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Abstract

Previous works demonstrated that horizontal InAs nanowires grown by SA-MBE can pro-
vide efficient single channel THz detectors although the device design induces a variation
of the growth kinetics. In order to advance horizontal InAs NWs as THz detectors, two
main improvements are needed: (i) to demonstrate linear devices grown by MOVPE to
reduce or eliminate pattern dependent nanowire variation while maintaining a high de-
gree of control on the shape and composition and (ii) to develop a multi-channel design to
demonstrate detection of THz polarization state with low or negligible electrical cross-talk.

This thesis accepts these challenges and explore fabrication of single and double channel
devices. The experiment on single channel device mostly focus on the structural charac-
terization of InAs grown by MOVPE and its electrical properties in dark. In the context
of these devices, also the role of encapsulation on the dark current and device stability
under laser irradiation was explored. The work on double channel device investigates the
degree of electrical cross-talk in connected double channel (CDC) devices and explores
an alternative design to achieve isolated double channel (IDC) devices. The latter ap-
proach appears highly promising to reach the final goal, although additional elements are
required to avoid charge accumulation resulting in destructive discharge during electrical
measurements.

Keywords: terahertz, nanowires, indium arsenide, photodetector, polarization





Abstract in lingua italiana

Studi precedenti hanno dimostrato che i nanofili orizzontali di InAs cresciuti mediante
SA-MBE possono fornire efficienti rilevatori THz a canale singolo sebbene il design del
dispositivo induca una variazione della cinetica di crescita. Per migliorare le prestazioni
dei nanofili orizzontali di InAs come rilevatori THz, sono necessari due miglioramenti
principali: (i) dimostrare la fabbricazione di dispositivi lineari cresciuti con MOVPE per
ridurre o eliminare la variazione dei nanofili in base al modello di disegno pur mante-
nendo un elevato grado di controllo sulla forma e sulla composizione e (ii) sviluppare un
design multicanale per dimostrare il rilevamento dello stato di polarizzazione del THz con
interferenza bassa o trascurabile.

Questa tesi accetta queste sfide ed esplora la fabbricazione di dispositivi a canale singolo
e doppio. Il lavoro sul dispositivo a canale singolo si concentra principalmente sulla carat-
terizzazione strutturale dell’ InAs cresciuto con MOVPE e le sue proprietà elettriche al
buio. Nel contesto di questi dispositivi, anche il ruolo dell’incapsulamento sulla corrente
al buio e sulla stabilità del dispositivo sotto irradiazione laser è stato esplorato. Il la-
voro sui dispositivi a doppio canale indaga il grado di interferenza elettrica nei dispositivi
a doppio canale collegato ed esplora un progetto alternativo per ottenere dispositivi a
doppio canale isolato. Quest’ultimo approccio sembra molto promettente per raggiungere
l’obiettivo finale, sebbene siano necessari elementi aggiuntivi per evitare l’accumulo di
carica con conseguente scarica distruttiva durante le misure elettriche.

Parole chiave: terahertz, nanofili, arseniuro di indio, fotorivelatore, polarizzazione
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Introduction

Terahertz research is a fascinating �eld full of challenges. For years the technological

potentialities of this radiation hid inside the 'Terahertz Gap'. In the middle between

microwaves and infrared waves, THz shows high penetration and time resolution allowing

to analyse picosecond transient changes in apolar materials. This makes THz radiation

suitable for optoelectronics applications. First THz emitters and detectors were produced

only in the 1980s. Nowadays, femtosecond laser and nanostructured semiconductors are

opening the path for full control and pro�t of THz frequency. In particular, terahertz

time domain spectroscopy represents a powerful mean to study and characterized sam-

ples using THz radiation. However, due to traditional materials sub-THz detection limit,

overheating and slow transport properties, still some issues need to be solved to produce

responsive, broadband, stable detectors working at room temperatures. III-V semicon-

ductor compounds represent a valid solution to achieve this goal. Bulk semi-insulating

indium phosphide THz detector took over the scene in the recent times due to their high

responsivity, broadband detection. However, the noise level and capital cost set limita-

tions for this material. The recent optimized and scalable synthesis techniques allow to

manufacture high purity nano-scale compositional structured semiconductor with high

mobility and short carrier lifetimes. This properties make them ideal for optoelectronic

applications as integration in spectroscopy setup. One dimensional III-V materials are

gaining great appreciation for their performance in this sector. Most of the recent de-

tector prototypes are nanowire based. In particular, indium arsenide is paving its way

as one of the most valid alternative for THz photo detection. InAs o�ers detection in

a broad electromagnetic spectrum range, in combination with fast photoconduction and

switching capability. This thesis starts from the recent works on horizontal molecular

beam epitaxially grown InAs nanowires as THz detectors. The goal of the thesis is to

explore the fabrication of devices made of horizontal InAs nanowires that can e�ciently

work as polarization-sensitive THz detectors. The objectives are (i) to fabricate linear

devices based on metalorganic vapour phase epitaxy grown InAs nanowires; (ii) to de�ne

electrical transport in dark conditions and the impact of devices encapsulation; (iii) to

explore design and nano-fabrication strategies to obtain multi-channel devices.
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Outline

Carving out a niche in the terahertz research �eld is not an easy task. For many years this

radiation kept slipping away from scientists hands. Current spectroscopy technologies and

new generation nanomaterials o�er the possibility to potentially control and understand

the terahertz spectrum. This thesis aims to collect a small part of the enormous total

e�ort done by several researches and add, hopefully, a little contribution in the THz �eld.

