
Master Thesis 

HALMSTAD 

UNIVERSITY 

Master's Programme in Electronics Design, 60 credits

I-V and Optical Characterization of
InP/InAsP Quantum Disc-in-Nanowire
Infrared Photodetectors

Nanoelectronics, 15 credits

Halmstad 2019-06-26

Raval Divya Kanubhai



 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 

I-V and Optical Characterization of InP/InAsP Quantum Disc-

in-Nanowire Infrared Photodetectors 
 

 

 

Master’s Thesis in Electronics Design 

 

2019 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Author: Raval Divya Kanubhai 

Supervisors: Prof. Håkan Pettersson and Mohammad Karimi 

Examiner: Dr. Pererik Andreasson 

 
 

 

 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

I-V and Optical Characterization of InP/InAsP Quantum Disc-in-Nanowire Infrared Photodetectors 

Raval Divya Kanubhai 

© Copyright Name(s) of author(s), 2019. All rights reserved.  

Master thesis report IDE 12XX 

School of Information Technology  

Halmstad University 

 

 



 
 

 



i 
 

ACKNOWLEDGMENTS 
 

I would like to express my sincere gratitude to Halmstad University for giving me the 

opportunity to do this master thesis project in the Rydberg Laboratory.  

 

I would like to give thanks to the project supervisor, Professor Håkan Pettersson, for his 

continuous inspiration and support since the beginning of this project. He is not only providing 

many useful suggestions and directions but also many interesting challenges throughout this 

project. I am extremely glad he gave me this opportunity to work with such advanced nanowire 

technology. Without his help, supervision as well as enthusiastic guidance, I would not have 

had this thesis accomplished.   

 

I especially thank my co-supervisor, PhD student Mohammad Karimi for teaching me a basic 

knowledge of this research field, helping me in the laboratory and give me the proper guidance 

in thesis writing. I also thank the research staff at Lund University involved in the growth of 

the investigated nanowire samples. 

 

I am grateful to my parents and family members for their constant support, encouragement 

and unconditional love. I am also thankful to my friends who are always by my side. 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 



ii 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



iii 
 

ABSTRACT 
 

Photodetectors are semiconductor devices capable of converting optical signals into electrical 

signals. There is a wide range of applications for photodetectors such as fiber optics 

communication, infrared heat camera sensors, as well as in medical and military equipment. 

 

Nanowires are thin needle-shaped structures consisting of semiconductor materials such as 

gallium arsenide (GaAs), indium phosphide (InP) or silicon (Si). They are ideally suited for 

sensitive photodetectors with low noise due to their small size, well-controlled crystal 

structure, and composition tunability, as well as the possibility to fabricate them 

monolithically on silicon. 

 

In this thesis, Fourier Transform Infrared (FTIR) Spectroscopy was used to investigate the 

optical characteristics of InP nanowire-based n+-i-n+ photodetectors with 20 embedded InAsP 

quantum discs in each InP nanowire. The spectrally resolved photocurrent was measured and 

analyzed at different angles of incidence. Also, detailed current-voltage characteristics in dark 

and under illumination were recorded and analyzed.  

 

Summarized, the samples showed very good I-V performance with low dark leakage currents. 

The photocurrent scales with the numbers of nanowires, from which we conclude that most of 

the photocurrent is generated in the nanowires. Spectrally resolved photocurrent data, 

recorded at room-temperature, shows strong absorption in the near-infrared region with 

interesting peaks that reveal, the underlying optical processes in the substrate and nanowires. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 



iv 
 

Abbreviation 
 

NWs: Nanowires 

IR: Infrared radiation 

LEDs: Light emitting diodes 

InAsP: Indium arsenide phosphide 

InP: Indium phosphide 

QW: Quantum well 

QDiscs: Quantum discs 

GaAs: Gallium arsenide 

AlGaAs: Aluminum gallium arsenide 

QDIPs: Quantum dot infrared photodetector 

QWIPS: Quantum well infrared photodetector 

T2SL: Type 2 superlattice 

MOVPE: Metal organic vapor phase epitaxy 

FTIR: Fourier transform infrared spectroscopy 

PC: Photocurrent 

ZB: Zincblende 

WZ: Wurtzite 
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1 Introduction 
 

Since the beginning of the microelectronics era, the smallest line width or the minimum 

feature-length of an integrated circuit has been reduced at a rate of about 13% per year. At 

that rate, the minimum feature length will shrink to about 10 nm in the year 2020. In 2002 we 

entered the nanoelectronics era by reducing the minimum length below 100 nm [1].  

 

In the last few decades, semiconductor nanowires (NWs) have been extensively studied due 

to their interesting fundamental electro-optical properties. NWs are promising nanoscale 

structures for the next generation of electrical and optical devices such as field-effect 

transistors [2], solar cells [3], diodes [4], LEDs [5], lasers [6] and photodetectors [7] [8]. NW-

based photonics devices have been demonstrated to offer significantly enhanced quantum 

efficiency, gain, and reduced noise. Embedding low-dimensional quantum heterostructures in 

NWs permit new degrees of design freedom for the optimization of electrical and optical 

properties. The small footprint of NWs leads to an efficient relaxation of strain in lattice-

mismatched heterostructure and facilitates heterogeneous integration of III-V semiconductor 

NW devices with mainstream Si technology. There are some examples of NW devices with 

embedded low-dimensional quantum structures such as ultraviolet and infrared quantum disc-

in -NW photodetectors [9] [10], room-temperature lasers based on NWs with quantum dots 

[11], ultrafast photodetectors based on core-shell NWs [12] and disc-in-wire light-emitting 

diodes [5] [13]. 

