal defects. The study illustrates the feasibility of the epitaxial growth of patterned 

GaAs with dilute nitride shells on Si substrates, which would have potential for 

Si-friendly intermediate band solar cells and telecom emitters. 



xx 

  In the last part, single pin-GaNP/GaNP/GaNP core/shell nanowires solar cell is 

fabricated utilizing e-beam writing technique. The metal contact is deposited by e-beam 

evaporation. The characteristic circuit current-voltage curve is measured and the 

performance of single nanowire solar cell is analyzed.  
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Chapter 1 

 

 

Introduction 

 

 
1.1 Motivation 
  Solar cell is an electronic device, which can collect the sun’s energy to produce 

electricity. It has proven to be one of the most promising solutions to the world’s energy 

crisis. Si-based solar cell technology has been very successful from laboratory to 

commercial integration and makes up to 90% market share1 The cost-effectives property 

of silicon as well as increasing energy conversion efficiency make it attractive to both 

academia and industry. Since the first silicon solar cell was reported in 19412, there have 

been substantial improvements in silicon cell performance, culminating in the 26.7% 

value reported in the recent solar cell efficiency tables.3 However, the progress of 

Si-based solar cell has remained stagnant for the past decade due to the 

Queisser-Shockley Limit. III-V compound semiconductor multi-junction (tandem) solar 

cells have made much progress in the last 15 years. They have the potential for achieving 
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high conversion efficiencies of over 40% and are promising for space and terrestrial 

applications. Therefore, the development of III-V compound semiconductor solar cells 

have been well developed because of its many materials characteristics such as high 

photovoltaic efficiency and flexible combination of a range of materials from binary to 

quaternary compounds with a corresponding flexibility of and bandgap engineering. 

More significantly, a number of these compounds interact strongly with light, since they 

largely retain direct bandgaps and correspondingly high absorption coefficients, and 

therefore also tend to radiate light efficiently. With these advantages, the III-V 

semiconductor is a group of materials well suited for opto-electronic applications. Figure 

1.1 shows the progress of the past 25 years in solar cell3. The solar cell efficiency is 

calculated under 1-sun with cells of larger than 1 cm2 area. Impressive progress has been 

made with monolithic III-V multi-junction cells where efficiency has been improved 

from 31.8% to 46%3 over the 25-year period. Despite their higher efficiency, wide 

adoption of III-V solar cells is limited by their cost, especially the cost of the substrate. 

Thus, integration of high-efficiency III-V semiconductors directly onto Si substrate is a 

very attractive approach to create low-cost, highly efficient solar cells.  

 



	
  3 

 
Figure 1.1 Twenty-five years of progress of highest confirmed efficiencies for ≥ 1 cm2 area 
cells fabricated using the different technologies shown.3 

 

 

  The most commonly used substrates for III-V compound semiconductor 

materials growth are first GaAs and then InP, which have bandgaps near the ideal for 

solar conversion. Furthermore, materials compatible with these substrates are the most 

important. There are first of all lattice-matched compounds, which can be grown without 

strain relaxation and associated defects reducing device performance. From the bandgap 

of semiconductor we note that Si is close to lattice match with GaP and that a small 

amount of N (2%) to GaP can allow exact lattice matching to low cost Si substrates. The 

Si is therefore frequently used in designs of multi-junction of Si-III-V solar cells. Figure 

1.2 shows transmission electron microscope (TEM) images and x-ray diffraction results 
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of various compositions of GaNP layers on a Si substrate4. The motivation of the 

structure is to have a two-junction device consisting of a 1.7-eV junction on a 1.1-eV 

silicon junction, which could reach the maximum theoretical efficiency for a two-junction 

cell of 38.75%5. The TEM images shows the defects are apparent at the GaP/Si interface 

but much less at the GaN0.02P0.98/Si interface.  

 
Figure 1.2 X-ray diffraction of GaNxP1-x grown on silicon taken in (004) reflection with 
corresponding TEM images.4 

 

  In recent years, it has been demonstrated that III-V semiconductor nanowires 

(NWs) can be successfully grown directly on Si substrates using molecular beam epitaxy 

(MBE), metalorganic chemical vapor deposition (MOCVD). 6-8 One of the advantages for 

growing III-V NWs on Si substrates as opposed to planar films is that the nanowire 

geometry effectively relaxes the lattice mismatch constraint due to their small interfacial 
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area.9, 10 As a result, the interface between III-V nanowires and the Si substrate can 

posses minimal interfacial defect densities, low to no antiphase domain boundaries, and 

under optimized growth conditions defect-free III-V nanowire materials, all of which are 

attributes that are hard to accomplish with conventional planar thin film growth. 

  Successful growth of III-V NWs on Si was reported in recent publications. Araki 

et al. have grown mixed phase GaAs/GaNAs core/shell nanowires by plasma-assisted 

MBE and studied their photoluminescence characteristics.11 Ahn et al. further conducted 

mechanistic growth studies to understand the influence of growth parameters on the 

resulting GaAs/GaNAs core/shell nanowires growth morphology.12 Chen et al.13 used 

micro-photoluminescence (µ-PL) and Stehr et al.14 utilized photoluminescence and 

optically detected magnetic resonance (ODMR) spectroscopies to study non-radiative 

recombination processes in GaAs/GaNAs core/shell nanowires grown on Si by MBE. 

Through temperature-dependent PL, Chen et al. deduced the formation of localization 

potentials in GaAs cores upon the growth of GaNAs shells that can be overcome by 

thermal carrier at T > 60K.15 Kasanaboina et al. used µ-PL, x-ray and Raman 

spectroscopy to study the N incorporation in GaAs/GaAsSbN/GaAs core/shell 

nanowires.16 Using the vapor liquid solid (VLS) method, various III-V nanowires can be 

grown on Si with or without catalyst.  

  The ability to grow low-defect III-V NWs on Si makes it a very promising 

candidate for multi-junction solar cells. Another advantage of NW solar cells is its high 

absorption of light. Despite a small material volume in NW arrays as compared with that 
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in an epilayer geometry, it has been shown that optical absorption efficiency is increased 

due to multiple scattering and absorption – even a sparse NW array can absorb nearly 100% 

of the incident light, a property that is very promising for photovoltaic applications.17  

 

1.2 Dilute nitride nanowires 
  Dilute nitride is a relatively new material system. According to the band 

anticrossing (BAC) model18, the interaction between the host states and the N localized 

states results in two subbands, E- and E+ bands. The BAC model is able to predict the 

position of E- and E+ energy using a perturbation Hamiltonian. 

     
𝐸 − 𝐸! 𝐶!" 𝑥
𝐶!" 𝑥   𝐸 − 𝐸!

= 0                  (1.1) 

where 𝐸!    is the dispersion relation for the matrix conduction band, 𝐸!  is the N state 

energy. 𝐶!" is the interaction coefficient of the matrix conduction band and the N state 

energy and x is the N concentration. The large modification of the electronic band 

structure profoundly affects the optical and electrical properties of these materials.19 In 

the GaAsxP1-x alloy system, the N level falls below the conduction band edge for x > 0.3, 

resulting in a narrow E- band which is suitable for intermediate band solar cells (IBSCs). 

20,21 The E- and E+ bands can be calculated from the following formula: 

𝐸± 𝑘 =    !
!
{ 𝐸! 𝑘 +   𝐸! ± 𝐸! 𝑘 − 𝐸! ! + 4𝐶!"! ∙ 𝑥}       (1.2) 

where the 𝐸!  is the matrix lowest conduction band, and 𝐸! is the N level in the GaAsP 

alloy, which is a function of As composition as shown previously. 𝐶!" is the interaction 



	
  7 

coefficient of the matrix conduction band and the N energy level, and x is the N content. 

As shown in Figure 1.2, GaAsP is an indirect bandgap material for [As] < 52% and the N 

states are higher than 𝐸! for [As] > 0.67. Therefore, our desired [As] falls in the range 

between of 52% to 67%.  

 
Figure 1.3: The N energy level position relative to the Γ band and the Χ band and the L band 
with different As composition in the GaAsP alloy22 

 
  Dilute nitrides NWs are a group of novel semiconductor material in which small 

amounts of N atoms substitute As or P (group V) elements in conventional III-V 

semiconductor. Many successful demonstration of dilute nitride NWs and their 

applications have been reported for a variety of materials with a broad spectral coverage 

before this dissertation. The following parts of this chapter will introduce some main 
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discoveries in dilute nitride nanowires.  

  GaAs/GaNAs core-shell NWs are a very promising material for long-wavelength 

applications. Figure 1.4 shows schematic dispersion relations for the sub-bands of 

GaN0.005As0.095 alloy near the Brillouin zone center. The bandgap of GaNAs decreases 

from 1.42 eV to 1.32 eV because incorporating N splits the conduction bandgap and the 

E- band becomes the new conduction band. Chen et al.13 have shown that this bandgap 

bowing effect is also true in GaAs/GaNAs core-shell NWs. From Figure 1.5 we can see 

the PL emission peak from GaNAs shells is approximately at 1.35 eV which is lower than 

the 1.467 eV from GaAs NW PL emission peak. This indicates that the PL emission in 

the core/shell NWs originates from the GaNAs shells with a smaller bandgap. In practice, 

Chen et al. demonstrated optically pumped lasing from the GaNAs shell of a single 

GaAs/GaNAs core-shell NW which represents the first step toward development of 

room-temperature infrared NW lasers based on dilute nitrides with extended tenability in 

the lasing wavelength.24 
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Figure 1.4 Conduction band restricting model according to BAC model for GaN0.005As0.095

23 

 

 

  

  Dilute nitride GaP/GaNP core-shell NWs are a promising candidate for 

Figure 1.5 Representative PL spectra of the investigated structures obtained at 5 K. The three 
top spectra were measured from ensembles of GaAs NWs, GaAs/Ga As0.999N0.001, and 
GaAs/Ga As0.995N0.005 core/ shell NWs.13 
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dual-junction wide band solar cells for several outstanding reasons. First, by introducing 

sufficient N concentration into GaP, the resulting GaNP exhibits a direct-bandgap.24, 25 

As N concentration passes ~0.4%, GaNP becomes a direct-bandgap semiconductor. In 

addition, N can be incorporated into GaP up to 16%26 allowing the GaNP bandgap to be 

tunable from 1.22 eV to 2.15 eV, covering a wide range of the solar spectrum. The other 

members of our group have shown successful growth of GaNP, GaP/GaNP and 

GaNP/GaNP27, 28 core/shell NWs, characterized their optical properties and investigated 

the effect of dilute nitride to the structural and optical properties of NWs.  

 

1.3 Scope of dissertation 
	
   	
   With the advantages of no lattice mismatch constraints and high absorption 

coefficients, III-N-V NWs are a group of promising yet little-studied material for solar 

cell applications. As a first step towards III-N-V NW solar cells on Si, the goal of this 

dissertation is to optimize the growth conditions of different NWs including self 

assembly, growth on a patterned substrate, and growth of core-shell NWs. The 

performance of a single NW solar cell is also investigated to study the limit of NW solar 

cells. Si is chosen as the substrate because of its cost effectiveness. In this dissertation, 

two branches of NWs growth are explored: (1) random growth on Si (111) substrate of 

Ga(N)AsP and GaAsP/GaNAsP NWs in Chapters 3 and 4, respectively, and (2) selective 

area growth of GaAs/GaNAs core-shell NWs on SI (111) substrate in Chapter 5. We also 

discuss the fabrication and measurement of single p-GaNP/i-GaNP/n-GaNP NW solar 
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cells to investigate its potential in photovoltaic application in Chapter 6. For all growth, 

gas-source MBE (GSMBE) is employed.  

  Chapter 2 describes our GSMBE modified to handle gas source (PH3 and AsH3) 

and a N plasma source. In addition, several techniques used for material characterization 

including photoluminescence (PL), current density-voltage (J-V), scanning electron 

microscopy (SEM), transmission electron microscopy (TEM), micro-photoluminescience, 

and Raman spectroscopies are described.  

  Chapter 3 reports on epitaxial growth of dilute nitride GaNAsP nanowires (NWs) 

and GaAsP/ GaNAsP core–shell nanowires on Si (111) by a self-catalyzed method. 

Growth windows and structural properties are investigated. The structural properties are 

characterized using SEM. Different sizes of GaNAsP NWs were observed with various N 

content. A growth model explains the observed diameters of GaAsP/GaNAsP core–shell 

NWs. 

  Chapter 4 demonstrates optical characterization of GaAsP, GaNAsP, and 

GaAsP/GaNAsP NWs. A variety of optical characterizations techniques are used to study 

the optical properties of these materials, especially the effect incorporating a small 

amount of nitrogen in the traditional III-V semiconductor system. In this chapter, optical 

properties are characterized using photoluminescence (PL), cathodoluminescence (CL), 

electronic dispersive x-ray (EDX) and Raman spectroscopy.  

  Chapter 5 is devoted to the epitaxial growth of GaAs/GaNAs core-shell 

nanowires (NWs) on patterned Si (111) by self-catalyzed method using GSMBE. The 
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growth conditions of GaAs NWs on patterned Si substrate are investigated. The 

optimized substrate temperature and diluted HF etching time are investigated to have the 

highest yield of the NWs. Optical properties are studied using micro-PL and Raman 

spectroscopy. Transmission electron microscopy (TEM) is used to study the crystal 

structure and defects in the NWs.  