The structure of this dissertation is designed to prepare the reader on the theoretical

background with the �rst chapter and then move to the experimental work performed in

the laboratory.

Chapter 1 presents the scienti�c context of this thesis. Starting from THz radiation, prop-

erties and potential applications, this chapter moves towards the most common emission

and detection techniques. III-V semiconductors, at the centre of current research on THz

technology, will be introduced together with a summary of the synthesis methods relevant

for this work. A digression on one-dimensional materials and their key role in this work

concludes this chapter. The last part collects the bibliographic reports of interest for this

thesis. This chapter also justi�es the interest of the scienti�c community in this topic.

A brief discussion on the most common THz detection scheme introduces the potential

and challenges of nanowire-based THz detectors. Chapter 1 also discusses the scienti�c

foundations that inspired this work.

Chapter 2 provides a description of all the techniques, processes and parameters used in

this work. The �rst part focuses on the device fabrication process while the second on the

characterization techniques. The cleanroom processes are presented starting from sub-

strate preparation to device fabrication. For each of them, details about working principle,

tool description and operational parameters are provided. The section discussing charac-

terization methods is divided in two subsections, focusing on microscopy techniques and

electrical measurements. Each contains a description intended to explain how to extract

useful information from the investigated samples.

Chapter 3 introduces the single-channel THz detector. The design choices are described

in details and then the structural and electrical analysis results presented. The InAs
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nanowires are observed with SEM and AFM to de�ne their topography. Then STEM

analysis allows to extract cross-sectional data about the transversal section area and

composition of the compound. The electrical behaviour in dark condition is studied

through I-V curves and comparison between di�erent device con�gurations. Intrinsic

material parameters are extracted through four points and �eld e�ect measurements and

compared with literature. Finally, results concerning devices encapsulated in a protective

dielectric layer are reported.

Chapter 4 focuses on the micro-fabrication of double-channel detectors. The objective is

to develop a device con�guration enabling to recover the polarization state of the incident

THz radiation. The �rst part presents the connected double-channel device design choices.

A detailed analysis on the intersection area is performed by observing di�erent structures

with SEM and AFM. Electrical measurements amongst any couple of electrodes demon-

strate resistance values comparable to the single-channel devices discussed in Chapter 4.

On one side, this evidence highlights the reliability of the epitaxial process and device

fabrication. On the other, it reveals the electrical cross-talk between perpendicular chan-

nel. The second part of the Chapter discusses isolated double channel devices, a more

sophisticated device design which aims to reduce (or even eliminate) the electrical cross-

talk. The design choices are explained in detail underling the physical limit dictated by

the tools sensibility. The fabrication process is discussed in detail with all the challenges

that had to be tackled until obtaining structurally regular devices. Finally, issues related

to the electrical measurements are showed and a possible solution proposed.

The main results are summarized in the last chapter of this work. In addition, future

developments of the detectors and possible project scenario are presented.
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1| Chapter 1 - Scienti�c context

The terahertz (1012 Hz) is a frequency of the electromagnetic spectrum which is signif-

icantly gaining attention from scienti�c community thanks to its unique optoelectronic

properties. It has been set aside for many years for the relative lack of suitable emitters

and detectors until the advent of ultrafast laser spectroscopy and nano/micro-structured

semiconductors that opened the way to research and new technologies in di�erent �elds,

from astronomy to medicine. In this chapter, the scienti�c context of the thesis is pre-

sented. Starting from THz radiation I will move to generation and detection techniques.

Then, the chapter will summarize the traditional materials limitation in achieving high

quality devices. Finally, the focus will shift to new materials, discussing their properties

and common synthetic method with great potential to advance technologies in this �eld.

1.1. Terahertz radiation

The terahertz (THz) region (Figure 1.1) is de�ned as the frequency range of 0.1 to 10

THz (1011 to 1013 cycles per second) corresponding to a wavelength range of3 mm to

30 �m . THz waves have photon energy in the range of� 4 meV and are non-ionizing.

Therefore, they are not harmful for humans or biological samples. Information about

molecular vibration and rotation can be obtained through THz radiation thanks to the

low photon energies which are similar to the excitation energy of rotational transitions of

many molecules. High-frequency enables probing of physical mechanism in a short time

scale. The high time resolution is functional to transient changes analysis in atoms and

sub-particles. THz radiation can penetrate most of dielectric materials while it is absorbed

by polar molecules. These properties make THz radiation desirable for application such

as:

ˆ Bio-safety. THz radiation can be used for recognition of biological molecules as

nucleic acids, carbohydrates, proteins and imaging of cells and tissues. [1];

ˆ Security. THz images allow seeing through packages and boxes identifying harmful

items (as explosives or ceramic weapons) or hazardous compounds without opening
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or damaging the container [2];

ˆ Food quality inspection. THz imaging allows non-destructive quality test by detec-

tion of contaminations and moisture content but also processes like fermentation,

freezing, dehydration, frying [3];

ˆ Telecommunication. THz high time resolution and bandwidth allow to speed up

data-intensive transfers and reduce network congestion [4].

Figure 1.1: Panel reproduced from [5]: 'Frequency and wavelength regions of the electro-

magnetic spectrum'.