 

Photodetectors convert light rays into an electronic signal. They are used to measure a physical 

quantity of light (e.g. photon energy or optical power) and, depending on the type of sensor, 

then translate it into a form that is readable by an integrated measuring device. The infrared 

(IR) region of the electromagnetic spectrum has been of great interest due to a large number 

of associated applications associated. IR region expends from 1 μm to 1000 μm and usually is 

divided into near-IR (NIR), mid-IR (MIR) and far-IR (FIR), etc. subsections. Each of these 

regions has found a tremendous amount of applications including e.g. optical communication, 

night vision, surveillance, space discoveries. Semiconductor photodetectors based on Si or 

Ge, type II superlattices (T2SLs), quantum wells or quantum dot photodetectors are some 

examples of devices that are used to detect IR radiation.  

   

In this thesis work, we propose a new type of IR photodetectors which are based on 

semiconductor NWs with embedded quantum heterostructure. The NWs are InP and 

embedded quantum heterostructures are InAsP embedded axially within the NW. InP/InAsP 

heterostructures are of interest for high-speed devices because of their excellent transport 

properties [13]. The photodetection mechanism is based on the interband transition from the 

valence band to the conduction band both within InP NW and also InAsP QDiscs. 

Optoelectronic characterization using IV measurement and spectrally resolved photocurrent 

measurement using Fourier transform infrared spectroscopy are used to study the performance 

of the device. The fabricated NW photodetector contains 4 million vertically standing InP NW 

which each NW contains 20 InAsP QDiscs. The IV behavior is non-linear, partly due to the 

n+-i-n+ design and partly due to non-optimal ohmic contacts and non-uniform Zn 

compensation doping in the intrinsic region. In optical characteristics, the PC signal up to a 
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21.34 eV all comes from QDiscs and the signal from 1.34 eV and beyond originates from InP 

NWs. The asymmetry between negative and positive bias in PC can be associated with a poor 

ohmic contact. The devices show a spectral response from 0.7 to 2.5 eV with the responsivity 

of 0.32 A/W at 3V. In the angle-dependent measurements, by increasing the angle the device’s 

surface reflection increases, resulting in less photons reaching the NW leading to a decreased 

PC in both positive and negative bias.  
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2 Background 
 

2.1 Semiconductors 
 

The main characteristic of semiconductors that makes them attractive for a wide range of 

applications in nanoscience and nanotechnology is that their electrical conductivity can be 

varied, usually by changing the number of free electrons and holes. If sufficient energy is 

given to bound electrons in the valence band that are unable to move, some will be promoted 

across the bandgap to the conduction band, leaving behind holes in the valence band. Both 

electrons and holes are free to move and thus contribute to an increased conductivity. The 

energy may be supplied by thermal energy or electromagnetic EM wave [14]. The bandgap is 

a crucial property of semiconductors. It represents a range of forbidden energies within the 

electronic structure of the material. Semiconductors typically have bandgaps ranging between 

1 and 4 eV, while insulators have larger bandgaps, often greater than 5 eV. The thermal energy 

available at room temperature, 300K, is approximately 25meV and is thus considerably 

smaller than the energy required to promote an electron across the bandgap. This means that 

there is only a small number of mobile charge carriers present at room temperature in most 

semiconductors. It is the ability to control the number of charge carriers that makes 

semiconductors of great technological importance [1]. 

 

Semiconducting materials in the crystal lattice are very sensitive to impurities as they can have 

a dramatic effect on the number of mobile charge carriers. The controlled addition of these 

impurities is known as doping and enables the tuning of electronic properties, which is crucial 

for technological applications. A semiconductor with no doping is called ‘intrinsic’, while 

those resulting from dopant introduction are called ‘extrinsic’ [1]. 

 

The bandgap of a semiconductor can be either direct or indirect. This the best visualized in so 

called k-space, which characterizes the relationship between the electron’s energy and their 

momentum. Semiconductors for which the minimum energy of conduction-band (Ec) and the 

maximum energy of valence-band (Ev) correspond to the same value of k (momentum) are 

called direct bandgap materials. Semiconductors for which this is not the case are known as 

indirect bandgap materials. GaAs is a direct bandgap semiconductor whereas Si is an indirect 

bandgap semiconductor. The distinction is important because a transition between the bottom 

of the conduction band and top of the valence band in an indirect bandgap semiconductor must 

accommodate a substantial change in the momentum of the electron. It will be shown 

subsequently that direct bandgap semiconductors such as GaAs are efficient photon emitters, 

whereas indirect bandgap semiconductors such as Si cannot serve as efficient light emitters 

under ordinary circumstances [15] [14]. 
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Figure 1: Schematic energy-momentum band diagrams for Direct bandgap and Indirect bandgap 

 

2.2 Photonics 
 

The word ‘photonics’ comes from the Greek word “phos” which means light. The term 

photonics became commonly used in the 1980s as fiber-optic data transmission was adopted 

by telecommunication network operators. It was confirmed when a journal called Photonics 

Technology Letters was established at the end of the 1980s by IEEE Lasers and Electro-Optics 

Society. Photonics covers a wide range of applications in science and technology, including 

laser manufacturing, biological and chemical sensing, display technology and optical 

computing [16]. 

 

Photonics is the technology for controlling photon flow, much as electronics is the technology 

for controlling charge carriers (electron and holes) flow. These two technologies together form 

optoelectronics in which photons are used to generate and control charge carriers, and 

similarly, charge carriers generate and control the flow of photons. Semiconductor 

optoelectronic can be found almost everywhere around us serving as photon sources (light-

emitting diodes and laser diodes), amplifiers, detectors, switches and so on [15]. 

 

Two processes are fundamental to the operation of almost every semiconductor 

optoelectronics device: 

I. The absorption of a photon can create an electron-hole pair. Mobile charge carriers 

resulting from photon absorption change the semiconductor’s electrical properties. 

This process is the basic of photoconductive photodetectors where generated electron 

and hole pairs are collected by contacts and form a photocurrent [15]. 