  Chapter 6 presents the fabrication of single NW solar cells, including the process 

to create metal contact markers, the reactive ion etching (RIE) process to expose the core 

of NWs, the wet etch technique to smooth the rough sidewalls of NWs, and metal contact 

lines to connect a NW with measurement circuits. 

	
   	
   Chapter	
  7	
  discusses	
  possible	
  future	
  work.	
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Chapter 2 
 

 

 

 

Experiment Procedures 
 

 

 

 

2.1 Overview 
 

  Molecular Beam Epitaxy (MBE) was invented in the late 1960s at AT&T Bell 

Labs by Cho and Arthur1. It has been widely used as an advanced technique to grow 

high-quality semiconductor thin films for fundamental scientific studies and various 

applications. The high purity of thin films grown by MBE is attributed to its advanced 

ultra-high vacuum (UHV) evaporation system. Besides the UHV growth chamber, a 

typical MBE machine contains effusion cells for material sources, shutters, a substrate 

holder/heater, vacuum gauges, and pumps to achieve UHV environment (cryogenic 
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pumps, turbo pumps, ion pumps and liquid nitrogen cryo-shroud, etc). 

  The samples grown in our gas-source MBE (GSMBE) were characterized with 

photoluminescence (PL), transmission electron microscope (TEM), scanning electron 

microscope (SEM), and X-ray diffraction (XRD). This chapter describes our GSMBE 

system and some of the characterization techniques. 

 

2.2 Growth 

2.2.1 Gas-source molecular beam epitaxy 

   The GSMBE reactor used in this thesis is a custom-assembled Varian Gen-II 

MBE system with AsH3 and PH3 as group-V sources. Two separate gas cabinets for AsH3 

(100%) and PH3 (100%) were installed in the lab. A Pfeiffer TMU 1600 model 

turbomolecular pump with a pumping speed of 1500 l/s is mounted on the growth 

chamber and the exhaust goes to a potassium permanganate (KMnO4) scrubber. The 

advantages of using GSMBE include reduction of chamber opening frequency to replace 

the AsH3 and PH3 sources and the ability to change the flux and type of group-V source 

rapidly.  
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Figure 2.1. Schematics of the modified Varian Gen-II gas-source molecular beam epitaxy11 

Besides the two group-V sources, solid elemental Ga, In and, Al are used as 

group-III sources. Si and Be are used as n-type and p-type dopant source, respectively. 

All of these solid-source-materials are filled in the crucibles mounted on the top of 

Knudsen effusion cells. Their fluxes are generated and controlled by temperature. The 

AsH3 and PH3 flow rates are controlled by mass flow controllers (MFCs). After injected 
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from the cabinets to the front panel, the group-V gases are thermally cracked at 1000 °C 

by cracker cells into As2, P2 and H2. The full scale of AsH3 and PH3 by the MFC is 5 

sccm and 20 sccm, respectively. Usually, we set the arsine and phosphine flow in the 

range of 0.5-2 sccm and 4-6 sccm, respectively. In front of the cells are pneumatic 

shutters which can be controlled both manually and automatically from a computer. The 

shutter open and close frequency and interval can be programmed. 

 The pumping system includes a Pfeiffer TMU 1600 turbomolecular pump with a 

pumping speed of 1500 l/s in the growth chamber, an Agilent Vacion ion pump with a 

pumping speed of 60 l/s in the buffer chamber and a small dry pump in the load-lock 

chamber. A liquid nitrogen shroud is in the growth chamber surrounding the effusion 

cells to condense background residual gases and reduce contamination during growth. 

Typical growth chamber pressure is in the mid-10-9 Torr with liquid nitrogen and effusion 

cells heated to operating temperature. The pressure will increase to low-10-5 with a range 

of group-V flux < 5 sccm during growth.  

 

2.2.2 N plasma source 

  In order to incorporate dilute N into our samples, a radio-frequency (RF) plasma 

N source is mounted in one of the furnace ports. The model we used is the Oxford 

Applied Research model MPD21 RF nitrogen plasma source with the features of 

electrode-free to avoid contamination, UHV-compatible for operation at pressure <10-5 

Torr and a wide range of beam flux of 0-5 sccm with a step of 0.005 sccm (controlled by 
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MFC). The N plasma is generated in the following steps. First, ultra-high purity (99.99%) 

N2 gas passes a regulator, which control the pressure at around 50 psi. Then, the water 

vapor and oxygen are removed by sending the N2 through a purifier (Matheson Gases & 

Equipment, 6190-V4MM Membrane Type) to remove water vapor and oxygen. Next, N2 

gas goes through an MFC and, finally, the RF plasma source, where nitrogen radicals are 

generated and escape into the growth chamber through a beam exit aperture, which has 

16 holes with a diameter of 0.3 mm. The shutter in front of the N furnace port cuts off the 

N radical beam when no N is required.	
  

 
Figure 2.2. Schematic of the N plasma source and N species produced by plasma discharge5  

  The N plasma source is discharged from inductively-coupled RF excitation at 

13.56 MHz inside a pyrolytic boron nitride (PBN) tube. Schematic plot of the N plasma 

source and species produced by plasma is shown in Figure 2.2. Several species of 
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particles are created during the RF excitation step including3 1. Atomic nitrogen 

converted from molecular nitrogen because their bonds are broken in the plasma 

discharge. These radicles are desired in the growth; 2. N molecules whose bonds are not 

fully broken by the RF field and do not participate in the growth. 3. N ions, which do not 

participate in the growth but will damage the sample surface with ion bombardment. In 

order to reduce the damage from N ions, the shutter in front of the plasma source is 

usually closed when the nitride is not needed. A manual valve is also installed between 

the MFC and the gas inlet of the N plasma source to isolate N2 at the idle state.  

  There are two key parameters to adjust in order to get desired N plasma 

composition and the rate of plasma discharge, RF power (0-300 Watts) and N2 flux (0-3 

sccm). We tune these two factors and then observe the plasma discharge's optical 

emission intensity, which is monitored using a Si photodetector in our system to evaluate 

the discharged plasma. The amount of the desired radicle of nitrogen is proportional to 

the optical emission intensity of nitrogen plasma source. The plot of the relationship 

between RF plasma, N2 flux, and optical emission intensity is shown in Figure 2.3. The 

experimental data are summarized by previous group members. From the plot, we can see 

that increasing plasma power or nitrogen flux can increase the plasma intensity, thus an 

increase of nitrogen incorporation into the growing film. The solid line in Figure 2.3 

borders the linear region where the plasma intensity is proportional to the nitrogen flux. 

The black curves out of the red solid line area show that the intensity is close to 

saturation, which means that an excessive nitrogen flux and high plasma power will 
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create a lot of undesired ions, which will damage to the surface. To sum up, the optimal 

nitrogen plasma conditions are that area in the lower left corner of Figure 2.3, which 

provides a low-pressure growth environment and a maximum plasma efficiency. 

 

2.3 Reflection high-energy electron diffraction 

  Reflection high-energy electron diffraction (RHEED) is an in-situ 

characterization technique to monitor the surface condition during growth. A complete 

RHEED composees of an electron gun and a photoluminescent detector screen2. The 

high-energy electrons generated by the electron gun strike a sample at a very small angle 

relative to the sample surface and a small fraction of the refracted electrons interfere 

constructively at specific angles and construct a reciprocal space map of the sample on 

the phosphorous screen. The different surface reconstruction patterns indicate different 

structures. The following discussion is about how we use RHEED to calibrate the growth 

rate.  
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Figure 2.3. The relationship between the plasma intensity and the N2 flux at a given applied RF 
power5. 

  Figure 2.4 shows the RHEED intensity measurement during a GaP MBE growth 

at 670 °C. The top binary signal indicates on-off states of Ga and P shutters. After a 

buffer layer growth, the group-III shutter is re-opened. In the presence of a Ga flux, the 

oscillation in time indicates layer-by-layer growth. The oscillation period can be used to 

calculate the beam flux to precisely control the growth rate, alloy composition, and layer 

thickness. The same method is used to calculate P and As growth rate. The V/III ratio 

discussed in this thesis is calculated with the equation of: 
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𝑟 =    !!
!!!!

                            (2,1)  

Where r is the V/III ratio, RV, RIII are the growth rates of group-V and group-III materials, 

respectively.   

 
Figure 2.4.The RHEED oscillation triggered by Ga and P2.(Adapted from Y. J. Kuang’s Ph.D. 
thesis, UCSD, 2014). The binary signals indicate on-off state of Ga and P2 shutters. 

 
 

2.4 Characterization 

2.4.1 Photoluminescence 

  Photoluminescence (PL) is a technique to characterize the optical and electronic 

properties of semiconductor materials. The sample is excited with a light source that 

provides photons with energy larger than the semiconductor bandgap. Once the photons 

are absorbed, electrons and holes pairs are formed, which then recombine with the 
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emission of photons. The advantage of PL measurement is that it's non-destructive and 

can be combined with microscopy, to map the lifetime of the photoluminescence of a 

sample. Figure 2.5 shows the set up of our PL system. In this study, a 532 nm 

semiconductor laser is used as the optical source in the PL system. The laser beam first 

goes through a chopper, which eliminates noise signal from ambient light. Then the beam 

hit the sample and excites the emission of the photons. The light emission is dispersed by 

wavelength inside a SPEX 1870 monochromator and detected by a Hamamatsu R636-10 

photomultiplier tube (PMT). The photonic signal can be collected and recorded by a 

computer connected to the PMT detector. For low-temperature measurement, the sample 

is mounted on a cold finger and enclosed in a cryostat. 

   

 
Figure 2.5 Schematic of the PL setup 
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2.4.2 Scanning Electron Microscope 

  Scanning electron microscope (SEM) is a type of electron microscope that 

produces images of a sample by scanning the surface with a focused beam of electrons. 

SEM can provide information on surface topography, crystalline structure and chemical 

composition. In an SEM the incident electrons typically have energies of 2-40 keV. There 

are three types of electron gun in general4, 1: Tungsten hairpin flament which is heated to 

over 2500 °C to produce thermal emission of electrons from the tip. 2: Lanthanum 

hexaboride (LaB6) filaments also work by thermionic emission. 3: Field emission guns 

provide the brightest beam with very small deviations in electron energy by applying a 

very high electric field to a finely pointed tip until quantum mechanical tunneling of 

electrons occurs. The SEM images shown in this dissertation are all acquired by field 

emission guns. A schematic representation of the SEM components is shown in Figure 

2.6. Electromagnetic lenses are used to control the path of the electrons. The condenser 

defines the size of the electron beam, while the objective lens focus the beam on the 

sample. The brand of SEM used in this thesis is FEI Quanta 250 SEM.  
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Figure 2.6 Schematic representation of the basic SEM components.6 

2.4.3 Other characterization techniques 

  In this dissertation, optical properties were also characterized using 

photoluminescence excitation (PLE) and micro-Raman (𝜇-Raman) spectroscopies in our 

collaborator’s lab in Linköping University. PLE is obtained by monitoring emission at a 

fixed wavelength while varying the excitation wavelength. A sample’s excitation 

spectrum is nearly identical to its absorbance spectrum. The excitation spectrum provides 

a convenient means for measuring bandgap of materials. Figure 2.6 shows schematic plot 

of PLE components. A narrow band of wavelengths selected by the pump 

monochromator is incident on the sample and excites photoluminescence. The PLE signal 

is detected using a photomultiplier with a filter monochromator. In this study, PLE 

measurements were performed with a tunable Ti:sapphire laser as an excitation source. 

Transient photoluminescence studies were done at room temperature for NW arrays, 
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excited by a frequency-doubled pulsed Ti:sapphire laser at 440 nm with a pulse width of 

2 ps. 

 
Figure 2.6 Schematic representation of PLE components.7 

  𝜇-Raman spectroscopy has emerged as a powerful noninvasive tool for probing 

the vibrational properties of nanostructures on substrates compatible with typical three 

terminal electronic devices.8 Polarized Raman spectroscopy is commonly used to 

characterize crystal structure and stacking faults in NWs.9 In this dissertation, 𝜇-Raman 

spectra are acquired at room temperature from NW arrays using a 659 nm solid state laser 

as an excitation source. The spectra are measured in the back-scattering geometry and the 

excitation beam is focused on the sample using a 100X objective (NA = 0.9). The 

excitation power is 2.2 mW. The signal is dispersed using a monochromator equipped 

with an 1800 mm-1 grating and detected with a Peltier cooled Si CCD camera.  
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  Transmission electron microscope (TEM) is a microscope technique to study the 

growth of materials, their composition and defects like dislocations and grain boundaries.  