Despite this great potentialities, due to the lack of technologies for THz generation and

detection, this spectral range has assumed the name of �Terahertz Gap�. Historically,

research on electromagnetic waves was divided into two di�erent �elds: optics and elec-

tronics. Models to describe interactions with solid matter and associated mechanisms

highly di�er in these two �elds mostly due to the great di�erence of energy carried by the

electromagnetic radiation. Situated between infrared light and microwave radiations of

the electromagnetic spectrum, THz frequencies lies at the boundary between electronics

and optics (or photonics). As a consequence, the models and the tools used to detect

photons in the neighbouring bands may not be true in the THz range. Therefore, several

e�orts were needed to be able to �nd schemes to generate, detect, control, and characterize

the THz radiation. In the following section, the most common ways for THz generation

and detection are described with a particular focus on the techniques relevant to this

work.
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1.2. Terahertz generation and detection

It is possible to classify THz technologies in two main families: continuous wave and

pulsed systems. The �rst works in continuos emission, with quasi-monochromatic waves,

high spectral resolution but with limited frequency tunability. The second uses instead

discrete pulses de�ned by pulse power and photon �ux parameters. The pulse power is

the total photons energy divided by the pulse duration. The photon �ux is the photons

number per unit area and time. This allows to obtain intensity data and also time (or

frequency) domain information in measurement [6]. In this section, only techniques and

technologies based on pulses are discussed, being relevant for the work. For THz frequency,

the relationship between generation and detection is very intimate. In fact, in most of

THz technologies, the same optical pulse gates both source and detector of the radiation.

Therefore, the latter can be considered in connection with the source [7]. As regards

the generation of pulsed THz radiations, nowadays it relies on femtosecond pulsed lasers.

The most commonly exploited techniques to generate THz pulses are photoconductive

antennas and optical recti�cation.

THz generation through photoconductive antennas (PCA) is a technique for generating

extremely short electromagnetic transients, with signals quickly transmitted into air and

coherently detected. The use of high-speed photoconductor substrates as fast current

sources for radiating antennas is the key to the process. The PCA are DC biased metal

dipole antenna patterned on the substrate (Fig. 1.2). An optical pulse (� ps) is incident

in the gap between the antennas, propagates into the photoconductor, and generates

photocarriers at a rate proportional to the pulse. The latter are accelerated by the DC

bias �eld, producing a transient photocurrent, which drives the dipole antenna that re-

emits a THz pulse [8, 9].

Figure 1.2: Schematic of PCA THz generation mechanism.
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Optical recti�cation (OR) takes advantage of electro-optic materials with a large second-

order non-linear coe�cient and low absorption for THz waves as THz source. A non-linear

crystal asymmetric enough to provide a preferred internal direction is used so that the

polarization induced by an applied electric �eld does not reverse simultaneously with the

�eld itself. If the applied electric �eld has a sinusoidal shape, then a net time average

polarization will be developed [10, 11]. A shorter laser pulse allows for faster polarization

and the crystal generates a shorter THz pulse characterized by more THz frequencies.

The described generation physical mechanisms are commonly employed also for the detec-

tion of the THz radiation. However, not all existing THz detectors exploit these methods.

The physical mechanisms suitable for THz detection can be divided in four categories,

brie�y summarized in the following. For further details, the reader can refer to reference

[7].

The �rst category of THz detectors relies on monitoring temperature variations upon

absorption of the incoming radiation. An example is given by the Golay cell composed

by a cavity �lled with a gas, an absorbing material, and a �exible membrane. The THz

radiation is absorbed, heating the gas, which expands. The pressure increase deforms

the membrane. Its deformation changes how light is re�ected on its surface. The light

is detected by a photodiode producing a signal proportional to the re�ection angle. An

alternative detection scheme has been developed by exploiting semiconductor bolometers,

where the temperature variation changes the electrical resistance. A THz absorber is

connected by a thermal link to a thermal reservoir. The THz power can be expressed as:

P = ( T � T0)G (1.1)

whereT0 is the reservoir �xed temperature andG is the thermal link thermal conductance.

The main advantages are that they are generally inexpensive and simple to use, but show

a high noise level, a slow response, and are easily damaged.

The second category of THz detectors exploits electronic interactions between THz pho-

tons and a solid crystal. One example is �eld-e�ect transistor with a channel characterized

by an electron gas. Terahertz radiation can modify the plasma wave in the channel. The

channel is generally GaN, AlGaN/GaN hetero-junction or graphene. Then, there is Schot-

tky diode, a metal semiconductor junction. The terahertz radiation coming from on side

of the junction, can provide su�cient energy to promote electrons over the potential bar-

rier formed at the interface. SIS systems (superconductor-insulator-superconductor like

Nb/AlOx/Nb) also work in a similar way and enter this category. If the terahertz photon

energy is equal to the superconductor bandgap, a current will �ow across the barrier. This
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phenomenon is de�ned as photon assisted resonant tunnelling. Their main strength is a

very simple setup which allows rapid signal recording. Nevertheless, they allow limited

bandwidth detection depending on the active material band structure and show high noise

level.

The third category mixes the terahertz signal to be detected with a reference signal that

can come from the same source or not. The reference is also de�ned local oscillator

(generally lasers) and has known frequency and power. The two radiations are combined

in a non-linear mixer, producing frequency components de�ned as upconversion (sum

of the frequencies) and downconversion (di�erence). The di�erence frequency will be

proportional to the terahertz signal and typically falls in the microwave range. Materials

employed for this detectors can be NbN �lm on MgO substrate with quantum cascade laser

as oscillator. Their biggest advantage but also drawback is that they can be extremely

frequency speci�c.

The last category is characterized by new generation detectors that have the potential

to lead the THz detection �eld. They have been developed to measure ultrashort pulses

in a pump-probe set up. The pulses are used to both generate THz radiation and gate

the detector. The most common detection schemes are electro-optical sampling and pho-

toconductive sampling (described in details in Subsection 1.2.1). The �rst consist in an

electro-optic crystal detector, a quarter wavelength plate, a Wollaston prism and a bal-

anced photo detector. A reference signal is produced in absence of the THz radiation.