 

II. The recombination of an electron and a hole can result in the emission of a photon. 

This process is responsible for the operation of semiconductor light sources such as 

laser diodes or light-emitting diodes [15]. 
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2.3 Infrared radiation 
 

Infrared radiation (IR) is a region of the electromagnetic radiation spectrum where 

wavelengths range from about 740 nm to 1 millimeter (mm). IR waves have a longer 

wavelength than visible light waves but shorter than radio waves. William Herschel 

discovered IR in 1800 [15]. The possibility to detect IR is not only important for basic physical 

phenomena studies, but also a wide variety of applications. IR detectors fabricated from thin 

layers of semiconductor materials, as well as nanostructures such as quantum dots and 

quantum wells, are promising devices for defense and military night vision cameras, wireless 

infrared communication, biomedical engineering, advanced fire systems and security [17]. 

 

Infrared radiation is further divided into five spectral ranges: 

• Near-IR (0.74-1.4µm), NIR 

• Short-wavelength IR (1.4-3µm), SWIR 

• Medium-wavelength IR (3-8µm), MWIR 

• Long-wavelength IR (8-15µm), LWIR 

• Far-IR (15µm-1mm), FIR 
 

It is generally possible to classify IR detectors into two groups: thermal detectors and photon 

detectors. The incident radiation power is absorbed in a thermal detector to change the 

temperature of the material and the resulting change in certain physical properties (typically 

the resistivity) is used to generate an electrical output. The detector is suspended on legs 

attached to the heat sink. The signal is not dependent on the incident radiation's quantized 

nature (photons). Thermal effects are therefore generally independent of wavelength. 

Although typically working at room-temperature, low sensitivity and slow response speed 

typically characterize this type of detector. In photon detectors, the radiation is absorbed 

through electron-photon interactions with electrons either bound to lattice atoms or impurity 

atoms or free electrons within the material. The signal is thus dependent on the quantized 

nature of electromagnetic radiation. Photon detectors provide high response speed and high 

sensitivity compared to thermal detectors [13]. 

 

2.4 Photodetectors 
 

Photodetectors are devices which are sensitive to incoming electromagnetic radiation. There 

are different types of photodetectors which are used to detect IR. Some of the important IR 

photodetectors are mentioned below: 

• Photodiodes 

• Photoconductors 

• Quantum well IR photodetectors (QWIPs) 

• Quantum dot IR photodetectors (QDIPs) 

• Type-II superlattices (T2SLs) 
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2.4.1 Photodiodes 

 

When an n-type semiconductor and p-type semiconductor are joint together, a photodiode is 

formed. The large carrier concentration gradients at the junction cause carrier diffusion. Due 

to the diffusion of carriers from one side to another side to satisfy the equilibrium condition. 

A depletion layer in the physical boundaries of the junction between n and p is formed which 

results in the generation of built-in the electric field pointing from positive fixed charges to 

negative ones. Incoming photons will be absorbed in the depletion layer if their energy is 

higher than the bandgap. The generated electron-hole pairs separated by the electric field and 

then subsequently move to the respective external contact to form a photocurrent [18]. Figure 

2 and 3 shows the schematic and band diagram of a typical photodiode.  

 

 
Figure 2: Design of p-n photodiode with incoming photons [19] 

 

Figure 3: Energy band diagram of p-n photodiode under illumination condition [19] 

2.4.2 Photoconductors 

 

The simplest type of photodetectors is a photoconductor. In a photoconductor, a slab of 

semiconductor is contacted by electrodes at each end. The contacts between semiconductors 

and electrodes are usually preferred to be ohmic. The schematic layout of the photoconductor 

device is shown in Figure 4. When photons with energies higher than the bandgap of 
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semiconductor are absorbed, electron-hole pairs are generated. By applying a bias, the 

generated carriers can be collected by the contacts which form a photocurrent [20]. 

 

 

 

 
Figure 4: Schematic layout of a photoconductor [1] 

The photoexcitation process can be intrinsic (band-to-band) or extrinsic (impurity-to-band) as 

shown in Figure 5. 

 
Figure 5: Optical transitions in a photoconductor [20] 

 

2.5 Quantum well infrared photodetectors 
 

The quantum-well infrared photodetectors (QWIPs) consists of a low bandgap material that is 

sandwiched by a higher bandgap semiconductor. If the thickness of the low bandgap material 

is thin enough, energy levels are separated due to quantum confinement.  The incoming photon 

can either make an interband transition from the valence band to the conduction band of the 

QW, or an intersubband transition from the ground state to an excited state in the QW. In the 

intersubband regime, two types of transitions can occur. The first is a bound-to-bound 

transition, in which a photon excites an electron from the ground state to the first bound state 

and then the electron tunnels out of the well. The second is bound-to-continuum excitation 

where the first excited state is pushed out into the continuum above the ground state is over 

the barrier. QWIPs are key devices in focal-plane array sensor systems for long-wavelength 

IR (LWIR) detection and imaging [1].   
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The schematic layout and corresponding conduction band profile of a typical GaAs/AlGaAs 

QWIP under bias shown is in Figure 6. In a QW, the incident radiation excites an electron 

from the ground state to the excited state. Subsequently, the electron escapes to the barrier 

through a combination of thermal excitation and quantum tunneling. The excited carriers are 

collected by the applied electric field which forms the detector signal [13]. 

 

 
Figure 6: Schematic diagram (left) and conduction band profile (right) of GaAs/AlGaAs [13] 

 

2.6 Quantum dot infrared photodetectors 
 

Quantum dot infrared photodetectors (QDIPs) are based on small semiconductor particles with 

dimensions of a few to a few tens of nm in all directions. While QWIPs host electronic states 

quantized in one dimension, in QDIPs, the active layer is based on small sized semiconductor 

particles that confine the carriers in all three dimensions similar to a giant artificial atom. The 

energy structure of quantum dots is discrete, similar to atoms, meaning that only certain optical 

transitions of the carriers are allowed. The main advantages of QDIPs are sensitivity to normal 

incidence photoexcitation, broader IR response, high photoconductive gain, increased 

extraction efficiency, lower dark currents and increased operating temperatures [21]. 