Our TEM work is performed on a FEI Tecnai F30 300kV TEM. Also, High Resolution 

TEM (HRTEM) is used to illustrate the strain and twinning planes of NWs. Figure 2.7 

shows configuration of electron beam direction in TEM. In the plot, the atomic planes are 

oriented parallel to the incident electron beam in the microscope. This orientation 

produces a strong transmitted beam and a multitude of diffracted beams for the different 

sets of atomic planes that are parallel to the incident beam. The multitude of beams 

diffracted from the planes parallel to the incident beam are collected with a large 

objective aperture in the microscope and it is the interference of these beams that 

generates an image which is a reconstruction of the crystal lattice.10 To prepare the 

samples for TEM, in-situ focused ion beam (FIB) is used to slice NW apart from Si 

substrate. The samples are then mounted to a TEM grid for operation.  
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Figure 2.7 High-resolution TEM imaging configuration10. 
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Chapter 3 
 
  
 
The Growth of GaAsP/GaNAsP NWs 
on Si substrate 
 
 
 
	
  

3.1 Overview 
	
  

  This chapter is focused on the epitaxial growth of dilute nitride GaNAsP 

nanowires (NWs) and GaAsP/GaNAsP core-shell NWs on Si (111) by a self-catalyzed 

method. The III-V semiconductor NWs grown on Si substrate is very promising in the 

application of solar cells due to their superior properties of III-V materials and the low 

cost of Si.1-4 With respect to thin film solar cell, a core/shell nanowire configuration solar 
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cell provides several advantages, which are: (1) greater light absorption, 5,6 and (2) 

enhanced carriers collection because of decoupling the requirements for light absorption 

and carrier extraction.7  

  This chapter is devoted to the study of self-catalyzed GaAsP, GaNAsP and 

GaAsP/GaNAsP NWs growth on Si (111) substrate. First, the optimized growth 

temperature and V/III ratio of GaAsP NWs are investigated. Then the N effect on the 

GaNAsP NWs is reported. The structural properties are characterized using scanning 

electron microscopy (SEM). Last, the lateral growth rate of GaAsP/GaNAsP core-shell 

NWs is studied and a model is built to simulate the shell growth rate based on several 

growth parameters.  

	
  

3.2 GaAsP NWs 

3.2.1 Growth 

  The GaAsP NWs growth is the first step towards the growth of GaAsP/GaNAsP 

core/shell structure. The samples grown on Si (111) substrate. The growth window of 

these III-V NWs ranges from ~600 to ~650 °C. Prior to growth, the Si (111) substrate is 

dipped in an HF solution at room temperature for 5 seconds to remove the intrinsic oxide, 

and then rinsed with deionized water. The substrate was then placed into the growth 

chamber and heated to 710 °C for 15 min, and then, Tsub was decreased to the growth 

temperature.  
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Figure 3.1: Ga droplets as catalysts on Si (111) 

  For NW growth, Ga atoms were deposited on the Si (111) surface for 1 min with 

a Ga flux of ~ 0.7 monolayer/s, calibrated by Ga-induce reflection high-energy electron 

diffraction (RHEED) intensity oscillation for the planar growth of GaP under the same 

substrate temperature (Tsub). Then, the substrate was annealed for 30 s to form Ga 

droplets on the surface. Ga nsnowire growth lasts 20 minutes under a V/III incorporation 

ratio of 2.5 and a substrate rotation speed of 8 RPM. 

3.2.2 Growth Temperature 

  The vapor-liquid-solid (VLS) growth mechanism, suggested by Wagner in 19648, 

has been widely used to explain the growth of NWs as shown in Figure 3.2. In this 

mechanism, the NWs absorb vapor atoms on the catalyst Ga droplets and then grow with 

solidification of liquid alloy under the droplets. Eventually, the diameters of the grown 

NWs are determined by the size of the droplets. The minimum radius9 of a liquid droplet 

is defined as  
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where σ!" is the liquid-vapor surface free energy, V! is the molar volumn, and σ is 

the vapor phase supersaturation. High temperature will result in a small radius of droplets 

and in turn, yield NWs with a small diameter.  

 

 
Figure 3.2 Schematic showing the VLS growth of Ga(N)AsP/GaNAsP core/shell NWs.8 
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Figure 3.3: SEM images of GaAsP NWs on Si (111): GaAsP NWs grown with Tsub of (a) 550°C, 
(b) 600	
  °C	
  (c)	
  650	
  °C,	
  (d)	
  700	
  °C.	
  The	
  scale	
  in	
  each	
  photograph	
  is	
  1𝜇𝑚	
  
	
  
 

  Figure 3.3 shows SEM images of GaAsP NWs grown at various substrate 

temperatures. The growth windows and the temperature-dependent structural 

characteristics of GaAsP NWs are studied by observing performance of NWs under 

550°C, 600 °C, 650 °C, and 700 °C which corresponds to the sample name GaAsP-550, 

GaAsP-600, GaAsP-650, and GaAsP-700, respectively.  
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Table 3.1: The average diameters and length of NWs grown at different temperature 

Tsub (°C) Diameter (nm) Length (𝝁𝒎) 

GaAsP-550 - - 

GaAsP-600 123 ± 21 1.5 ± 0.7 

GaAsP-650 87 ± 9 2.8 ± 0.4 

GaAsP-700 73 ± 5 2.8 ± 0.5 

	
  

  The diameters and lengths of GaAsP NWs are depicted in Table 3.1. At higher 

Tsub, the average diameter of our grown NWs becomes smaller, which is inline with 

Equation 3.1. We can also see highest NWs density is at Tsub equals to 650 °C. In the 

vapor-liquid-solid (VLS) mechanism, liquid droplets act as catalyst and absorb vapor 

components (both Ga, As and P here) to incorporate into and supersaturate alloy droplets 

(Ga rich here) and initiate the growth of the reaction byproduct (GaAsP NW) from a 

supersaturated melt. At 550 °C, Ga adatom mobility is very low. Consequently, most 

adatoms stay at the surface of Si substrate, which results in GaAsP cluster growth. At 

high Tsub like 650 °C, Ga adatom mobility is increased to have successful vertical growth. 

At 700 °C, the high temperature drives Ga adatoms to vaporize in the chamber, and 

therefore, the density of NWs is smaller than that at lower substrate temperature.  
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3.2.3 V-III ratio in GaAsP NWs growth 

	
   	
   The As and P compositions in the NWs were estimated by comparing with a 

GaAsP thin film grown on GaP substrate under the same conditions. The As and P 

compositions of the GaAsP thin film were characterized by in situ group-III and 

group-V-induced RHEED intensity oscillation and Photoluminescence spectra of GaAsP 

NWs. A typical As and P induced RHEED intensity oscillation is shown in Figure 3.4. 

After a growth interruption, Ga induced RHEED oscillation was triggered when the Ga 

shutter was open, from which the Ga growth rate RGa was obtained. Then the Ga shutter 

was closed and As, P shutter were open. The group-V induced RHEED oscillation 

indicates the group-V elements growth rate RAs+P. The V-III ratio of GaAsP growth can 

be expressed as follow, 

𝑉 − 𝐼𝐼𝐼  𝑟𝑎𝑡𝑖𝑜 =    !!"!!
!!"
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Figure 3.4. As and P induced RHEED intensity oscillation. The time series on top show the status 
of Ga, As and P shutters, where 0 stands for closed and 1 stands for open. (Adapted from Y. J. 
Kuang’s Ph.D. thesis, UCSD, 2014)  

	
  

	
   	
   To get a suitable nucleation rate of GaAsP for NW growth, the morphology of 

GaAsP nanostructures is first studied by varing the V/III ratios from 2 to 10 while 

keeping a constant group V flux, as shown in Fig 3.5. When the V/III flux ratio is  
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Figure 3.5. SEM image of GaAsP NWs with same P/As flux ratio but different V/III ratios: (a) 
V/III = 2, (b) V/III = 6, (c) V/III = 10. 
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2, the diameter is homogeneous over the whole length (Figure 3.5(a)). At this V/III ratio, 

the replenishment and consumption rate of Ga droplets on the top of NWs reach a 

dynamic equilibrium so as to maintain a constant Ga droplet size over the nanowire 

length. When the V/III ratio is increased to 6, most of NWs show a tapered shape, which 

is caused by the shrinkage of Ga droplets (Figure 3.5(b)). As higher V/III ratio will break 

the balance between replenishment and consumption of Ga droplets, the size of Ga 

droplets on the tip of NWs will shrink during growth. Further increasing the V/III ratio to 

10, the droplets can only survive on few NWs and the rest droplets are consumed rapidly. 

As a result, only a few NWs with cone shape have been observed in Figure 3.5 (c). 

 

3.3 GaNAsP NWs 
	
   	
  

3.3.1 Growth 

  After GaAsP NWs are successfully grown on Si (111) substrate, the growth 

condition of GaNAsP NWs was studied to investigate the effect of N injection to the 

growth and determine N composition in the quaternary alloy. GaNAsP NWs were grown 

on Si (111) with the similar growth conditions but injecting N plasma in the growth. 

Before the growth, the Si (111) substrate is prepared the same way as the GaAsP growth, 

described in section 3.2.1. Then, in the growth chamber, Ga atoms are deposited as 

catalyst on the Si (111) substrate for 30 seconds with a Ga flux of ~0.7 ML/s, and is 

annealed for 30 seconds to form Ga droplets. Growth started by opening the Ga shutter 
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and injecting PH3 and AsH3 into the chamber to initiate growth of GaAsP nanowire and 

then the RF nitrogen plasma was excited at different power (200-250 W) after 60s of 

GaAsP NWs growth. To ensure uniformity, the substrate is rotated at 5 RPM during 

growth. To study the effect of N concentrations to the GaNAsP NWs growth, different 

RF nitrogen plasma power and N flux are adopted. For comparison, the data from GaAsP 

NWs grown in Section 3.2 are used.  

 

3.3.2 Structural properties and discussion 

  By first growing the GaAsP NWs seeding roots, GaNAsP can be successfully 

grown on Si (111) substrate. The SEM images of GaAsP NWs and GaNAsP NWs with 

vaious N conditions (0.3 sccm, 200W; 0.6 sccm, 220 W; and 0.9 sccm, 250 W) are shown 

in Figure 3.6. The growth conditions of each NWs sample are summarized in Table 3.2. 

N0, LN, MN, and HN represent samples with different nitrogen concentrations (zero, low, 

medium and high [N]). As more N atoms were incorporated, the average diameter of 

NWs was increased while the average length was decreased. The observed average 

diameters are 70 ± 8, 86 ± 11, 118 ± 15, and 164 ± 20 nm for samples N0, LN, 

MN, and HN. Also, the NW length is shorter at higher plasma RF N incorporation. The 

average lengths are 2.4 ± 0.4, 2.0 ± 0.2, 1.7 ± 0.3, and 1.2 ± 0.3  𝜇𝑚 for samples 

N0, LN, MN, and HN, respectively. Generally speaking, introducing impurity N in III-V 

NWs leads to reduction in the vertical growth and enhancement of sidewall growth. A 

possible explanation is that during growth with N plasma, the formation of Ga-N bonds 
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can significantly reduce the mobility of Ga adatoms. Also, Ga adatom diffusion length 

decreases with increasing number of reactive nitrogen species. Thus, the top Ga droplets 

will be consumed by plasma nitrogen. With a further increase in the nitrogen flux, the Ga 

droplets can only survive for a very short time, and the VLS process is terminated at a 

certain height. After the droplets are fully consumed, the vapor solid epitaxial growth on 

sidewalls will dominate and the NW diameter will increase. A good example is the 

growth under the plasma nitrogen conditions of 0.9 sccm and 250 W. NWs of this sample 

show nonuniform diameter along the whole NW length and exhibits a tapered shape. The 

latter is caused by the consumption of Ga droplets on the NW sidewalls. 

 

 
 

Figure 3.6 SEM images of (a) GaAsP NWs on Si (111), (b) GaNAsP with N growth condition of 
0.3 sccm, 200 W, (c) GaNAsP with N growth condition of 0.6 sccm, 225 W, and (d) GaNAsP 
with N growth condition of 0.9 sccm, 250 W. 
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Table 3.2. Growth condition, diameter, and length of each NWs sample 

Sample N flux (sccm) Plasma power (W) Diameter (nm) Length (𝝁𝒎) 

GaAsP(N0) - - 70 ± 8 2.4 ± 0.4 

GaNAsP (LN) 0.3 200 86 ± 11 2.0 ± 0.2 

GaNAsP (MN) 0.6 225 122 ± 15 1.7 ± 0.3 

GaNAsP (HN) 0.9 250 164 ± 20 1.2 ± 0.3 

 

 

 

3.4 GaAsP/GaNAsP core/shell NWs 

3.4.1 Growth 

  To have highest NWs density, we used the growth condition of GaAsP-650 to 

growth the GaAsP core in GaAsP/GaNAsP core/shell NWs. The GaAsP core were grown 

using the procedure described above, and subsequently, for the shells, Tsub was decreased 

to ~500 °C. The N plasma power condition for the shell was 0.9 sccm, 250W, and the 

shells were grown for 10-30 min. Decreasing Tsub reduces Ga adatom mobility on the 

growing surfaces. This decreased mobility suppresses axial growth rate and promotes the 

radial growth rate through the step-mediated growth mode. Most of Ga adatoms on the 

sidewall of the NWs will be kept from diffusion all the way to the Ga droplets on the NW 

tip; otherwise, they would contribute to the NW axial growth.  
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3.4.2 Structural properties and discussion 

  The SEM images in Figure 3.7 show the evolution in the morphology of 

GaAsP/GaNAsP core/shell NWs for shell growth duration between 0 and 30 min. It is 

assumed that all the Ga adatoms will be incorporated in the growing NW shells. We 

assume that the NW growth occurs only in the radial direction at low growth temperature. 