The optical pulse is converted from a linear polarization to a circular one by the quarter-

wave plate. Then the pulse is separated into two identical components by the prism, that

infringe on two twins photodiodes of a photodetector. Being the two components equal,

no current is generated. The application of the THz radiation changes the refractive index

of the crystal, causing a polarization rotation of the signal. The two components become

di�erent, inducing a current in the photodetector. The THz �eld can be extracted as a

function of the current, refractive index, electro-optic coe�cient, and crystal geometry.

Commonly used materials areGaSe, ZnTe or LiNbO 3 [6, 7]. The photoconductive sam-

pling instead is based on monitoring the conductivity of a semiconductor with optical

pumping and THz radiation gating. Detectors of this group allow for fast detection of

terahertz radiation with potentially ultra-high accuracy and wide spectral response. This

makes them desirable for THz spectroscopy. It is a technique that allows one to detect

material properties in the THz frequency range. As anticipated in Section 1.1 the THz

photon energies match several excitation states of matter. THz spectroscopy provides a

powerful method in resolving these transitions obtaining novel insights about light-matter

interaction.
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1.2.1. Terahertz time domain spectroscopy

Terahertz spectroscopy represents a powerful technique that can provide a comprehensive

response to the optical properties of a sample in the recognition of a substance. THz-TDS

seems very promising in leading the research �eld on photodetectors in the next years.

This subsection focuses on only one photoconductive sampling detection scheme: the

THz-TDS system. This is the technique envisioned to characterize the devices produced

in this work. THz-TDS measurements of the devices fabricated in this thesis are currently

ongoing in the group of Prof. Johnston at the University of Oxford (UK). Despite the

absence of spectroscopic results, this thesis will discuss relevant material parameters and

properties, thus a detailed description of THz-TDS is necessary to address the objectives

of this experimental work.

A THz-TDS system (Fig. 1.3) is a set-up in which a single cycle THz pulse (� ps) is

generated from a femtosecond laser irradiated emitter and split into two pulses. One is

used to generate the THz pulse while the other for an optical pulse, both feeding a detector.

A signal is obtained only when the optical (or gate) pulse arrives simultaneously with the

THz (or probe) pulse. An optical delay stage increases the path length between subsequent

probe pulses, such that the THz pulse waveform can be mapped out as a function of the

delay time. The detection scheme makes use of a photoconductive detector. It consists

of an active material (semiconductor) and two electrodes that form a gap between them.

This device is a photoconductive antenna. The optical pumping is performed at the

centre of the window gap (with photon energy above the material bandgap), exciting

the semiconductor and creating electron-hole pairs. The THz wave is incident on the

centre generating an electric �eld. The latter separates electron and hole providing a

photocurrent proportional to the THz �eld intensity. This current is extracted through

electrodes and measured. In an application perspective, a sample is placed in the THz

path, so that the THz pulse interacts with it. By measuring the change in transmitted

THz signals with and without the sample, optical properties can be extracted [6, 12�14].
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Figure 1.3: Schematics of a THz-TDS setup (a) and photoconductive antenna, top and

lateral view (b).

It is possible to de�ne the photocurrent as:

I (� ) /
Z + 1

�1
ET Hz (t)� (t � � )dt (1.2)

where ET Hz is the THz transient electric �eld while � is the time dependant photocon-

ductivity of the active material. If the detection material has a carrier lifetime much

shorter (<< 1 ps) then the duration of the THz transient (2 ps), the conductivity can be

considered as a Dirac delta as if there was a conduction spike. The detection is de�ned

as "direct sampling" and the expression simpli�es as:

I (� ) / ET Hz (1.3)

If the active material shows carrier lifetime longer (>> 100ps) than transient, the conduc-

tivity can be approximated as a unit step function. the detection is de�ned as "integrated
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sampling" and the expression becomes:

I (� ) /
Z + 1

�
ET Hz (t)dt (1.4)

From the equation (1.3) and (1.4) it is possible to extract the shape of the THz �eld in

function of time, while the data in the frequency domain can be obtained by applying a

Fourier transform. In Figure 1.4 an example of the transformation of time domain data

in amplitude and phase in the frequency range.

Figure 1.4: Panel reproduced from [15] with permission from AIP Publishing: '(b) Mea-

sured THz time-domain signal. (c) Fast Fourier transformation (FFT) of the signal in the

frequency domain. The upper panel shows the unwrapped phase of the complex Fourier

transform and the lower shows the amplitude'. The image was cropped to take, without

alteration, only the part meaningful for this work.