 

2.7 Superlattice infrared photodetectors 
 

T2SLs (Type-II superlattices) or SLS (Strained Layer Superlattices) are material structures 

that can be used to make high quality cooled infrared photon detectors with a cut-off 

wavelength ranging from 2 µm to 30 µm.  

 

Multilayered structures comprising thin layers of alternating semiconductor materials are 

known as multi quantum-wells (MQWs). They can be fabricated so that the energy bandgap 

varies with position in the desired way. A MQW structure can have several layers, ranging 

from a few to hundreds [15]. 
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If the energy barriers between adjacent wells are thin enough to allow electrons to tunnel 

through easily, the discrete energy levels will expand into minibands, in which case the multi 

quantum-well structure will be referred to as a superlattice structure. The change from MQW 

sub-bands to superlattice minibands in some sense resembles the change from discrete levels 

of energy in an atom to energy bands in a solid as the atoms are brought closer to each other 

and allowed to interact. Quantum wells and superlattices can be generated by spatially varying 

the doping of material, creating space-charge fields that create potential barriers [15]. 

 

Type-II broken bandgap superlattices (T2SLs) contain thin semiconductor layers of various 

materials in which the conduction band and valence band edge of the second material are 

above the band edges of the first material. The III/V compound materials InAs and GaSb from 

such a band alignment Figure 7 [13]. 

 

 

 
Figure 7: Schematic band structure of a InAs/GaSb T2SLs 
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3 Nanowire photodetectors  
 

3.1 Nanowires 
 

Semiconductor nanowires (NWs) are semi 1-D single crystals with a needle shape which have 

a diameter of around a few tens of nanometers and length varying from 100 nm to a few 

micrometers. In the fabrication of semiconductor NWs two different approaches are used: top-

down and bottom-up. In the top-down methods, lithography and etching methods are used to 

shape a planar semiconductor crystal to the desired form of semiconductor NWs. This method 

is not preferable because the surface of the etched NWs get damaged resulting in NWs with a 

high density of surface defects. Moreover, with lithographical methods, it is difficult to 

achieve extremely thin NWs. A much better alternative is the bottom-up method which 

employs epitaxial crystal growth of NWs from nano-scaled seed particles deposited on the 

surface [22] [23].  

 

3.2 Optical and electrical properties of nanowires 
 

3.2.1 Optical properties 

 

NW optical properties have been extensively studied using various optical characterization 

and analytical techniques. The complex dielectric function (ɛ1 + ɛ2) of the NWs, which are 

embedded in the host material, is deduced using effective medium theories by considering the 

NWs and the host matrix as a single material. For the composite medium, the refractive index 

(n) and the absorption coefficient (k) of the medium are related to the ɛ1 and ɛ2. The complex 

dielectric function of the NWs can also be directly determined using standard measurements 

of reflection and transmission in combination with Maxwell’s equations. The bandgap and 

temperature variation of the NW bandgap can be determined by the measurements of the 

complex refractive index, which are considered important parameters for the selection of 

materials for specific photonic applications. Information about plasmon frequency, the 

concentration of donors/acceptors and carrier concentrations in NWs can be obtained by 

analyzing the infrared (IR) spectra of the NWs [24]. 

 

For various optical applications, the uniform morphology and interesting optical properties of 

NWs have raised their potential. Because of their intense photoluminescence (PL) and 

electroluminescence (EL) properties, p-n junctions have been realized in NWs. For laser 

applications, the use of electrically driven p-n junction NWs is presently a very hot research 

topic. ZnO NWs of wire diameter smaller than the wavelength of the emitted light has been 

established to exhibit lasing actions at lower threshold energy compared to their bulk 

counterpart. This was attributed to a strong exciton confinement that reduces the lasing energy 

threshold in NWs [24]. 
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3.2.2 Electrical properties (transport properties) 

 

NW electron and hole transport properties are very important for electrical and optical 

applications and to understand the carrier transport mechanism. The wire diameter, wire 

surface conditions, crystal structure and its quality, chemical composition, crystallographic 

orientation along the wire axis, etc. are important parameters that influence the charge carrier 

transport mechanism of NWs [24]. 
 

Quasi-one-dimensional NWs have both a ballistic and a diffusive type of electron transport 

mechanism that depends on the wire length and diameter of the wire. Ballistic transport 

implies that the carrier transport takes place without any scattering.  In quantum ballistic 

devices, the wave properties of the electrons become important which leads to fascinating new 

device physics, including e.g. a conductance quantized in an integral multiple of 2e2/h, called 

the universal conductance unit (e is the electronic charge and h the plank’s constant) [24]. 

 

NWs possess a great potential in numerous electronic applications. Several semiconductor 

devices such as junction diodes, memory cells, and switches, transistors, FETs, LEDs, and 

inverter, etc. have already been fabricated using NW junctions [24]. 
 

3.2.3 Advantages of nanowires 

 

There are various reasons behind NW devices which make them very promising candidates 

for optoelectronic devices especially photodetectors. First and foremost, different parameters 

of NW such as chemical composition, diameter and length can precisely be controlled during 

synthesis. Secondly, the small footprint of the NWs allows them to be directly grown on Si 

substrates which is an essential step toward the integration of fast optoelectronic materials 

with mature Si-based electronics. Also, the absorption of NWs can be tuned to a desired 

wavelength by varying the geometry of periodic arrays of NWs. Last but not least, lattice-

mismatched heterostructures which are challenging to be grown in planar format, can be 

grown in axial NW configurations due to the strain relaxation property of NWs [25].   

 

3.3 Nanowire photodetectors 
 

In accordance with the More than Moore concept, the general trend of continuously decreasing 

electronic device dimensions has driven IR nanophotonic research. As light absorption is 

directly related to the volume of the active device, the smaller the size, the smaller the 

absorption. Some methods were suggested to improve photon absorption, such as resonant 

cavities and enhanced plasmonic photodetectors, all add complexities in terms of fabrication 

and device integration leading to expensive devices [26]. 

