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Abstract 

Due to increasing demand of nanowires (NWs) in the areas of electrical and photonic 

devices applications, it is imperative to try to improve their properties that are found to 

degrade their device performances. This thesis provides an extensive investigation of 

InAs based NWs for use in the photodetection applications. To achieve this goal, the 

structural and optical properties of InAs NWs and InAs NW-based quantum materials 

(e.g., InAsSb NWs, InAs/AlSb NWs and InAs/GaSb core-shell NWs) have been 

investigated. 

The NW samples were grown by molecular beam epitaxy (MBE); self-catalysed droplet 

epitaxy was used as the growth mechanism for them. To improve the optical properties 

of InAs NWs, we further optimised the MBE growth for the NWs based on our previous 

growth understanding, which resulted in InAs NWs give strong room temperature 

photoluminescence (PL) at room temperature. We also notified that the substrate doping 

type gives significant effect on PL emission. In order to improve the axial growth rate 

for the epitaxy of NW devices, we developed a new 3-step growth technique: step 1 – 

droplet seeding, step – 2: NW growth initiation, step - 3 NW growth at high growth rate. 

The above new growth method yielded high quality InAs NWs with much higher axial 

growth rate compared to conventional growth methods. This method offers cost-

effectiveness and reduction in time consumption. The NW samples grown by this 

method demonstrated denser, longer and enhanced optical properties.  

The thesis also studied the incorporation of Sb into the InAs NWs to synthesis InAsSb 

NWs which is very challenging but has many interesting device applications. Through 
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comprehensive growth study, we demonstrated the realization of InAsSb NWs with 

increased Sb content through reducing growth rate of the NWs. For the first time, we 

produced optically active InAsSb NWs with 19% of Sb content which gives PL 

emission at a long wavelength of 5.1 𝛍m at 10 K.  This achievement reveals that our 

InAsSb NWs could be used for infrared photodetectors and emitters operating in entire 

mid wavelength infrared spectral range (MWIR), e.g. 3-5 𝛍m. 

It is well known that NW structures suffer from severe surface states which degrade the 

resulting devices performance, due to the large surface to volume ratio. To overcome 

this problem, in this thesis, we developed several advanced NW-based quantum 

materials with a core-shell structure (heterojunction), e.g., the NW core is passivated 

with shell layer of different material. Two novel core-shell NW materials namely, 

InAs/AlSb and InAs/GaSb were grown. Transmission electron microscopy (TEM) and 

electron diffraction x-ray (EDX) confirmed the success of the core-shell structure. More 

importantly, the PL study indicates a massive enhancement in the PL emission, by 5 

times in comparison with the bare InAs NWs. Temperature dependence PL 

measurements proved that surface states were significantly eliminated. Our core-shell 

NW structure is a great success in surface passivation. 

Mesa device of bare InAs NWs were fabricated and its current-voltage (I-V) were 

tested in room temperature. I-V measurements showed that the NW device is a 

working device with relatively high dark current of 0.0011A and negative 

photocurrent of (-8.9526×104A). 

Single NW field effect transistors (FET) were fabricated using bare InAs NWs and 

InAs/ AlSb core-shell NWs and operated as photodetectors. The dark current 

measurements reveal that the bare InAs NW device gives a high dark current 1.5×10-6 

A, while the core-shell NW device has a much more supressed dark current of  
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2.8×10-8 A, which is 186 times less than bare InAs NW device. This is a further evidence 

of the surface passivation induced by the shell layer, which is important for fabricating 

photodetectors with high directivity. The photocurrent study show that the bare InAs 

device gives a photocurrent of 0.2 um leading to a signal-to-noise ratio of 13%, while 

core-shell NW devices exhibited anomalous photocurrent behaviour, e.g. The device 

gives a signal-to-noise ratio of 80%, which is 6 times higher than the bare InAs NW 

device. These striking device properties were attributed to the efficient surface 

passivation caused by the shell layer of the materials. The anomalous photocurrent 

behavior was attributed to the trap centres in the shell layer.   Our study demonstrates 

the great potential of the core-shell structure in the use of highly efficient infrared 

photodetectors. 
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Chapter 1 

Introduction 

 
1. 1  Infrared-photodetectors: 

Photodetectors are semiconductor devices that convert the optical signal into electrical 

current.  They have been used widely, in military applications (e.g., navigation, night 

vision, weapons detection), commercial applications (e.g., communications, aerospace, 

medical imaging), public applications (e.g., atmospheric sounding, pollution control, 

meteorology, environmental monitoring), and academic applications (e.g., 

astronomy)[1]. The operation principle of photodetectors is based on the quantum 

photoelectric effect: incident photons generate carriers, which contribute to the 

photocurrent/photovoltage. Their output depends on the number of absorbed photons. 

To initiate photoelectric emission, a certain minimum energy of the incident photon is 

required. Therefore, photon detectors show a wavelength dependence of response per 

unit of incident photon power. 

There are a few dominant technologies for photodetectors in the market. The first type 

is based on HgCdTe (MCT) and InSb. Photodetectors based on these materials 

encountered weakness such as noise non-uniformity and cooling requirements for 

photon detector with wavelengths exceeding 3 μm. Cooling is important to avoid 

thermal generation of charge carriers. Non-cooled devices are very noisy because 

thermal transition competes with optical ones [2, 3]. To avoid this, the device must be 

cooled. The cooling requirement is the most common problem in the IR systems making 

them heavy, bulky and expensive [4-7]. This created a need to invent a new group of 

materials to improve the photodetector performance.  
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Quantum well IR photodetectors (QWIPs) is another existing IR technology have been 

used as an alternative solution. They must grow on lattice-matched expensive substrates 

(InGaAs,InAs,InSb) and suffer from high dark current, low quantum efficiency and lack 

of normal incidence absorption [7]. QDIRPs based on III-V materials have some issues 

in their growth and in the variability in the size and shape of the dots [3, 8-10].Type- II 

superlattice (T2SL) has been developed in device design because of their versatility in 

bandgap engineering which are not existing in other material systems. However, T2SL 

photodetectors have their own challenges, such as producing thick SLs structure without 

degrading the material quality. Thick superlattice is necessary for achieving high 

quantum efficiency photodiode. Considerable surface leakage is a serious problem of 

in T2SL which results by the discontinuity in the periodic crystal structure [6]. All the 

above drawbacks remain a problem for infrared photo detection. 

Semiconductor nanowires are a new class of materials that can improve the 

photodetection technology. The small footprint of NWs makes them readily release the 

strain induced by the lattice-mismatch without the generation of dislocations. This 

feature enables epitaxial growth on inexpensive Si substrates and therefore could solve 

the problems detailed above.  

 

1.2 The significance of nanowires 

Nanowires (NWs) are one-dimensional structures with length of the order of few 

microns and diameter in the range of tens to hundreds of nanometres. NWs have 

exhibited attractive physical properties that are not available in bulk materials, such as 

electrical carrier confinement in two dimensions of the NWs. Quantum confinement 

occurs when the wavelength of the electron in a material is of the same dimension as 

the material. This means that the motion of the electrons becomes quantized in the 
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confining dimension [9]. This implies that the energy levels of NWs will be discrete 

instead of continuous as found in bulk materials, as shown in Fig 1.1. All the above 

features make NWs favorable to optoelectronic applications. For instance, NWs have 

demonstrated enhanced light absorption [11], and efficient carrier separation and 

collection [11, 12] leading to applications in InP NW solar cells which recorded 

efficiency of 13.8% [13] , GaAs NW solar cells with a record efficiency of 15.3% [14], 

InAsSb NW photodetectors [15], and III-V NW phototransistors [16].  

 The hybrid structure of combining III-V and silicon has attracted historic attention due 

to their exceptional physical properties. The conductivity of semiconductors can be 

enhanced using electric field. In addition, their electric properties can be controlled by 

adding impurities (dopants). These properties make semiconductor materials very 

versatile. 

 

 

 

 

 

 

 

 

 

1.3 Challenges of NWs 

Although there are many advantages of using NWs grown on silicon substrates, several 

challenges still stand in the way of further improvement of NW device performance, 

the crystalline quality, surface states, efficient recombination and quantum 

Figure 1.1: Electronic density of states for different dimensions of nanostructures. 
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confinement. It is difficult to control the geometry and density of NWs, stacking faults, 

and the variations in stacking that produce mixed phases such as zinc-blende (ZB) and 

wurtzite (WZ) [17, 18]. These difficulties can be controlled through optimized growth 

conditions and the use of impurities [19] and surfactants [20, 21]. Due to the huge 

surface area-to-volume ratio of NWs, the surface states significantly degrade their 

optical and electronic properties and impede their use in optoelectronic devices [22]. 

This problem could be eliminated through engineering a chemically inactive surface to 

produce a proper surface passivation hence to prevent the formation of surface states. 

Several approaches have been developed including coating the surface with polymers; 

[23, 24]treating the NWs with chemicals [25, 26]; and monolithic growth of a shell layer 

to encapsulate the core NWs [27, 28]. Amongst these approaches, the latter offers 

several advantages, e.g. avoiding the risk of contamination and oxidation in device 

processing, providing a bandgap engineering capability and efficient quantum 

confinement if appropriate materials combinations are realized.  

Many core-shell NWs based devices have been reported; such as LEDs [29-31]  , solar 

cells [32-34] , lasers [35] and photodetectors [36, 37]. However, there are very few 

reports of core-shell NWs involving InAs, which is one of the most important narrow 

bandgap optoelectronic materials. InAs (Eg = 0.35eV) has a very high mobility (8×105 

cm2 /Vs at 4.2 K), its combination with III-antimonies gives a small lattice-mismatch 

(about 0.66% for InAs/GaSb and 1.18% for InAs/AlSb), and has a large conduction-

band offset (~1.12eV for InAs/GaSb and ~1.35 eV for InAs/AlSb). These factors 

produce excellent electron confinement. Together with its type-II bandgap alignment, 

InAs/antimonite heterostructures are thus promising candidates for high-speed and high 

performance electronic/optoelectronics devices operating in the mid wavelength 

infrared spectral range [38]. 
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This thesis focuses on the growth and physical characteristics of InAs NWs, InAsSb 

NWs and two core-shell structures, which have the same core (InAs) but are wrapped 

with different shell materials, AlSb and GaSb. The study involves molecular beam 

epitaxial growth, structural analysis including geometry and morphology, and analysis 

of the optical properties. The InAs/AlSb NWs were fabricated into photodetector 

devices. Their characteristics and photoresponse are also presented in the thesis. 

 

The outline of the thesis is structured as follows: 

Chapter 1 - Highlights the motivation of this thesis. 

Chapter 2 - Presents the relevant fundamentals and background theory. 

Chapter 3 - Reviews the literature related to the materials and the structures of this 

study. 

Chapter 4 - Shows the experimental techniques employed for growing and 

characterizing the NWs. 

Chapter 5 - Addresses the results of the growth and analyses the characteristics of 

NWs. 

Chapter 6 - Presents the results of photoluminescence measurements and optical 

properties of the NWs. 

Chapter 7 - Analyses the NW photodetector design and presents the results of the I-

V testing. 

Chapter 8 - Concludes and addresses the possibility of future work to extend the 

research in this thesis. 
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Chapter 2 

Theoretical concepts 
 
This chapter presents the basic theoretical concepts relevant to this study, such as those 

of semiconductor materials, crystal structure, band gap alignment, recombination 

mechanism, p-n junction, and photodetector. 

 

2.1 InAs crystal structure and the crystalline defects in 

nanowires 
 

The most common crystal structure of semiconductor materials is divided into two 

types; cubic zincblende (ZB) structure and hexagonal or wurtzite (WZ) structure. The 

cubic ZB structural phase is composed of two face centre cubic (fcc) lattices shifted by 

one quarter along the space diagonal in (111) direction. The tetrahedral bonds between 

the nearest atoms are same for both phases. The sequences of ZB are composed of three 

distinct layers of III-V pairs, which are denoted as ABCABC, while WZ phase is 

described; by two repeated layers of III-V, pairs denoted by ABAB, see Fig 2.1a. InAs 

is similar to all other III-V materials; it crystallizes in the cubic ZB structure in bulk. 

However, when it is grown as nanowire, it features the hexagonal WZ phase. The major 

difference of these two structures is the stacking sequences along the growth direction. 

This stacking sequence gives the appearance of both phases for nanowires that is related 

to the growth direction of NWs. It is [111] direction for the cubic cell; it is in [0001] 

direction while in hexagonal cell. 

In NW materials, pure ZB structure is the exception rather than the rule. In addition, 

many crystalline defects such as stacking faults; twin defects and ZB-WZ polytypism 
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are commonly present in it. These defects of several different types can be described 

below: 

1. Stacking faults: Stacking faults (SF) occurs as a result of deviation from perfect 

WZ phase, which gives rise the sequence ABAB|CBCB with the fault line 

between B and C. This fault automatically creates single unit of ZB structure 

ABC [1]. 

2. Twin plane: Twin plane is known as a mirror plane between two segments 

rotated by 60o from each other [2] and hence reverses the stacking sequence. In 

the ZB, a twin plane is created due to misplacement of a single bilayer from 

ABC to CBA [3, 4].The new stacking sequence becomes ABCACBA, where A 

is the twin plane. In WZ phase, the misplacement of a single bilayer gives rise 

to the sequence ACBCBAC. Based on the presentation made above, it may be 

noted that a single twin plane in the ZB phase cannot produce a WZ segment. 

In order to change the structure from ZB phase to WZ phase, it requires at least 

two sequential twin planes i.e; ABCA|C|A. That means the smallest WZ 

segment needs four bilayers, as underlined above. 

3. ZB-WZ polytypism: Binary semiconductor nanowires such as InAs nanowires 

exhibit a high density of randomly distributed twin defects and stacking faults, 

and hence results in an uncontrolled, or polytypic, crystal structure. The 

polytypism results from a plane that is formed between ZB and WZ phases, and 

has density determining the size of segment of each phase. According to Caroff 

et al., for InAs, the smallest WZ segment in ZB phase should be 2.8 nm in length 

(ABAB). While ZB segment length should be at least 2.1 nm (ABC) to be found 

in WZ phase [2]. 
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2.2  NWs growth techniques and mechanisms 
 

III-V nanowires can be synthesized by various growth techniques, including laser 

ablation [5, 6] chemical vapor deposition (CVD) [7-10], chemical beam epitaxy (CBE) 

[11],metalorganic chemical vapour deposition (MOVPE) [12-14]  and molecular beam 

epitaxy (MBE) [15-17]. Regardless of the growth technique NWs can be grown by 

different mechanisms i.e metal catalysed growth mechanism such as the vapour-liquid-

solid mechanism (VLS), oxide (for example, SiOx) assisted growth mechanism, and 

self-catalysed growth mechanism. All these mechanisms involve transition of the 

source species from the vapour phase to the solid semiconductor phase. For instance, 

MBE growth of InAs nanowires makes use of In and As4 beams, which when dissolved 

in droplet, undergo supersaturation yielding solid InAs NW by the VLS mechanism. 

Likewise, CVD growth of InAs nanowires make use of trimethlyindium (TMIn) and 

arsine (AsH3) precursors at a substrate temperature range of 300-390 °C and on Au 

nanoparticles formed on Si substrate. Au and In form Au/In eutectic liquid droplet. 

Figure 2.1: a) Schematic of the WZ crystal structure with ABAB layer 

stacking along the [0001] direction and (b) Schematic of the ZB crystal 

structure with ABCA layer stacking along the [111] direction [1]. 
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Subsequently, In and As dissolved in this droplet are supersaturated yielding InAs 

nanowires. 

The self – catalysed growth of InAs nanowires does not necessarily make use of a metal 

catalyst and metal/In eutectic droplet.  The growth is carried out by a mechanism called 

vapour-quasisolid-solid (VQS) mechanism. It is a corrected form of vapor-solid (VS) 

or vapour-solid-solid (VSS) mechanism. For some nanowires, such as GaAs nanowires, 

the VLS growth mechanism is apparent Ga droplet microscopically visible at the top of 

NWs.  In contrast, it is challenging to judge either VLS, VS or VSS mode has been 

applied for InAs NWs growth. This is because droplet mediating NW growth is rarely 

visible on the top of the grown NWs. A brief overview of the VLS, and VS growth 

mechanisms are presented below.  

 

2.2.1  The Vapor-Liquid-Solid (VLS) process 

Wagner and Ellis discovered the VLS mechanism in 1964 [18]. This mechanism, for 

example, for InAs nanowire growth, involves three main steps:  

1. Choice of an appropriate metal catalyst for growth and the formation of small 

metal/In eutectic droplet at the eutectic temperature TE on the substrate surface. 

2. Passing of vapour-phase source species on the eutectic droplet at a temperature T≥TE.  

3. Supersaturation of the vapour-phase source species at the liquid/solid (e.g., 

droplet/substrate) interface.  Deposition of III-V solid material in the form of nanowires 

follow.  

VLS process operates as long as liquid droplet exists [19]. As stated earlier, three phases 

of material; vapour phase V, intermediate liquid phase L and the final solid phase S 

participated in NW growth by the VLS mechanism. This growth mechanism can be 

ascertained by thermodynamic conditions, while the rate of growth process is 
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kinetically governed [20]. Both thermodynamic and kinetic growth processes depend 

on the growth conditions including, temperature, system pressure, and partial pressure 

of the precursor materials. These conditions can determine whether the growth is 

dominated by the thermodynamic or kinetic conditions. The crystal growth requires the 

fulfilment of Gibbs-Thomson effect for growth, including the existence of chemical 

potential difference between the supplied materials and the material intended to be 

grown (See Fig 2.2). It serves as the thermodynamic driving force for supersaturation 

and growth. It is given by 

 

           SVVS                                     (2.1) 

 

Where ΔμVS, is the chemical potential difference between vapour and solid phases, μV 

is the chemical potential of material in vapour phase and μS is the chemical potential of 

material in solid phase. The chemical potential difference between the vapour phase and 

the solid phase should be positive to ensure supersaturation and solidification. For this, 

the chemical potential of the liquid phase, e.g.,  μL should be larger than that of the solid 

phase, e.g.,  μS, but smaller than that of the vapour phase, e.g., μV. It would drive the 

vapour-to-liquid-to-solid transition (eq. 2.2) [5]. 

 

                                  μV >μL>μS      or        ΔμVS>μLS> 0                (2.2) 

 

If ΔμVS is zero, the system is at equilibrium and the growth will stop. If it is negative, 

the system is undersaturated and there is a thermodynamically driving force for 

desorption of material from the crystal into the supply. 
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Equation (2.2) is the conditions where the adsorption-induced VLS growth occurs. For 

group III-V nanowire growth, the chemical potential of each phase equal to the 

summation of the chemical potential for each group as stated in eq. 2.3. 

 

                                         μV = 𝜇3
𝑉 + 𝜇5

𝑉
                      ( 2.3) 

 

If the condition in eq. 2.2 is satisfied NWs will grow via VLS process as follows. The 

metal nanoparticles are formed on substrate. Since the liquid droplet formed from it has 

sticking coefficient larger than that of the solid substrate; semiconductor precursors at 

the growth temperature T, prefer to deposit on the liquid droplet than on the substrate.  

By further supplying semiconductor precursors to the droplet, the droplet is 

supersaturated with the vapour-phase nanowire source species. Consequently, the 

incoming fluxes of the NW source species are precipitated at the droplet/substrate 

interface forming NWs. The diameter of the resultant NWs depends on the droplet size 

and the growth process depends on the supersaturation, which is affected by the 

precursor’s concentration and substrate temperature [21]. VLS mechanism is shown in 

Fig (2.2).   
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Figure 2.2: Schematic Illustration of the supersaturation relevant in a 

three-phase system modified from reference [7] 
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2.2.1    The Vapor-Solid process   

Vapour-solid mechanism operates when thermally evaporated semiconductor source 

species land on the substrate and are deposited on this surface in the form of nanowires.  