To be e�cient in such a setup, a THz detector should (usually) have the following charac-

teristics. Be sensitive to a wide THz spectral range in order to have a broadband detection

and maximize the information retrieved. Have the highest possible signal-to-noise ratio

(SNR). This is de�ned as the ratio between the output and random signal �uctuation

registered under non-operational conditions. High SNR values mean a clearer signal and

hence higher data quality. Have a linear relationship between input and output in the

whole detection range. Linear models are easier to interpret and require less processing

time. Preferably coherent, meaning that the detector may be sensitive to the THz photon

phase. This increases detection sensitivity and frequency selectivity. Short response time,

which is fundamental to reduce data loss considering the fast variation of the THz signal

in time. Polarization sensitive, considering that most of the information on light-matter

interaction lies in the polarization state of the transmitted radiation.
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1.3. Materials for THz detection

Achieving e�cient manipulation of the THz amplitude, phase, and polarization state with

THz-TDS, detector speed and broadband response are critical. Therefore, materials with

high photoconductivity, low noise level, and short carrier lifetimes are fundamental to

achieve ultrafast data acquisition. ZnSe, ZnTe, GaP, CdS, and GaSe bulk crystals are

commonly used for electro-optic detection schemes. These materials show a high group

velocity mismatch between optical pulse and THz radiation. They are sensible to phonon

absorption, very fragile and expensive [16]. In addition, they are characterized by limited

mobility values in the order of tens to few hundreds ofcm2

V �s [17]. Consequently, research on

novel and more performant materials started to fully exploit the THz-TDS potential. This

Section �rst introduces III-V semiconductors focusing on the properties that make them

highly desirable for optoelectronic applications. Then the advantages of this compounds

in low-dimensional form with respect to the bulk counterpart are reported and discussed

(Subsection 1.3.1). The Section continues with this work relevant techniques employed in

research and industry for the synthesis of such materials (Subsection 1.3.2).

1.3.1. III-V materials and nanowires

The "III�V" compound semiconductors are crystalline materials composed by elements

of the third and �fth periodic table columns. They crystallize by zinc blende structure

making them extremely stable solids in a wide range of environmental conditions. Most

III-V are characterized by a direct bandgap, which provides a simple pathway for radiative

recombination, hence e�cient conversion of energy from photons to electrons. In addition,

they show small electron e�ective mass, thus high carrier mobility. This allows for short

carrier lifetime making them a valuable choice for electronics and optoelectronics. In

Figure 1.5, the bandgap of several III-V compounds is reported as a function of the lattice

parameters. The wurtzite nitrides have wide bandgap range of0:64� 6:2 eV, while the zinc

blende arsenides of0:35� 2:24 eV, thus are highly attractive for optoelectronic �eld [18].

A III-V compound of particular interest for this work is indium arsenide (InAs). It has a

direct small bandgap (0:354eV at room temperature) and shows n-type conduction with

high carrier mobility. This properties make III-V widely exploited in applications such as

high-speed transistors, detectors and lasers in the wavelength range of1 � 8 �m [19, 20].

Traditional bulk III-V semiconductors show some drawbacks related to high noise level,

expensive synthesis processes and in some cases, quality issue related to lattice mismatch

strains induced dislocations. In this scenario, nanostructured III-V semiconductors allow

to obtain similar or superior properties with respect to the bulk counterpart (as direct
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bandgap, high mobility) while having reduced material cost and relaxed requirements on

substrates used for synthesis.

Figure 1.5: Panel reproduced from [18] with permission from SNCSC: 'Band gap versus

lattice constant for di�erent III-V materials'.

Low dimensional materials are characterized by at least one dimension in the order of

nanometres. Between the members of this family, a nanowire (NW) is a �lamentary

crystal con�ned in two direction and with a variable length (from �m to sub� mm).

Due to NWs characteristic aspect ratio, they are also referred as one dimensional (1-

D) materials. This quasi 1-D geometry confers to III-V semiconductor nanowires unique

optical and electrical properties. First, the charge transport is con�ned along the continuos

direction allowing for strong anisotropic electrical conductivity. In addition, the high

aspect ratio favour edge e�ects represented by dangling bonds and surface defects. They

work as scattering centres for the charges, increasing the nanowire resistance with respect

to the bulk material. This represent a big advantage in reducing the noise levels hence

conductivity in dark conditions. From an optical point of view, depending on the light

polarization, the nanowire absorption and emission behaviour change. Let's consider a

light polarized along the NW axis. The electric �eld will be parallel to the nanowire length.

By solving the Maxwell equation imposing the continuity of the tangent component at

the interface, one will �nd that:

E in
k = E out

k (1.5)

whereE in amplitude of the electric �eld inside the NW whileE out the outside one. This

means that the light penetrate the nanostructure unattenuated. If the light is polarized
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perpendicularly to the NW axis instead, we need to impose the continuity of the normal

component of the electric displacement �eld. Solving the Maxwell equation, one �nd that:

E in
? =

2"0

"0 + "NW
E out

? (1.6)

where"0 is the medium dielectric constant and"NW is the NW dielectric constant. This

factor is de�ned depolarization factor. Given the characteristic strong dielectric contrast

of the NW with the medium, the light is (almost) suppressed [21, 22]. This de�ne an

enormous absorption polarization contrast de�ned as:

� abs =
jE in

k j2

jE in
? j2

=
j"0 + "NW j2

4"2
0

(1.7)

Similar treatment can be done for emission [23]. This has signi�cant implications for the

photo-excitation of nanowires. Speci�cally, perpendicularly polarized light will photo-

excite fewer charge carriers with respect to parallel one with same intensity [21]. All

this electric and optical anisotropic behaviours makes nanowires highly demanded for

optoelectronic systems. For THz applications, as regards emitters, a high output power

represents the priority thus aligned NW arrays are the best choice to reach a suitable

trade-o� between size and output. In contrast, for THz detection, small devices with

enough responsivity are generally preferred. For example, multi-pixel imaging with fast

and high resolution focuses on having a large number of small detection elements. In

this context, single nanowires have great potential in this research �eld. Speci�cally,

semiconductor NWs show tunable bandgap and high carrier mobility as their bulk form

while having a shorter carrier lifetime (sub-nanosecond) due to large intrinsic surface

area, making them ideal for fast switching and high-frequency devices. In addition, NWs

optoelectronic properties in combination with a wide range of atomic compositions guar-

antee exceptional �exibility. This suggests 1D material as suitable building block for

polarization-based on-chip applications for THz detection [24, 25]. The large surface-to-

volume ratio is a strong advantage from optoelectronic properties although leads to a high

density of surface states. They act as nonradiative recombination centres or charge traps,

causing Fermi-level pinning, depletion of carriers and increasing charge carrier scattering.