 

It is shown that semiconductor NWs are potential nanoscale candidates to address all existing 

problems associated with photodetectors. Due to their small footprint, the epitaxial growth of 

III-V NWs on Si substrates is easily facilitated [27]. Furthermore, the possibility to fabricate 

extremely high-ordered NW arrays with a fine-tuned diameter and pitch promotes high 

absorption with low material volume because of the efficient coupling of the incoming 
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radiation to the optical modes of the NW arrays. For example, it has been shown that solar 

cells can deliver 83% of planer InP solar cells photocurrent density with an appropriate design 

of InP NW arrays, while NWs cover only 12% of the surface. Such enhanced absorption and 

monolithic integration of NWs with silicon make NWs suitable for solar cells and 

photodetector applications [13]. 

 

3.4 Nanowire growth 
 

The term epitaxy consists of the Greek words ‘epi’ which means ‘above’ and ‘taxis’ meaning 

‘in an ordered way’. The basic idea behind the epitaxy is to grow a high-quality 2D 

semiconductor layer or NWs, on top of e.g. a substrate semiconductor. If the substrate material 

is the same as the thin layer or NW, the growth is called homoepitaxy, otherwise, the growth 

is called heteroepitaxy. Due to self-organization, NWs are grown on a substrate in a well-

ordered way. To initiate NW growth, small metal seed particles are deposited on the surface. 

The seed particle diameter roughly determines the NW radius. Gold (Au) is normally used as 

a material for seed particles. Other metals can also be used, e.g. Cu [28] and even particle-free 

growth was shown. Several epitaxy methods exist, such as liquid phase epitaxy (LPE), hydride 

vapor phase epitaxy (HVPE), metal organic vapor phase epitaxy (MOVPE), ultra-high 

vacuum chemical vapor deposition (UHV-CVD), chemical beam epitaxy (CBE) and 

molecular beam epitaxy (MBE) [22] [23]. Molecular Beam Epitaxy (MBE) and Vapor Phase 

Epitaxy (VPE), also known as Chemical Vapor Deposition (CVD), are the most important 

methods of epitaxial growth. For industrial growth, VPE is preferable because it does not 

require an ultra-high vacuum and the growth rate is much higher than MBE [23]. 

 

3.4.1 Nanowire growth using Metal Organic Vapor Phase Epitaxy (MOVPE) 

 

NW growth starts with the deposition of size-selected Au particles and also selective area 

epitaxy without seed particles on the substrates using a specially designed aerosol machine. 

The deposition density will determine the density of wires and normally Au particles which 

have 400 nm in diameter are used. The density of the particle is about a few µm-2 or less. After 

Au deposition, the substrate is placed in a MOVPE rector cell with a flowing gas (H2 or N2) 

along the substrate. The function of the carrier gas is transporting the precursor gases. In 

MOVPE, metal organic precursors are used to provide group III materials for NW growth. As 

group III precursors are commonly used Trimethylgallium (TMG), Ga (CH3)3, 

Triethylgallium (TEG), Ga (C2H5)3, or Trimethylindium (TMI) In (C2H5)3. As group V 

sources are typically used Tertiarybutylphosphine (TBP) and Tertiabutylarsine (TBA). The 

hybrids AsH3 or PH3, where the atom of desired group V material surrounded by three 

hydrogen atoms, is used as a source of group V elements as well. For InP nanowire growth, 

trimethylindium (CH3)3 and phosphine PH3 are often used as precursors [22] [23]. 

 

A substrate with deposited Au particles is placed into the reactor cell and heated. The typical 

temperature for growth of conventional 2-D layers of III-V compounds is 650ºC, while a 

higher temperature needed for nitride growth. NW growth typically takes place at a lower 

temperature. When the desired growth temperature is reached, the precursor gases introduced 

into the carrier gas flow. When the precursors meet the Au particle, a supersaturated alloy is 

formed under the particle. Since the precursors are continuously delivered by the carrier gas 



14 
 

to the alloy, precipitation of semiconductor material at the particle-substrate interface will take 

place and NW growth will start (Fig. 8). The NW growth rate depends on the concentration 

of precursors and the temperature which are controllable [29] [23]. 

 

 
Figure 8: Gold-seeded epitaxial growth of nanowires [23]  

 

3.5 Sample structure 
 

Indium phosphide is a III-V compound consisting of indium and phosphorus. It crystallizes in 

the cubic Zincblende (ZB) crystal structure, as almost all III-V semiconductors. InP NWs, 

however, can also crystalline in a hexagonal Wurtzite (WZ) structure shown in Figure 9. 

 

InP has a direct bandgap, which means it can be used to emit light efficiently and that it is 

suitable for optoelectronic devices. With relatively large bandgap (1.344 eV at 300K) it can 

emit and detect light in the infrared region (~924 nm). Having a larger bandgap also makes 

InP fairly insensitive to noise caused by heat. 
 

InP also has a very high carrier drift velocity, higher than that of Si and GaAs. That’s why InP 

is used for high-frequency devices [23]. 
 

Unlike III-V bulk materials that are usually ZB (expect for nitride compounds (III-N) [30]), 

NWs can also be crystallized in the WZ phase by controlling the growth parameters.The 

optoelectronic properties of NWs depend strongly on their detailed energy band structure, 

which in turn depends on their crystal structure [14]. 

 

 
Figure 9:  Zinc blende and Wurtzite crystalline structure [23] 
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Embedding of low-dimensional quantum heterostructures in NWs gives the possibility for 

further optimization of electrical and optical performance. This master project deals with IR 

photodetectors comprising four million InP NWs, grown by metal organic vapor phase epitaxy 

(MOVPE) ordered in vertical arrays, with 20 InAsP QDiscs embedded in each NW. InP/InAsP 

heterostructures are promising candidates for high-speed electronic devices because of their 

excellent transport properties. The relatively large conduction band offset in the InP/InAsP 

system can lead to higher operating temperatures due to strong confinement of the carriers. 