Therefore, the NWs maintain a constant length l throughout the shell growth. An area A 

surrounding the NW represents the collection area of adatoms. Atoms impinging in this 

area can reach the NW interface by diffusion and contribute to radial growth. Under the 

above assumptions, the total number of atoms in the shell is given by 

𝐹𝐴𝑑𝑡 = 𝑛𝑙  ×2𝜋𝑟𝑑𝑟                        (3.3) 

where F is the flux of Ga atoms and r is the radius of the NW.  
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Figure 3.7. SEM images of (a) GaAsP/GaNAsP core/shell NWs on Si (111), shell growth 
temperature = 500 °C, shell growth time = (b) 10 min, (c) 20 min, and (d) 45 min. 
	
  

	
   	
   The data point in Figure 3.8 Show the NW radius evolution (i.e., r as function of 

the growth duration) for the case l = 2.1µm, For the purpose of comparison with Eq. (3.3), 

various parameters need to be established. The Ga flux is 0.7 monolayer/s calibrated by 

RHEED oscillation. The size of the collection area A surrounding the NW is fixed to 

2.5×105 nm2, an average value measured from SEM pictures. Note that the parameters in 

Eq. (3.3) quantitatively explain the measured data in Figure 3.8   
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Figure 3.8 Dependence of the NW diameter on shell growth time. The GaAsP core growth time 
was 20 min.  
 

3.5 Conclusion 
	
   	
   In this chapter, vertical self-catalyzed Ga(N)AsP NWs and GaAsP/GaNAsP 

core/shell nanowires have been grown on Si (111) by GSMBE. The growth window such 

as substrate temperature and V/III ratio of the NW growth is investigated. Increasing 

concentration of N consumes Ga droplets, resulting in shorter and larger diameter of 

NWs. Finally, The diameter of NWs respect to the growth time is studied.  
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Chapter 4 
 
 
 
 
 

The Characterization of 
Ga(N)AsP/GaNAsP NWs on Si 
substrate 
 
 
 

4.1 Overview 
  This chapter is devoted to the optical characterization of GaAsP, GaNAsP, and 

GaAsP/GaNAsP NWs. A variety of optical characterizations techniques are used to study 

the optical properties of these materials, especially the effect incorporating a small 

amount of nitrogen in the traditional III-V semiconductor system. In this chapter, the 

optical properties are characterized different techniques. Photoluminescence (PL), energy 
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dispersive x-ray (EDX) and rapid thermal annealing (RTA) are completed in University 

of California San Diego. Photoluminescence excitation (PLE) and cathodoluminescence 

(CL) are measured in our collaborator’s lab in Linköping University. 

 

4.2 Determination of P composition in Ga(N)AsP NWs 
  Energy-dispersive X-ray spectroscopy (EDX) is an analytical technique used for 

elemental analysis or chemical characterization of a sample. To study the effects 

composition of NWs, EDX was used to acquire the spectra. The EDX is performed with a 

FEI Quanta Scanning electron microscope. Figure 4.1 shows the EDX signal from 

scanning the electron beam on the GaAsP (HN) and GaNAsP NWs, where the signal has 

been integrated over the whole scan length and normalized to the Ga Kα-peak intensity. 

It can be seen that the relative peak intensities of the P, As, and Ga peaks are quite similar 

on these two NWs samples. Therefore, incorporation of N did not change As/P ratio 

obviously in GaNAsP NWs. This in turn implies that the N content in the GaNAsP NWs 

is very low, below the detection limit of approximately 2%. Consistently, no N Kα-peak 

was detected in the EDX spectra. On the basis of the measured intensity ratios between 

the Kα-peak, the P composition is estimated to be around 29% ± 5%. 
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Figure 4.1 EDXS spectra, acquired from GaAsP and GaNAsP NWs. 

 

4.3 Determination of N composition in Ga(N)AsP NWs 

4.3.1 PL and PLE 

  The optical properties of GaAsP and GaNAsP NWs were studied with PL 

spectroscopy from the 532 nm excitation from a diode-pumped solid-state laser at 10 

W/cm2. A monochromator was used to disperse the PL spectra, which were then detected 

by a photomultiplier tube (PMT). The response curve of R636-10 PMT tube was applied 

to normalize PL curves. The room-temperature PL spectra shown in Figure 4.2 were 

obtained from GaAsP and GaNAsP with various nitrogen plasma conditions. The growth 
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conditions for these NWs are described in section 3.3.1. N0, LN, MN, and HN represent 

samples with different nitrogen concentrations (zero, low, medium and high [N]). The 

spectral peak of the PL emission from GaAsP is around 720 nm with a full width at half 

maximum of about 30 nm. The peaks in the emission from samples LN, MN, and HN are 

around 750, 775, and 800 nm, respectively. The dilute nitride NWs show a red shift with 

respect to the GaAsP NWs, and the shift increases with increasing N content. This red 

shift suggests that the higher flux leads to higher nitrogen content. From the plot, it is 

apparent to see a broader and more asymmetric line shape of PL emission from N 

incorporated samples. Also, a tail or shoulder extending to the low energy side of the PL 

spectra is observed. This lower energy shoulder of GaNAsP NWs is due to N related 

defects and variation in N compositions between individual wires within the NW array,5 

as it is also observed in micro-CL spectra acquired from a single NW. The asymmetric 

PL line shape and related broadening are observed in the study of dilute nitrides 

materials.1,2 Previous studies of GaNAsP quantum well structures have shown that the 

emission at low temperature is dominated by localized exciton (LE) recombination, 

where the excitons are localized within band tail states arising from compositional 

fluctuations.3 Chen et. al stated that similar results were observed in GaAs/GaNAs 

core/shell NWs in 2014.4 
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Figure 4.2 PL of GaAsP NWs and GaNAsP (LN, MN, HN) NWs arrays grown with increasing N 
flux.  

   

 
 

4.3.2 Temperature dependent PL of Ga(N)AsP NWs 

  To further investigate the energy band states in NWs, a comparison of the 

spectral positions of the peak in the temperature-dependent PL spectra between GaAsP 

NWs and GaNAsP (HN) NWs is shown in Figure 4.3. The blue dots represent the peak 

positions of the emission from the GaNAsP NWs, where the orange dots show the peak 

positions of the corresponding PL bands from the GaAsP NWs. There are two types of 

recombination mechanism, localized exciton (LE) recombination and free exciton (FE) 
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recombination. As the sample temperature increases from 50 K to 150 K, the PL peak 

from localized excitons of the GaNAsP NWs sample red shifts due to bandgap shrinkage 

with increasing temperature. At 150 K the PL peak blue shifts due to detrapping of 

excitons. Electrons are now in the conduction band, and free exciton emission is 

dominant. Near 220 K the PL peak red shifts due to band shrinkage with temperature. 

The spectral positions of the peak from an S-shape with decreasing temperature and this 

phenomenon can be explained by the defect-band filling in the dilute nitride. At low 

temperature, optically pumped electrons from the valence band fill the N-related defect 

states in the bandgap; while at a higher temperature, electrons have enough thermal 

energy to hop into the conduction band. For the recombination mechanism, the excitons 

are trapped at the localized states at low temperature. As the temperature increases, the 

detrapped exciton jump into free exciton state and free carrier recombination start to 

appear. As a result, the peak from dilute nitrides in general exhibits an S-shape. For 

GaAsP NWs, we can only see a red shift of the peak with increasing temperature the 

peaks from the GaAsP NWs following the Varshni model6,  

𝐸 𝑇 =   𝐸 0 −    𝛼𝑇
2

𝑇+  𝛽                       (4.1) 

where E(T) is the bandgap at temperature T, E(0) is the bandgap at 0K, and 𝛼 and 𝛽 

are Varshini coefficients defining the shape of the dependence. The bandgap of GaNAsP 

NWs is less temperature sensitive than GaAsP at a high measurement temperature, as 

observed previously.5 It can be concluded that the energy difference between FE energy 

and LE energy is larger for the GaNAsP wires and that the transition between FE and LE 
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carrier emission occurs at high temperature is more obvious compared to GaAsP wires. 

This finding proves that the localization potential becomes deeper with an incorporation 

of nitrogen. Similar results were concluded in the research of GaNP6 and GaNAs7 

nanowires.  

 
Figure 4.3. PL peak energy across 50 – 300 K of GaAsP NWs and GaNAsP (HN) NWs. The 
dotted line is the best fits to the experimental data using the Varshni equation for the GaAsP NWs  

 

 

4.3.3 Alloy composition 

  The aforementioned results from the temperature-dependent PL measurements 

allow us to investigate the As/P ratio in the NWs and also to determine the N composition. 

Based on the band anticrossing (BAC) model, the bandgap energy of GaNAsP NWs 
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(𝐸!!"#$%!) can be calculated using equation 4.2 from the BAC model. The calculation of 

𝐸!!"#$%& is to calculate E- in the equation. Thus, the equation to calculate 𝐸!!"#$%& is 

𝐸!!"#$%& =   
!
!
{ 𝐸!!"#$% +   𝐸! ± 𝐸!!"#$%& − 𝐸!

! + 4𝐶!!! ∙ 𝑥}     (4.2) 

In the equation, both 𝐸! and CNM of GaNAsP can be calculated by a linear interpolation 

from 𝐸!  and CNM of GaNAs and GaNP system. The 𝐸!!"#$%  and 𝐸!!"#$%&  can be 

measured from the peak position of the PL spectrum. The P composition x as the bandgap 

of GaAs1-xPx can be computed by the following equation: 

𝐸!
!"#$!!!!! = 𝑥𝐸!!"#$ + (1− 𝑥)𝐸!!"# − 𝑥(1− 𝑥)𝛽          (4.3) 

where 𝛽= 0.19 is the bowing parameter of GaAsP8 and 𝐸!!"#$  and 𝐸!!"#  are the 

temperature-dependent bandgaps of GaAs and GaP, respectively. Since the As/P ratio is 

not apparently affected by the presence of nitrogen, the nitrogen composition of the 

GaNAsP NWs can be determined as y = 0.8%, 1.4% and 3% in the LN, MN, and HN 

NWs, respectively. One thing worth noticing is that in spite of the very low N 

composition, the bandgap energy of the GaNAsP NWs can be varied by more than 100 

meV.  

4.4 CL measurements of single NW 
  In addition to PL measurements, room temperature cathodoluminescence (CL) 

was measured on single GaAsP and GaNAsP (MN) NWs. The CL spectra were obtained 

by scanning the electron beam along the NW axis. The CL spectra are shown in Figure 

4.4. The dots on Figure 4.4(a) SEM images represent the focusing point of CL spectra. 

Here, the excitation volume of the beam is much smaller (with a typical radius of about 
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100 nm for an acceleration voltage of 5 kV) than the length of NWs, which allows direct 

correlation between the NW morphology and emission. The CL spectra in Figure 4.4 (a) 

show a broad shape and peaks shifting from 760 nm to 800 nm from bottom to the tip of 

single NW. The tapered NW indicates that the growth is affected by N flux, which is 

discussed in chapter 3. From the CL spectra, we can conclude that with a higher N 

composition show a gradual shift of the emission spectra along the wire, indicative of 

changes in [N] along the wire. Figure 4.4 (b) shows the CL spectra of GaNAsP (LN) NW 

with constant peak positions around 750 nm. This emission originates from the GaNAsP 

NW with the uniform diameter along the wire. By comparing the results of the CL 

mapping with the overview SEM image shown on the side, it becomes clear that the 

tapered NW structure originates from non-uniform of nitrogen distribution inside NW 

position along the wire from GaNAsP (LN) sample. 

 
Figure 4.4 CL spectra measured from GaNAsP NW with different nitrogen concentration. (a) CL 
spectra measured as a function of the wavelength and emission position along the wire from 
GaNAsP (HN) sample. (b) CL spectra measured as a function of the wavelength and emission  
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4.5 Effect of RTA on NWs 
  To improve the crystal quality of the GaNAsP NWs, rapid thermal annealing 

(RTA) was done on one MN sample. The sample was annealed at a series of temperature 

for 60s in forming gas (5% hydrogen balanced with nitrogen). Figure 4.5 shows the 

improvement in the PL for different annealing temperatures along with the as-grown 

sample. The maximum PL intensity appears at the annealing temperature of 950 °C, 

where the band tail is significantly reduced, indicating N related defects are partially 

removed and the crystal quality is improved. The as-grown sample with N incorporation 

shows some defects at the low-energy tail, which is primarily due to N-induced defects. 

RTA is essential for dilute nitride-based materials, as it will improve the crystal structure 

and improve the minority carrier lifetime and the diffusion length. The blue shift in the 

spectral peak after the RTA, observed commonly in dilute nitrides, is believed to result 

from an RTA-induced structural change with an accompanying bandgap change. RTA is 

important for dilute nitride materials and solar cell devices since the introduction of N 

into the crystal will largely reduce the minority carrier lifetime and diffusion length. 

Because of high electron negativity of N, such effect is more obvious on electrons than 

on holes. There are a large amount of anti-site defects that trap or induce recombination 

for the photo-generated minority electrons in the dilute materials without annealing. 