A pinned (or banded) Fermi level can push the free carriers from surface to the bulk

forming a depletion layer which growth is enhanced the smaller is the diameter. The car-

rier loss phenomenon is intensi�ed for small direct band gap materials whit small charge

carrier e�ective masses (as InAs), which favours carriers surface reaching. In addition, in-

creasing operating temperature, surface traps become activated, enhancing instability and

degradation rate and reducing photodetectors lifetime. This is the reason why research on
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nanostructured III-V THz devices is highly focused on low operation temperatures while

room-temperature detectors are still a big challenge.

1.3.2. III-V semiconductors epitaxial growth

De�ned the key properties of III-V materials for THz detection, now we will move to

relevant synthesis methods to achieve such optoelectronic performances. III-V semicon-

ductors are synthesized through epitaxial growth processes to obtain the purest and most

ordered crystals. Epitaxy refers to ordered growth of a crystalline material which mim-

ics the atomic arrangement on the surface of a crystalline substrate. In homoepitaxy,

epilayer and substrate are made of the same material, otherwise the process is de�ned

as heteroepitaxy. Epitaxial layer and substrate are de�ned lattice matched if they share

equal lattice parameter or a variation below1%. The lattice mismatch is de�ned as:

" =
af � as

af
(1.8)

whereaf is the growing �lm lattice parameter while as is the substrate lattice constant.

Another important contribution to the mismatch is given by the thermal expansion co-

e�cient. Generally, growths are achieved at temperatures around hundreds of degrees

Celsius. During cooling, the grown �lm can experience large strains. If a critical strain

level is reached, they can be relaxed through the formation of dislocation lines, reducing

the structure quality. To sum up, large lattice mismatch is fount of large strains during

the growth which are source of defects. For this reason, the crystallographic orientation of

the substrate plays a pivotal role for hetero-epitaxy. Let's consider two substrates made

by the same material but with di�erent orientations. The growth of the same epilayer

will generate di�erent lattice mismatch because it will follow di�erent crystal periodicity.

This means that the substrate choice is fundamental to achieve e�cient results. In recent

years, the most common techniques employed to grow III-V semiconductors are molecular

beam epitaxy (MBE) and metalorganic vapour phase epitaxy (MOVPE). MBE employs

ballistic beams of elemental pure source vapours to grow pure epitaxial �lms on a hot sub-

strate with great resolution. To generate a molecular beam from a thermally evaporated

source avoiding scattering, an ultra-high vacuum chamber is needed. High-quality layers

and complex heterostructures can be achieved with atomically abrupt interfaces and ex-

cellent thickness, composition and doping control [26]. By contrast, MOVPE uses instead

material precursors (generally organic) that chemically react on the substrate surface to

grow thin �lms of less pure quality but drastically reducing the process time. This is of

particular interest for industrial fabrication of devices due to cost-quality trade-o�. Being
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MOVPE the key synthesis technique for this work, the next paragraph provides further

details about its characteristics and growth mechanism.

Metalorganic vapour phase epitaxy is becoming the leading technique for the production

of III-V materials for electronic and photonic devices thanks to its scalability at industrial

level. It is a method used to deposit single crystal, pure, tunable and uniform layers onto

a substrate, allowing to create complex semiconductor structures with high degree of

control on the composition and doping. The growth is achieved through chemical reaction

and takes place at low/moderate pressures. For III-V semiconductor, a metalorganic

precursor is used for the group III while a hydride for the group V. Both are volatile

in a suitable carrier gas stream and show stability at room temperature. The molar

ratio (V/III) should be always greater then one during the vapour phase. This is due to

group III elements that can form a second liquid phase when present in excess. Group V

elements are highly volatile instead so they easily escape in case of excess. In Figure 1.6

a general schematic of the process. Precursors are �rst carried through the lines, mixed

outside the chamber with additional dilution of the carrier gas and then injected into

the chamber and directed onto the substrate. As these precursor gases arrive at the

semiconductor substrate, they undergo a pyrolysis process. The surface reaction leads

to the integration of the speci�c III-V elements into a new epitaxial layer, �tting into

the semiconductor crystal lattice, while the carbon based by-product are desorbed. The

MOVPE process works in a mass-transport-limited growth regime, where the growth

of the layers is propelled by the supersaturation of chemical species in the vapour phase

[27, 28]. The versatility of MOVPE technique (but also other synthesis method) combined

with substrate engineering can provide powerful method to grow high quality and shape

controllable structures.