Implementing InAsP QDiscs in NWs adds the advantages of the small footprint of NWs to the 

confinement properties in quantum discs for ultimate monolithic integration of photonics with 

main-stream silicon complementary metal-oxide-semiconductor (CMOS) driver/read-out 

electronics. The incoming photons will excite interband transitions from the valence band to 

the conduction band of the InP NW. Moreover, interband transitions between confined levels 

in the valence band and the conduction band of the InAsP QDiscs will redshift the onset of 

the absorption and facilitate a broadband photodetector. Since the chosen doping profile is n+-

i-n+, an applied bias to the contacts will lead to the collection of the carriers resulting in a PC. 

Figure 10 shows the schematic band structure of an InP NW/InAsP QDisc under bias. 

 

 

Figure 10: Band structure of InP NW/InAsP QDisc 
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Figure 11: Schematics of vertically processed 20 QDiscs-in-NW array detectors [13] 

Each individual NW comprises an n+-i-n+ geometry with incorporated InAsP QDiscs in the i-

segment. To optimize the dark current of the devices, the unintentional n-doping in the 

nominally intrinsic NW section was compensated by in-situ Zn doping [31]. Figure 11 shows 

the schematic of a fully processed NW array photodetector. Processing starts with the 

deposition of 50nm of SiOx, followed by 5 nm of Al2O3, using atomic layer deposition (ALD). 

To expose 200-250 nm of the NW tips a photoresist (S1813) was spin-coated and back-etched 

in reactive ion etching (RIE). The SiOx and Al2O3 were removed from the exposed tips by a 

buffered oxide etch (BOE), and subsequently, the gold catalyst particles were removed using 

H2SO4/H2O (1:10) band KI/I2 solutions. Then the resist was stripped and 800 × 800 µm2 

device areas were defined by patterning a photoresist lifting layers on the samples by UV 

lithography. After exposure, the photoresist was hard-baked at 200ºC for 30 min. A 50 nm 

NW side-wall coverage was obtained by sputtering indium tin oxide (ITO) as a transparent 

top contact. Before the sputtering step, any native oxides were removed using an H2SO4/H2O 

(1:10) solution to avoid a potentially poor contact formation between the NWs and ITO. 

Finally, two layers of 20 nm Ti and 400 nm Au were evaporated as bond pads [10]. 
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4 Experimental setups 
 

4.1 Fourier Transform Infrared Spectroscopy 
 

Spectroscopy is the study of the interaction of photons with matter through the processes of 

absorption, emission, and scattering. Spectroscopic data are often characterized by a spectrum, 

a plot of the response as a function of wavelength/frequency. 

 

The absorption of light at selected wavelengths can be studied, one at a time, by using a 

monochromator. Fourier Transform Infrared Spectroscopy (FTIR) is a more sophisticated 

measurement technique in which information is collected at all wavelengths simultaneously, 

improving both speed and signal-to-noise S/N ratio. The FTIR is based on the Michelson 

interferometer. A beam splitter divides a single beam coming from the source into two 

identical beams. Before reaching the detector, each of these beams will travel a different path, 

reflected by mirrors, and interfere. One of the mirrors is continuously scanned back and forth, 

introducing a phase difference and an interference pattern (interferogram) when the two light 

beams interface. As a result, the interferogram displays a modulated light intensity versus 

mirror position. The Fourier transform is applied to the interferogram data to obtain light 

output at each frequency. 

 

In this work, the sample under investigation is placed inside the sample compartment, and the 

modulated photocurrent induced by the spectrometer’s modulated NIR source is recorded as 

an interferogram, which is then converted into a spectrally resolved photocurrent using the 

Fourier transform. 

 

The results are generally presented in wavenumbers, i.e. number of waves per unit length. The 

wavenumber is directly proportional to the frequency and the energy of the IR; wavelengths 

can be calculated from wavenumbers from the following formula: 

Wavelength(µm)=
104

𝑤𝑎𝑣𝑒𝑛𝑢𝑚𝑏𝑒𝑟 (𝑐𝑚−1)
 

 

In this experiment, a VERTEX 80V FTIR spectrometer, manufactured by Bruker Optics, was 

deployed It can be equipped with optical components to cover multiple spectral ranges 

including far-, mid-, near-IR and up to visible and ultra-violet. It provides a truly aligned, 

precise linear air bearing scanner for accurate measurements. VERTEX 80V is controlled by 

the OPUS software running on Microsoft Windows OS via Ethernet connection [32] [23]. 
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Figure 12: Basic structure of VERTEX 80V FTIR spectrometer [7] 

4.2 Cryostat 
 

The spectrometer is equipped with an integrated low vibration pulse tube (Model PT- 

950-FTIR) closed-cycle helium cryostat. The temperature is variable between 5K and 

300K [19]. 

 
Figure 13: Photo of the low-temperature cryostat [18] 
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4.3 Keithley 2636B Source Meter 
 

The Keithley 2636 source meter is used to record the DC I-V characteristics of our devices. 

The data collection is done with the application software Lab Tracer 2.0. The source meter is 

directly connected to the sample rod where up to 7 two-terminal devices can be 

mounted and individually accessed from a switch box [19]. 

 

 
Figure 14: Photo of the Keithley 2636B source meter 

4.4 Keithley 428 Current Amplifier 
 

The Keithley 428 current amplifier is used to measure and amplify the modulated PC 

generated by the NW array photodetector under test and to convert it to a voltage [19]. 