Therefore, RTA or passivation processes are very critical steps for solar cell fabrication. 
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Figure 4.5 Room temperature PL intensity of GaNAsP NWs (MN) improved by rapid thermal 
annealing.  
 

4.6 PL on GaAsP/GaNAsP core-shell NWs 
  To further investigate the origins of PL from GaAsP/GaNAsP core-shell NWs, 

the PL spectra of GaAsP/GaNAsP core-shell NWs, GaAsP NWs, and GaNAsP NWs are 

compared. The PL emission shows a single PL peak for all the NWs including core/shell 

GaAsP/GaNAsP NWs. Figure 4.6 shows room-temperature emission from 

GaAsP/GaNAsP core-shell NWs with peak intensity at ~820 nm which exhibits their 

good optical quality and demonstrates their potential application as optoelectronic 

materials. By comparing PL peaks from GaAsP/GaNAsP core-shell NWs with GaAsP 
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NWs and GaNAsP NWs (HN), we conclude that the emission is attributed to the 

GaNAsP shell layer, as a result of fast diffusion of photo-excited electrons from the core 

to the shell with lower conduction band edge. This is expected from the band alignment 

that the conduction band of GaNAsP is lower than that of GaAsP. It should be noted that 

the PL peak of GaNAsP NWs (HN) shows at slightly higher energy than core-shell 

GaAsP/GaNAsP NWs. This is believed to be the effect of variation of N composition 

between the shell of GaAsP/GaNAsP NWs and GaNAsP NWs. Also, the shoulder effect 

existed in GaNAsP NWs is not obvious in GaAsP/GaNAsP NWs. As is discussed above, 

the tail or shoulder effect extending to lower energy part is attributed to the N related 

defects. The GaNAsP shell in core-shell NWs is grown on GaAsP core, which has small 

lattice mismatch with GaNAsP. Therefore, the N related defects are reduced. With regard 

to higher energy peak of GaAsP NWs, the N composition in GaNAsP shell is 

approximately 0.16%. This is consistent with N composition in HN GaNAsP NWs.  
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Figure 4.6 RT PL of GaAsP NWs, GaNAsP NWs (HN) and GaAsP/GaNAsP core/shell NWs. 

 

 

4.7 Conclusion 
  In summary, the optical properties of GaNAsP and GaAsP/GaNAP core-shell 

NWs are characterized. Optical emission from GaNAsP NWs indicates a decreasing 

bandgap with increasing N. The spectral peak of temperature-dependent PL from 

GaNAsP NWs exhibits an S-shape. At high temperature, the emission comes from 

band-to-band radiative recombination. At low temperature, the emission originates from 

N-related localized states below the conduction band. The room temperature PL from 
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N-related defects can be reduced by rapid thermal annealing. The PL from 

GaAsP/GaNAsP core-shell NWs exhibit a red shift with respect to the PL from GaAsP 

NWs. This indicates that the optical emission comes from the GaNAsP shell layer. 
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Chapter 5 

 
GaAs/GaNAs NWs grown on 
patterned Si (111) substrate  
 

 
5.1 Overview 
  This chapter is devoted to the epitaxial growth of GaAs/GaNAs core-shell 

nanowires (NWs) on patterned Si (111) by self-catalyzed method using GSMBE. The 

growth conditions of GaAs NWs on patterned Si substrate are investigated. The objective 

of growing GaAs/GaNAs core-shell NWs on patterned Si is to improve device 

performance, such as to achieve high-efficiency NW solar cells. The optimized substrate 

temperature and diluted HF etching time are investigated to have the highest yield of the 

growth. Optical properties are studied using micro-PL (𝜇 -PL) and micro-Raman 
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(𝜇-Raman) spectroscopy. Transmission electron microscopy (TEM) is used to study the 

crystal structure and defects in the NWs. The 𝜇 -PL and 𝜇 -Raman spectrum are 

measured in Linköping University and TEM is measured in Los	
   Alamos	
   National	
  

Laboratory. 

 

5.2 Selective Area Growth 
  In previous sections, we have discussed the growth of NWs on Si (111) 

randomly. To improve device performance, such as to achieve high-efficiency NW solar 

cells1, 2, NWs should locate on precise positions. Thus, controlling the NW position is of 

critical importance. Also, the parasitic cluster deposition, which is often accompanied 

with the NW growth on unpatternted substrates, can be suppressed by pattern growth. 

Therefore, significant work has been reported on III-V NW growth on a patterned Si 

substrate using the gold-catalyzed method3-6. The self-catalyzed growth method, by 

depositing one layer of Ga droplets on the Si substrate before growth, has the advantage 

of avoiding contamination associated with foreign metal catalytic droplets.7, 8 In Chapters 

3 and 4, we demonstrate the growth of GaAsP/GaNAsP core-shell NWs Si. However, to 

better investigate the growth condition of selective area growth (SAG), GaAs/GaNAs 

system is chosen because it is simpler than the GaAsP/GaNAsP system. 

	
   	
   The process of Selective Area Growth in GSMBE is shown in Figure 5.1 First, 

the substrate was etched with hydrofluoric (HF) solution cleaned with Acetone, IPA, and 

DI water to remove metal particles and contamination from their surfaces. Then, SiO2 
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was formed by PECVD at 350 ℃. Reactive-ion etching (RIE) was then used to form 

periodic opening patterns on the Si surface. The masked substrates was then slightly 

etched with buffered HF solution to remove the native oxide that formed in the opening 

area during these processes. Finally, NWs were grown on the masked substrate by 

GSMBE. 

	
  

Figure 5.1 Illustration of Selective Area Growth. (a) n-Si (111) substrate. (b) Deposition of 
45-nm-thick SiO2 film on Si (111) substrate by PECVD and definition of patterns by E-beam 
lithography and RIE etching. (c) MBE growth of core GaAs NWs. (d) MBE growth of shell 
GaNAs layer.   
	
   	
  
	
  

5.3 Growth of GaAs/GaNAs NWs 

5.3.1 Pattern preparation 

Patterned Si (111) substrates were prepared using electron beam lithography9. 
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First, a layer of silicon dioxide (SiO2) was grown by plasma-enhanced chemical vapor 

deposition (PECVD). A polymethyl methacrylate (PMMA) resist was subsequently 

spin-coated and baked at 180 °C for 10 min on a hotplate, resulting in a thickness of 

about 120 nm. Electron beam lithography (EBL) was performed using a JEOL 6400 

SEM/NPGS EBL system. After a dose optimization step, the array with the diameter of 

~90 nm and inter-hole center spacing (pitch) of 1.5 µm was written on PMMA. The 

pattern was transferred to the SiO2 layer by reactive ion etching (RIE) using a Plasma Lab 

80 chamber from Oxford Instruments. Optimized chamber conditions were used to 

promote anisotropic etching using a CF4/CHF3/Ar mixture applied to SiO2 etching. Then 

the PMMA resist was stripped using Acetone solution. Prior to the introduction of the 

samples into the ultra-vacuum environment, a diluted aqueous hydrofluoric acid (HF) 

solution was used to chemically etch the substrates in attempt to remove the native oxide 

from the patterned holes. HF was diluted in DI water at a ratio of 1:40. Different dipping 

time was used to investigate the effects of the HF etching time on the NWs growth. The 

optimized final mask SiO2 thickness was ~30 nm, measured from transmission electron 

microscopy (TEM). The substrates were then rinsed with deionized water, dried with 

nitrogen and then transferred into the MBE chamber immediately.  

The NW samples were grown in a Varian Gen-II MBE system modified to handle 

gas sources. Thermally cracked AsH3 was used as the As2 source, while solid elemental 

Ga was used to generate a Ga atomic beam through an effusion cell. The substrate was 

heated to 690 °C for 15 min before growth.  
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For NW growth, Ga atoms were deposited on the Si (111) surface for 1 minute 

with a Ga flux of ~0.7 monolayer/s, calibrated by Ga-induced reflection high-energy 

electron diffraction (RHEED) intensity oscillation for the planar growth of GaAs under 

the same substrate temperature (Tsub). Then the substrate was annealed for 30 s to form 

Ga droplets inside the holes. GaAs NWs growth last 20 minutes at a V/III incorporation 

ratio of 2 and a substrate rotation speed of 3 RPM, which ensure sample uniformity. The 

AsH3 flow rate was set at 3 sccm during growth. Scanning electron microscope (SEM) 

measurements of the NWs were performed with an FEI XL30 ultra-high resolution SEM 

system. 

 

5.3.2 Effect of HF etching time 

	
   	
   It is believed that the HF treatment can not only remove the native oxide layer 

but also form a stable hydrogen-terminated Si surface10. The effect of using a diluted HF 

solution to remove oxide in the patterned holes prior to the growth of GaAs NWs was 

first investigated. Figure 5.2 shows 45° tilted SEM images of GaAs NWs with various 

diluted HF etching time. In the first case of Figure 5.2(a) (without HF etching), a 

significant number of patterned holes are vacant. For the longer etching time (10 s), more 

holes are occupied by NWs and the diameters of holes are larger than holes in Figure 

5.2(a). Further increasing the etching time to 30 s, most holes are occupied by NWs and 

none is vacant as observed in Figure 5.2(c). When the etching time was increased to 60 s, 

NWs grew randomly on the Si substrate as non-patterned growth reported in the previous 
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work11. These results suggest that the patterned holes in Figure 5.2(a) (b) might be 

entirely or partly covered by the native oxide and/or SiO2 residue prior to NWs growth. 

Although there are a few holes covered by parasitic clusters in Figure 5.2(c), most of the 

holes are grown with NW, indicating that native oxide was removed after 30 s diluted HF 

etching. It is believed that the formation of GaAs NWs started from some pinholes in 

intergranular regions etched by HF solution. The Ga droplets could only reach the Si 

substrate through a pinhole after HF etching. However, for longer etching time in Figure 

5.2(d), the HF rapidly removed SiO2 pattern and created excessive nucleation area for Ga 

droplets and lead to a random growth of NWs on the whole substrate. The corresponding 

yields, depicted in Table 5.1, are 1%, 18%, and 62%, respectively. At HF etching time of 

60 seconds, the NWs were randomly grown on the substrate due to the removal of the 

SiO2 pattern.  
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Figure 5.2 SEM images of GaAs core NWs on Si (111) with diluted HF etching time of (a) t = 0 s, 
(b) t = 10 s (c) t = 30 s, (d) t = 60 s. Ga flux was set at 0.7 monolayer/s, growth time = 20 min. HF 
was diluted in DI water at a ratio of 1:40. 
	
  

	
  
	
  

  Table 5.1 SAG yield under different HF etching time 

Sample Substrate Temp (°𝑪) HF etching time(s) Yield 

H0 690 0 ~1% 

H10 690 10 ~18% 

H30 690 30 ~62% 

H60 690 60 Random 
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5.3.3 Effect of substrate temperature 

  Next, we optimized the morphology of the grown GaAs NWs by studying the 

effects of the growth temperature, Tsub of 630, 650, 670 and 690 °C. Prior to growth, all 

the samples were dipped in dilute HF for 30 s to fully remove the native oxide. Figure 5.3 

shows SEM images of NWs with different growth temperatures. As illustrated in the 

images, the higher the growth temperature, the higher is the NW growth yield. In the 

vapor-liquid-solid (VLS) mechanism, liquid droplets act as the catalyst and absorb vapor 

components (both Ga and As here) to incorporate into and supersaturate alloy droplets 

(Ga rich here) and initiate the growth of the reaction byproduct (GaAs NW) from the 

supersaturated melt. At high Tsub, Ga adatom mobility is increased. Consequently, most 

adatoms can diffuse to the Ga droplet in the SiO2 hole or on the NW tip, which provides 

abundant Ga replenishment for a well super-saturated GaAs NW VLS growth. This is in 

accordance with the NW growth results of Figure 5.3(d). When the Tsub is low, the Ga 

adatoms are not only diffusing and incorporating into the droplet but also deposited 

together with As in the vacant oxide-free area in the hole, preventing the formation of a 

Ga rich melt for the VLS growth and resulting in a direct vapor-solid (VS) GaAs cluster 

growth in the hole. (e.g. Figure 5.3 (a)).  

 The higher growth rate of NWs via the VLS mechanism depends on several factors 

such as better absorption on the droplet, a high rate of chemical reaction and a faster 

nucleation of crystal phase. In our NWs growth, the higher substrate temperature could 

lead to faster diffusion of Ga adatoms from substrate surface to the tip of the NWs as the 
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diameter of the NWs increases. Table 5.2 shows that the higher NWs growth yield is 

achieved at higher growth temperatures.  

 

 

	
  
Figure 5.3 Scanning electron microscope (SEM) images of GaAs core NWs on Si (111) at (a) Tsub 
= 630 °C, (b) Tsub = 650 °C, (c) Tsub = 670 °C, (d) Tsub = 690 °C. Ga flux was set at 0.7 
monolayer/s, growth time = 20 min. 

	
  

	
  

	
  

Table 5.2 SAG yield under different growth substrate temperature 
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Sample Substrate Temp (°C) Yield 

T630 630 ~1% 

T650 650 ~3% 

T670 670 ~23% 

T690 690 ~62% 

 

 

5.3.4 Growth of GaNAs shell 

  Core-shell growth is a very intriguing topic for NW applications as it not only 

adjusts the NW diameter but also permits the growth of an advanced structure by radial 

composition and doping modulation, such as p-i-n lateral junction and lateral quantum 

wells. The absorption and solar cell efficiency could be tuned by adjusting the thickness 

of different layers of core-shell NWs.  