The semiconductor vapour temperature may be close to its melting point temperature. 

Preferential incorporation of reactants takes place at high-surface-energy sites leading 

to continuous growth of nanowires. It is argued that nanowire growth is driven by 

physio-chemical processes such as directed screw dislocation, planar defects (twin 

boundary and stacking fault), anisotropic surface energy of various facets, mediation of 

oxides, etc. As there is no metal catalyst involved in the growth, there are no droplets 

to act as favourable locations to collect the III-V precursors. VS process is not analogous 

to VLS process, as it involves no liquid intermediate phase. 

 

2.3 Self-catalysed droplet epitaxy (DE) for InAs 

nanowires  

In droplets MBE epitaxy, metal droplets are first formed. These droplets act as the 

collectors of materials from the incoming growth precursors. To be more specific, the 

supplied source elements act as seeds for crystallisation to initiate the NW growth 

Figure 2.3: VLS mechanism for III-V NWs using foreign catalyst. Modified from Ref. [23] 
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(growth details presented in chapter 5 section 5.2.2), group III materials on the substrate 

surface act as a collector to the top of the NWs when the shutter are opened for initiating 

of NWs growth. In this thesis, all InAs NWs were grown via As rich condition which 

assumes a VS mechanism. This means In flux play a crucial role in determining the 

NWs growth rate and the morphology of the resulting NWs [22]. 

 

2.4 Substrate orientation and NWs growth direction 

InAs NWs are grown on Si (111) substrate. This crystallographic direction for growth 

is favoured because this crystallographic direction has lower surface energy that makes 

the atoms to precipitate on the substrate surface and cause the largest decrease in Gibbs 

free energy. The (111) growth direction also minimises the interfacial energy of the 

nanoparticle–nanowire interface. Therefore, NWs grown on Si (111) direction would 

grow up vertically on the substrate [23]. 

 

2.5 Carrier occupation and Fermi level  

The probability of an electron to occupy a given energy state (E) can be described by 

Fermi-Dirac distribution function: 

      𝐹(𝐸) =
1

1+𝑒
(𝐸−𝐸𝑓)/𝑘𝑇                   (2.4) 

Where, F(E ) is the probability that an energy state is occupied, E is the energy of the 

energy state, Ef is the Fermi level, k is the Boltzmann constant, and T is the absolute 

temperature in degree Kelvin [24].For intrinsic semiconductor Fermi level is located 

approximately in the middle of the bandgap (Fig 2.4b). Doped semiconductors have 

different situation. In the case of n-type materials, large number of electrons occupies 

the conduction band shifting Fermi level Ef up close to or inside conduction band 
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(Fig2.4a). P-doping shifts the Fermi level down close to or inside the valence band. 

Consequently, large number of holes will exist in the bottom of valence band edge. If 

the semiconductor atoms are injected by both electrons and holes, electrons and holes, 

can occupy the conduction band and the valence band respectively at the same time. 

This leads to the separation of quasi Fermi levels of electrons EFc  and holes EFv [25] . 

 

 

 

2.6 Direct and indirect bandgap semiconductor 

If a transition between conduction and valence band happens without the change of momentum. 

This transition is called the direct transition and the semiconductors are called direct bandgap 

semiconductors. A few examples of these semiconductors are GaAs, InAs and InP, see 

Fig (2.5a). In direct bandgap semiconductors, the transition of electrons from the 

Figure 2.4: Carrier distributions of a) n-type semiconductor, b) intrinsic semiconductor, C) p-type 

semiconductor. Where gC(E), gV(E) are the density of states in the conduction band and valence 

band respectively. f (E) is the filled –state occupancy factor, [1-f (E )] is the empty –state 

occupancy factor modified from Ref [26 ] 
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conduction band to the valence band can result in an emission of photons with energy 

equal to energy band gap Eg. Unlike indirect bandgap semiconductors (Fig (2.5b)) 

which have the conduction band minima and valence band maxima different locations 

(different momenta). For these semiconductors, electron transitions from the 

conduction band to the valence band at the bandgap energy must be accompanied by 

phonon emission or absorption in order to account for the change in momentum [26, 

27]. 

 

 

 

2.7 Bandgap engineering: 

If electrons from the conduction band and holes from the valence band recombine 

directly, a semiconductor emits light. The energy of the emitted radiation can be tailored 

by altering the bandgap of a material to produce a specific wavelength. This is known 

as bandgap engineering [28]. In nanocrystals, many parameters can be tuned so they 

can modulate their electronic bandgap, including size, shape, and composition of the 

bands. For binary compounds, the bandgap can be calculated using eq. (2.5). 

 

                                 Eg = xEInSb + (1 - x)EInAs - Cx (1 - x),               (2.5) 

Figure. 2.5 the electron energy versus momentum plot at the bottom of 

conduction band and the top of valence band for case (a) direct 

semiconductors and case (b) indirect semiconductors. 
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Where x is the Sb composition, EInAs and EInSb are the bandgaps for InAs and InSb 

respectively, and C is the bowing parameter. The bowing parameter is a factor included 

that accounts for the deviation of each ternary compound from a linear interpolation 

between the two binary compounds. For InAsSb the bowing parameter is within the 

range 5 of 0.67– 0.69 eV and is thought to be temperature dependent [29].  

 

2.8 Temperature dependence of the bandgap 

The temperature dependence of the bandgap arises from increasing the lattice constant 

with increasing temperature. This increase in lattice spacing leads to reduction in the 

energy that required to exciting electron into the conduction band, which in turn leads 

to narrowing the bandgap of the material. This change in bandgap can be described 

using Varshni equation, which is given by follows: 

 

𝐸𝑔(𝑇) = 𝐸𝑔𝑜 −
𝛼𝑇2

𝛽+𝑇
        (2.6) 

Where, 𝐸𝑔𝑜 is the bandgap energy at 0 K, α and β are empirical parameters. α is 

0.5meV/K and β is of the order of Debye temperature  [28]. 

  

2.9 Energy band alignment 

When two different semiconductors are joined to form a heterostructure, different types 

of band alignments result. The band alignment depends on the differences in electron 

affinities and band gaps of the two semiconductors. These heterostructures can be 

categorized into three types; type I, type II and type III heterostructures. The details of 

these heterostructures will be explained in next section. 
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2.9.1   Type I band alignment 
 

In type I alignment of heterostructure, the conduction band Ec of narrower gap material 

(A) is lower than that of wider gap material (B) as shown in Fig 2.6. In this type of band 

alignment, both electrons and holes are confined in the narrower gap material. Examples 

of heterojunction that giving type I alignment are AlAs/GaAs, (AlAs, AlSb)/ GaSb, 

(AlSb,GaSb)/InSb and (GaAs,GaSb,InSb)/AlSb [30]. 

 

 

 

2.9.2   Type II Bandgap alignment 

Type II band alignment confines one type of carriers in different materials. This leads 

to carriers’ separation, which causes indirect radiative recombination. Depending on the 

nature of band-offset, type II alignment may be divided into two categories; type II-a 

and type II-b1. In type II-a, the electrons are confined in the narrow band gap material 

whilst the holes are confined in the wider gap material. This is evident from the 

following figure for type II-b (see Fig 2.7). Example of type II-a, 

(AlAs,GaAs,InAs)/AlSb. For type II-b, (AlSb, GaSb)/GaAs. 

Figure 2.6: Illustration of type I band alignment 
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2.9.3   Type III bandgap alignment (broken gap) 

In this type of band alignment, the conduction band of the narrow gap material is lower 

than the valence band of wider material.  It produces type III-a band alignment such 

asInAs/GaSb and (InAs,GaSb)/InSb. In typeIII-b, the conduction band of wider gap 

semiconductor is lower than the valence band of the narrower gap material. A good 

example of it, is (InSb,GaSb)/InAs. , shown in Fig (2.8)  

 

 

2.10   Recombination Mechanisms 

When electron in the conduction band combines with holes in the valence band, they 

could emit a photon and/or phonon, depending on whether they recombine radioactively 

or non-radiatively. There are different types of radiative processes including band-to-

band recombination (BtB), band to donor/acceptor recombination (BDA), donor to 

Figure 2.8: Type III energy band alignments 

 

Figure 2.7 Energy band alignments for (a) type II-a and (b) type II-b. 

Diagram indicates the location of carriers and sign designation of the 

conduction and valence band offsets [12].  
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acceptor recombination (DA) and exciton recombination. The non-radiative 

recombination includes Auger recombination, Shockley-Read-Hall Recombination and 

surface recombination.   

2.10.1 Band-to-Band recombination  

Band to band recombination occurs when an electron from the conduction band directly 

combines with a hole in the valence band and releases a photon (Fig 2.9a). The emitted 

photon has energy equal to the band gap and it is equal to the difference between energy 

of conduction band edge EC and the valence band edge EV. This process is dominant in 

direct gap semiconductor materials. 

 

 

 

2.10.2 Free to bound recombination 

Another radiative process, which occurs between electrons in the donors’ state and holes 

on the valence band (Fig 2.9b) or between electrons in the conduction band and holes 

in the acceptor states (Fig 2.9c), due to transitions caused by defects in a semiconductor. 

 

Figure 2.9: Radiative recombination mechanisms; (a) band-to-band recombination, 

(b) donor state to valence band recombination, (c) conduction band to acceptor 

state recombination, (d) donor to acceptor recombination. Solid circles represent 

electrons whilst hollow circles represent holes. Dashed lines correspond to phonon 

emission whilst solid lines represent photon emission. EC and EV are the energies 

of the conduction and valence bands respectively. 
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They occur at low temperatures as the donor/ acceptor level excite to 

conduction/valence band as temperature increases, favoring BtB emission. The 

resultant photon has a longer wavelength than the emission from band to band 

recombination. 

2.10.3 Donor to acceptor pair recombination  

In the presence of sufficient impurities in both levels (hole level and electron level) of 

semiconductor, a radiative emission can result by the recombination between donor and 

acceptor states (Fig 2.9d). The donor-acceptor recombination can only be clearly seen 

at low temperatures. 

2.10.4 Exciton recombination 

Electron – hole pair is observed in pure bulk materials at low temperature under 

conditions in which thermal energy is lower than the binding energy of the exciton. 

Another condition for exciton formation is low carrier concentration. Since the high 

carrier concentration, could screen the interaction between holes and electrons. There 

are two types of exciton; free exciton which produces photons with energy less than the 

bandgap and abound exciton which can be found near a defect or impurity sites. 

2.11  Non-radiative recombination 

In some cases when electron and hole recombine (especially in narrow bandgap 

materials) there would be no photon could be emitted. Instead, a phonon can be 

produced causing non-radiative emission. This type of emission is undesirable. It 

degrades device performance. There three types of such an emission including; Auger 
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recombination, surface recombination, and Shockley-Read-Hall Recombination. Their 

details will be described in below. 

2.2.1   Auger recombination 

Auger recombination occurs when the recombination energy is supplied to a third 

charge carrier causing the latter to be excited to a higher energy level within the band. 

There are four types of Auger recombination, three of them involve two holes and one 

electron (ehh process) and are dominant in p-type materials. The fourth one occurs in 

the presence of two electrons and one hole (eeh process) and it is important in n-type 

materials. Auger recombination becomes severe for some special cases, for examples, 

at high temperature, at high doping concentration and in the materials with narrow band 

gap [31]. There are three types of Auger recombination illustrated in Fig (2.10). 

 

2.11.2 Surface recombination 

Surface states can be defined as a number of localized energy states or generation-

recombination centres that may be introduced at the surface region. Surface states are 

related to the dangling bonds that are formed in semiconductors due to the lack of 

Figure 2.10: Auger recombination show both processes (eeh) and (ehh). 
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neighboring atoms. The dangling bonds trap impurities causing non-radiative emission. 

Surface state is common problem in nanowires due to large area to volume ratio. 

However, it can be suppressed by surface passivation [32]. 

2.11.3 Shockley-Read-Hall Recombination 

This type of recombination caused by native lattice defects in the crystal such as 

vacancies, impurities or dislocations in the crystals. They create deep level state within 

the energy gap leading to a transition either from the conduction band to a trap state or 

from a trap state to the valence band. Usually deep level transitions are non-radiative 

where the recombination occurs via a multi phonon process. 

2.12    p-n junction 

PN junction is the basis for many devices such as diodes, transistors, LED, solar cells 

and photodetectors. PN junction is formed when p-type semiconductor has an interface 

with an n-type material. At the junction, there is a difference in carrier concentrations 

as these concentrations are different in the two adjacent regions. Therefore, electrons 

diffuse from n- type to p-type region leaving behind immobile positive ions, which 

create a layer of positive charge sat the junction edge. Similarly, holes move across n 

region from p-type region causing a layer of immobile negative ions near the junction. 

The carriers’ movement from n and p type creates current called diffusion current. The 

two layers of negative and positive ions form depletion region. The ions inside it try to 

combine with each other causing potential difference, which is called barrier potential 

or built-in potential. This potential acts as a barrier to the free electrons preventing them 

from any more diffusion unless they have energy enough to break this barrier potential.  

This energy can be supplied by applying an external electric field. Under appropriate 
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conditions, all these may occur naturally without applying any external electric field. 

As shown in Fig (2.11 a). When applying forward bias, the height of potential decreases, 

which promotes the diffusion of electrons across the junction. This bias leads to 

shrinkage in depletion region, leading to increase in current in the circuit as shown in 

Fig (2. 11b). Under reverse bias condition, the height of the potential barrier increases. 

Hence, electrons cannot jump to the p-side from the n -region instead causing expansion 

in depletion region and a low current. 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.13    Photodetector and principle of operation 

Photodetector is a device that convert incident optical signal into electric current. 

Photodetectors can be fabricated in many different ways. They can be p-n junction 

photodetectors, p-i-n diodes, metal-semiconductor diodes (or Schottky barriers) and 

heterojunction diodes. When photons strike the active region (depletion region) of the 

Figure 2.11: P-n junction in a) Thermal equilibrium. b) Forward bias. C) Reverse bias. 

Modified from Ref [14]. 

 

 

a 

b 

c 
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device, the photogenerated e-h pairs. Because of strong electric field in the depletion 

region, it separates the generated e-h pairs. This occurs without applying any external 

electric field. By applying reverse bias, the photogenerated carriers are swept apart to 

the opposite terminal of the applied electric field (holes to the cathode and electrons to 

the anode). Consequently, these carriers will contribute to the photocurrent of the 

external circuit. The photodetector devices may be reversely biased to improve the 

response speed; the devices also have a small area to ensure a low junction capacitance. 

Several other types of photodetectors will be described in the next sections.  

 

2.13.1 A p-i-n photodetector 

A p-i-n diode is a p-n junction with an extra-undoped layer sandwiched between p and 

n regions. The question that may be raised is; why i-layer is required? 

In photodetector, it is important to have athick active region so that it absorbs all the 

incident photons. To further widen the depletion region that acts as an active region of 

the photodetector, intrinsic layer (i) should be sandwiched between p and n side.     

Adding this layer will decrease the capacitance of the photodetector as shown in eq. 

(2.7): 

                  𝐶𝑗 =
𝐴

𝑑
                                    (2.7) 

 

Where 𝐶𝑗 , is the junction capacitance, A is the area of depletion region and d is the 

distance between positive and negative charge in the depletion region. Reducing the 

capacitance leads to a high frequency response according to eq. (2.8). Consequently, 

the speed of the photodetector will increase. In addition, when capturing area of the 

light (which represents i-layer) becomes larger, the efficiency of the device becomes 
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higher due to better light absorption, which increases the responsivity of the 

photodetector increases. As shown in eq. (2.9) [33].  

𝑓 =
1

2𝜋𝑅𝐶
         (2.8) 

Where 𝑓 is the frequency, R, is the resistance and C is the capacitance. 

 

2.13.2 Heterostructure photodetector 

Heterojunction device is formed by epitaxially depositing a semiconductor a large 

bandgap on a small bandgap semiconductor. The lattice mismatch between the two 

materials should be very small in order to obtain heterojunction without dislocations. 

The heterojunction can be fabricated in a way so that the material combinations can 

make the device parameters easily optimised. These device parameters include specific 

optical-signal wavelength quantum efficiency and response speed. 

 

2.13.3 Metal-semiconductor photodiode: 

This kind of detectors is particularly useful in the ultraviolet and visible light regimes 

of the spectrum. It consists of semiconductor materials with thin layer of metal about 

(10 nm) coated with anti-reflection layer. In order to ensure that all or most of the 

incident radiation is absorbed by the semiconductor surface, it is important to choose 

an appropriate metal and the antireflection coating for specific wavelength. For 

example, Au-Si photodetector with 10 nm gold and 50 nm antireflection (zinc sulphide) 

coating, can transmit more than 95% of the incident light (λ=0.6328𝛍m) into the Si 

substrate.  
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2.14    Photodetector characterization parameters 

When photodetector is designed there are main parameters of it should be measured to 

ensure that the device is working. These parameters are; Quantum efficiency (𝜂), 

responsivity(R), impulse response (tr) and noise equivalent power (NEP) or dark 

current. The details of each of these parameters are stated in the following.  

 

2.14.1 Quantum efficiency EQE (𝜼) 

Quantum efficiency is the fractional number of incident photon flux, which generate e-

h pairs contributing to the photocurrent [34]. 

𝜂 =
𝐼𝑝/𝑞

𝜑
                      (2.9) 

This is called external quantum efficiency EQE. 

Where 𝐼𝑝 ,is the photo current generated is the electron charge,𝜑, is the flux of incident 

photons which is given by:  

𝜑 =
𝑃𝑜𝑝𝑡

ℎ𝜈
                        (2.10) 

Where 𝑃𝑜𝑝𝑡the incident optical power and h𝛎 is the photon energy. Making use of eq. 

(2.9) and (2.10), the quantum efficiency can be obtained as: 

 

                                        opt

p

qp

Ih
 

                (2.11) 

2.14.2 Internal quantum efficiency IQE (𝛈i) 

Internal quantum efficiency is the ratio of generated e-h pairs, which contribute to the 

photocurrent per absorbed photon. This efficiency excludes the photons reflected from 
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or transmitted through the device. The EQE can be expressed in terms of IQE as follows 

[34]: 

 

𝜂 = 𝜂𝑖(1 − R)(1 − 𝑒−𝛼𝑑)       (2.12) 

 

Where 𝜂 and 𝜂𝑖 are the EQE and IQE respectively, R is the reflectance, 𝛼 is the 

absorption coefficient and d is the width of the absorption area (active region). It can be 

noticed according to (eq. 2.12) that the factors affecting the EQE are; 𝜂𝑖 ,R, 𝛼 and d. 

Therefore, to maximize the reflectivity should be zero and the absorption coefficient 

should be the highest for some specific wavelength and 𝜂𝑖should be 1. 

 

2.14.3 Responsivity 

The ratio of the electric power generated to the incident optical power gives the 

responsivity. 

 

𝑅𝜆 =
𝐼𝑝

𝑞
                        (2. 13) 

By substituting eq. (2.11) into (2.13) responsivity will be given by  

𝑅𝜆= η.
𝜆 (𝜇𝑚)

1.24
                       (2.14) 

It can be noticed that R depends on the quantum efficiency of the photodetector. Eq. 

(2.14) demonstrates that η must be increased to maximize Rλ. 

 

2.14.4 Noise equivalent power (NEP) 

It is the weakest detectable signal per square root bandwidth for a given detector. It is 

measured by W/√𝐻𝑍. There are many factors cause the noise in detectors such as dark 
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current. Dark current is generated when the detector operates under electric field 

without light source, diffusion current due to Auger or radiative recombination in n or 

p- region, generation and recombination in depletion region and band-to-band current. 