Figure 1.6: Panel reproduced from [27] with permission from John Wiley and Sons:

'Schematic of MOVPE gas transport and reaction process'.
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Selective area epitaxy (SAE) is a synthesis method which uses a mask, a patterned thin

�lm, to de�ne the areas where crystals should grow selectively (Figure 1.7). The mask

is the key of the technique. Several materials have been studied and their degree of se-

lectivity - i.e. their tendency to favour crystal nucleation - has been investigated. The

sticking coe�cient of adatoms on the mask should be as low as possible to avoid para-

sitic growth and having nucleation and crystal growth only in the openings. The mask

should withstand the high growth temperature that can range from400 to 900� C and

be inert to the material precursors and the carrier gas. Finally, the mask layer should

be compatible with the subsequent processing step. Another additional property of the

mask is that it can also reduce the propagation of threading dislocations due to the addi-

tional geometrical constraint. It is particularly useful to decrease defect density of III�V

nanostructures grown on lattice mismatched substrates [29, 30].SiN x , SiOx , and Al 2O3

�lms raised as most common masks given their stability and versatility. SAE has received

increasing interest in the recent times due to its capability to produce high quality and

uniform nanostructures with di�erent shapes and geometries deterministically positioned

on the surface of the substrate. Such a high degree of control arises from the accuracy

of lithographic fabrication which controls pattern position and dimensions down to the

nanometre. These features make selective area epitaxy also highly appealing for industrial

application due to the possibility to upscale the fabrication process to the wafer scale.

This method shows advantages both in reducing threading dislocations and fabricating

complex III�V nanostructure in both vertical and horizontal directions, which are very

attractive for photonics and electronics applications. The MOVPE process in combination

with SAE allow to obtain impressive lateral dimensional control.

Figure 1.7: Panel reproduced from [31]: 'Schematic representation of as-patterned GaAs

substrate prior to the growth (a) and after the growth of nanomembranes (b).'.

The SAE mechanism is a broad and complex topic between kinetics and thermodynamics.

For space management and consistency reasons, only the most relevant information on
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SA-MOVPE for this work are reported in the following. In MOVPE reactor temperature

and pressure range, the precursors arrive and react at the substrate surface. Adatoms

can stick onto the mask and desorb into the gas phase. They can be redirected towards

the surface, where they desorb again if they touch the mask, while stick if they strike the

exposed substrate [32]. The semiconductor substrate surface is a catalyst for the precur-

sors pyrolysis, whereas the mask surface is inert. The arrival of III species in elemental

form to the mask need to be avoided to achieve full selectivity, having higher sticking

coe�cients. The reaction has to take place as near as possible to the substrate surface,

meaning that gas phase reactions should be reduced. This can be achieved by lowering

pressure, transit time of the species, and III precursor �ux (hence higher V/III ratio).

Higher temperature will also favour the selectivity as more mask adsorbed molecules des-

orption is thermodynamically favoured [33]. As regards the structures development in

time, it it possible to de�ne two growth phases. At �rst the mask openings are �lled, with

a similar growth rate between di�erent oriented substrates. After the trenches are �lled,

the reactant migration from saturated planes to the faster growing planes is favoured caus-

ing lateral faceting [30, 34]. The openings shape and dimensions strongly in�uence the

aspect ratio of the grown structures. In the particular case of nanowires, if the openings

are holes of speci�c geometry, the NW �rst �lls the opening and then continues to grow in

the vertical direction. The lateral growth is inhibited by the low surface energy facets. In

case of trenches, hence horizontal growth, the substrate orientation choice is fundamental

for the application. Due to the speci�c crystallographic periodicity of the substrate, the

direction of the trench in�uences the lateral facets orientation [31, 35]. For example, for

GaAs, the growth on (100) substrates is more thermodynamically driven with respect to

(111)B ones, which results in more stable low-index facets. This characteristic re�ects in

the �nal physical properties of the nanowires such as surface polarity and transport sec-

tion. SAE is a powerful yet complex technique. Fine tuning of synthesis parameters and

accurate mask patterning can allow the production of materials structurally controlled at

the nanoscale. In the next section, all this concepts are merged together and applied in

interesting bibliographic reports. They represent the state of art reference for this thesis.
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1.4. State of the art

With the ascent of III-V compound and nano-scale semiconductor technology, terahertz

related research have made great strides. The recent advancements on THz spectroscopy

and new generation THz detectors are making the �rst stages toward scalability. In this

section, works of interest regarding III-V, nanowires and THz detectors are reported. They

show the great potentialities of THz technology (and relative challenges) and represent

the spring for this thesis work.

1.4.1. Bulk terahertz detectors

Most of the common THz detectors are based on bulk materials. Between them, bolome-

ters, Schottky diodes and plasmonic sensor are the most used. III-V based detectors

instead, have been on the edge of scalability for a while due to their potentialities. In

this section, two examples of bulk detectors are reported showing their advantages and

drawbacks.

Schottky diodes use metal�semiconductor junction devices for radiation rectifying. The

incident THz wave excites charge carriers which move across the junction and create a

photovoltage. Semenov et al. [36] used Schottky diodes based detector for sensing coher-

ent synchrotron radiation (CSR) pulses in the THz range. CSR can be a THz source and

be used for electron-beam diagnostics. The device was able to achieve a response time in

the order of few picoseconds with a periodicity deviation below 2 picoseconds. The dy-

namic range spanned between three order of magnitude (fJ to pJ). This allowed to control

both CSR spectral density and electron bunch-by-bunch stability up to 0.8 THz. This

limit seems to be related to the capacitance of the diodes. The results con�rmed Schottky

diodes high sensitivity and fast response, but also their sub-THz limited bandwidth and

need of ampli�cation for low currents.