  With the optimization of the GaAs NW core growth, we proceeded to the dilute 

nitride shell growth. For GaAs/GaNAs core/shell NWs, the Tsub for the shell growth was 

decreased to ~500 °C. Decreasing Tsub reduces Ga adatom mobility on the growing 

surfaces and depletes the NW tip from a liquid Ga droplet to cease the axial NW growth. 

However, the Ga shutter was closed while ramping down the growth temperature for 20 

min and keeping the group V flux to consume the Ga droplets prior to the growth of the 

GaNAs shells. The Ga flux was kept at 0.7 monolayer/s. The N plasma power condition 

for the shell was 0.9 sccm and 250 W, and the shell growth time was 30 min. Figure 3 

shows a SEM image of the core-shell GaAs/GaNAs NWs. The average diameter of 
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core-shell NWs is ~220 nm. Figure 5.4 shows the SEM images of the core-shell 

GaAs/GaNAs NWs. The core-shell NW array has uniform morphology with smooth 

sidewalls. The SiO2 substrate is covered by amorphous GaNAs grown during shell 

growth. The core-shell NWs also show hexagonal shape. Each parallel sidewall is aligned 

normal to one of the three equivalent <110> directions.  

 

 

 
Figure 5.4 (a) SEM image of GaAs/GaNAs core-shell NWs. (b) SEM image of single core-shell 
NW 

	
  

5.4 Characterization 

5.4.1 Optical Characterization  

	
   	
   Figure 5.5 (a) shows a µ-PL spectrum of the core-shell NW. µ-PL measurement 

was carried out on as-grown NW arrays with excitation from a 659 nm solid-state laser 

source at 6K. The excitation beam was focused on the sample using a 50X objective 

(NA=0.5). The excitation power was 1 mW. The signal was dispersed using a 
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monochromator equipped with a 950 mm-1 grating and detected with a liquid nitrogen 

cooled InGaAs CCD. Figure 5.5 (b) shows a 𝜇-PL spectrum of the core-shell NWs (the 

solid line) together with the reference GaAs NWs (the dashed line). The spot diameter of 

the m-PL laser beam focused on the sample is estimated to be 0.8 - 1mm. That means the 

PL-spectra came from one or two NWs. The m-PL spectrum of the reference sample is 

dominated by a single line at around 1.52 eV, likely due to free exciton (FE) 

recombination. The lack of other transitions in the spectra indicates very good structural 

and optical quality of the sample, consistent with the results of TEM measurements to be 

discussed below. For the GaAs/GaNAs core-shell NW, the PL spectra contain two 

dominant emission bands peaking at 1.45 and 1.17 eV. The former could be attributed to 

the GaAs core based on performed photoluminescence excitation (PLE) measurements 

(Figure 5.5(b)). We note that the GaAs emission in the core-shell structures is no longer 

dominated by the FE transitions, which could reflect fast FE trapping by the shell with a 

lower bandgap. Instead, it contains a broader PL band, which likely arises from radiative 

transitions involving residual impurities or defects formed due to the strain in the 

core-shell structure. The second PL band is due to emission from the GaNAs shell and 

arises from recombination of weakly localized excitons, which are trapped by potential 

fluctuations induced by long-range alloy disorder in the GaNAs shell.12 The numerous 

fine features overlapping with the broad peak could be attributed to excitons strongly 

confined in quantum-dot like states induced by short-range fluctuations in nitrogen 

composition that are superimposed on long-range alloy disorder.13 These PL bands could 
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be attributed to the GaAs core and GaNAs shell, respectively. The third peak at around 

0.93 eV may be caused by N related defects, which is often seen in dilute nitride 

materials. 14, 15 Figure 5.5 (c) shows the relationship between N composition and bandgap 

energy (eV) based on the calculation from the band anti-crossing (BAC) model. The 

X-axis represents composition of nitrogen in GaNAs alloy and Y-axis represents the 

corresponding bandgap. From PLE spectra detected from GaAs/GaNAs core-shell NWs 

in Fig 5.5 (b) we conclude that the bandgap of GaNAs shell is about 1.32 eV, therefore 

the N composition in the shell is estimated to be ~0.8%.  
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Figure 5.5 (a) µ-PL spectra of the GaAs NWs and GaAs/GaNAs NWs measured under 659 nm 
excitation. (b) PLE spectrum detected from the GaAs/GaNAs core-shell NWs, plotted as the 
square of the PL-intensity (IPL) (c) Calculated bandgap energy of GaNAs vs nitrogen content by 
the band anti-crossing model. 
	
  

(a)	
  

(b)

(c)
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Figure 5.6 𝜇-Raman spectra acquired in the backscattering geometry along the [111] direction 
from GaAs and GaNAs NWs. The spectra are normalized to the intensity of the LO GaAs mode 
and are shifted vertically for clarity  
	
  

	
   	
   To obtain evidence of N incorporation in the NWs, and also to get further insight 

into the crystalline quality of the GaNAs alloy, 𝜇-Raman spectroscopy was performed. 

Figure 5.6 shows 𝜇-Raman spectra acquired from a single GaAs NW and GaAs/GaNAs 

NW, which were performed with the excitation and detection paths along the [111] 

crystallographic direction. In this geometry, scattering involving zone-center longitudinal 

optical (LO) and transverse optical (TO) phonons is allowed from the 𝜇-Raman selection 

rules. The detected 𝜇-Raman spectra are characteristic for zincblende GaAs, as the 

formation of the wurtzite phase should cause the appearance of an additional optical 

mode. The appearance of an additional local mode representing vibrations of the Ga-N 

was observed from 𝜇-Raman spectra.  
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5.4.2 TEM measurements. 

We then studied the interface of the selective area grown GaAs NW and 

GaAs/GaNAs core/shell NW with the Si substrate using TEM. To prepare the samples for 

TEM, we first deposited a 200 nm-thick SiO2 layer by PECVD and then deposited by 

in-situ focused ion beam (FIB) a Pt protection layer. Second, careful FIB slicing at the 

GaAs NW growth site from the Si substrate was performed. The sample was then 

mounted by a controlled manipulator inside the FIB to a TEM grid and was further 

thinned to an e-beam transparent lamella thickness of 80 - 120 nm. An overall view of the 

studied GaAs NW is shown in Figure 5.7(a) where the NW grows from the SiO2 hole and 

increases diameter above the hole to overlap its edge. Overall, we found that the GaAs 

NW grown on the Si substrate at 690 °C exhibited the zincblende crystal structure 

[Figure 5.7(b)-(d), Figure 5.7(f)] and was relatively free of defects except for a few 

twinning planes observed in the hole and near the base of the NW. These twinning planes 

are commonly observed for III-V semiconductor NWs due to the small energy difference 

between the zincblende (ZB) phase and the hexagonal wurtzite (WZ) phase16. In addition 

to the free NW surface that helps in stress relief, the stepped morphology of the GaAs 

NW at the SiO2 mask at the base is expected to significantly lower the strain near the 

base of the GaAs nanowire thereby minimizing the formation of edge dislocations and 

twin boundaries at the GaAs/Si heterointerface (Figure 5.7d) 17. On a stepped interface, 

there are atoms at the edges that can be dislocated from their pre-supposed position on a 
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flat interface. These atoms at multiple edges can adapt to strain and the interfacial 

in-plane strain is supposed to reduce and be accommodated. The strain distribution was 

calculated by manually measuring atomic distances at different locations near the 

Si/GaAs interface in Figure 5.7(d). According to the strain distribution analysis in Figure 

5.7(e), the in-plane strain (𝜀∥) in the Si substrate at 1.2 nm from the interface is 1.3%, and 

the in-plane strain (𝜀∥) in the GaAs core at 1.2 nm from the interface is -1.7%. The 

in-plane strain (𝜀∥) and out-of-plane strain (𝜀!) in Si decreases gradually to nearly 0 at 12 

nm from the interface. Of note is the stepped diameter before, at, and after the planar 

twinned layer near the base as shown in Figure 5.7(f). Recent in-situ TEM growth of 

GaAs NWs concludes that their phase is dictated by the dynamics of the catalyst volume 

and contact angle at the edge of the NW.18 The change of Ga droplet volume during the 

growth affects the phase of crystal and consequently the diameter of NWs.     
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Figure 5.7 (a) TEM image of an overview of a GaAs NW on Si substrate. (b) High-magnification 
TEM image of the tip of the GaAs NW. (c) High-magnification TEM image of the bottom of the 
GaAs NW on Si substrate. (d) High-Resolution TEM (HRTEM) image of the interface of GaAs 
NW and Si substrate indicated by the green rectangle in (c). (e) The strain distribution at the 
interface of GaAs NW and Si substrate. (f) HRTEM image of a part of the NW near the base 
indicated by the red rectangle in (c) showing the twinning planes in GaAs NW. The insets in (d) 
and (f) show Fast Fourier Transform (FFT) of the crystal in respective regions. 
	
  

It is imperative to study the interfaces of the GaNAs shells on GaAs NWs. Figure 

5.8(a) shows an overall TEM image view of a GaAs/GaNAs core-shell NW grown on the 

Si substrate. Defective growth at the tip of the NW is observed in Figure 5.8(b) indicating 

that the Ga droplet was not fully depleted prior to the GaNAs shell growth. The 

magnified image of the NW base in Figure 5.8 (c) reveals that the parasitic GaNAs is 

grown on the SiO2 pattern at ~500 °C substrate temperature with a thickness of ~200 nm. 

The catalyzed growth on the SiO2 surface is about 4 times thicker than that on the NW 

sidewalls which were ~ 55 nm. The strain between GaAs and GaNAs on the sidewall was 

estimated to be ~0.18 % for an expected nitrogen concentration of 0.8% in these 

experiments.19 Using the Matthews and Blakeslee force balance for strain relaxation, the 
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critical thickness of planar GaNAs containing 0.8% nitrogen on GaAs was calculated to 

be ~180 nm.20 Core/shell nanowires are known to have a larger critical thickness for 

strain relaxation compared to planar layers.21 Thus, the boundary between GaAs and 

GaNAs is not obvious in the TEM image. Interestingly, we found that GaNAs filled 

laterally the empty space in the patterned hole and epitaxially grew on the Si (111) 

surface as observed in Figure 5.8(d) – (g). The HRTEM images at the Si/GaNAs interface 

did not reveal evident defects except for the planar twinned layers within the 

GaAs/GaNAs core/shell NW. We suspect that these planar defects also help in relieving 

the ~ 4% GaAs/Si lattice mismatch, in addition to the free surface. Future work will 

concern with the optimization of the shell growth conditions and Ga depletion from the 

NW tip to enable an epitaxial defect-free core/shell tip that is crucial for light absorption 

or emission.  
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Figure 5.8 (a) TEM image of an overview of a GaAs/GaNAs core-shell NW on Si substrate. (b) 
High-magnification TEM image of the tip of the GaAs/GaNAs core-shell NW. (c) 
High-magnification TEM image of the bottom of the GaAs/GaNAs core-shell NW on Si substrate. 
(d) HRTEM image of the interface of the GaAs/GaNAs NW and Si substrate. (e), (f) and (g) 
HRTEM images of the interface of GaAs/GaNAs NW and Si, respectively, green, yellow and 
purple rectangles in (d). The inset in (e) and (g) shows selected-area diffraction pattern. 

 

5.5 Conclusion 
  In conclusion, vertical self-catalyzed GaAs NWs and GaAs/GaNAs core-shell 

NWs were grown on patterned Si (111) substrate by GSMBE. Typical diameters are ~110 

nm for GaAs NWs and ~220 nm for GaAs/GaNAs core-shell NWs for a 30 min shell 

growth time. The yield of vertical NW growth increased with optimal wet etching of the 

native oxide layers and at higher growth temperatures with the best result obtained at 

690 °C. GaNAs shells were grown and maintained an epitaxial interface with both the Si 

substrate and the GaAs NW core deduced from detailed HRTEM studies. 
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Chapter 6 

 

 
Fabrication of single nanowire solar 
cell 
 
 
 
6.1 Overview 
  Nanostructured materials have been explored as components of photovoltaic (PV) 

in an effort to improve efficiency1. There are several key advantages of using single 

nanowire (NW) as photovoltaic element2. First of all, the bottom-up method of nanowire 

grown on substrate allows precise control of key parameters, which will determine solar 

cell performance, including dopent composition, diode junction structure, size and 

morphology. Second, single NW solar cell device could be seamlessly integrated with 
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conventional electronic devices to provide energy for low-power application. Thirdly, 

studies of PV properties as the single NW level will determine the limits, area of 

improvement, and potential benefits of NW solar cell. Therefore, investigation of single 

NW solar cell is the first step to study large scale NW solar cell on silicon. This chapter is 

devoted to the fabrication of single NW solar cells, including the process to create metal 

contact markers, the reactive ion etching (RIE) process to expose the core of NWs, the 

wet etch technique to smooth the rough sidewalls of NWs, and metal contact lines to 

connect NW with measurement circuits.  