Another source of noise is surface states, which trap the generated carriers causing non-

radiative recombination. 
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Chapter 3 

Literature Review 
This chapter presents an overview of infrared photodetectors operating in the spectral 

range of 2-12μm. The second part reviews the published papers of photodetector of bulk 

InAsSb and NWs. The third section reviews the published work of InAs and InAsSb 

NWs. Core-shell NWs reviewed in the last sections.    

3.1 History of IR photodetector: 

Infra-red photodetectors range from short wave infrared (SWIR) 1-2.5 μm to long wave 

(LWIR) 8-12 μm are of a particular interest. There are two groups of materials used in 

IR technology: firstly, II-VI, compound which was used during the last four decades 

specifically HgCdTe. The second are compound materials, in particular III-V (e.g, 

InGaAs, InAs and InSb). For applications that require an operation in the LWIR band 

as well as two-colour MWIR/LWIR bands, HgCdTe will most probably not be the 

optimal solution. There are many challenges in using HgCdTe material in photodiode 

application, some of them are the difficulties in growing due to solidus–liquidus 

separation (leading to marked segregation between CdTe and HgTe) and the high 

vapour pressure of Hg [1], toxicity, high growth and processing cost and surface 

instability [2]. 

For these reasons alternative technologies over the past 40 years were developed. One 

of these technologies is InAs/Ga1−xInxSb superlattices (SLs) which have been also 

employed for IR detector applications in the 8–14μm region. In 1987, D. L. Smith & C. 

Mailhiot [1], presented type II superlattice photodetectors made of InAs-Ga x In x Sb ~ 

x -0.4 on GaSb substrate. This structure provided small band gaps (by adding indium to 
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GaSb layers which created thinner layers combination) with improved optical 

absorption. The absorption coefficient was 2000cm-1. Another method to obtain a small 

band gap was proposed in 1995 by E. R. Heller et al. & F. Szmulowicz et al., using 

strain balanced superlattices. This study implied that the layer width of InAs (LInAs) and 

GaSb (LGaSb) did not need to be equal to the maximum absorption coefficients for a 

given cut off wavelength when obtained from a structure with LInAs ≠ LGaSb [3].  It was 

found that the superlattice had advantages over bulk HgCdTe; including high 

responsivity, lower leakage currents, and greater uniformity [3, 4]. Type II band 

alignment and internal strain reduces the conduction band minimum of InAs and 

increases the heavy hole concentration in GaInSb. This lead to optical absorption 

comparable to that of HgCdTe. 

The main challenge in SLs technology is in the growth and fabrication of photodiodes. 

It is difficult to grow thick SLs structures without degrading material quality since good 

quality thick SLs can provide high quantum efficiency[2]. Another serious problem in 

superlattice technology is surface passivation. Surface leakage is caused by the 

discontinuity in the periodic crystal structure which is caused by mesa delineation. 

Quantum well infrared photodetectors were well established as technology and 

commercially available in focal plane array (FPAs). QWIPs have many advantages in 

LWIR photon-rich systems such as, gas sensors, medical imaging and surveillance 

applications [5].  Among the different types of quantum well IR photodetector (QWIPs) 

technologies, GaAs/AlGaAs, multiple quantum well detectors is the most mature [6] 

and has developed very quickly in the last decade. A. Fiore et al. presented strained 

InGaAs/AlGaAs multi-quantum well midinfrared photodetector at 4.5 µm. The device 

showed a low dark current of a few pA and a responsivity of 12mA/W at temperature 

up to 95 K [7].s In 1998, D. H. Zhang and W. Shi [8] found the same results by using 
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compressively strained InGaAs/ AlGaAs QWIP with deferent Be doping concentration 

in the wells in a detector. The cut off wavelength was 7.9 µm for a doping density of 

1018 cm-3 and 7.25 µm for 2×10 cm-3. It was found that the responsivity at positive 

biases had much higher values than that at a negative bias, and that they are even higher 

than that of the sample with lower Be doping in the wells. The asymmetry of the 

responsivity is attributed to the inhomogeneity of the well-barrier junctions in the 

sample while the greater responsivity values at positive biases are due to the enhanced 

carrier population from higher doping. 

Despite their advantages, there are many issues with QWIPs, e.g., low quantum 

efficiency, high dark current, and lack of normal incidence absorption. Quantum dot 

Infrared photodetectors (QDIPs) were used as similar technology to QWIPs and were 

supposed to solve some issues that were found in QWIPs. Some of the advantages of 

QDIPs over QWIPs are their ability to absorb the normally incident light due to three-

dimensional confinement because of reduced dependence of the QDs’ density of states, 

their operation is temperature insensitive, and finally having a long carrier life time, 10-

100 times longer than QWIPs creating a low dark current. Intensive research was 

devoted to improving QDIPs performance, including lowering the dark current and 

increasing the operation temperature and [9-11]enhancing carrier lifetime [10] [12-16]. 

Further reduction in dark current was gained by using AlGaAs layers as current 

blocking layers [17]. Due to zero-dimensional quantum confinement [5, 17] , QD IPs 

have issues related to quantum dot (QD) formation, such as variability in size and shape 

of the dots, control of strain and material composition, and influence of wetting layers 

[18]. Therefore, III-V nanowires have been applied in photodetectors to overcome the 

limitations of existing detectors. One of the big issues that can be avoided using 

nanowires is that of lattice-mismatch since nanowires can be grown with a high 
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mismatch of 11% by growing InAs NWs on Si substrate. Another advantage of using 

NWs is, enhancing light absorption. NWs can act as effective waveguides that are able 

to concentrate and absorb light over micron lengths [19-30]. Interaction between NWs 

and incident electromagnetic waves occur through three optical phenomena; radial 

mode resonance or leaky mode, Fabry-Perot (F-P) or longitudinal modes and near field 

evanescent wave coupling [31]. The first mode results when the incident light couple 

strongly with NWs at a specific wavelength. Radial mode is called leaky mode because 

their field amplitude attenuate along the axis of NWs [32]. F-P mode gives rise to 

localised peaks in the electric field amplitude along the NW axis. Due to the longitudinal 

finite boundaries of NWs (NWs tip and base), this mode result in longitudinal standing 

waves along the NW length through constructive interference of the guided wave. Final 

mode (near-field mode) occurs due to the wave coupling between neihboring NWs. If 

the evanescent waves of enamoured NWs overlap and the latter enhances the same leaky 

mode then power can transfer to the neighboring NW. Consequently, the field amplitude 

of the leaky mode in the original NW decreases while that of the neighboring one 

increases. This process result in near-field or amplitude coupling. These three 

phenomena are affected by the geometry of NWs and the number of the NW arrays. It 

was shown that NW arrays with larger diameter absorb more efficiently than that of 

smaller diameter NWs [27]. In addition, the absorptance becomes unity at short 

wavelengths and decreases at longer wavelength. As the diameter increases the region 

of high absorptance shifts towards higher wavelengths [33]. It was demonstrated that 

absorption in semiconductor NW arrays occur by first phenomena mentioned above 

(optical resonance modes). Similarly, this mode was observed in single NWs [28, 34, 

35]. From all above, it can be concluded that NW act as a waveguide that concentrate 

and absorb light effectively in a very small material volume. In particular, the HE1n 
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modes showed strong absorptance greater than that of thin film of equivalent thickness. 

This makes NWs significant beneficial for more efficient photodetection. 

Photodetection in NWs is sensitive to the polarization of the incident radiation. The 

photocurrent depends on the the angle between the long axis of NW and the polarization 

of incident light. For ZnO NWs it was shown when the incident light is parallel to the 

NW axis the photocurrent reaches its maximum value but it reduced to minimum value  

in other directions of incident light [36]. Same behaviour has been noticed for InP NWs 

[37] and GaN NWs [38]. In 2009, Wei-Wei et al reported an InAs NW photodiode with 

a very low reverse dark current ~10-8 A. The device contained n-InAs NWs grown on 

p-Si (111) substrate by MOCVD. The device operated at room temperature, and its 

photocurrent at reverse bias was 1000 times higher than the dark current even at low 

incident power of 2.86mW/cm2. This means that the photodiode has a strong 

photoresponse to white light [39] indicating potential applications as a broad band 

photovoltaic cell or a visible-infrared dual-band photodetector. 

3.2 InAsSb NWs photodetector 

Bulk InAsSb heterostructure photodetector emerged in 2000.by HH. Gao et al [40]. 

They grew InAs0.89Sb0.11 heterojunctions on InAs substrate by liquid phase epitaxy 

(LPE). InAsSb buffer layer was also used and doped InAsSbP cladding layers. The latter 

provide carrier confinement and prevent the losing of electrons to InAs. At room 

temperature the responsivity of this structure was 0.8 A/W and detectivity 1.26 × 109 

cm.Hz1/2. W-1  at 4.6 μm wavelength.  InAs0.89Sb0.11 is not lattice match with InAs. In 

order to create lattice match structure, an InAsSb buffer layer with Sb composition of 

6% is required. Buffer layer with Sb=6% will limit the strain and reduce the non-

radiative recombination caused by Shockley-Read which in turn causes low quantum 

efficiency.  A. Rakovska et al [41] grew lattice-matched structure of p-i-n InAs0.91Sb0.09 
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to GaSb substrate by MBE. The photodetector operated at 3.39 μm wavelength and 

250K. P-AlGaSb barrier was used for confining electron and InAlAsSb was used as 

barrier for holes confining. Nevertheless, it failed to confine holes causing noise due to 

the diffusion currents.    

In 2013, InAsSb NW photodetectors were demonstrated for first time by Johannes 

Svensson et al. InAsSb NWs were grown on InAs (111) B substrate with varying Sb 

compositions (x) of 0.04-0.76 by MOVPE. This work proved that the spectral 

photocurrent was strongly dependent on the wire diameter. At a specific wavelength, 

the absorption was enhanced by more than one order of magnitude as compared to a 

thin planar film with the same x by adjusting the diameter of the nanowires. The NWs 

diameter was controlled by varying the effective ratio of V/III near the NWs. As 

increasing the latter factor lead to minimizing the density of NWs, consequently, it 

amplified the radial growth [42]. 

Zhe Liu et al. demonstrated InAs NW photodetectors with very high photoresponse and 

detectivity in the wide UV visible to infrared region (300 - 1100nm). Time dependent 

measurements at different wavelengths and under various light intensities illustrated a 

fast, reversible, and stable photoresponse of the device. InAs NWs which were grown 

by CVD [43] produced device detectivity as high as 2.6x1011J. Mio et al [44]reported 

field effect transistor (FET) InAs NWs used for near infrared photodetection. The NWs 

were grown on GaAs (111) B substrates by MBE. The top gate   was half wrapped with 

10nm HfO2 to act as top gate dielectric.  The device operated at room temperature. The 

work investigated the effect of passivation on the photoresponse. It was found that the 

photoresponsivity of Schottky-ohmic contacted photodetectors was 5.3x103 A/W, 

which is ~300% larger than that of an ohmic-ohmic contacted device ~1.9x103 A/W. 
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InAs NW phototransistors have showed high performance due to trapping mechanism 

of the self-assembled, near surface photogating layer (PGL), which causes a strong 

photogating effect on the NW channel. This PGL is free from the impact of external 

environment. The device had a high photoconducting gain of 105 and a fast response 

time of 12 ms at room temperature. However, Yuxiang Han reported [45] that, for InAs 

NW photodetectors its negative photoconductivity is sensitive to the environmental 

atmosphere, and is strongly dependent on wavelength and intensity of the incident light. 

It has been noticed that the current decreases under light illumination and the amount 

of the current drop increases by improving light intensity. The highest current decrease 

was obtained under the largest light intensity, which was 9.37x103 mW/cm2. The NWs 

were grown by MBE and they were characterized to be single crystal ZB or WZ. The 

linear relationship between Ids and Vds confirms that the contact is ohmic. The largest 

photocurrent was observed to be -1.97 µA at Vds of 0.3V and Vgs=20 V, and its value 

was about 96% of the dark current under the same conditions. The same group reported 

photodetectors which had both (NPC) and (PPC) using the same individual InAs NWs 

grown by MOCVD and covered with native oxide layer. 

       InAsSb NWs were applied in MIR photodetectors. Svensson et al [42]used 

InAs/InAsSb   heterostructure NWs grown on InAs (111) B substrate. Their research 

demonstrated that the NWs diameter has a strong impact on the spectral photocurrent 

and its dependence on Sb composition. For thin NWs, (269-661nm) spectral response 

(x=0.27) does not completely depend on composition with only a slight expansion in 

wavelength with increasing x. Raising the NWs diameter beyond 500nm revealed a 

peak in the spectral photocurrent. It was found that the highest 20% cut off wavelength 

of 5.7 um is obtained for a device with wires with 0.62 Sb and with a diameter of 717 

nm. More recently, Thompson et al. [46] obtained a short wavelength at 20% cut-off of 
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2.3um and with low leakage in the current density of 2 mA/cm2 from p-i-n InAsSb NWs 

array photodetector. This photodetector was fabricated for shortwave infrared detection.   

However, NWs devices suffer from surface states due to high volume to surface ratio 

and challenging in growth and controlling morphology and geometry. This motivated 

the need of passivating NWs with a shell of a wider band gap. A typical method is to 

use core-shell NW geometry. 

3.3 InAs and InAsSb nanowires 

InAs has attracted attention in the last few decades. Its outstanding properties include a 

small electron effective mass, a direct and narrow bandgap (0.35 eV.) and high electron 

mobility (around 30000 cm2/V. S at 300K). These make it a promising candidate for 

electronic and optoelectronic applications such as mid-infrared photodetection and 

high-speed electronics. Due to its small effective mass, InAs has large Bohr Bulk radius 

(aB) of 34nm [47]  compared to III-V materials. This feature makes InAs important in 

quantum confinement studies. Adding Sb to form ternary alloy InAs1-xSbx, further 

improve InAs properties and results in new exceptional features. The most important 

improvement is that the bandgap can be engineered to be anywhere between 0.35eV-

1.42eV. Therefore, InAsSb materials have attracted a considerable amount of attention 

in the past few years in the fabrication of silicon-based infrared optoelectronics, in 

particular to make highly efficient, room-temperature photodetectors on silicon 

substrates. These photodetectors have various important applications operating in mid-

wavelength infrared (MWIR, i.e. 3–5 μm) and in long-wavelength infrared (LWIR, i.e. 

8–12 μm) making them good alternatives to HgCdTe based infrared LWIR detectors. 

InAsSb alloys possess unique properties such as their direct and wide bandgap energy, 

high thermal conductivity, small electron effective mass, long lifetime, and electron 
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mobility. Their unique 1D architecture, in particular, has advantages in device 

applications such as enhanced light absorption, long carrier diffusion length, improved 

carrier collection efficiency, and a great degree of freedom in combining materials with 

different lattice parameters and doping profiles. These features make InAsSb NWs an 

ideal and versatile candidate for a variety of device applications such as optoelectronics 

in the infrared [42, 46].  

Au catalyst growth of InAs NWs has been the most widely used during few last decades. 

InAs NWs grown by chemical beam epitaxy (CBE) were reported by Jensen et al in 

2004 [48]. InAs NWs were grown using Au particles positioned on InAs (111) B 

substrate by electron beam lithography (EBL). The study was able to determine the 

diffusion length of In species, which was found to be 10 um on the InAs NW (110) side 

surfaces. The effect of NWs diameter on the growth rate was studied and it was found 

that the growth rate decreases with increasing NWs diameter. 

A. Dick investigated InAs grown by Au-assisted MOVPE [49]. They studied the 

dependence of morphology and growth rate on different growth parameters. These 

parameters included particle density and size, substrate material, In and As precursor 

flows and growth temperature. It was found that the growth rate decreases when the 

NW diameter is increased. Au-assisted molecular beam epitaxy (MBE) of InAs NWs 

was also investigated. The effect of substrate temperature on NW growth and 

morphology was discussed. It   was found that NWs can only grow in a relatively narrow 

temperature window of 380-430 oC.      

InAs/InAsSb axial nanowires were reported by Borg et al [50], where the NWs were 

grown by MOVPE with different Sb concentration (x=0.08-0.77). They found that the 

incorporation of Sb into the nanowires is significantly higher than that of an epilayer 

under the same growth conditions. The same structure was grown by Ercolani et al [51] 
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using a gold catalyst on InAs (111) substrate by CBE. There was a significant increase 

in the diameter of the InAsSb segment which correlated to the nucleation and step-flow 

on the lateral facets. Meanwhile M.Pea [52] demonstrated that lateral growth can be 

suppressed by increasing the growth temperature of InAsSb and reducing the length of 

InAs segment. This suppression can be explained as a result of the re-evaporation of 

material from the InAsSb sidewalls. They boosted the growth temperature which 

increased the diffusion length. In 2014, Sourribes [53] reported the growth of catalyst 

free InAsSb nanowires by MBE with 0 ≤ x ≤ 0.15.  The report demonstrated that the 

effect of Sb composition on the defects density was a sharp drop in the density of the 

stacking fault when the Sb content was increased. This drop led to an increase in the 

field effect mobility which became more than 3 times greater at room temperature for 

Sb, equal to 0.15. In 2014, Na Du et al [54] presented self-catalyst MOVPE InAsSb 

NWs with x range from 0-0.43. They demonstrated that Sb composition has a significant 

effect on the morphology and the crystal quality of the NWs. In addition, it was found 

that there was an opposite trend of axial and radial growth rate change resulting from 

increasing the group V flow rate ratio. In 2015, the same researchers [55]obtained 

InAsSb NWs under different growth parameters, including the V/III ratio, temperature 

and Sb flow rate fraction FRF. Two types of growth mechanism may be dominant 

depending on the growth parameters. The NWs grow via VLS at low V/III ratio and 

relatively high Sb FRF where NWs grow with pure crystal phase. High V/III ratio & 

low Sb-FRF make VS mode dominant, in which NWs exhibit unified growth direction 

and uniform composition distribution. In 2016, the same group of researchers [56] grew 

planar InAsSb NWs by MOCVD growth technique on differently oriented Si substrate, 

i.e, (-100), (110) and (-1-1-1). Under the same growth conditions, NWs were grown in-

plane on all of the substrates. NWs grew laterally along different directions and were 
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distributed evenly in each direction over a large area. For the Si (-100) substrate, the 

NWs grew along four cross directions while for the other two angles NWs grew along 

six specific plane isomorphic positions. For Si (-1-1-1) the angles between each 

direction were 60o but for Si (110), the angles between each two directions were 54.7o 

or 70.5o. Zhang & Anybe grew InAsSb on Si (111) substrate [57] and graphite [58]. The 

crystal structure of NWs was controlled by tuning the Sb composition from %-1%. A 

small amount of Sb led to quasi-pure WZ while its further increase led to quasi-pure 

ZB. Farrell et al [59] reported self-catalyst InAsSb NWs grown by self-catalysed 

selective area MOCVD. 