 

 

 
Figure 15: Photo of the Keithley 428 current amplifier 
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4.5 Measurements steps 
 

A series of steps have to be done before performing the actual measurement. The steps are 

briefly discussed below: 

• In order to eliminate any effect of the ambient atmosphere on the results which might 

make the interpretation of the results challenging, the measurement setup is always 

running in vacuum.  

• The sample is mounted on a rod which is later inserted into cryostat. Care is always 

taken when in this step as any appropriate mounting might hurt the sample or the rod 

during the insertion into the cryostat.  

• Since the sample is exposed the radiation source of the FTIR setup, an alignment step 

is performed after inserting the sample to make sure the maximum exposing of the 

sample to the light. This alignment is performed in conjunction with the Keithley 

2636B. A fixed arbitrary voltage is applied on sample and the PC is recorded while 

the sample position is fine-tuned with a micrometer screw. When the maximum current 

is read in Keithley 2636, the best position for the sample is achieved.  

• The resistivity of back contacts is always checked to make sure a proper ohmic 

contacts which otherwise will influence the results.  

• The IV data is recorded using Keithley 2636 for a certain range of applied biases. The 

Keithley 2636 is controlled using Run Lab Tracer 2.0 software. 

• Spectrally resolved PC is measured using the FTIR setup which is controlled by OPUS 

software. PC is recorded for different applied biases and different angles of the sample 

surface relative the incoming radiation. 
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5 Results and Discussions 

 

5.1 Sample description 

 

 

Figure 16: The sample with InP/InAsP nanowires mounted on a DIL14 carrier 

Each processed sample consists of 104 NW photodetectors with different area. The sample is 

mounted on a DIL14 chip carrier using conductive silver glue (Figure 16). The substrate acts 

as a collective back contact for all devices.  The studied detector device in this project has a 

dimension of 800 × 800 µm2 and it is called A2P. The front contact, bonded to the DIL holder, 

comprises a transparent ITO contact which connects the tips of all NWs together in parallel. 

ITO These chip carriers are used in all I-V and PC measurements. 

 

5.2 I-V characteristics 
 

The I-V characterization is performed through measurements of the current (I) for different 

applied voltages (V). The measurements are carried out in dark and under illumination. The 

dark current is the current present in the structure without excitation from an external source, 

i.e. the sample is totally shielded during the measurements. This shield is removed to measure 

the I-V under illumination. I-V measurements were recorded with a Keithley 2636B source 

meter.  

 

Figure 17 shows the I-V curve for device A2P measured at room temperature. 
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Figure 17: I-V traces plotted in a semi-log scale  

As shown in Figure 17, the dark current amounts to about 9 nA at -3 V of applied bias and 

100 μA at 3 V. Due to n+-i-n+ doping configuration of the structure, a semi-linear behavior of 

the I-V is expected but not a perfectly linear dependence due to the barrier between the n+ 

contacts and i-segment. For this sample, the nonlinearity and asymmetry (with respect to bias) 

of the I-V characteristics might be due to poor ohmic contacts. On the other hand, a non-

uniformity of the added Zn doping during the growth of the intrinsic region to compensate un-

intentional n-doping can also contribute to such a non-linear behavior. The current under 

illumination is increased in comparison to the dark condition as expected. Incoming photons 

excited carriers from the valence band to conduction band leading to a higher current level. 

Subtracting the dark current from the current under illumination gives the total PC versus 

applied bias which is shown in Figure 18. A figure of merit when characterizing a 

photodetector is responsivity. The responsivity (R) is defined as the generated PC (Ip) per 

incident optical power (Popt) [1]: 

R= Ip/Popt 

R is proportional to the wavelength as long as it is in the absorption range limited by the 

bandgap of the material. Assuming that one photon creates one electron-hole pair [33], R is 

given by 

R = ηq/hv = ηoηλ/ 1.24, 

Where η and ηo are the coupling and internal quantum efficiency respectively, and λ is the 

wavelength in m. 

The light source in our setup provided a photon flux with the power of 10 mW/cm2. The device 

area is (800µm × 800µm). The extracted responsivity from Figure 18 is shown in Figure 19. 

We note here that the deduced responsivity is not for a single wavelength. Instead, it is an 

average of all responsivities of the device for all wavelengths. The responsivity has a value of 

8 mA/W at -3 V and 2.5 × 10-1 A/W at 3 V.  
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Figure 18: Photocurrent versus applied bias plotted in a semi-log scale 

 
Figure 19: Responsivity versus bias plotted in a semi-log scale 
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5.3 Spectrally resolved PC measurements 
 

The spectrally resolved FTIR measurements were carried out using a VERTEX 80V 

spectrometer controlled by the OPUS software. The light from the NIR source of the 

spectrometer has a broad spectrum which also includes the visible region. Spectrally resolved 

measurement for the InP nanowire sample has been done in range 1000-31500 cm-1. The 

relation between the energy in eV and wavenumber in cm-1 is given by the formula: 

E(eV) = 0.000124125. λ (cm-1) 

 

The intensity of the incident light from the NIR light source could be varied by changing the 

diameter of the aperture from 0.5 mm to 8 mm. All the measurements were done with the 

biggest opening 8mm. The measurements for the sample have been done with the NIR source 

and with a GaAs filter or a Si filter in front of the light source. The scanning frequency of the 

moving mirror results in a modulation of the light by about 7.5 kHz. The number of scans was 

200 and the temperature was 300K. The used gain for the current amplifier was 105. 

 

 
Figure 20: Spectrally resolved PC versus negative bias 

Fig. 20 above shows the spectrally resolved PC versus photon energy for negative biases. 

Figure 21 shows the corresponding PC for positive biases. The PC starts from 0.65 eV in both 

figures. This energy corresponds to the difference between the electron and hole ground states 

in the InAsP QDiscs. The PC signal up to 1.34 eV all comes from the QDiscs and different 

peaks in this range can be attribute to different transitions between energy levels of QDiscs. 