   

6.2 GaNP/GaNP/GaNP core-shell-shell NWs 
  Improving the efficiency of III-V nanowire compound semiconductor solar cells 

can be achieve by stacking different junctions to the cell structure or through the lowering 

of cost by replacing the expensive III-V substrate with silicon. However, integrating III-V 

compound with silicon substrate requires overcoming lattice mismatch and thermal 

expansion coefficient mismatch. The small contact interface between NWs and Si 

substrate could accommodate the lattice mismatch and relax the strain within the first few 

monolayers, which is discussed in the Chapter 5.4.2. In addition, a sparse array of NWs 

can absorb almost all-incoming light, which can significantly improve efficiency of solar 

cells3.  

  The material we used in this chapter is GaNP/GaNP/GaNP core-shell-shell pin 

junction NWs. The growth condition is similar to that of growing GaAsP/GaNAsP 
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core-shell NWs. Prior to growth, the Si (111) substrate was dipped in an HF solution for 

10 seconds to remove the intrinsic oxide, and then it was rinsed with deionized (DI) water. 

The substrate was then loaded into the MBE load-lock chamber. In the growth chamber, 

the substrate was heated to ~710 °C for 15 minutes for thermal cleaning, and then the 

substrate temperature was decreased to the growth temperature.  

   For NW growth, Ga atoms were deposited on the Si (111) surface for one minute 

with a Ga flux of ~ 0.7 monolayer/s, calibrated by Ga-induce reflection high-energy 

electron diffraction (RHEED) intensity oscillations for the planar growth of GaP under 

the same substrate temperature (Tsub). Solid elemental Ga was used to generate a Ga 

beam, and solid Si was used as the n-type dopant. Then, the substrate was annealed for 30 

s to form Ga droplets on the surface. Growth started by opening the Ga and Si shutters 

and injecting PH3 into the growth chamber to initiate growth of GaNP nanowires, after 90 

seconds of growth, RF N plasma is then ignited, and the GaNP nanowires were grown for 

15 minutes with a V/III ratio of ~2.5. Then, the substrate temperature was decreased to 

500 °C and the intrinsic GaNP shells were grown for 15 minutes. Finally, the Be shutter 

was opened to complete 15 minutes of p-GaNP shell layer growth. The average diameter 

and length of the nanowires are 210  ±  4 nm and 2.3  ±  0.2 µm, respectively. After the 

shells were grown, the average diameter increased by ~160% with no significant increase 

in length. This confirms that lowering Tsub can suppress axial growth, and, instead, 

promote radial growth.  

   PL measurement was carried out for optical studies. Figure 6.1(a) shows the 
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SEM image of p-i-n GaNP NWs. Figure 6.1(b) shows the PL measurements at 300 K, 

performed on p-i-n GaNP core-shell NWs. The PL emission shows single PL peaks at 

1.96 eV. The single PL peak of core-shell NWs shows that the distribution of nitrogen in 

NWs is uniform. The estimated [N] is approximately at 1.8% based on PL emission.  

 
Figure 6.1 (a) SEM image of p-i-n GaNP core-shell-shell NWs. (b) PL spectra of p-i-n GaNP 
core-shell-shell NWs 
 

6.3 Fabrication process 
   Single NW solar cell (SNWSC) devices were fabricated on a SiO2/Si substrate. 

Figure 6.2 shows a detailed schematic of the SNWSC fabrication methodology. Initially, 

the wires were removed from the growth substrate by sonication in isopropanol and drip 

dried onto highly p-doped Si (111) substrates covered with 100 nm-thick thermal SiO2 

and pre-fabricated alignment masks. Poly(methyl methacrylate) (PMMA) was deposited 

by spin-coating, and dried on a hot-plate at 180 °C for 1.5 minutes. Patterns were 

developed by exposing the samples to light under a mask, and followed by a lift-off 
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process. The contact to the n-doped core was defined using e-beam lithography followed 

by 1 minute dry etching and 30 °C wet etching in HCl:H2O2:H2O (1:1:1) to expose the 

core and for subsequent e-beam evaporation of 50 nm Cr/ 150 nm Au. The contact to the 

p-doped wire surface was defined using e-beam lithography followed by a 5s B-HF etch 

to remove oxide and quick loading into the evaporation chamber. The bilayer contact 50 

nm Ge/150 nm Au was deposited by e-beam evaporation. The lift-off process was carried 

out in acetone for 10 hours. Using this process, we have developed SNWSC devices with 

different contacts attached to it. Figure 6.3 shows a fabricated SNWSC after 

metallization. 

 

Figure 6.2 Schematic plot of the SNWSC fabrication process 
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Figure 6.3 top view SEM image of fabricated SNWSC.  
 

  Different fabrication parameters were adjusted during the experiment to optimize 

the process. In dry etching, a combination of Cl2 and BCl3 was selected as the main 

etching gases. Etching is achieved in two ways: (a) a chemical process in which Cl2 and 

BCl3
 are excited and produce reactive Cl atoms, which react promptly on the nanowire 

surface; (b) a physical process in which the surface of the sample is bombarded by ions 

that are also produced in the plasma4. In our experiment, the reactive ion etching (RIE) 

process was performed in an Oxford Plasmalab 80 equipment with a 13.56 MHz RF 

source at room temperature. To avoid over-etching, different etching times under the 

same gases condition were investigated. Figure 6.4 shows NW after 1 minute, 2 minutes 

and 3 minutes of etching. Both 2 minutes and 3 minutes etching images show damage to 
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the core NW. In order to expose the core NWs as much as possible and also not damage 

the core, the one-minute of etching condition was selected as the optimal condition.  

 

Figure 6.4 SEM images of morphology of the etched sample after (a) 1 minute, (b) 2 minutes, and 
(3) 3 minutes dry etching 
 

6.4 Performance simulation  
   The standard test condition for a solar cell is air mass 1.5 global (AM 1.5G) 

spectrum, which defines the power of incident light as 100mW/cm2. There are several 

key parameters of a solar cell: (1) short circuit current density (Jsc), which is the current 

density when the voltage across the cell is zero, (2) open circuit voltage (Voc), which is 

the maximum voltage of the operation region of the cell, and (3) current density (Jm) and 

voltage (Vm) that result in the solar cell’s maximum power density and correspond to its 

fill factor (FF) and solar cell efficiency (𝜂). 

   The short-circuit current through the device junction can be solved by using the 

semiconductor transport equations and Poisson’s equation with appropriate boundary 

conditions. In the calculation, we assume that there are no free carriers in the depletion 

region and only the minority carriers determine the current. In this simulation, we use a 

p-i-n junction for our solar cell. The p-region and n-region are employed as emitter and 
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base, and their doping concentrations are 5 × 1017 and 3 × 1018 cm-3 respectively. To 

simplify the model, we treat the nanowire as two symmetric thin films with the same 

dimensions. The thickness of p, i, and n regions are 40 nm, 35 nm and 35 nm, 

respectively. The short circuit current can be calculated using the following equation:5 

𝑗!" 𝐸 =    𝑗! 𝐸 +    𝑗! 𝐸 +    𝑗!,!"# 𝐸                  (6.1) 

𝐽!" =    𝑗!" 𝐸
!
! 𝑑(𝐸)                     (6.2) 

where 𝑗! and 𝑗!are the minority carrier current densities from the emitter and the base, 

respectively, and 𝑗!,!"#  is the current density generated in the i-region. Each current 

density is given by:  

𝑗! 𝐸 =   𝑞𝑏𝑠 1−𝑅 𝛼𝐿𝑒
𝛼2𝐿𝑒2−1

×  [  
𝑆𝑒𝐿𝑒
𝐷𝑒

  +  𝛼𝐿𝑒   –  𝑒−𝛼𝑊𝑒(
𝑆𝑒𝐿𝑒
𝐷𝑒

𝑐𝑜𝑠ℎ𝑊𝑒𝐿𝑒   +𝑠𝑖𝑛ℎ
𝑊𝑒
𝐿𝑒
  )

𝑆𝑒𝐿𝑒
𝐷𝑒

𝑠𝑖𝑛ℎ𝑊𝑒𝐿𝑒+𝑐𝑜𝑠ℎ
𝑊𝑒
𝐿𝑒

    −   𝛼𝐿𝑒𝑒−𝛼𝑊𝑒]   

(6.3) 

𝑗! 𝐸 =   𝑞𝑏𝑠 1−𝑅 𝛼𝐿𝑏
𝛼2𝐿𝑏

2−1
×  [  

𝑆𝑏𝐿𝑏
𝐷𝑏

  +  𝛼𝐿𝑏   –  𝑒−𝛼𝑊𝑏(
𝑆𝑏𝐿𝑏
𝐷𝑏

𝑐𝑜𝑠ℎ𝑊𝑏𝐿𝑏
  +𝑠𝑖𝑛ℎ𝑊𝑏𝐿𝑏

  )
𝑆𝑏𝐿𝑏
𝐷𝑏

𝑠𝑖𝑛ℎ𝑊𝑏𝐿𝑏
+𝑐𝑜𝑠ℎ𝑊𝑏𝐿𝑏

    −   𝛼𝐿𝑏𝑒−𝛼𝑊𝑏]   

(6.4) 

𝐽!,!"#(𝐸) =   𝑞𝑏!(1− 𝑅)𝑒!!!!(1− 𝛼𝑒!!!!)                (6.5) 

where bs is incident spectral photon flux density; R is the reflectance of the material; 𝛼 

is the absorption coefficient of the material; 𝐿!  and 𝐿!  are the diffusion length of 

minority carriers in the emitter and the base regions, respectively; 𝑆! and 𝑆! are the 

recombination velocities at the front and the back surface, respectively; and 𝐷! and 𝐷! 

are the diffusion coefficients of minority carriers in the emitter and the base regions, 

respectively.  
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        The short circuit current can be calculated by:  

𝐽!" =   𝑞 𝑏! 𝐸 𝐸𝑄𝐸(𝐸)𝑑(𝐸)                   (6.6) 

where EQE is external quantum efficiency, which is the ratio of the number of electrons 

collected at the terminals of the cell to the number of incident photons. EQE is given by  

𝐸𝑄𝐸 =   
𝑗𝑒 𝐸 +  𝑗𝑏 𝐸   +  𝑗𝑖,𝑔𝑒𝑛 𝐸

𝑞𝑏𝑠(𝐸)
                     (6.7) 

   To get the efficiency of solar cell, the open circuit voltage is firstly calculated as 

the maximum possible potential across the terminals of the solar cell at J = 0.  

𝑉!" =   
!!!!
!
ln  (!!"

!!
+ 1)                       (6.8)   

𝐽! is dependent on the minority carrier diffusion current of the emitter and base region as 

well as the recombination current of the depletion region. 

𝐽! = 𝐽!,! +   𝐽!,! +   𝐽!,!"#                     (6.9) 

where  

𝐽!,! =   𝑞𝐷𝑒𝑁𝐶𝑁𝑉𝐿𝑒
×  [  

(𝑆𝑒𝐿𝑒𝐷𝑒
𝑐𝑜𝑠ℎ𝑊𝑒𝐿𝑒   +𝑠𝑖𝑛ℎ

𝑊𝑒
𝐿𝑒
  )

𝑆𝑒𝐿𝑒
𝐷𝑒

𝑠𝑖𝑛ℎ𝑊𝑒𝐿𝑒+𝑐𝑜𝑠ℎ
𝑊𝑒
𝐿𝑒

    −   𝑒
−𝐸𝑔
𝑘𝐵𝑇 ]        (6.10) 

  

𝐽!,! =   𝑞𝐷𝑏𝑁𝐶𝑁𝑉𝐿𝑏
×  [  

(𝑆𝑏𝐿𝑏𝐷𝑏
𝑐𝑜𝑠ℎ𝑊𝑏𝐿𝑏

  +𝑠𝑖𝑛ℎ𝑊𝑏𝐿𝑏
  )

𝑆𝑏𝐿𝑏
𝐷𝑏

𝑠𝑖𝑛ℎ𝑊𝑏𝐿𝑏
+𝑐𝑜𝑠ℎ𝑊𝑏𝐿𝑏

    −   𝑒
−𝐸𝑔
𝑘𝐵𝑇 ]        (6.11)  

 

𝐽!,!"# = 𝑞𝑊𝑖×
𝑁𝐶𝑁𝑉
𝑡𝑒𝑡𝑏

×  𝑒
−𝐸𝑔
𝑘𝐵𝑇 ]               (6.12) 

   With the equation for the short circuit current and open circuit voltage, we 

perform simulation on our p-i-n GaNP structure. The Python code used in calculation are 
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shown in Appendix A. The default parameters used for this structure are listed in Table 

6.1. 