3.5 Core-shell NWs 

3.5.1. InAs/GaSb core-shell nanowires: 

InAs/GaSb heterojunction has the most exotic line-up since it exhibits a type III broken 

gap alignment. At the interface, the bottom of conduction band of InAs lines up below 

the bottom of the valence band of GaSb, with a break in the gap of about 150 meV 

[60]This results in the movement of electrons from GaSb valence band to InAs 

conduction band while free holes will appear in GaSb region. Therefore, InAs/GaSb 

bandgap alignment has a metallic structure and the existence of current in such wires 

will be due to both electron and holes [61]. For all above features, InAs/GaSb has been 

applied to several interesting devices. For instance, infrared optoelectronics, tunnel field 

effect transistors (TFETs) and tunnel diodes [62]. There is also a great interest in 

exploring the fundamental physics in such unique nano-heterostructures such as 

quantum transport, electron-hole interaction, and topological insulating behaviour in 

NW geometry [63].  
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In 1997, InAs/GaSb was firstly applied in MQW diode lasers with an active region 

consisting of thin InAs layers inserted into a GaSb matrix. The structures were grown 

on (100) n-GaSb substrates by MBE. The laser has very low threshold current and works 

at room temperature. These enhanced properties of the laser were due to the hole 

attracted by electrons that were localized in the InAs QW. This process results in 

quantization of hole states in barrier layer near the interfaces [64].  The first single NWs 

device has been presented in 2007 by A. Deyh et al [65]. InAs/GaSb axial NWs were 

grown by MOVPE on InAs(111)B substrate. The NWs were mechanically transferred 

to a Si/SiO2 wafer in order to fabricate inverter device. The device exhibited excellent 

performance operating at 0.5 V., which is an essential requirement for low power 

electronics. Tunnel field-effect transistor of InAs/GaSb heterostructure NWs were 

presented by B.Borg et al. [66] in 2010. NWs were grown by MOVPE on InAs (111) B 

substrate with a thin barrier GaInAs inserts. Field effect transistors were fabricated from 

this structure. Three terminal transistors showed normal p-n diode properties at zero or 

positive VG. While at a low bias of VG= -0.5, it exhibited a linear current dependence 

indicating band-to-band tunnelling. The study revealed that it is possible to improve the 

on-state performance of the device by increasing the hole concentration in the GaSb 

segment which was not intentionally doped in this study. Another advantage of 

InAs/GaSb heterostructure is to allow tunnelling in the device at lower bias and gate-

voltage while to decrease the resistance of the tunnel junction at the same time. 

GaSb/InAsSb core-shell NWs were grown by the same group [67], by MOVPE on 

GaAs (111) B. This work investigated three types of samples. Sample A is bare GaSb 

NW. Samples B-F had shorter growth time (0.5, 1, 2, 4 and 8 mins, respectively) and 

InAs shell around GaSb core. The study investigated the electrical properties of the 

NWs with changing GaSb shell thickness from 15nm down to less than 3nm. NWs with 
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the thickest shells exhibited typical electric characteristics of n-type semiconductors, 

indicating the contribution of shell transport features. Ambipolar behaviour was 

observed in the samples with intermediate thicknesses (5-7nm). Thinnest shells showed 

p-type semiconductor characteristics [68]. The Same group studied temperature 

dependent electrical properties of GaSb/InAsSb core-shell NWFET [69]. Four probes 

set up were applied in order to distinguish between the extrinsic (contact-related) and 

intrinsic (NW-related). Temperature dependent conductance measurements showed 

acceleration in the mobility of core-shell NWs by lowering the temperature from 295 to 

4.2K opposite to bare GaSb NWs. InAs shell also improved the on-state which was 

found to be four times higher than bare wires when temperature is reduced from RT 

down to 4K. L.Namazi et al. [62] investigated the selective growth of GaSb shell on 

chosen surface of InAs core. In this study, the radial growth has been intentionally 

suppressed on the WZ surfaces of the core, while enhancing it on the ZB structures 

because of their high surface energy comparing to WZ structure. In addition, it 

investigated the dependence of shell morphology and thickness on the growth 

conditions, i.e.; growth time, temperature, V/III ratio, and total precursor flow rate. The 

results showed that the radial growth of the shell on ZB segment is independent of the 

growth temperature as its growth on WZ segment dropped by increasing T. The 

opposite situation occurs with the V/III effect as GaSb growth on the ZB drops by 

augmenting the composition ratio, while no considerable growth has been observed on 

the WZ section. MBE growth of InAs/GaSb core-shell NW was firstly reported in 2014 

by T.Rieger et al. [70] on InAs (111)B. The report investigated the effect of the shell 

growth temperature on the NWs morphology. It has been found that low shell growth 

temperature (360OC) results in uniform diameter and smooth facets. Lowering the Tg 

less than 360 oC leads to a roughness of the shell. NWs tapering were observed while 
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growth temperature is higher than 490 Co. InAs/GaSb core-shells has been grown by 

CBE on Si (111) by M.Rocci et al [71]. The NWs were 2µm long with 60 nm diameter 

and a shell thickness of 30 nm.  

3.5.2. InAs/AlSb core-shell NWs 

No published work has been reported yet about InAs/AlSb core-shell NWs. However, 

there are many reports of InAs/AlSb heterostructures and quantum well. S. Koester et 

al. [72] fabricated the split-gate ballistic constrictions on InAs/AlSb QW. The QWs 

were grown by MBE on GaAs (100) substrate [73]. The quantized conductance is 

observed in InAs/AlSb ballistic with a channel length of 1um. The device showed 

improved performance and had a negligible parasitic gate leakage. The same group of 

research demonstrated a high-speed InAs/AlSb based heterostructure field effect 

transistor, which exhibited greatly improved charge control properties and enhanced 

high-frequency performance [74]. B. Brar and H. Kroemer [75] modified HSFET to 

incorporate an epitaxial P-type GaSb back gate. This p-type layer allowed collecting 

and removing the impact-generated hole escaping into the substrate. J.P Heida et al. 

[76], M.J Yangk et al [77], developed a nanofabrication scheme for electrons in InAs 

QWs. The work employed a p-type cap layer to create an insulating sample. The success 

of the structure is attributed to its ability to alter 𝐸𝑓
𝑠 which results in creating a 

conduction channel ~40nm beneath the etched surface. In this scheme the electron mean 

free path is expected to be insensitive to the wire width and the material quality will not 

be degraded by the additional lateral confinement. V.Aleshkin et al. [78] examined the 

samples fabricated from nominally undoped InAs/AlSb heterostructures grown by 

MBE on semi-insulating GaAs (001) with a metamorphic GaSb buffer layer. They 

investigated the dependence of effective G factor on the QW width. G.Moschetti et al. 

[79] studied the anisotropic transport behavior of InAs/AlSb heterostructures grown on 



50 
 

InP(001) substrate. Hall measurements demonstrated an enhanced anisotropy in μn   

when cooled from room temperature to 2K. 
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Chapter 4 

Experimental techniques 

4.1 Molecular Beam Epitaxy 

Molecular beam epitaxy (MBE) was invented in the early 1970s as a means of growing 

epitaxial layers of compound semiconductors. Since that time, it has been using for 

growing III-V compound semiconductors [1]. MBE is an ultra- high vacuum (UHV) 

conditions (10-9 – 10-11 Torr) based technique used for the production of high quality 

epitaxial materials and quantum structures. Nowadays, it is a sophisticated tool used in 

the development of electronic and optoelectronic devices. It offers a high degree of 

control for a number of important parameters; very high purity of the epilayers, 

atomically abrupt interfaces between different epilayers, ability to control each layer 

composition, ability to grow strained layers and good control of the doping level of each 

layer independently.  

4.1.1     MBE apparatus 

The constituent elements of a semiconductor in MBE are in the form of molecular 

beams, which are formed from thermally evaporated elemental sources. These 

molecular beams are deposited onto a heated substrate to form a thin epitaxial layer. 

There are couple of factors, which are critical in MBE. The first one is that the material 

sources should be extremely pure, and that the whole process should be performed in 

an ultra-high vacuum environment in order to obtain high-purity layers. Another 

important feature is that growth rates are typically a few 𝐴𝑜per second and the beams 
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can be shuttered in a fraction of a second, allowing atomically abrupt transition from 

one material to another. The MBE system used in Lancaster University is a VG V80H 

solid source MBE, which generally consists of three main vacuum chambers as shown 

in Fig (4.1). The first is the preparation chamber, which is used for series of processes 

including storage and outgassing samples (where gases are desorbed out of the 

substrates). The second is a load-lock chamber where substrates are transferred into and 

out of the system, which can be independently vented and pumped quickly. The last is 

a growth chamber where the samples are loaded for the growth. 

The substrate acts as a seed crystal, motivating the depositing film to take on a lattice 

structure and orientation identical to that of the substrate. If the growing film has the 

same material and crystal structure as the substrate then the process is called 

homoepitaxy, otherwise it is referred to as heteroepitaxy [2] 

 

 

 

Figure 4.1: Schematic of the essential components of an MBE 

growth chamber showing the essential components including the 

effusion cells, shutters, and the RHEED system [9]. 
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Samples are loaded onto the holder of the growth chamber where they can be heated 

and rotated, to allow the substrate to face the material source, and allow deposition onto 

the surface of the sample during growth [3]. The chamber pressure can be read by the 

ion gauge, which is mounted on the side opposite the sample or be placed facing the 

material sources to measure the beam equivalent pressure (BEP) of the material sources. 

The MBE system is illustrated in Fig (4.1). 

4.1.2   Reflection high energy electron diffraction 

(RHEED) 

This technique allows for in-situ monitoring of the surface structure of the growing 

layer during growth. As well as this, it is used for the calibration of growth rates and it 

tells us about the desorption of native oxide of the sample. The RHEED pattern results 

from striking a beam of high-energy electrons (10-40 keV) which are produced by a 

gun. The latter is operated at voltage of 12.5-15 volt and current of 2.25 A. The 

electronic beam strikes the surface with a shallow angle (0.5o-3o), therefore, the 

diffracted electrons only provide details about the surface morphology. The diffraction 

pattern can be observed via a fluorescent screen on the opposite side of the growth 

chamber. The RHEED pattern appearance provides information about surface 

morphology. If the surface is rough the pattern appears spotty, while a streaky pattern 

indicates to smooth surface.  

RHEED oscillation intensity can be employed for measuring the growth rate. The 

RHEED shows bright spots when full monolayer completes and the oscillation will be 

in its maximum intensity (Fig4.2a). When the second monolayer starts, there will be 

atoms and islands, which reduces the intensity, making the pattern dim until the layer 

is fully covered, the intensity then maximizes and the pattern will be bright again. By 
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counting the number of oscillation per second, the growth rate can be deduced using the 

following relation: 

Growth rate =
𝑁𝑜𝑠𝑐.

𝑎𝑜
2

𝑡

3600

        (4.1) 

Where Nosc is the number of oscillations, ao is the lattice constant in μm, and t is the 

total time in seconds. 

 

 

 

4.2. X-Ray diffraction (XRD) 

X-Ray is non-destructive technique, which is used to study the composition of the 

grown materials and determine the crystal structure and phase. The wavelength of X-

rays, ranges from 0.1 to 100 Ao  and is in the range of interatomic distances or unit cell 

sizes [4]. The crystal lattice acts as a diffraction grating for incoming X-ray radiation. 

The latter interferes with each other either constructively or destructively, depending on 

the inter-planar spacing d, Fig (4.3), and the wavelength of the incident radiation (𝜆). 

Constructive interference produces diffraction peaks with a particular angular 

d 

a 

c 

Figure (4.2): RHEED oscillations; beam and the RHEED intensity 

are shown as a function of the surface morphology [1]. 

 

b 

e 
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relationship between the incident beam, the crystal structure and the specimen 

orientation, which is known as the x-ray diffraction pattern. Bragg’s law deduced a 

relationship that gives the condition of the constructive interference. This condition 

implies that the incident waves reflected by identical planes with a separation distance 

dhkl are in phase if the path difference between them is equal to an integral number of 

wavelengths see Fig (4.3). 

 

 

 

2𝑑ℎ𝑘𝑙 × sin 𝜃ℎ𝑘𝑙 = 𝑛𝜆         (4.2) 

 

Where:𝑑ℎ𝑘𝑙is the inter-planar distance, n is the order of reflection,𝜃ℎ𝑘𝑙 is the diffraction 

angle. 

The path difference between the waves scattered by atoms from (hkl) lattice planes of 

spacing 𝑑ℎ𝑘𝑙 is given by:  

(𝐶𝐵 + 𝐵𝐷) = (𝑑ℎ𝑘𝑙 sin 𝜃 + 𝑑ℎ𝑘𝑙 sin 𝜃) = 2𝑑ℎ𝑘𝑙 sin 𝜃            (4.3) 

Equation (4.2) is the condition of constructive interference. That means to obtain a 

constructive interference, the path difference between the incidents and reflected rays 

should be equal to an integer number of their wavelength.  

 

Figure (4.3): Schematic of X-ray diffraction 
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XRD is mainly used in the following applications for nanostructures: 

1. Studying crystal structure (finding lattice parameters of the crystals). 

2. Identification/quantification of crystalline orientations. 

3. Determining the composition of the nanowires. 

For this study, a Rigaku smart lab 9kw X-ray diffractometer (Fig 4.4) was employed 

using the Cu Kα1 radiation line (1.53Å). XRD measurements were first calibrated by 

diffraction from a Si (111) substrate. 

 

 

 

 

 

 

4.2.1. Determination lattice parameters: 

The Lattice constant of the crystals belonging to the material of the grown nanowire 

can be calculated from x-ray diffraction pattern. Firstly, the d spacing is calculated 

from observed diffraction angles by applying Bragg’s law eq. (4.2) and then the 

lattice constant can be found from the relation between a and d for each crystal 

structure. For example, the lattice constant for FCC crystal structure is given by 

following: 

 

𝑑ℎ𝑘𝑙 =
𝑎

√ℎ2+𝑘2  +𝑙2
               (4.4) 

For hexagonal structure (d) becomes: 

b a 

Figure (4.4): a) X-ray Rigaku smart lab. b) X-ray diffractometer 
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1

𝑑2
ℎ𝑘𝑙

=
4

3
(

ℎ2+ℎ𝑘+𝑘2

𝑎2
) +

𝑙2

𝑐2
                  (4.5) 

Where h, k, l are Miller indices, and a, and c are lattice constant in the x and z 

direction, respectively. 

4.2.2. Determining the composition of the nanowires 

Vegard’s law is an empirical rule which assumes that at constant temperature, there is 

a linear dependence between the lattice constant of the alloy and the concentrations of 

the constituent materials [5].Tuning the band gap of materials can be achieved by using 

alloys. In ternary alloys e.g, AxB1-x C, the properties of A and B in the compound 

ranging from AC to BC for x=1 and x=0, respectively [6]. According to Vegard’s law, 

any change in the materials composition x of the alloy changes the lattice constant 

accordingly.  Materials composition in the alloy can be calculated fromVegard’s law 

from the following equation: 

𝑎𝐴𝑥𝐵1−𝑥𝐶 = 𝑥𝑎𝐴𝐶 + (1 − 𝑥)𝑎𝐵𝐶     (4.6a) 

Where 𝑎𝐴𝑥𝐵1−𝑥𝐶 is the lattice constant of the alloy, 𝑎𝐴𝐶 is the lattice constant of first and 

third material in the ternary alloy, 𝑎𝐵𝐶 is the lattice constant of the second and third material 

in the alloy and x is the composition of material A. In III-V semiconductors. A represents 

group III material while B, C are materials that belong to group V. In our case the alloy is 

InAsSb NWs. In order to calculate Sb composition from x-ray diffraction, the lattice 

spacing (d) should by calculated first using Bragg’s law either eq. (4.4) or (4.5) 

depending on the value of 2θ which in turn can determine the NWs’ crystal phase WZ 

or ZB. The lattice parameters (a) were then evaluated from the calculated (d). The Sb 

mole fractions were deduced by using Vegard’s law eq. (4.6b) with an assumption of 

lattice constant of bulk InSb (111) (6.47Ao): 
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x=
𝑎𝐼𝑛𝐴𝑠𝑆𝑏−𝑎𝐼𝑛𝐴𝑠

𝑎𝐼𝑛𝑆𝑏−𝑎𝐼𝑛𝐴𝑠
           (4.6b) 

Where 𝑎𝐼𝑛𝐴𝑠𝑆𝑏 is the lattice constant of InAsSb determined from x-ray pattern, aInAs is 

the theoretical value of InAs lattice constant, aInSb is the lattice constant for InSb, and x 

is the Sb composition.  

The calculation of the lattice constant in the above is valid for fully relaxed NWs where 

there is no strain in the NWs. For strained structure, the value of x that was found from 

the above calculation will result in large errors [7] because the lattice constant of the 

alloy as a function of materials concentration x is far from linear relationship [5].  

For simple strain which results in tetragonal distortion, the lattice constant can be 

determined by the (relaxed) lattice constant and elastic parameters of the materials 

composition. Tetragonal distortion is given as follow [8]: 

 

𝜀⊥ = −
2𝜈

1−𝜈
𝜀∥           (4.7) 

 

Where ε⊥, ε∥ are the perpendicular and parallel epilayer strains respectively and 𝜈 

is the poisson’s ratio which can be given as follows [9]: 

 

ν = −
2𝐶12

𝐶11
          (4.8) 

 

Where, C11 and C12 are the elastic stiffness constants which equal to 8.329×1011 dyn. 

cm-2 and 4.526×1011 dyn .cm-2, for InAs, respectively. The lattice constants in the 

perpendicular direction can be found by applying the following equations of ε∥ and ε⊥:  
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ε∥= a-ao/ ao                (4.9) 

ε⊥= c-co/ co            (4.10) 

Where a,c are the lattice constant of InAsSb in the parallel and perpendicular directions, 

respectively. The lattice constant (a) calculated from XRD angle and ao and co  are the 

theoretical values of the above lattice constant of InAs (6.058 Ao) and 4.27 Ao.  After 

finding ε⊥ from eq (4.7) the lattice constant (c) direction can be determined from 

substituting the value of  ε⊥   in eq. (4.9). 

 

4.3. Scanning Electron Microscopy (SEM): 

Scanning electron microscopy with energy-dispersed analysis of an X-ray (SEM/EDX) 

is one of the most powerful probes of the microanalysis technique. It is widely used in 

nanotechnology and materials science to characterize the size, elemental composition 

and phase structure of the nanostructure [10] [8, 10][8, 10][8, 10] SEM uses an electron 

beam instead of light since it has a higher magnification and resolution, allowing for 

structural visualisation down to nanometre to micrometre scale, which is invisible using 

optical microscopy. SEM can determine defects in microstructures and spatial values of 

physical properties by a micron scale resolution measurement [11]. It can also tell the 

wurtzite (WZ) or zinc blend (ZB) ratio of the materials which constitute the nanowires. 

Image formation results from the interactions between the specimen and signal 

produced from the electron beam. There are two types of these interactions: elastic and 

inelastic interactions  [3]. 

Elastic Scattering is characterized by energy loss during the collision and by the wide-

angle directional change of the scattered electron. The incident electrons that are 
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scattered elastically are called backscattered electrons (BSE), and produce a beneficial 

signal for imaging the samples.  

Inelastic scattering results from different interactions between the incident electrons and 

the electrons and atoms of the specimen, transferring great energy to that atom from the 

primary beam electron. The excitation of the sample electrons within the ionization of 

specimen atoms leads to the generation of secondary electrons (SE), which have 

energies of less than 50eV and are utilized to image or analyse the sample. In addition, 

there are a number of other signal changes when an electron beam strikes a sample, 

including x-rays characterization, Auger electrons, and cathode photoluminescence as 

shown in Fig (4.5).  

SEM used in this study is the JEOL JSM-7800F with ultrahigh resolution at ultra-low 

kV imaging. See Fig (4.6). 

 

 

 

 

Figure 4.5: emission of various electrons and electromagnetic waves from the specimen [3]             
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4.4 Transmission Electron Microscopy (TEM) 

TEM is an indispensable and highly sophisticated tool for imaging nanostructures, 

providing structural information and chemical composition details through the 

interactions of high-energy electrons with electrons in the specimen [12]. 

Fig (4.6a) is a schematic diagram of TEM technique. The TEM system consists of five 

main components: 

1. An electron gun which produces the electron beam, by accelerating large 

voltage ranging from 100-1000kV. 

2. Condenser lenses, which control the intensity of the electron beam and 

convergence, angle through apertures which are fitted to the lenses. 