One should note that the thickness and composition variation of the QDiscs can also cause 

such peaks. Also, it is obvious that by increasing applied bias, the PC increases. This is due to 

the fact that applying bias bends the band structure. Hence, the excited electrons to the 

conduction band of QDiscs, can easily jump to the continuum state or the probability to tunnel 

through the barrier increases which both lead to increase in the PC. The asymmetry in PC 

between negative and positive bias can be related to the poor ohmic contact as previously 

shown in I-V characterization. The signal from 1.34 eV and beyond originates from InP NWs. 

The presence of two peaks in this range is due to ZB and WZ structure of InP in NW geometry. 

InAsP 

InP 
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Figure 21: Spectrally resolved PC versus positive bias 

The responsivity was extracted from the PC data using two calibrated Si and Ge photodiodes. 

The Ge photodiode was used to cover the range from 0.65 eV to 1.1 eV and the Si photodiode 

was used to cover the rest of the spectrum. The calibration was carried out considering the 

responsivity of the photodiodes, their area, and the gain value which was used for current 

amplification.  

 

The following equation was used to extract the responsivity using a calibrated Si photodiode. 

𝑃𝐶𝐼𝑛𝑃 = 𝑅𝐼𝑛𝑃 × 𝐺𝐼𝑛𝑃 × 𝐴𝐼𝑛𝑃 

1/2 

                                                                                         𝑅𝐼𝑛𝑃 =
𝑃𝐶𝐼𝑛𝑃

𝑃𝐶𝑆𝑖
× 𝑅𝑠𝑖 ×

𝐴𝑆𝑖

𝐴𝐼𝑛𝑃
×

10𝐺𝑆𝑖

10𝐺𝐼𝑛𝑃
 

𝑃𝐶𝑆𝑖 = 𝑅𝑆𝑖 × 𝐺𝑆𝑖 × 𝐴𝑆𝑖 

 

The same equation was also used for Ge photodiode as well and two formula are shown below. 

 

For the Si diode, 

ASi = 3.6mm* 3.6mm, Gain = 104 

For the Ge diode, 

AGe = 1.5mm* 1.5mm* 3.14, Gain = 104 

For InP NW sample, 

AInP = 0.8mm*0.8mm, Gain = 105 

𝑅𝐼𝑛𝑃 =
𝑃𝐶𝐼𝑛𝑃

𝑃𝐶𝐺𝑒
× 𝑅𝐺𝑒 ×

1.5 × 1.5 × 3.14

0.8 × 0.8 × 0.1
 

 

 

𝑅𝐼𝑛𝑃 =
𝑃𝐶𝐼𝑛𝑃

𝑃𝐶𝑆𝑖
× 𝑅𝑆𝑖 ×

3.6 × 3.6

0.8 × 0.8 × 0.1
 

 

InAsP InP 
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Fig. 22 shows the spectrally resolved responsivity for negative biases. The largest responsivity 

at 3V amounts to 0.32 A/W. 

 

 
Figure 22: Spectrally resolved responsivity versus negative bias 

 
Figure 23: Spectrally resolved responsivity versus positive bias 

The above Figs. 22 and 23 show the spectrally resolved responsivity extracted from the PC data in 

Figs. 20 and 21 using calibrated photodiodes. In the spectral region covered by the QDiscs, the 

responsivity amounts to 0.05 A/W at 0.9 eV, steadily increasing to 0.32 A/W at 3V bias (Figure 

23).  
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Figure 24: Spectrally resolved responsivity at 300 K and 0.7V bias [10] 

Figure 24 shows the spectrally resolved responsivity from one of our recently published papers 

[10] on similar, but fully optimized NW detectors. The responsivity in the spectral region 

covered by the QDiscs amounts to 0.6 A/W (at 0.9 eV), steadily increasing with applied bias to 

7A/W at 2V bias. This value is significantly higher than the typical responsivity of commercially 

available InGaAs, Ge and Si photodiodes (the calibrated detectors used in this study both have a 

peak responsivity < 1 A/W). As one can see from both results the responsivity is comparatively 

higher in the published paper. In this thesis, the highest responsivity from the measurements is 

0.32 A/W at 3V. 
 

 
Figure 25: Spectrally resolved PC versus incoming angle of incidence for negative bias 

We also evaluated the effect of incidence angle of the photons on the spectrally resolved PC. 

Figure 25 shows the spectrally resolved PC at 300K at -2V for different incoming angles of 

incidence. According to the data, when the incoming angle is 0º (normal incidence), the PC 

has the highest value. The trend is kept for angles up to around 20 degrees. However, when 
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the incoming angle is further increased, the PC starts to decrease. We believe that this is due 

to the fact that by increasing the angle, the reflection from the surface of the device increases, 

hence less photons reach the NWs leading to a reduced PC. The same behavior can be seen 

for positive biases as shown in Figure 26. 

 

 
Figure 26: Spectrally resolved PC versus incoming angle of incidence for positive bias 
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Conclusion 
 

Optical characterization of InP array of NW with 20 embedded InAsP QDiscs was presented. 

I-V measurement were carried out under dark and illumination. Spectrally resolved PC 

measurements were performed using Fourier transform infrared spectroscopy. The PC was 

measured at different applied biases and different incoming angles.  

 

I-V data demonstrated a low leakage current for the NW detectors. The asymmetry in I-V in 

negative and positive bias was attributed to poor ohmic contacts. The responsivity was 

extracted from I-V data considering the area of the device and incoming optical power. 

 

The spectrally resolved PC at room-temperature demonstrated a broad signal from 0.65 eV to 

2.4 eV. The onset in 0.65 eV is due to InAsP QDiscs and the signal starting from 1.34 eV is 

due to InP NWs. The presence of different peaks in the range of 0.65 eV to 1.34 eV was 

discussed to be due to different transitions between confined states of the QDiscs. It was also 

discussed that two peaks in the range of 1.34 to 2 eV can be attributed to the different WZ and 

ZB structure of InP NWs.  
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