  Table 6.1 Parameters used in our simulation. 
General parameters 
Bandgap (Eg)                          1.96 eV 
Effective conduction band density of states (Nc)6               1.8  ×  10!"19 cm-3  

Effective valence band density of states (Nv) 6         .        1.9  ×  10!" cm-3 

 
Core (n-type) 
Doping concentration (ND)                                         3  ×  10!" cm-3 

Diameter of core                                     .    40 nm 
Diffusion coefficient of minority carriers(Db)7             .     1.68 cm2/s 
Diffusion length of minority carriers (Lb)7                      190 nm 
 
 
Shell 1 (Intrinsic layer) 
Thickness of i-layer                                       35 nm 
 
Shell 2 (p-type) 
Doping concentration (NA)                             .      5  ×  10!" 
Thickness of p-layer                                       35 nm 
Diffusion coefficient of minority carriers (De)7                  1.53 cm2/s 
Diffusion length of minority carriers (Le)7                      4100  nm 
 
 
Dielectric constant (zincblende structure)                      11.01 (300K) 
 

        Since the diameter of core nanowire is a constant, the effect of various intrinsic 

layer thickness and outer-shell-p layer thickness are studied. Figure 6.5 shows simulated 

solar cell short circuit current of p-GaNP/i-GaNP/n-GaNP NW solar cell with different 

i-layer thickness (Wi) and emitter layer thickness (We).  

        As can be seen in the figure, increasing Wi increases short circuit current for 

the solar cells. This is because more absorption of light and generation of electron hole 
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pairs in intrinsic layer. The short circuit current is relatively independent of emitter layer 

thickness. In our structure, the thickness of emitter (We) is smaller than the diffusion 

length (Le). Utilizing a thinner emitter layer (We < Le) will have less recombination in 

emitter layer, thus the generated carriers can transport across the junction with less loss, 

resulting in improved Jsc as shown in Figure 6.5 In our simulation, the thicknesses of 

intrinsic (Wi) and emitter (We) layers are varied from 10 nm to 100 nm. We assume 100% 

collected electron-hole pairs generated by photons. Also, absorption of GaNP material 

respect to various wavelengths is taken account of during simulation.   

 
Figure 6.5 Maximum short circuit current density as a function with various intrinsic layer 
thicknesses and emitter layer thickness 

   Figure 6.6 shows maximum efficiency of our GaNP solar cell under one sun. 

We assume AM 1.5G and take absorption coefficients of GaNP into account during 

simulation. The simulated value of Jsc is used in combination with Voc simulated from 

radiative recombination only model7 to calculate the maximum efficiency. In radiative 
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recombination only model, the bandgap-open circuit voltage offset (Woc) is around 0.4V. 

Using Eg = 1.96 eV from our PL measurement, our GaNP solar cell is capable of 

providing a maximum Jsc and efficiency of 1.27 mA/cm2 and 1.8%, respectively.  

 
Figure 6.6 Maximum solar cell efficiency as a function with various intrinsic layer thicknesses 
and emitter layer thickness   

 

6.5 Current-voltage characteristic 
   Current-voltage (I-V) measurement is used to investigate the performance of 

solar cells. In our I-V measurement setup, a Newport 67015 solar simulator using a 150 

W Xenon lamp equipped with a 1.5 AM filter is used as a light source. A 1 cm × 1 cm 

calibrated PV measurements, Inc. Si solar cell is used as a reference cell to calibrate the 

intensity of the light source to AM 1.5G (100 mW/cm2) for measurements. An HP 4155A 

Semiconductor Parametric Analyzer is used to measure current and voltage. Figure 6.7 

shows the SNWSC characterized by measuring current-voltage curves in the dark and 
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under AM1.5G illumination. The SNWSC had an efficiency of 0.04%, short circuit 

current density Jsc = 0.23 mA cm-2, open circuit voltage Voc = 1.21V and fill factor (FF) = 

0.16. The measured efficiency is lower than the theoretical limit calculated in Figure 6.6, 

which for a 1.96 eV bandgap the efficiency should be 1.8%. A low JSC could be attributed 

to non-radiactive recombination. The recombination in single NW solar cell can result 

from (1) the nanowire outmost non-passivated surface; (2) defective growth at tip of NW 

due to Ga droplet was not fully depleted prior to the intrinsic GaNP shell growth; (3) N 

related defects in GaNP NW. The small fill factor (FF) indicates a large leakage current 

between base and emitter GaNP layers. During dry etching and wet etching steps to 

expose the core and subsequent evaporation of metal contact, the n-contact to the core is 

very likely to connect with intrinsic shell layer and p-shell layer through metal contact. 

Direct contacting the p-shell layer and n-type core layer leads to increasing the leakage 

current, consequently, a small shunt resistance and fill factor in the circuit.  

   To compare solar cell performance made of different materials, the bandgap (Eg) 

to Voc offset (Woc) is used. 

𝑊!" =   
!!
!
−   𝑉!"                         (6.13) 

Woc theoretically and experimentally proven to be independent of Eg
8, and it is commonly 

used to perform for a fair comparison between solar cells that are comprised of different 

materials. It is basically a measure of how close electron and hole quasi-Fermi levels are 

to the conduction and valence band edges at open circuit. Usually a smaller Woc 

represents better device performance. In this dissertation, we have achieved a relative low 
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bandgap to Voc offset of 0.75 V. This number is lower than many reported single NW 

solar cell9-11 including materials of Si and GaAsP. Although the power conversion 

efficiency is still low, the well-preserved Voc opens up a broad opportunity and a bright 

future for GaNP single nanowire solar cell since there is still plenty of room for device 

improvement.  

  

 
Figure 6.7 I-V characteristics under dark (red line) and AM1.5G illuminated conditions (blue line) 
of SNWSC. 
 

 
 

6.6 Conclusion 
   In conclusion, we have fabricated a p-i-n GaNP core/shell/shell nanowire solar 

cell utilizing a complicated process: dry etching and wet etching to expose the cores and 
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deposit metal contact separately on the p and n regions. Simulations are performed to 

show the effect of different layer’s thickness to device short circuit current and efficiency. 

Finally, a single NW solar cell performance is determined by using current density–

voltage curve. A high Voc (1.21V) has been achieved.    
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Appendix A 
	
  

Python scripts for a p-i-n GaNP 

solar cell 

 
Short circuit and Efficiency contour with various 

emitter and intrinsic layer thickness 
  The follow Python script is used to calculate the effect of the emitter layer 

thickness and intrinsic layer thickness to p-i-n GaNP solar cell short circuit current and 

efficiency in Section 6.4.  

 

import math 

import numpy as np 

import pandas as pd 

import matplotlib.pyplot as plt 

from decimal import Decimal 
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#spectrum irradiance (W*m - 2*nm -1) 

bs0 = 

np.array([3.3569E-03,6.5654E-02,2.0579E-01,4.0688E-01,4.5418E-01,5.1862E-01,5.4231E-01,6

.6788E-01,1.0847E00,6.7673E-01,9.3964E-01,1.1668E00,1.2235E00,1.1376E00,1.3480E00,1.49

87E00,1.5611E00,1.5562E+00,1.5976E00,1.5198E00,1.5490E00,1.5578E00,1.4952E00,1.5348E

00,1.5353E00,1.5427E00,1.5153E00,1.4932E00,1.5042E00,1.4497E00, 1.4657E00, 1.4715E00, 

1.4423E00, 1.4107E00, 1.4470E00, 1.4014E+00, 1.3570E+00 ,1.4139E+00, 

1.3933E+00 ,1.2180E+00 ,1.2919E+00]) 

lam =np.arange(3.0000E2, 7.1000E2, 0.1000E2) 

# reflectance of GaP 

R = 

np.array([0.335389271,0.338317678,0.358920463,0.387429202,0.46732241,0.462001638,0.4250

36008,0.410300539,0.397651128,0.386522899,0.376718617,0.368397468,0.361528971,0.35563

7645,.355637645,0.349013391,0.34002413,0.34002413,0.34002413,0.323432229,0.31695021,0.

31695021,0.311190855,0.311190855,0.305920486,0.301336477,0.301336477,0.297115935,0.29

7115935,0.293208024,0.293208024,0.289535326,0.289535326,0.286013677,0.286013677,0.286

013677,0.286013677,0.286013677,0.282968709,0.282968709,0.280219865]) 

# absorption coefficient of GaP 

alpha = 

np.array([436332,440026,455180,493335,249576,145283,97857,80000,71244,54643,43207,3405

4,30000,26896 ,16744,11000, 3694, 2500, 1450, 1000, 760, 600, 487, 350, 233,0,0,]) 

rest_alpha = np.repeat(0,14) 

alpha = np.concatenate([alpha,rest_alpha]) 

#absorption coefficient of GaNP 

alphaN = np.array([436332,440026,455180,493335,249576, 145283, 97857, 80000, 71244, 

54643, 43207, 34054, 30000, 

26896,24000,24000,24000,24000,24000,21000,21000,21000,21000,19777.34352, 18140.75909, 
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15074.87478, 12736.7502 ,10047.57244, 6987.87609, 3876.71375, 1677.71656, 527.5873, 

204.7378 ,5.74542, 0.19919,0, 0, 0 ,0, 0, 0]) 

 

#parameter fo structure 

print bs0[29], lam[29], R[29], alpha[20], alphaN[29] 

EgN = 1.96 #bandgap of GaNP, eV 

n = 1 

q = 1.6E-19 

Nc = 1.8E19 

Nv = 1.9e19 

De = 1.68 

Ne = 3E18 

Le = 35E-7 

Se = 1e6 

We = 40e-7 

 

Db = 1.53 

Nb = 4e17 

Lb = 35e-7 

Sb = 1e6 

Wb = 80e-7 

tb = 1e-6 

 

bs = bs0/q*lam/1240 

 

wis = np.arange(10e-7,11e-6,10e-7) 

wes = np.arange(10e-7,11e-6,10e-7) 
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def contour_plot(data_matrix1, title): 

 

 plt.figure() 

 X,Y = np.meshgrid(wes/1e-7,wis/1e-7) 

 cp = plt.contour(X,Y,data_matrix1) 

 plt.clabel(cp,colors = 'blue',inline=True, fontsize = 10, fmt = '%0.1f') 

 plt.title('{} contour map'.format(title)) 

 plt.xlabel ('emitter layer thickness (nm)') 

 plt.ylabel ('intrinsic layer thickness (nm)') 

 plt.show() 

 

def cal_of_efficiency (wis,wes): 

    Jsc = [[0]*len(wes) for i in range(len(wis))] 

    for i, Wi in enumerate(wis): 

        for j, We in enumerate(wes): 

            bs = bs0/q*lam/1240 

            Jln1 = q*bs*(1-R)*alphaN*Le/((alphaN*Le)**2-1) 

            Jln2 = 

(Se*Le/De+alphaN*Le)-np.exp(-alphaN*We)*(Se*Le/De*np.cosh(We/Le)+np.sinh(We/Le)) 

            Jln3 = Se*Le/De*np.sinh(We/Le) + np.cosh(We/Le) 

            Jln4 = alphaN * Le*np.exp(-alphaN*We) 

            Jln = Jln1*(Jln2/Jln3-Jln4) 

            

            Jlp1 = 

(q*bs*(1-R)*alphaN*Lb/((alphaN*Lb)**2-1))*np.exp(-alphaN*We)*np.exp(-alphaN*Wi) 

            Jlp2 = Sb*Lb/Db*(np.cosh(Wb/Lb)-np.exp(-alphaN*Wb)) 
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            Jlp3 = np.sinh(Wb*Lb)+alphaN*Lb*np.exp(-alphaN*Wb) 

            Jlp4 = Sb*Lb/Db*np.sinh(Wb/Lb)+np.cosh(Wb/Lb) 

            Jlp5 = alphaN*Lb 

            Jlp = Jlp1*(Jlp5-(Jlp2+Jlp3)/Jlp4) 

            

            Jgen = q*bs*(1-R)*np.exp(-alphaN*We)*(1-np.exp(-alphaN*Wi)) 

            

            J = Jln + Jlp + Jgen 

            QE1 = J/(q*bs) 

            Jsc[i][j] = float("%0.2f"%(0.1*np.trapz(J, lam))) 

             

    return Jsc 

 

Jsc = cal_of_efficiency(wis, wes) 

contour_plot(Jsc, "Jsc (mA/cm2)") 

te = 1e8 

effs = [[0]*len(wes) for i in range(len(wis))] 

for i, Wi in enumerate(wis): 

    for j, We in enumerate(wes): 

        #diffusion current 

        Jn = 

q*De*Nc*Nv/Le/Ne*((Se*np.cosh(We/Le)+De/Le*np.sinh(We/Le))/(De/Le*np.cosh(We/Le)+S

e*np.sinh(We/Le))) 

        Jp = 

q*Db*Nc*Nv/Lb/Nb*((Sb*np.cosh(Wb/Lb)+Db/Lb*np.sinh(Wb/Lb))/(Db/Lb*np.cosh(Wb/Lb)+

Sb*np.sinh(Wb/Lb))) 

        J0 = (Jn+Jp)*np.exp(-EgN/0.0259) 
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        # recombination current at depletion region 

        Jscr = q*((Nc*Nv/te/te)**(1/2))*Wi 

        Jscr1 = Jscr*np.exp(-EgN/2/0.0259) 

         

        # total dark current 

        Jt = J0 + Jscr1 

         

        # open circuit voltage 

        Voc = 0.0259 * np.log(Jsc[i][j]/Jt + 1) 

         

        # fill factor 

        Voc1 = Voc/0.0259 

        FF = (Voc1 - np.log(Voc1 + 0.72)) / (Voc1 + 1) 

         

        effs[i][j] = Jsc[i][j] * Voc * FF 

 

contour_plot(effs, "efficiency (%)") 

 

 

    