3. Objective lenses, which are the most important part of the TEM as they 

produce two main modes: image plane mode where the spacemen's image 

forms and back focal plane [13] at which produces diffraction patterns. 

Figure 4.6: SEM used in this study. 
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4. Intermediate and projector lenses, which work together or individually to 

give two or three -stage magnification of the image formed by the objective 

lenses. 

5. A fluorescent screen for viewing the image, which is connected with digital 

camera for recording the image. These two parts made up the image 

recording system.  

 

The process of imaging a sample can be described as follows: the gun emits an electron 

beam. The beam passes through the condenser lense system and falls on the sample at 

which the electrons transmitted and scattered. These electrons pass through the 

objective lens where the image and diffraction pattern of the specimen are formed. The 

intermediate lenses are adjusted in order to select either mode to be viewed on the 

florescent screen.  The diffraction pattern is particularly important for determining the 

crystal phases, (ZB or WZ in the NWs studies). The diffraction pattern depends on the 

interplanar spacing of the crystalline sample, as well as the incidence angle of the 

electron beam on the crystal planes. Thus, each diffraction spot represents the 

interplanar spacing of a unique set of planes. There are different detectors which can 

collect the signal below the specimen. These detectors are; bright field (BF), annular 

dark field (ADF) and high annular dark field (HAADF). Each detector determines the 

mode of the field that will view the image depending on the angle that is collected by 

the detector from the incident signal. If the signal was collected with very small angle, 

θ1<10 mrad, then the image would be bright field (BF). Annular dark-field (ADF) 

results from relatively larger collected angle, range 10mrad<θ2<50mrad. The HAADF 

detector collects signals with angle higher than 50 mrad, see Fig (4.6b). TEM  
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was performed by Dr. Ana Sanchez at the University of Warwick. Samples were 

examined using a JEOL 2100 TEM/STEM operated at 200 k. The specimens were 

prepared for TEM imaging. The analysis was carried out with the electron beam 

perpendicular to the growth direction [14]. 

 

 

 

 

 

 

 

Figure 4.6: Schematic diagram of TEM system [11].  
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4.5 Atomic force microscopy (AFM) 

An AFM is a mechanical imaging technique that measures the three-dimensional 

topography as well as imaging the sample surface. The basic principle of AFM 

instrument is that a sharp probe is mounted near to the end of a cantilever arm (a probe). 

The probe raster scans across the surface of a specimen and monitors the deflection of 

the arm as it meets the topographic features present on the sample surface[15] .The force 

of interaction between the probe and the sample is measured using a laser beam focused 

on the back of the cantilever. The laser light is reflected onto a position sensitive 

photodiode array and the position converted into an electrical signal, allowing a 3D map 

of the sample’s surface to be pictured [16]. 

. There are many imaging modes available for the AFM; each mode provides a range of 

different information about the surface of the examined sample. These modes are; 

contact mode, tapping mode and non-contact mode.  

Figure (4.7): Detection of TEM images [10] 
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In contact mode the probe remains in contact with the sample at all times. This mode 

has two variations: constant force and variable force. Constant force mode is used to 

keep the force of cantilever constant. When the z-height is altered as the arm deflected 

so that the probe returns to the original set point. The change in z-position is monitored 

and the extracted information used as a function of x, y position. Consequently, a 

topographical image of the sample surface is created. The variable force imaging is used 

only for relatively smooth surface because the feedback mechanisms are switched off 

to keep z-height constant and the deflection is monitored to produce topographic image. 

Variable force provides images with a sharper resolution than constant force mode. 

Contact mode is utilised when imaging of a hard and relatively flat surface is required 

due to its simplicity. However, there are several drawbacks result in using contact mode. 

First, damage to the probe or sample due to adhesive or frictional forces between the 

sample and the probe. Second, the resolution of the image may decrease because of the 

stick-slip movement of the probe tip over the surface. In addition, high forces of the 

interaction between the probe and the sample can cause deformation of the sample.  In 

order to overcome the limitations of contact mode, tapping mode was developed.  

In non-contact mode the cantilever oscillates in similar way that it oscillates in tapping 

but at smaller amplitude. Oscillating frequencies allows Z-position of the cantilever to 

be adjusted so that keeping it out of contact with the surface [15]. 
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The morphology of the indium droplets in this work was investigated by AFM using Digital 

Instruments multimode scanning probe microscope (MM-SPM) fitted to a nanoscope IIIa 

controller unit (Fig 4.8) operated in tapping mode. 

 

4.6 Photoluminescence measurements 

Photoluminescence spectroscopy is a non-destructive technique used for analysing 

optical characterization of semiconductors. The essential operating principle of PL 

spectroscopy is that, the laser photons with energies greater than the semi-conductor 

bandgap is incident on the sample and excite its electrons to the conduction band, 

leaving holes in the valence band. These photoexcited carriers diffuse, and either 

recombines non-radiatively by emitting phonons or transferring energy to other 

particles, or recombines radiatively to generate photons, known as luminescence.  

In order to preform PL measurements, the samples were placed in a helium flow 

cryostat. A diode laser at wavelength of 660 nm was used for excitation of the samples, 

and the emission signal was detected using a liquid nitrogen cooled InSb  

Figure 4.8: Schematic of AFM images [9] 
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detector with a standard digital lock-in amplifier technique.Typical experimental set up 

used for PL is shown in Fig (4.9) [17]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The laser light was chopped on its path by the chopper at a frequency of ~ 180 Hz. After 

the laser reflects on the three beam steering mirrors and passes through a focusing lens, 

it strikes the sample surface with a spot size of about1 mm2. The highest intensity from 

the Ar laser was 1.4 W, by neglecting the losses in the optical path; it corresponded to 

up to 14 W/cm2 on the sample surface. The sample was a mounted inside the cryostat, 

which can be cooled down to 4 K with liquid helium. The light that emitted from the 

sample, together with the laser light reflected by the sample surface, travels through 

three focusing lenses. Before entering into the monochromator, optical filter is placed 

in front of the laser in order to block its light out. There are two slits placed at the 

entrance and the exit of the monochromator to help improve the resolution. The smallest 

step of the monochromator corresponded to 1 nm in wavelength. The exit slit collects 

Figure 4.9: Schematic of the PL measurement set-up. Green lines: Ar laser optical path; red lines: PL 

emission optical path; purple lines: detected signal flow; dashed back lines: electronic control signal flow 

adopted from reference [13]. 
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the PL signal, which, is fed into the Stanford SR830 DSP lock-in amplifier after passing 

through the pre-amplifier. The chopper provided the lock-in reference signal. After the 

two amplifiers, the signal was send to the LabVIEW program in the PC, which also 

controlled the grating position of the monochromator through the stepper motor control 

[17]. 

 

4.7 Current-Voltage measurements 

Current-voltage (I-V) characteristics of the devices were obtained on a home-build 

probe station with a Keithley B2900 A series precision Source Measure Unite (SMU) 

interfaced to a Labview program. The computer software allowed an increasing voltage 

to be passed across the device in small steps and, at the same time, the corresponding 

current was recorded. An upper current limit can be set to avoid damage to the device. 

Figure 4.10 shows the I-V measurement system that used in Physics department in 

Lancaster University. The SMU is connected to Labview and two probes, which contact 

the electrodes of the device under measurements. The device is placed on the holder of 

an optical microscope, which is connected to the PC via a camera. There is an LED light 

and laser connected to the optical microscope through a fibre to enable measuring the 

device under LED or Laser illumination.   
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Figure (4.10) I-V measurement setting 
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Chapter 5 

Growth and structural analysis of  

Nanowires 

 
5.1   Introduction 

 

 
This chapter presents the growth procedure of growing InAs NWs, InAsSb NWs and 

core-shell NWs. All NWs were grown by self-catalysed droplet epitaxy by Molecular 

beam epitaxy. A new growth procedure was upgraded using 3-steps growth method. 

This new modified growth procedure provided a better quality of NWs in less time and 

cost than the conventional growth method. Due to large area to volume ratio, NWs 

suffer from severe surface states, which significantly degrade their electronic and 

optical properties. This drawback can be avoided by eliminating surface states which 

reduces unwanted ionized impurity scattering, scattering rough oxidized surfaces, 

electron – hole recombination and carrier depletion due to surface traps [1]. Two 

methods have been approached to passivate NWs; chemical passivation and structural 

passivation. Chemical passivation includes treating NWs with chemicals e.g coating the 

surface with polymers [2, 3]. Chemical passivation is a suitable method to improve 

ohmic contact. However, it is not the best approach for long term passivation as the 

effectiveness of the chemical passivation declines with time. Alternatively, structural 

passivation, e.g. covering the NWs core with a shell of material with a higher bandgap 

provides an ideal way to eliminate surface states impact. Core-shell NWs structure also 
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offers further advantages such as increasing the carrier mobility and conductance [4-6] 

, driving the separation of charges [7] and enhancing the luminescence intensity [8].      

In this thesis, we attempted to synthesis InAs, InAsSb NWs and core-shell NWs grown 

by MBE. The InAs core NW was wrapped with different shell materials to obtain 

different band gap alignment. SEM and HRTEM microscopy were intensively used to 

analysis the geometrical features and structural properties of the resulting materials. 

This chapter will discuss the growth and characterisation, including crystal structure 

and morphology of InAs NWs, InAsSb NWs and core-shell NWs. Section 5.2 provides 

growth optimization of InAs NWs. The new modified growth method was explained in 

section 5.2.4. InAsSb growth optimization presents in section 5.3. Two different core-

shell structures were synthesised and discussed: section 5.4 discusses InAs/AlSb core-

shell NWs while section 5.5 discusses about InAs/GaSb NWs.  

 

5.2  Growth procedure of InAs nanowires by In-

assisted droplet epitaxy   

5.2.1. Substrate preparation 

In this thesis, all the samples of NWs were grown on Si (111) substrates. In order to 

clean the substrates, the Silicon wafers were first soaked in acetone for a maximum of 

~ 5 minutes, after that they were rinsed in methanol and isopropyl alcohol (IPA) to 

remove organic contaminants. After this cleaning, wet etching by hydrofluoric (HF) 

acid was taken place via a two-step procedure. Firstly, the wafers were soaked in 12% 

HF solution for (1-2) min to remove any native oxide then placed on sample holders 

and cleaned with HF solution for ~ 2 min to get rid of any deoxidized layer and the 

wafers immediately loaded into the MBE system to avoid re-oxidation. The Si 
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substrates were then thermally outgassed in an UHV environment at a temperature of 

550 – 700 oC for 2-4 hours prior to growth initiation to eliminate adsorbed gaseous 

contaminants.  

 

5.2.2   Epitaxial growth details  

A series of InAs NWs samples that presented in this thesis were grown on bare Si 

substrates by In-assisted droplet epitaxy (DE) growth technique. AFM image of In-

droplets is shown in Fig (5.1). The droplet diameter, height, and density are, 82.7 ± 10.1 

nm, 22.3 ± 8.5 nm and 3.6×109 cm-2 respectively. 

 The Indium droplets were deposited on the Si substrate at a substrate temperature of 

220°C with an indium beam equivalent pressure (BEP) of 2.2 × 10-7mbar for a nominal 

thickness of 2-5 ML. The temperature of the substrate was then ramped up to 430 - 500 

°C followed by the opening of the In and As shutters simultaneously the ratio of As/In 

flux > 45 for NWs growth. The growth was terminated by closing both shutters 

simultaneously. All the InAs NWs were grown under similar conditions with growth 

time of 25min - 5 hours, except where otherwise mentioned. It has been found that the 

diameter of the droplets determined the lateral size of the resultant NWs [9-11]. The surface 

morphology of as-grown NWs (Figs 5.1b and 5.2) was investigated using a LEO 1530 

Gemini FEG SEM working at 15 kV. The NWs length was 1.9 ± 1.1 µm in length, 

diameter of 62.5 ± 3.0 nm and density of 1.0 x 109 cm-2.  

 

 

 

 

 

a 
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5.2.3     Morphological and structural characteristics 

Figure (5.2) shows SEM images of InAs NWs. As can be seen the NWs are vertically 

aligned, they all show homogeneous diameter across the entire length without any 

tapering. The cross section of these NWs is hexagonal as shown in Fig (5.1b). Surface 

islands were observed in all samples. The reason behind growing these islands is that if 

the over layer has a higher surface free energy than underlying medium; the overlay 

will island rather than wet the surface. The NWs were grown at similar growth rate of 

(0.1 ML/sec), growth time of (1hour) and almost same growth temperature TG of 450 

oC. Each sample was grown at different As flux of 6.2×10-6, 9.6×10-6 and 14×10-6 mbar 

for samples 663,675 and 658, respectively. Previous work on InAs NWs grown by In-

droplet epitaxy on bare Si substrate [12] found that there was a limited temperature 

window for InAs NWs grown by this method, which is 420-475 oC. In addition, the 

nucleation of NWs can only be realized at As rich condition, i.e BEP ratio of As/In>50.  

Figure 5.1: a) AFM image of In droplet. b) 45o SEM image of InAs NWs grown by In droplet 

catalyzed. 

 

b a 
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5.2.4  Growth optimizing of InAs NWs 

Relating to growth rate, it was found that the lowest growth rate (0.1𝛍m/hr) gives the 

highest number of distribution and the best quality of NWs in terms of geometry and 

morphology as shown in Fig 5.3.   

Growing NWs under low growth rate results in slow growth process, time consuming 

and high cost. In order to minimise the above drawbacks, a new procedure of growth 

were modified. NWs initiated from the lowest growth rate (0.1 µm/hr) since it gives the 

best NWs geometry and density. After starting NWs growth, its growth rate ramped up 

1𝛍m 

675 663 

658 

Figure 5.2: 45o tilted SEM images of three different samples of InAs NWs  
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to the highest value i.e. 0.3 µm/hr. This technique leads to NW with high density of 

8.60× 108 cm2, long length of 1.2±0.5 µm, thin diameter of 62.8±14.9 nm and relatively 

inexpensive. Fig 5.3d, e shows the resultant NWs. The NWs exhibit a perfect ZB single 

crystal structure which confirmed by X-ray pattern shown in Fig 5.4. All NWs angles 

at different orientations (111) and (222) are associated with ZB structure. P.Caroff et al 

[13] stated that at low growth temperature (410 oC in our case) the proportion of WZ in  

 

 

 

the NWs increases significantly regardless what their diameters are and allow for high-

purity ZB growth at low to medium diameter (62.9 nm for the investigated NWs). 

This supports our finding as well that InAs of sample 821 has a pure ZB structure. There 

are two random orientations of InAs, which are (220) and (311) which likely associated 

Figure 5.3: 45o tilted SEM images of InAs NWs grown by various growth rate (top panel) [11] and  

 

Grown by new method (bottom panel). 
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with islands in the substrate but they do not belong to the NWs. Since NWs are single 

crystal, their XRD orientation should be repeated in periodic manner.  

 

 

 

 

5.3 Growth of InAsSb NWs 

 
5.3.1  Epitaxial growth details  

 
InAsSb NWs were grown by droplet - assisted growth technique [14, 15]. The NWs are 

initiated from pre-deposited In droplets, which act as the seeding site to support the 

growth of the NWs. Due to strong surfactant effect of Sb, epitaxial growth of InAsSb 

NW is relatively challenging. In this thesis, series of samples were grown with Sb 

ranges from 3% - 19%. The Sb composition was controlled by Sb fraction flux (FFSb) 

which is given by:   FFSb+ FSb2 / (FSb2+ FAs4), where FSb2 and FAs4 are the flux of Sb and 

As, respectively. This Sb composition is combined with V/III ratio in order to obtain Sb 

incorporation. Fig (5.5a) shows the effect of FFSb on the Sb incorporation at fixed V/III 

Figure 5.4: X-ray diffraction of InAs NWs 
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it shows that Sb composition increases by increasing FFSb. While Fig (5.5b) 

demonstrates the effect of V/III flux ratio under fixed FFSb.  It demonstrated that Sb  

 

 

 

composition increases by decreasing V/III flux ratio. Fig 5.6 demonstrates SEM images 

of the samples grown at a fixed ratio of V/III of 100 and different FFSb; 2.4% and 4.6% 

(Fig 5.6a,b) and samples that grown under same  FFSb ( 2.4%) with various V/III (67,55) 

Fig (5.6c,d). For high ratio of V/III of 100 with high FFSb 4.6% this leads to the growth 

of thin film while reducing V/III ratio favors NWs growth and enhances Sb 

incorporation. V/III ratio of 100, 67, and 55 with low FFSb 2.4% will causes of Sb 

incorporation of 10%, 16% and 19%, respectively. V/III ratio can be controlled by 

growth rate. Decreasing V/III flux ratio can be obtained by increasing the growth rate. 

Meanwhile, the higher growth rate favors Sb incorporation. Increasing Sb ratio causes 

to grow short, thick NWs and a significant drop of NWs density as shown in Fig 5.6a, 

c. According to the above, it can be said that growth rate and V/III ratio are the most 

important factors that affect NWs growth and they should be tuned wisely in order to 

maintain a regime of NW growth. 

 

 

 

Figure 5.5: Sb composition as a function of FFSb under a fixed flux 

ratio of 100 (a) and a V/III flux ratio under a fixed FFsb of 2.4% (b). 
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5.4 Growth InAs/AlSb core-shell Nanowires 
 

 

5.4.1  Epitaxial growth details  

The core-shell NWs were grown on bare Si (111) substrate by MBE. Substrates were 

cleaned as described in section 5.2.1. Prior to the growth of the core NWs, indium 

droplets were deposited on the Si substrate as described in section (5.2.2). The substrate 

temperature was then ramped up for InAs NWs growth at pre-optimized growth 

Figure 5.6: 45 tilted SEM images of InAsSb NWs grown under (a,b) a fixed V/III 

ratio of 100 with different FFSb and (c,d) at a fixed FFSb 2.4% with different V/ III 

ratio. 
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conditions, e.g. at a growth temperature in the range of 420-500 °C, As4 beam 

equivalent pressure (BEP) of around 1-1010-6 mbar, and an InAs nominal growth rate 

of 0.1 m/hr. The InAs NWs growth lasted for 2 hours and was followed by 1-hour 

deposition of AlSb shells at reduced growth temperature 400 °C and a low growth rate 

(0.15m/hr) of AlSb. The growth stopped by closing Al and Sb shutters simultaneously. 

High-resolution X-ray diffraction (HRXRD) measurements were performed for 

inspecting crystallinity characteristics of the NWs. The NWs geometry was determined 

by FEI XL30 SFEG scanning electron microscope (SEM) from top view and tilted view 

(30o). High-resolution transmission electron microscope (HRTEM) images were taken 

in a JEOL-JEM 2100 microscope working at 200 kV to further investigating the 

crystalline properties of individual NWs. Focused ion beam (FIB) specimens were 

prepared using a JIB4500 for HRTEM measurements. Energy-dispersive X-ray 

spectroscopy (EDX) measurements were also carried out with an Oxford Instrument X-

MAX 80 to determine the elemental composition and fluctuation. 

 

5.4.2  Morphological and structural characteristics 

The success of core-shell NW structure was confirmed by SEM measurements as 

illustrated in Fig 5.7 a, b for their top and tilted view respectively. It can be seen that 

the core-shell NWs exhibit a uniform diameter along entire length (e.g. non-tapering). 

The density of the NWs is 13.3±1.1×108 cm-2, which is relatively high. Further statistical 

analysis over the whole sample surface area gives the average NWs length of 2.1±1.0 

µm, the average NW diameter of 75±15 nm and core width ~ 35 nm (as depicted in 

Figure 5.7(d)-(e)). The SEM images also reveal a mixture of bent (~80%) with shell 

thickness 11.8 nm and vertically oriented (~20%) core-shell NWs with shell thickness 

6.22 nm. This is very different from the bare InAs NWs, which are vertically oriented 
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[16],(see Figs 5.2&5.3). We believe this high percentage of bent NWs is associated with 

the asymmetric strain distribution around the NWs due to the non-uniform thickness of 

the AlSb shell layer around the core NW. This assumption is verified by high-resolution 

transmission electron microscopy (HRTEM) studies and energy- dispersive X-ray 

spectroscopy (EDX) analysis. The success of the deposition of AlSb shell layer on the 

core InAs NW is confirmed by X-ray diffraction scan (see Fig 5.8). The diffraction peak 

centered at 51.41o is associated with the diffraction from AlSb (222). It should be noted 

that several diffraction peaks also present in the scan implying the mixture of zinc-

blende (ZB) and wurtzite (WZ) phases in the core InAs, which is consistent with 

previous report [14]. 

 

 

 

 

 

 

 

 

 

 

 

 

Two additional peaks associated with (220) and (311) are also present, these are due to 

the bend of the NWs. More importantly, a diffraction peak centred at 51.410 is present. 

This verified the successful growth of AlSb (222) shell layer around the core InAs NWs. 

Figure 5.7: 30o tilted SEM images of InAs/AlSb core shell NWs a) 30o tilt 

at 30k magnification b) 30o tilt at 15k magnification. c) Top view at 0o. D) 

Histogram statistics of NWs diameter. e) Length. 
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 (EDX) analysis. Figures 5.9 (a - c) and (e-f) show low-resolution TEM images of a 

The realization of the core-shell NW heterostructure was further confirmed by scanning 

 

 

 

 

 

 

 

 

 

transmission electron microscopy (STEM) and energy-dispersive X-ray spectroscopy  

 typically bent and straight NW. Both NWs have an InAs core ~ 30 - 40 nm diameter. 

The vertically oriented NWs have a uniform shell thickness (<10 nm) as shown in Fig 

5.9 (b,c). Conversely, the bent NW has an asymmetric shell (Figure 5.9 (f, g)), i.e. the 

AlSb shell thickness is uneven around the InAs core. This asymmetric shell thickness 

exerts a non-uniform stress on the core. In this InAs/AlSb core-shell structure, the core 

is in tensile strain of ~1.2% with respect to the AlSb shell. Although this strain is small, 

it is still capable to bend the NWs due to the large NW length and the thin diameter. 

is in tensile strain of ~1.2% with respect to the AlSb shell. Although this strain is small, 

it is still capable to bend the NWs due to the large NW length and the thin diameter. 

It should be noticed that no dislocations are seen in the AlSb shell, indicating that it is 

coherently strained to the core. This may reflect the difficulty of nucleating dislocations 

of appropriate Burgers vectors [17] to relieve interfacial strain in this NW geometry. 

Higher critical thickness has been theoretically predicted for NW geometry compared 

                  Figure 5.8: HRXRD diffraction patterns of InAs/AlSb NWs 
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with the corresponding thin film systems [1, 17, 18]. Because the total strain energy of 

the core-shell, system is lower than that of thin film with equivalent thickness of the 

 

 

 

 

 

 

shell. This allows for higher value of critical thickness when growing core-shell 

structure. Additionally, the large area-to-volume ratio of NW geometry provides more 

flexible strain relaxation mechanisms, rather than the formation of interfacial 

dislocations. Different structures associated with strain relaxation in NWs have been 

reported including quantum dot [19], uneven thickness growth [20] and bending [21].  

Although the origin of the uneven coating of the core NW remains unclear, one of the 

reasons could be associated with the accumulated strain induced from the deposition of 

the shell layer. Such strain in NW structures could lead to uneven deposition during the 

growth. Therefore, one of the advantages of using core/shell vs planar configurations is 

 
Figure 5.9: Low-magnification ADF-STEM images from a straight NW (a-c) and a bent 

NW (e-g) is a higher magnification STEM image of the straight NW showing core-shell 

structure with uniform shell thickness.  (e-g) shows a bent NW with an asymmetric AlSb 

shell. High magnification annular dark-field image of the shell/core interface showing a 

mixture of WZ and ZB phases (d). 
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that higher elastic strain is allowed, enabling higher coherent strains in the NW 

configuration detailed structural information of the core-shell NWs was obtained using 

annular dark field (ADF) and bright field (BF) STEM. Figure 5.9d shows a <110> zone 

axis ADF-STEM image of the shell/core interface. The growth direction is vertical. 

Alternating WZ and ZB phases are clearly visible. The fraction of WZ phase was found 

to be ~50%, calculated by analyzing multiple NWs (following the metrics proposed by 

Caroff et al [13], a segment must contain at least four monolayers of a given stacking 

sequence to be considered as a specific crystal phase). Many rotational twin-planes 

(TPs) were also observed. These observations are typical for InAs NWs [22-24]. Thus, 

electron microscopy analysis demonstrates high quality InAs/AlSb core-shell NWs 

accommodating strain without generation of dislocations. It should be noted that the 

core-shell structure in the NW is further confirmed by elemental analysis. An EDX 

composition profile across a straight NW, along a line perpendicular to the growth 

direction, is shown in Fig 5.10 (a). A core-shell structure is clearly visible in the line 

plot of composition (normalized to 100 at %). These data are consistent with the 

projection of a core-shell structure with abrupt interface as shown in Fig 5.11b. This 

schematic corresponds to the projected thickness (and hence X-ray signal) from a 

circular NW with a ~20 nm radius core and a ~5 nm-thick shell. Figs 5.10(b) and (c) 

show the top view ADF and BF TEM images of a quasi-straight NW respectively.  

The core-shell NW enclosed with six facets, which is quite different with InAs/GaSb 

case that multiple side facets dominate during the growth process [25]. It should be 

noted that oxygen is observed in the shell layer. The dark/bright contrast in the ADF 

and BF images implies the compositional changes in the shell of the NW due to the 

oxidation of AlSb shell layer. Corresponds to the projected thickness (and hence X-ray 
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signal) from a circular NW with a ~20 nm radius core and a ~5 nm-thick shell. Figs 

5.10(b) and (c) show the top view ADF and BF TEM images of a quasi-straight NW 

 

 

 

 

 

 

Figure 5.10 EDX composition profile of In, As, Al, Sb, and O element profile across a 

quasi-straight core-shell NW (a), (a-I) shows the measurement path across the NW. Top 

view ADF TEM image (b) and BF TEM image (c) of a quasi-straight core-shell NW. The 

yellow ellipses in (b) indicates the areas are rich in Al and O; the yellow arrow indicates 

the area consists of a region rich in Al and O between two Sb rich bands. The Sb (d) and 

Oxide distribution (e) profile across a core-shell NW.   
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respectively. The core-shell NW enclosed with six [26] facets, which is quite different 

with InAs/GaSb case that multiple side facets dominate during the growth process. It 

should be noted that oxygen is observed in the shell layer.  

 

 

 

 

 

 

 

 

 

 

 

 

 

a-I 

a-I 

b 

 Figure 5.11 a) EDX profile clearly reveals this higher concentration of Al/O between two areas of 

higher concentration of Sb on the shell (left part). b) Projection schematic of a core-shell structure 

with abrupt interface. 
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The dark/bright contrast in the ADF and BF images implies the compositional changes 

in the shell of the NW due to the oxidation of AlSb shell layer.          

These oxygen rich regions are very likely due to the high affinity of AlSb for oxygen 

that makes it highly susceptible to oxidation. It is worth noting that the oxidation of the 

shell layer is not uniform. Two types of oxidization areas can be observed. (i) Vertexes  

of the hexagonal prism rich in Al and O, indicated by the yellow ellipses in Figure 

5.10(b); (ii) Al and O rich region between two rich Sb bands, indicated by the yellow 

arrow in Fig 5.10(b), Fig 5.10 d,e correspond to Sb and O elemental map distributions, 

respectively. O rich region around the vertexes are clearly observed (Fig 5.10d), and the 

O rich band sandwiched between two thin Sb rich bands (Fig 5.10e). The vertexes 

region has large area exposed to oxygen, it is understandable it is more readily to be 

oxidized; however, the reason for the formation of the Al and O rich band in the shell 

layer is unclear.  

 

5.5 InAs/GaSb NWs 
 

5.5.1  Epitaxial growth details 
 

Sample of InAs/GaSb core-shell NWs was grown on Si (111) substrate. The NW has i-

n structure. The pre-growth procedure is similar to that of InAs/AlSb NWs but the 

growth conditions are different, As4 beam equivalent pressure (BEP) is 310-6 mbar, 

and an InAs nominal growth rate of 0.1 m/h. The InAs NWs growth lasted for 90 

minutes at 460 °C and was followed by 1-hour deposition of GaSb shells at reduced 

growth temperature and a low growth rate.  
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5.5.2   Morphological and structural characteristics 
 

 
 SEM images of the samples as depicted in Fig (5.10) reveals that there are two different 

area in the sample; the first is of high density with coalescent NWs which feature with 

an average diameter of 241.2±31.7 nm, length of 2.0±1.0 μm with a density of 7.0×108 

cm-2 as shown in Fig (5.12a,b). The other region is of lower density of 1.43cm-2 with 

similar length and diameter (See Fig 5.12a). Although the NW always has a hexagonal 

cross section, it has a tapered top with a larger diameter than at the main part of NW, as  

shown in Fig 5.12. Meanwhile, the shell exhibits a so-called saw-tooth shape as 

indicated with red square in figure (5.12b).   

 
Figure 5.12: 300 tilted SEM image of InAs/GaSb core-shell NWs 
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This can be related with the 30-degree rotation of the phases between the core and the 

shell. This is associated to a transferring of crystal direction from <111>A to <111>B 

resulted from the twinning of <111>A. This twisting in direction occurs due to the fast 

growth rate in the <111>A direction in comparison with<111>B [27]. A.Dick et al [28] 

pointed out that when ZB exhibited at high growth temperature above 400 oC and 

relatively large diameter, the NW adopts periodically twinned morphology with 

segment bounded by (111) type facets. This finding is consistent with our growth 

conditions, i.e. 460 oC of growth temperature and a large DNW of 241.2±31.7 nm. Based 

on above, we assume our NWs most likely have ZB structure. This is confirmed as well 

by x-ray diffraction depicted in Fig (5.13). It can be noticed that there is no obvious 

angle for InAs. This is might be due to considerably thick shell layer 59.7±14.7 which 

prevents x-ray from penetrating into the core. Both (111) and (222) directions are 

associated with pure ZB GaSb without any presence of WZ segment.  

 

 

This is well agreed with the theory saying that high-energy difference between WZ and 

ZB crystal structure of GaSb making it favor ZB structure [29]. The top of the NWs 

also features with a flat platform with diameter wider than the main part of the NW. 

Figure 5.13: XRD of InAs/GaSb core-shell NWs indicating ZB structure.  
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This could be correlated with increased growth rate on the top owing to the additional 

direct impinging atoms in comparison with the growth in the bottom part. Because low 

growth temperature was used for the growth of the shell, it decreases the diffusion 

ability of reactant atoms hence the direct impingement will be the dominant contribution 

to the growth of the shell [30]. Another reason of forming platform at the top of the NW 

is due to the radial growth of the shell. since relatively long growth time increased the 

NW diameter at the upper part. GaAs/GaSb core-shell NWs [30] , GaInSb diamond 

shape segment [31] , InSb nanotubes [32] based on radial overgrowth have also 

reported.  

To confirm the construction of core-shell structure and composition, Transmission 

Electron Microscopy (TEM) and Energy Dispersive X-ray (EDX) were used to examine 

the NWs. Figs 5.14 and 5.15 show an EDX profile confirming the core-shell structure 

with InAs core and GaSb shell. The core diameter and the shell thickness were 

determined to be 167.3±14.5 nm and 59.7±14.7nm, respectively. It is worth noting that 

no misfit dislocations were observed along the interface of core InAs and the GaSb 

shell. This is due to the very low lattice mismatch between them (0.6%). The bottom of 

the NWs is thinner than its top which is about 165.1nm as shown in Fig 5.12a, b. This 

is because the shell at the upper part of the NW is thicker than that at the bottom. Figs 

(5.15a, b) confirm that there is a thin shell in the bottom of the NWs. This proves that 

the smaller diameter at the end of the NW is not because of the absence of shell as 

assumed in Ref [25]. The NWs also featured with merged structure. Some NWs merge 

from the middle part and have different lengths without affecting the seed particles on 

their tops as indicated in red circles and numbered 1 and 2 in Fig (5.12c). This is 

attributed to the In droplets, which make them grow separately but they merge during 

the growing of shell. However, other NWs have equivalent length but they meet from 
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the top part of the NWs. This behavior could be occurred during growth where In 

droplets merged then continued to be one NW [33] as shown in red circles 3, 4 and 5 in 

Fig5.12c. There are some NWs with unwrapped core at the top of the NWs as indicated 

in red arrows in Fig 5.12. More structure investigated is required in this regard. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure (5.14) EDX profile of InAsSb/GaSb (a-d). Composition of core-shell NW (g). 

STEM-BF and ADF confirm the core-shell structure at the bottom of the NWs (f,g)and 

reveal that the shell in the bottom part is thinner than the top (h,i). 
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5.6  Summary 

 
We optimised the epitaxial growth for bare InAs NWs, InAsSb NWs and successfully 

obtained two different structures of core-shell NWs. The new growth method improved 

NWs properties in terms of crystal structure and optical properties which confirmed by 

X-ray diffraction. Two structure of core-shell NWs were grown; InAs/AlSb and 

InAs/GaSb. Both of these core-shell nanowires are dislocation-free with small chemical 

intermixing at the interfaces. The NWs of InAs/AlSb were long with relatively thin 

diameter for both core and shell. SEM revealed two type morphology of the NWs of 

this structure; vertically aligned and bent the reason of bent NWs was the asymmetric 

shell layer. The X-ray scans revealed a small angle of the thin shell sample has two 

morphologies; vertically aligned and bent. The reason of the bending was attributed to 

Figure (5.15) EDX profile of InAsSb/GaSb a,b)STEM-BF and ADF 

confirm the core-shell structure at the bottom of the NWs and reveal 

that the shell in the bottom part is thinner than the top. 
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the asymmetric shell. X-ray diffraction showed a small angle of AlSb shell. HRTEM 

confirmed the core-shell structure with presence of oxidation due to Al presence. 

InAs/GaSb exhibited a very thick core and shell comparing to that of InAs/AlSb. It also 

showed zig-zag morphology or what is called (saw-tooth). This was associated with the 

growth direction rotation by 30-degree. The top of the NWs has platform with 

hexagonal cross-section with diameter wider than that of the long part under the top. 

The reason of wider top is due to high growth rate induced by direct impingement 

growth, which in turn causes increasing the radial growth at the top part more than that 

in the bottom of the NWs.   
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                              Chapter 6 

 

Photoluminescence Studies of 

NWs 
 

6.1 Introduction 
 
 Optical properties and carrier recombination mechanisms is crucial for examining the 

suitability specific structure and material for device applications. Photoluminescence 

(PL) is a useful tool that facilitates sample analysis related to optical properties. For 

example, it can shed light on radiative recombination efficiency, quenching of emission 

and defects in materials. To be more specific, photoluminescence is a convenient 

technique for nondestructive characterization of many basic optical properties of 

nanowires. These include characterization of energy bandgaps and provide perspective 

to impurities and deep-level defects [1]. 

Considering the advantages of PL studies stated above, we have carried out a 

systematically optical characterization of InAs nanowires. Materials were grown for 

target structure, composition; PL is one of the techniques we used to examine the optical 

properties, feedback to optimise it further. In the first section of this chapter, we present 

PL details of bare InAs NWs that were grown by both the conventional growth method 

and by the modified one. In the second section, we present the effect of Sb incorporation 

on the modification of the crystal phase of NWs; we describe how it improves the 

optical properties of these NWs. In the third section, we present the impact of doping 

of Si substrate on the photoluminescence of InAs NWs in the temperature range from 8 

K to room temperature. In the final section, we discuss the PL characteristics of core-
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shell NWs and compare them with those of the optimal bare InAs NWs to demonstrate 

the surface passivation by the shell layer. 

 

6.2 Optical properties of bare InAs NWs 

The optical properties of as-grown InAs are depicted in Fig 6.1. The PL measurements 

for InAs samples were processed by using a diode laser emitting at 980 nm for 

excitation. The signal was collected and dispersed by a monochromator and detected by 

a cooled HgCdTe photodetector through a lock-in amplifier. The power density of the 

excitation is around 20Wcm−2 (a laser power of 200mW with a laser spot of around 1 

mm2). In addition, an infrared modulated PL method based on a step scan Fourier 

transform infrared spectrometer (FTIR) was also used for detailed PL measurements 

such as temperature dependent and excitation-dependent scans[2].  

Figure 6.1 shows low temperature (8K) PL spectra of two samples of bare InAs NWs 

(675and 821) that grown by two different growth procedures with a reference of bulk 

InAs. The comparison of PL spectra of two samples of InAs NWs grown by 

conventional method sample 675(red line) and the new developed growth technique, 

sample 821 [described in chapter five, section (5.2.4)], is shown in Fig 6.1a. Bulk InAs 

exhibits single peak at 0.412, which is associated with band-to-band (BtB) 

recombination. The emission intensity of sample 821 is improved dramatically by 5 

times than that of sample 675. In addition, it shows a strong dominant peak (at ~ 0.413 

eV). This peak is related to BtB similar to bulk InAs. This means that the quantum 

confinement has no significant contribution due to large diameter of the NWs 

(62.9±15.0nm) comparing to InAs Bohr radius (~34nm). The emission related to defects 

that was noticed in 675 (0.434 eV) is absent [3] in 821. Detailed analysis of each peak 

of the three samples (bulk InAs, 675 and 821) revealed that a spectral line width (full 
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width at half maximum, FWHM) of bulk InAs is 10 meV while it is 67 meV of sample 

675 meV. That means it is 6 times wider than the peak width of bulk InAs. Interestingly, 

peak of sample 821 is 36 meV, which is closer to the bulk value. From all the above 

results, it can be said that InAs NWs show wide spectral line width comparing to the 

bulk InAs. M.H.Sun et al. reported weak, noisy and wide PL peaks in the range of (0.29-

0.48 eV) from unpassivated InAs NWs, which correlated with the presence of surface 

states and poor crystalline quality. However, the relatively narrow FWHM of sample 

821 can be related to the segments lengths changing, diameter of the NWs, and 

crystalline properties of the material, which revealed high optical quality. We believe 

this is because of the improved crystal structure. Thanks to the newly developed growth 

technique, defect free, single crystal NW lattice structure resulted for InAs nanowires.   

 PL curve of sample 675 that grown by conventional growth method is shown in Fig 

(6.1b). It is clear that InAs NWs show multipeak emission, which can be resolved into 

three peaks of emission: 0.434eV, 0.415eV and 0.389eV. The largest energy peak of 

0.434 eV is attributed to the BtB transition formed by the WZ and ZB segment. The 

peak at 0.415 eV (indicating as number 1 in Fig 6.1b) is associated with WZ/ZB crystal 

phase mixture that exists in the NW. The mixture of WZ&ZB forms type II bandgap 

(see Fig 6.2), where electrons are confined in the ZB region while holes are localised in 

the WZ region [4]. The excited electrons transmit from the bottom of ZB conduction 

band to the top of the WZ valence band. As a result, radiative recombination occurred 

[5]. The third peak at ~ 0.389 eV is attributed to defect-related transition [6-9].  
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Figure 6.1: 8K PL of a) two samples of two samples of InAs NWs and 

bulk. b) Gaussian fitting PL of InAs NWs sample (675). 
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6.3 Low temperature (10 K) Photoluminescence 

of InAsSb nanowires: 

InAsSb is known to have unique properties such as direct and widely tunable narrow 

bandgap energy (3-12 μm), high thermal conductivity, small electron effective mass, 

long carrier lifetime, and high electron mobility. Because of these, InAsSb NWs are 

ideal and versatile candidates for a variety of device applications in areas of 

optoelectronics. The InAsSb optical devices can operate in the infrared and terahertz 

spectral ranges. 

Considering the importance of InAsSb nanowires articulated above, the PL 

measurements were performed on a series of as-grown InAsSb samples with an Sb 

content of up to 19%. Figure 6.3 depicts the evolution of the low-temperature (10 K) 

PL spectrum of InAsSb NWs with an increasing Sb composition. Based on the density 

of the NWs, we estimate that our PL measurement came from a contribution of around 

106 NWs with a laser spot of 1 mm2. Strong PL emission was observed for all the 

samples, and a long wavelength emission of up to 5.1 μm was achieved. It should be 

noted that the detected PL emission of the samples is believed to originate from the 

NWs, although there were InAsSb clusters present on the Si surface. To verify that the 

emission was indeed from the NWs, we removed them using an ultrasonic bath, and 

Figure 6.2: Schematic diagram of band alignment and recombination 

Processes for carriers transiting between valence band and conduction band 

in InAs NW containing mixture of WZ and ZB phases. 
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found that, no PL emission was detected from the samples. This implied that the 

emission took place from NWs. The failure in luminescence of the clusters is associated 

with their poor material quality, resulting from both the large lattice mismatch and 

antiphase domains.  

In order to understand the optical properties of the samples, detailed analysis on the PL 

spectra was performed for each sample, apart from InAs sample (675 with 0% Sb) 

which has been discussed in the previous section (6.2). 

Sample with 3% Sb has two peaks, (0.389 eV and 0.405 eV), see Fig 6.3b. The smaller 

energy peak (0.389eV.) which is present in the PL of sample 675, is still there. This is 

a defect related peak. Increasing Sb further 10%,16% and 19%, results in further 

reduction of the dominant emission peaked at 0.334, 0.304 and 0.242 eV respectively. 

Also the multi peak feature developed into single peak emission. It is noteworthy 

mentioning that the sample of 19% Sb composition gives wavelength of 5.1 μm, which 

is the longest PL emission obtained up to date for InAsSb NWs. Regarding the peak 

linewidth, it has been noticed that PL peaks become wider with increasing Sb content. 

The details peak energy, FWHM for each sample are shown in table (6.1) 

 

 

Sb 

composition 

% 

PL Peak 

energy(eV.) 
FWHM (meV.) 

0 0.427 30 

3 0.405 47.4 
10 0.334 60 

16 0.304 66.8 

19 0.242 71.8 
 

Table 6.1: Photoluminescence BtB related emission peak energy 

(measured at 10K) and the FWHM.  
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Overall, there are several features can be seen in the NW PL spectra Fig 6.3. Firstly, by 

increasing the Sb content, the spectra turn from multi-peak emission in the InAs NW 

sample to single peak emission (at Sb content 10% and above). Secondly, the dominant 

peak of the samples shifts to lower energy with an increasing Sb content; and thirdly, 

the full width of half-maximum (FWHM) of the PL spectra tends to be broader for the 

samples with a higher amount of Sb incorporation. It can be seen that for the samples 

with Sb content of 10% and above, only a single peak is visible. The origin of these 

emissions is associated with band-to band (BtB) transition. However,  

Figure 6.3: The evolution of 10 K PL of InAs NWs (a) and InAsSb NWs with and Sb composition 

of 3% (b), 10% (c), 16% (d) and 19% (e). The peaks in colours show the decomposed emissions. 
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the samples with a lower Sb content reveal multi-peak emission (i.e. the InAs and 

InAs0.97Sb0.03 NWs). The band gap energy of the InAsSb alloy as a function of Sb 

composition is expressed as [10]: 

 

                                 Eg = xEInSb + (1 - x)EInAs - Cx (1 - x),     ….. (6.1) 

 

where x is the Sb composition, EInAs and EInSb are the bandgaps at a temperature of 10 

K for InAs and InSb respectively, and C is the bowing parameter. It can be seen that the 

BtB related emission shows a strong red-shift with an increase in Sb composition, 

attributed to the bandgap shrinkage with the presence of Sb. This bandgap shrinkage is 

in agreement with the equation above using a bowing parameter of ∼0.67 eV [11], 

which is between the accepted values of 0.66 eV [12] and 0.682 eV [13]. However, for 

the InAsSb NWs with a high Sb composition of 19%, the PL-deduced bandgap energy 

is slightly lower than expected. We correlate this difference with the wider Sb 

fluctuation in the NWs with higher Sb incorporation; Such an Sb fluctuation within the 

segments could construct a slight type-II alignment, which in turn results in a transition 

energy that is lower than the bandgap energy of the corresponding bulk materials.  

To evaluate the optical properties at a high Sb content, we also performed temperature-

dependent PL for the sample InAs0.84Sb0.16 NWs. Figure 6.4 shows the PL spectra 

measured at the evaluated temperature. Emission is visible up to 120 K. A clear red-

shift is visible with increasing temperature. The peak energies Ep at different 

temperatures are depicted in Fig 6.9 with the corrected energy using kBT / 2 and the 

theoretical bandgap energy defined as: 

 

𝐸𝑔 (𝑇) = 𝐸𝑔 0 −  
𝛼 𝑇2

𝛽+𝑇
      …. (6.2) 
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Where Eg (T) is the bandgap energy at 0 K, and α and β are empirically parameters 

which can be considered to have linear function of x. Using 0.297 eV as Eg0 for 

InAs0.84Sb0.16, and the experimentally determined values of α and β for InAs and InSb 

[14], we found that the theoretical bandgap of InAs0.84Sb0.16 follows Eg (T) = Ep – kBT/2. 

It should be noted that the detection of emission is not possible at higher temperatures 

due to the weak signal.   
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Figure 6.4: The photoluminescence of InAs0.84Sb0.16 NWs measured at various 

temperatures 

Figure 6.5: the peak energy Ep, the energy of Eg - kBT2 and the theoretical 

bandgap energy 
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The efficient optical properties of our NWs are correlated with enhanced crystalline 

quality.  These enhanced features belong to firstly, the contribution of Sb in the NWs 

and secondly to the novel droplet epitaxy growth. Q. Zhuang et al [3] proved that Sb 

incorporation could tune the crystal structure of InAsSb NWs via transition from 

polytypic into WZ dominant and to ZB dominant by increasing Sb from 4% -10%. They 

also confirmed that the stacking faults (SF) decrease by adding Sb even for as small as 

2% of Sb composition up to 10%. SF decreased from 360/μm in the reference InAs 

sample to 200/μm (InAs0.98Sb0.02), 100/μm (InAs0.96Sb0.04), and finally 50/μm 

(InAs0.90Sb0.10), which is consistent with report of M. Sourribes et al [15]  Secondly, 

improved crystal structure is attributed to the novel technique of droplet-assisted 

growth. It is noticeable that the PL intensity of InAsSb NWs of X=16% and 19% 

reduced comparing to the samples of less Sb. This means that Sb can not alter surface 

states or reduce it. 

 

 

6.4  The effect of substrate doping type on 8-290K 

Photoluminescence of InAs NWs. 
 

It would be interesting to probe how the doping type of the substrate affects the 

behavior of the photoinduced carriers. Mid-infrared PL spectra were therefore obtained 

from InAs NWs.  The spectra demonstrated significantly improved signal –to-noise 

ratio SNR in a wide temperature range of 8−290 K by using. An optimized step-scan 

Fourier transform infrared (FTIR) spectrometer-based modulated-PL method was used 

for this purpose [6, 16]. A continuous – wave laser with wavelength of 639nm, was 

modulated by a mechanical chopper for optical pumping and InSb detector cooled by 

liquid –nitrogen. The samples were mounted on the cold finger of a closed-cycle 
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compressor for an adjustable temperature range of 8-290 K. The laser spot is about 

200𝛍m in diameter.  For power dependent measurements, temperature was set at 8K; 

the laser output power was set at 100mW for temperature dependent measurements. It 

was observed that the quality of the InAs NWs samples [17] and the SNR of the PL 

spectra are high enough to carry out a reliable quantitative PL analysis. Such an analysis 

revealed the origins of the PL transitions, an estimation of the non-radiative 

recombination rate, and the behavior of photo-induced carriers. The electron−phonon 

interactions were also clarified. The results showed the asymmetric nature of the ZB-

on-WZ and WZ-on-ZB InAs interfaces in optical properties that deserves attention in 

material and device fabrication [18]. 

Two InAs NWs samples were grown directly on n- and p-type bare Si (111) 

respectively, by molecular-beam epitaxy (MBE) via an identical droplet-assisted  

method and are labelled hereafter as sample-N and sample-P for conciseness. Figure 6.6 

shows SEM images of these samples. Both samples were grown with same growth 

condition and loaded together into the growth champers. This means that they were 

grown under identical environment and conditions to ensure that the result is accurate 

enough when compare their optical properties. 

 

 

Figure 6.6 Local SEM images of sample-N (a) and sample-P (b) at a scale bar of 500 nm. Single NW manifests 

upright standing as in (c) and (d) for sample-N and sample-P. (e) TEM image of InAs NWs. The TEM scale bar is 

10 nm. 
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Figure 6.7 shows temperature dependence infrared PL spectra of the sample-N and 

sample-P at temperatures of 8−290 K. Magnification is made for each of the spectra for 

intensity normalization. At 8 K, only one asymmetric PL peak shows up at about 0.415 

eV for the two samples. This means the bandgap transition of the WZ InAs is not 

activated, as it should be at about 0.45 eV [19-21] As temperature rises up, the PL peak 

redshifts monotonously, which is consistent with the negative temperature coefficient 

of the bulk InAs bandgap [11]. At 290 K the PL intensity becomes weakened, and it 

reduces to about 1/70 and 1/307, respectively, of that at 8 K for the sample-N and 

sample-P, evidenced by the magnification. For quantitative analysis of the temperature 

effects, line shape fitting is performed on each of the PL spectra by a typical 

Lorentzian−Gaussian composite function [22-24] by which the energies, line widths, 

and intensities of the PL features are derived quantitatively. Representative fittings are 

depicted in Fig 6.8a for two temperatures of 8 and 290 K. At 8 K, a single 

Lorentzian−Gaussian composite function is insufficient, and a dominant feature (DF) 

at 0.415 eV and a low-energy feature (LEF) at around 0.401 eV are required for well 

reproducing the line shape. At 290 K, the fitting reveals the DF at about 0.380 eV and 

a high-energy feature (HEF) around 0.425 eV. The HEF is revealed by plotting the PL 

spectra as in Fig 6.4b in logarithmic intensity, which is obvious beyond the high energy 

exponential tail introduced by carriers Fermi-edge distribution [25]. 
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Figure 6.7: Temperature-dependent PL spectra of sample-N (a) and sample-P (b) magnified by 

particular factors for similar peak heights. 

 

a 

b 
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As the temperature of 290 K is high enough to depress the impurity-related transitions 

in InAs, the survival of Fig 6.6 Local SEM images of sample-N (a) and sample-P (b) at 

a scale bar of 500 nm. Single NW manifests upright standing as in (c) and (d) for 

sample-N and sample-P. (e) TEM image of InAs NWs. The TEM scale bar is 10 nm. 

The DF and HEF at 290 K indicate the two features to be of Band-to-band-like 

transitions.  

Figure 6.8: (a) Curve fittings of PL spectra for sample-N and sample-P at 8 and 290 K. (b)PL 

spectra of the two samples at 290 K plotted in Logarithmic intensity. 
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6.5 PL of core-shell NWs: 

Core-shell NWs have been grown to investigate how the surface passivation will 

improve the optical properties and to improve device performance. Figure 6.9 shows 

PL curves for both samples of core-shell NWs at 8k. It is clear that the PL intensity has 

improved dramatically comparing to that of bare NWs.  

PL intensity of both InAs/AlSb core-shell NWs is two times higher than that of sample 

821 (InAs).  In contrast, InAs/GaSb has lower intensity and narrower FWHM than that 

of bare InAs NWs. Both core-shell NWs samples show red shift due to band gap 

shrinkage. InAs/AlSb core-shell NWs has type II bandgap whilst InAs/GaSb core-shell 

NWs has type III broken bandgap. Fig (6.9c) is PL Gaussian fitting of InAs/GaSb, it 

composed of two emission peaks, very weak one at 0.356eV (indicated as 2 in Fig 6.9c) 

and the dominant peak at 0.383 eV. The latter is attributed to the BtB transition. 

Meanwhile peake 2 is associated to defect or impurities. 

 In order to elucidate the optical properties of these core-shell NW ensembles, 

photoluminescence (PL) measurements were performed on the samples of InAs NWs 

and InAs/AlSb core-shell NWs at various temperatures and excitation powers, and on 

different positions of the samples. Temperature dependent PL spectra of InAs NWs and 

InAs/AlSb core-shell NWs are shown in Fig 6.10 (a) and (b), respectively. At 15 K. 

Both samples show a very strong PL signal, however the peak energy is below the free 

exciton transition energy in bulk InAs at low temperatures (~ 0.415 eV). InAs 

extra peak at the low energy side (~0.380 eV), while the InAs/AlSb NWs exhibit an 

asymmetric PL band with a dominant peak centred at 0.410 eV and  

quite symmetric PL band with a peak position at 0.391 eV. With increase of 

temperature, the emission peak is redshifted due to band gap shrinkage. More 

importantly, the PL emission persists up to room temperature. We believe the dominant 
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emission originates from band-to-band transition while the redshift is related to the band 

bending in the core InAs. 

 

 

 

 

 

 

 

Figure 6.9 Comparison of 8K PL of a- InAs/GaSb core shell NWs and 

single NWs. b-InAs/AlSb core-shell NWs and single NWs.c) Gaussian 

fitting of  InAs/GaSb core-shell NWs. 

a b 

c 
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Figure 6.10: Normalized PL spectra for InAs (a) and InAs/AlSb (b) NWs 

obtained at different temperatures. The excitation power was 10 mW and the 

diameter of laser spot was ~1 mm. Vertical dashed grey lines are located at 

energies corresponding to InAs band gap at 15 and 300 K. 
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Figure 6.11 shows the band bending with a type II band gap alignment for InAs/AlSb 

interface and a valence band offset of 0.18 eV. It can be seen that for InAs NWs, the 

holes are depleted from the surface by a potential barrier. Due to the large band bending, 

the energy of band-to-band recombination in such NWs can be smaller than InAs band 

gap (e.g. Stark effect). For the sample of InAs/AlSb core-shell NWs, there is a type II 

band alignment, which separates the holes and electrons, e.g. the holes trapped in the 

AlSb region while the electrons remain in the InAs core region. This separation results 

in a reduced transition energy. Such band bending and type II alignment can also affect 

emission efficiency. For InAs NWs the photoexcited electron-hole pair can recombine 

radiatively since the photoexcited hole is separated from the surface and n-type carriers 

(electrons) could occupy surface states to suppress non-radiative recombination via 

surface states. For InAs/AlSb NWs the photoexcited electron-hole pair are effectively 

separated, e.g. holes trapped in the AlSb region while the electrons remain in the InAs 

core region. The separation of the surface states from the photo-excited carriers will 

lead to a more efficient radiative emission. We believe this feature would favour device 

Figure 6.11: Sketch of band bending in InAs (a) and InAs/AlSb (b) NWs. n-type character 

of InAs material is assumed.  
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application of InAs/AlSb core-shell NWs in terms of photovoltaic device applications 

[26]. 

 

6.6  Summary: 

To summarize, few samples of vertically aligned InAs NWs were grown by MBE on Si 

(111) substrates. The optical properties of our NWs were quite interesting. They had 

pure crystal phase and reduced stacking faults, which are attributed to the improved 

crystalline quality of the NWs obtained by the novel technique of droplet-assisted 

growth and the optimised growth conditions. Multi-peak to single peak, intensity 

enhancement for simple InAs NWs was observed. The effect of substrate doping type 

were characterized by infrared PL analysis in a wide temperature range of up to room 

temperature (290K). The focus of attention was the mechanisms of photoinduced carrier 

recombination and the effects of doping on the NWs’ properties., namely the InAs NWs 

on p-type Si substrate manifests significantly different non-radiative recombination rate 

and carrier-phonon interaction in comparison with those on n-type substrate. This is 

because built-in electric field is generated from P- type doping of the substrate and 

hence leads to carriers assembling near the WZ-on-ZB interfaces. The WZ-on-ZB 

interface induces lower optical quality. InAsSb NWs were grown with Sb composition 

up to 19%. Such InAsSb NWs cover the entire mid-wavelength infrared range i.e. 3.0–

5.1 μm. We found that the higher Sb incorporation induces broader Sb fluctuations 

within single NWs.  Nevertheless, Sb incorporation effectively improves the optical 

properties of the InAsSb NWs. High crystalline quality of our NWs obtained by making 

use of optimized droplet-assisted epitaxy should be considered novel. This advanced 

growth technique allowed us, for the first time, to obtain a long wavelength emission of 

5.1 μm in InAsSb NWs. The results indicate that significantly enhanced emission 
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efficiency can be observed in the core-shell NWs as compared to the bare InAs NWs. 

It had genesis in the efficient passivation of the surface states and the efficient radiative 

recombination induced by quantum confinement. Two samples of core-shell NWs 

InAs/AlSb and InAs/GaSb were grown on Si (111) substrate. Their optical properties 

showed dramatic enhancement in terms of PL intensity compared to that of bare InAs 

NWs.  This improvement in PL intensity was attributed to the successful core NW 

passivation by shell layer. 
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Chapter 7 

InAs-based nanowire device 

characterisation 
 

 

7.1 Introduction 

This chapter presents several infrared (IR) photodetectors containing InAs-based NW 

materials. One type of device has conventional mesa structure consisting vertical InAs 

NW ensembles on Si substrate. The other type is based on single InAs and InAs/AlSb 

core-shell NW field effect transistor (NWFET) device acting as photodetectors. This 

chapter presents the design of the devices, the geometric features of the devices, and the 

basic device characterisations. 

 

7.2 Conventional InAs NW ensemble photodetectors 

 
7.2.1  Device design and structure 

To investigate the optoelectronic properties of as-grown NWs, InAs NW/Si infrared 

photodetectors with conventional geometry at various mesa diameters of 25–200 μm 

were fabricated. The InAs NWs were grown on n-type Si substrate by solid-source 

MBE. Each mesa contains InAs NW ensembles with an estimated number of over 3000 

based on the areal density. The devices were processed using standard photolithography 

fabrication method. Layer of SU8 was deposited by spinning to encapsulate the NWs. 

The SU8 was hardened an oven. In order to exposure the tips of NWs, the SU8 was 

thinned by reactive ion etching using mixture of O2 and SF6 (35/5 sccm ,respectively). 
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Then a thin gold layer of ~ 10nm was deposited on the exposed tips of NWs to connect 

all the NWs. Different circular sizes were used to define mesa size. To create electrical 

contacts to these devices a thicker top contact layer of Ti/Au (20/200nm) was made 

over specific area of the device for Ohmic contact. The back contact was formed on the 

back of the substrate by depositing a 200nm-thick Al layer. The schematic geometry of 

the device is shown in Fig 7.1a. Since our NWs was grown via self-catalyst technique, 

there is always height variation of the NWs. For each mesa size, we deposited different 

thickness of SU8, e.g. 1, 2.5 and 4.5 um. This method gives us the devices (with similar 

size) different number of NWs in the mesa with different length, e.g. thicker SU8 device 

has less number of NW and long length, while the thinner mesa has more number of 

NW with shorten length. 

 

 

 

 

 

 

 

 

 

Figure 7.1: Bare InAs NWs photodetector; a) The Schematic of device design 

(side view). b) Microscopic image of top of the devices with different mesa 

sizes.  

(b) 
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7.2.2     I-V characterization 

Depending on the nature of the interface between the metal and the semiconducting 

NW, and the Fermi level alignment, the metal – semiconductor contact can either be 

Ohmic or Shottky barrier. The work function of Si is around 4.0 eV, while it is 4.9 eV 

for InAs. This difference between work function creates an electrostatic barrier between 

these two materials. This perspective leads to a downward band bending at the interface 

of InAs/Si that forms a depletion region for the holes as shown in Fig 7.2. Such a 

depletion region would enable photodetection.  

 

 

 

 

I-V characteristic of such InAs NW/Si photodetector was tested under room 

temperature. A typical I-V profile of such device is shown in Fig.7.3a. It can be seen 

that the I-V profile is very different for the devices with different SU8 thickness. There 

is a symmetric behavior for the devices with SU8 thicknesses less than 2.5 μm. 

However, for the devices with a thickness of 4.5 μm show a significant asymmetric I-

V profile. The symmetric I-V profile reveals that the mesas having short NW with large 

number of NWs will not provide a rectifying function though there is a barrier formed 

between the InAs and the Si. While the thick mesa device shows a strong rectifying 

Figure 7.2: Schematic band bending of InAs/Si heterostructure 
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function. We believe the major reason is due to the different number of the NWs in the 

mesa. It is well known that the surface states in InAs devices always give a large dark 

current. For the devices with short thickness, there is a large number of NWs, hence the 

overall dark current is large which would hide the asymmetric behaviour induced by the 

barrier. On the contrary, the thick mesa device contains much less number of NWs 

which would have much reduced dark current. In addition, the long NW in the mesa 

would also reduce the dark current compared to devices with short length under same 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.3: I-V profile of the devices with different a) thickness of SU8.b) light power. 
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external bias. Consequently, the rectifying function should be dominant in the I-V 

profile. This interpretation can be confirmed from the significant change of the dark 

current level between the devices with different thickness, e.g. thicker device has much 

less dark current. It arises from the difference in work function between InAs and Si as 

mentioned above. This means the dominant mechanism for current injection occurs via 

thermionic emission. This is because tunnelling current does not play an important role 

at room temperature especially at low doping level or high barrier. Based on the above 

analysis, we believe the device with 4.5 um thick SU8 could work as photodetector. The 

I-V profile of this device was characterised under illumination of LED light with a 

wavelength of 452 nm. Figure 7.3b illustrates the I-V curves without illumination and 

under LED illumination at  different powers. It can be seen that under LED illumination, 

the larger current is present under positive bias. The incoming light is absorbed by the 

InAs NW, the photo-generated carrier pairs are then separated by the barrier under 

positive bias. While under negative bias the barrier is enlarged which will not separate 

the photo-generated carriers. This work indicates that the hybrid structure of InAs NW 

on Si has a potential to make cost-effective IR photodetectors on well-developed Si 

platform. 

 

 

7.3 Single InAs and InAs/AlSb core-shell NW 

phototransistor 

7.3.1  Device design and structure 

To investigate the electrical properties and photoresponse of InAs NWs and 

InAs/AlSb core-shell NWs, single NW Field Effect Transistors (FETs) were 

fabricated on a p+-Si/SiO2 (300 nm) substrate which were operated as a 

phototransistor. The single NW phototransistors were fabricated using electron-



135 

 

beam lithography (EBL) and followed by metallization and lift-off processes. The 

NWs were firstly transferred onto pre-cleaned P+-Si/SiO2 (300 nm) substrates 

followed by spin-coated MMA and PMMA. Electron-beam lithography (JEOL  

6510 with NPGS System) was used to define the source/drain (S/D) patterns. Before 

metallization, the NWs were dipped into a 2%HF solution for 15 s to remove the 

native oxide. We employed Cr/Au (20 nm/40 nm) to form Ohmic S/D electrodes. 

The schematic geometry of the devices is illustrated in Fig 7.4. The transport 

characteristics and optoelectronic measurements of the single NW photodetectors 

were performed on a Lake Shore TTPX Probe Station with Agilent 4155C 

semiconductor parameter analyzer [1]. 

 

 

 

 

 

 

 

 

 

 

7.3.2    Device characterization 

 
Figure (7.5) demonstrates the drain-source voltage (Vd) and the drain-source current 

(Id) output characteristics at various gate voltage (Vg) of the FET devices. The gate 

voltage (Vg) provides an effective tuning on the drain current as shown in Fig (7.5b).  

Figure 7.4: Schematic diagram of InAs/AlSb core-shell NW photodetector  

 
 

InAs
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The resulting single NW devices exhibit a typical drain-source voltage (Vds) and drain-

source current (Ids) output characteristics and the gate voltage (Vg) provides an effective 

tuning on the drain current (Fig 7.5). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.6 (a) and (b) present the Ids – Vds characteristics of as-fabricated InAs NW 

transistor and InAs/AlSb core-shell NW transistor measured in ambient atmosphere, 

under dark and illumination with a green laser of 532 nm at power 8 mW/mm2. One 

interesting feature is that the core-shell NW device demonstrates a dramatically reduced 

dark current (2 orders of magnitude) in comparison with sample InAs NW device. 

Under Vds of 0.1 V, the dark currently reduces from 1.510-6 A (InAs NW device) to 

     Figure 7.5: Drain voltage (Vd) and current (Id) (a), and output characteristics at 

                        various gate voltage (Vg) (b), of bare nanowire FET device. 
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2.810-8 A (InAs/AlSb core-shell NW device). Secondly, there is positive photocurrent 

Ipc (defined as IPC = ILight− IDark) behavior in the InAs NW FETs while the core-shell 

NW FET demonstrates a negative photocurrent. For the InAs NW FET, when increasing 

the current upon light exposure (ILight) to a higher level (1.710-6 A), gives a 

photocurrent IPC = 0.2 A at Vgs  = 0 V and Vds  = 0.1 V. However, the core-shell NW 

FET exhibits an anomalous photocurrent behavior, e.g. upon light illumination, the ILight 

decreases dramatically to a very low level (3.410-9 A) which results in photocurrent 

IPC = −24.6 nA at Vgs  = 0 V and Vds  = 0.1 V. The core-shell NW FET improves the 

signal-to-noise ratio (SNR) increases from 13% to 88% [1].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The observed significantly suppressed dark current in the core-shell NW FET could be 

attributed to the surface passivation induced by the AlSb shell layer which has been 

reported in several other NW systems [2, 3]. It is believed the surface states on NW 

surface result in large current [4, 5], the shell layer dramatically reduces the surface 

states consequently results in much smaller dark current. Several other surface 

passivation techniques have been reported for NW devices, including surface treatment, 

coating with polymers etc [6-8]. Compared with these techniques, the use of core-shell 

 

Figure 7.6: The drain current (Ids) dark current and photocurrent at different drain 

voltage (Vds) for a) InAs NWFET device b) an InAs/AlSb core-shell NWFET device. 
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structures offers quantum-confinement and bandgap engineering that improve quantum 

efficiency. In addition, the in-situ growth circumvents the risk of contamination in the 

materials fabrication. These advances improve the sensitivity of the devices in core-

shell NW FETs.   

The observed anomalous photocurrent can be associated with the bandgap alignment 

formed between the core and the shell regions. Such behavior has been observed in 

several NW photodetectors. For instance, anomalous photocurrent was observed in 

InAs NW FETs [9] and negative photoconductance was reported in InAs NW 

photodetectors [10, 11]. These anomalous photo-responses were attributed to different 

mechanisms. Firstly, photogating effect which is associated with the trapping centers 

formed on the surface of the InAs NW to be filled light assisted hot electrons leading to 

a depletion of conduction channels [10, 12-14].Secondly, the gas adsorption of oxygen 

or molecules on the surface [7], or reduced carriers mobility in the core NW region due 

to the increased photoexcitation scattering centers charged with hot carrier in the native 

oxide layer [8]. Another possible reason of getting negative photocurrent is that, the 

photocurrent decreases with increasing voltage due to small NWs diameter. As the 

surface states are very strong in thin NWs. That means when the photon incident on the 

NWs (device) it will generate E-h pair. Once e-h generated they recombine again due 

to surface states. Consequently, they will not contribute to the external current of the 

circuits instead; they lead to increase the dark current as they form phonons or noise 

inside the NWs [15]. 

In our devices, the core NW was passivated by a shell of AlSb, we believe that the gas 

adsorption has no effect (or negligible effect), so we assign the origin of the negative 

photocurrent to the general photogating effect and reduced mobility of the carriers in 

the core NW region. Both effects are associated with the carriers’ separation at the 
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interface of the shell and the core NW induced by the type II confinement. The shell 

region has mixture of AlSb and oxidized AlSb. This mixture of the shell layer acting as 

a trapping center to the light assisted hot electrons, meanwhile, due to the type II band 

alignment the remaining AlSb in the shell layer also acts as a trapping centre to the 

holes that generated in the InAs core NW. Under illumination, the photo-generated 

holes will be swept into the AlSb regions in the shell layer hence attracts the electrons 

in the core region towards the interface between the core and the shell. In addition, some 

of the hot-electrons will be trapped in the shell region. This separation reduces the 

number of photo-generated holes in the core NW region. Meanwhile, the photo-

generated electrons mobility will be reduced due to the scattering from the interface and 

the hole-electron pairs in the shell region. This slows down the photo-generated 

electrons transport in the core region. Fig 7.7 shows the trapping of shell to holes which 

recombine with electrons that confined in the core. In NW geometry, the diameter is 

extremely small in comparison with the transport length. Under light illumination (Fig 

7b) electron -holes pair generated, we believe the effect of this reduction to the 

photocurrent is more significant compared with the increase of the overall photo-

generated electrons. Together with the swept photo-generated holes in the core region, 

the device gives a smaller photocurrent under illumination. It should be noted that the 

separation of photo-generated carriers theoretically could increase the lifetime that can 

lead to a positive photocurrent. The anomalous photocurrent was reported in many 

single InAs NWs photodetectors [7, 8, 10, 11, 16] which mentioned in details in chapter 

3 of this thesis. However, in our NW FET devices, the carriers transport distance (>3 

m) is much larger in comparison to its diameter (~ 45 nm), we believe the photogating 

and the mobility reduction effects would be dominant. This behavior could be 

maximised through engineering the bandgap at the core-shell interface by varying the 
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thickness and combination of different materials. Together with the significantly 

suppressed dark current, the type II core-shell NW structure has potential to fabricate 

infrared photodetectors with high detectivity on silicon platform. All the measurements 

of the devices are primarily, more parameters measurements of these devices are needed 

to be done in the future as mentioned in the future work in chapter 8 of this thesis. 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

7.4 Summary 

 
In this chapter mesa device was fabricated from bare InAs NWs to act as photodetector 

the resultant device was proved that it is a working device despite its high dark current. 

The photodetection process resulted by the interfacial between InAs and Si which 

created barrier, which in turn separates electron in the conduction band of InAs and 

holes in Si valence band. When these carriers recombine, they will generate dark 

current, which explains the reason of getting high dark current in such device.  

Single InAs photodetector was fabricated and examined to compare its performance 

with the photodetector of InAs/AlSb core-shell NWs.  The latter exhibited lower dark 

current than that of bare NWs with enhanced signal to noise ratio. These enhanced 

properties were correlated with the eliminated surface states, which passivated by the 

shell layer representing by AlSb shell that wraped InAs core

Figure 7.7: schematic diagram illustrates photogating effect.a) InAs/AlSb core-shell NWs without 

elimination where few electrons are in the core. b) The incident photons generate electron–hole pairs 

in InAs core. c) AlSb shell traps holes which recombine with electrons that confined inside InAs. 

This process slows down and reduces e-h pairs that contribute to the external circuit as a result 

photocurrent is reduced and becomes negative.  

a a b
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Chapter 8 

Conclusion 
 

8.1 Summary of achievements 

 
The key achievements of this work were as follows: 

 

 Modifying new growth method including two-steps growth. 

 Growing two structures of core-shell NWs one of them is considered as novel 

(InAs/AlSb) core-shell NWs as their device reduced the leakage current.  

 Obtaining room temperature PL for InAs NWs. 

 Obtaining long wavelength emission of 5.1 𝛍m from InAsSb NWs.  

 

8.2 Structural and optical characterization 

 
In this study several NW based semiconductor quantum materials were synthesised and 

optimised. InAs NWs were grown by innovated MBE technology with a newly 

developed growth technique of two-steps droplet-assisted growth. Our new modified 

growth involved three steps: Firstly, starting with low growth rate (0.1 μm/h) to enable 

initiating NWs. Secondly, initiating NWs. Thirdly, the growth rate ramped up to the 

highest value (0.3 μm/h). This developed growth method successfully improved NWs 

morphology and defect free crystal structure. Furthermore, this growth technique 

provides much quicker axial growth rate for the NWs. This overcomes the typical 

problem in the general NW growth method that requires extremely low nominal growth 

rate, which lead to costly and time  consuming synthesis of the materials. In addition, 

through growth optimisation, the optical properties of our NWs were improved 

massively. Our technique provides a route towards cost-effective fabrication for NW 
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containing devices. PL intensity up to 290K was obtained for first time. PL 

measurements demonstrated improvement in terms of intensity peak numbers since PL 

became single peak after being multi-peak curve.  

It is very challenging to grow InAsSb with high Sb content, which leads to the failure 

of NW growth with high Sb incorporating. InAsSb has been reported with 100% Sb, 

however, it suffered from poor crystalline quality. By using droplet-assisted epitaxy, we 

obtained InAsSb directly grown on Si substrate with Sb up to 19%. In our growth, we 

suppressed the Sb surfactant effect by optimizing flux ratio V/III to increase the Sb 

incorporation in the NWs. More importantly, the successfully obtained InAsSb NWs 

demonstrate extended PL emission wavelength up to 5.1 μm, which is the longest 

wavelength, reported yet. We examined the  effect of Sb composition ratio on the optical 

properties of InAsSb NWs by a detailed PL study. It was found that the dominant peak 

is BtB transition, which shows a significant red shift with increasing Sb content. We 

correlated this with the bandgap shrinkage with the presence of Sb. The NWs with 19% 

Sb has very low bandgap energy this was attributed to the fluctuation of Sb in the 

segment (see table 6.1), which creates type II alignment.  This in turn caused a transition 

energy lower than the bandgap energy of the corresponding bulk materials.  PL emission 

up to 120 oC was obtained for the sample with 16% Sb with peak energy of 0.304 eV.  

 

 Due to the large surface to volume ratio NWs suffer from surface states which 

negatively affect devices optical and electrical properties. One of the possible solutions 

for this issue is passivating NWs with different materials. In this thesis two samples of 

core-shell NWs were grown, InAs/AlSb core-shell NWs and InAs/GaSb core-shell 

NWs. The core was firstly grown at pre optimized temperature i.e. 420-500 oC, The 

NWs were grown for 3hrs, two hours and half for InAs/AlSb, InAs/GaSb , respectively. 
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Both samples were grown with 0.1μm /hr growth rate. After stopping the core growth, 

the growth temperature reduced to start growing the shell layer. 

InAs/AlSb core-shell NWs has overall diameter of 75±15 nm core width ~ 35 nm, length 

of 2.1±1.0 µm, and density of 13.3±1.1 ×108 cm-2. The NWs exhibited two different 

morphologies; vertically aligned and bent NWs.  The reason of bent NWs is because of 

non-uniform shell thickness which causes asymmetric strain distribution around the 

NWs which confirmed by HRTEM and EDX. X-ray diffraction showed distinct angle 

for the core InAs and small angle for AlSb. Temperature dependent PL 15-290K was 

performed at 10mW laser excitation power. The PL exhibited a strong intensity with a 

symmetric band. The dominant peak is about 0.391 eV and it is attributed to BtB 

transition. There is a slight redshift in the PL emission as temperature increases due to 

type II band gap alignment in this type of bangap alignment the carriers are separated 

;holes are confined  in the AlSb region while electrons trapped in InAs core. This 

separation leads to reduction in the transition energy. This type of band alignment and 

shell insertion will illuminate surface states effect on the radiative recombination 

causing enhanced and efficient radiative emission. 

 InAs/GaSb core-shell NWs were also grown successfully at the growth conditions 

mentioned above. SEM scan demonstrated that the NW has zig-zag appearance with a 

tapered top with hexagonal shape. The NWs has a wide diameter of 241.2±31.7 nm, 

length of 2.0±1.0 μm with a density of 7.0×108 cm-2. The shell of this structure is 

relatively thick about 59.7±14.7 nm. Due to thick shell X-ray pattern did not reveal any 

presence of InAs, the XRD just showed reflection angle related to GaSb layer. HRTEM 

and EDX verified that the NWs have core and shell structure with hexagonal cross-

section. The reason of the zig-zag shape is related to the 30 degree twisted of shell layer 

growth direction from <111>A to <111>B.  This twisting in direction occurs due to the 
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fast growth rate in the <111>A direction in comparison with<111>B.  PL at 8K was 

performed for this sample. There was a strong redshift compared to bare InAs NWs this 

attributed to type III bandgap. The dominant peak was associated with BtB transition.  

Both core-shell NWs InAs/AlSb and InAs/GaSb are dislocation free due to very low 

lattice mismatch between the core and the shell 1.18 % and 0.6% respectively. 

 

8.3 Device  characterisation 

Photodetector mesa device fabricated using bare InAs NWs grown on n-type Si 

substrate. Ti/Au (20/200nm) was made to act as the electrodes of device for Ohmic 

contact. Room temperature I-V measurements demonstrated asmmytric behavior, 

which means that the contact is Shottky contact. Such a contact results from the 

difference in work function of Si 4 eV and InAs 4.9 eV. This difference in work function 

causes band bending in the interface of InAs/Si such a band bending causes 

photodetection.  

Laser power dependent I-V measurements were performed. It was found that the device 

has high sensitivity for a small change in power. This proves that the device is a working 

device. 

Two different photodetectors were also designed by using bare InAs NWs and 

InAs/AlSb core-shell NWs. The latter structures were fabricated into field effect 

transistor on P+-Si/SiO2 (300nm) substrate. The I-V characterisation demonstrated that 

core-shell NWs device has lower dark current of 2.810-8 A than that of bare NWs device 

(1.510-6 A) at drain voltage of 0.1 V.  Bare InAs NW device revealed positive 

photocurrent whilst it is negative for core-shell NW device at gate voltage of 0 V and 

0.1 V drain voltage. The core-shell NW FET device exhibited high signal-to-noise ratio 

it increased from 13% to 88%. The reason of the enhanced parameters of the core-shell 
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photodector belongs to the successful core passivation, which vanished the surface 

states effect. 

8.4 Outlook and future suggestions 

In this thesis novel growth technique were modified. However, further work have to be 

done for samples grown by this technique e.g, structural characterizations such as 

HRTEM to exam the NWs crystal phase and polytypism. As well as, performing 

temperature dependence PL measurements to make sure that the NWs still have single 

peak feature. 

 

Although core-shell NWs successfully grown and characterized, further growth is 

required to enhance growth quality and control shell uniformity to prevent bending in 

NWs.  InAs/GaSb core-shell NWs need more structural investigations to determine the 

exact reasons of the saw-tooth shape , twisting in the shell layer and to know the the 

exact crystal phase. 

More device measurements required to have full picture of the fabricated devices such 

as, I-V measurements laser and temperature dependence, spectral response, sensitivity 

and efficiency. As well as, fabricating new structure of photodector NW devices for 

example by etching shell or design p-i-n photodetector to obtain higher, positive 

photocurrent. Hence, i-layer enhances light absorption or using NWs with relatively 

wide diameter to supress negative photocurrent phenomenon.  

 

 

 

 