Castro-Camus et al. [37] demonstrated the performances of ion implanted bulk indium

phosphide (InP) for polarized THz spectroscopy. A semi-insulating InP (100) substrate

was implanted with iron ions to increase surface vacancy density hence decrease carrier life-

times. Then three photoconductive electrode were deposited so to form two perpendicular

gap channels between them. THz-TDS in photosampling mode was used to characterize

the detector. A GaAs based THz emitter was used to generate the probe pulse while

a polariser was used to control the gate pulse. One of the electrode was earthed, the

other two connected to lock-in ampli�ers phase-locked with respect to the bias voltage

applied to the emitter. One ampli�er records the parallel component, while the other
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records the perpendicular one. In this way the polarization detection was achieved. The

detector properties were �rst characterized. The receiver showed a bandwidth detection

of � 4THz. As regards the polarization detection properties, a polarization angular res-

olution of 0:34� was found. This parameter was obtained by varying the pulses by small

and also large angle steps. Two anisotropic materials were used as samples to study

the detector polarization performances, which seems well suited for the application. The

main sources of noise were related to Johnson-Nyquist and laser shot noise, hence carrier

thermal excitation and gate power. The signal-to-noise ratio showed two di�erent trends

depending on the frequency value. Ion implantation is a highly reproducible and control-

lable technique, although it can damage (or amorphize) the material surface (annealing

required) and increase the processing cost.

1.4.2. Nanowire based detectors

Nanowires composition �exibility and anisotropic properties in addition to the reduced

material volume made them highly demanded for any type of detector. However, some

challenges still need to be addressed to optimize their performance and stability in time. In

this section, some works of interest on InAs nanowires as detectors and surface treatment

strategies are reported.

The narrow bandgap, high mobility, and short carrier lifetimes are properties that make

InAs a valuable semiconductor for photodetection of a wide frequency range of the elec-

tromagnetic spectrum. Liu et al. [38] demonstrated InAs nanowire based photodetector

with a spectral response from ultraviolet to near-infrared. InAs nanowires were grown

through CVD method, suspended in anhydrous ethanol and deposited onSi=SiO2 sub-

strate. The nanowires showed a (111) crystallographic polarity and average diameter of

� 150 nm. Electrodes were patterned with photolithography and deposited with elec-

tron beam evaporation and lift-o�. With visible light ( 532nm) illumination the detector

showed photocurrent in the order of tens ofnA which increased with the gate voltage. At

Vg = � 20V the device showed a signal to noise of� 100. An on-o� switching in the order

of seconds was observed with almost identical response for multiple cycles (Fig. 1.8). In

the near infrared (1064nm) the photocurrent pulses were around3 and 4:5 nA while the

dark current pulses were below1:5 nA, de�ning a very thin con�ne. The detector stability

was tested by exposing the nanowire to pulses of varying wavelength in the whole spectral

range, from300 to 1100nm (Fig. 1.9). The device showed a rapid switching and stable

response for all the wavelengths, suggesting potential broad-band application.
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Figure 1.8: Panel reproduced from [38] with permission from SNCSC: '(c)I ds� Vds curves

measured before and after light illumination. I�T curves (f) at di�erent Vg under the

same illumination.' The image was cropped to take, without alteration, only the part

meaningful for this work.

Figure 1.9: Panel reproduced from [38] with permission from SNCSC: '(a) Photocurrent

response to light illumination at di�erent wavelengths.' The image was cropped to take,

without alteration, only the part meaningful for this work.

Nanowire surface states have always been detrimental to detector lifetimes. A lot of

e�orts are being done to develop e�cient strategies to passivate the device. At the mo-

ment, there is still a lack in stable and universal passivation method. Between the most

common techniques, chemical passivation was the most explored. It consist in treating

the nanowires with acidic or organic solution. They provides an e�ective passivation by
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covalent bonding the surface with an organic layer. However, it lacks long-term stability.

Another solution recently explored consists in in-situ-grown of inorganic wide bandgap

materials, which can block carriers from reaching the surface. Chen et al. [39] demon-

strated the use of a thin InP layer on InAsP nanowires for long-term passivation stability

at low temperatures. The InP e�ectively reduced surface recombination rate, enhancing

carrier lifetime and hence the optical properties of the wires. The capped nanowires ex-

perienced a centred blueshift of the photo luminescence (PL) intensity peak with respect

to the broad PL spectrum of the unpassivated ones. Increasing the laser power, the latter

showed a decrease of the peak intensity while the samples with InP layer demonstrated

a stable peak increase. In addition, the passivation improved the thermal tolerance ex-

tending the operational conditions to room temperature. However, this technique is very

material speci�c. It puts limitation on lattice match requirements and can cause possi-

ble inter-di�usion changing the optoelectronic properties of the devices. Recently, gate

dielectric deposition was explored as an encapsulation strategy but there are still not com-

prehensive studies of its e�ects. Dhaka et al. [40] tested several atomic layer deposited

(ALD) dielectric �lms for capping and passivation of InP and GaAs nanowires. Between

all the material tested, only alumina (Al 2O3) and aluminium nitride (AlN ) thin layers

did not cause quenching of the PL intensity and damage to the nanowires. In particular,

the 2nm alumina layer at room temperature doubled the InP carrier life-time, suggesting

an e�cient removal of surface states. It seems that the capping stability is preserved in

time, although the optimal layer thickness needs to be tuned depending on the speci�c

case.

Several works reported negative photoconductivity e�ect in InAs nanowires. It is a phe-

nomenon in which the conductivity of a material decreases under light exposure. It is

strongly dependent on the intensity and wavelength of the light, and very sensitive to

the environmental atmosphere. Alexander-Webber et al.[41] studied this e�ect in InAs

nanowires grown with MOVPE. Two physical mechanisms can be distinguished. The �rst

is environmentally related and characterized by gas adsorption, photodesorption of water

molecules (humidity related) and chemisorption of oxygen molecules. The second is native

oxide related and de�ned as photogating e�ect. Trapped photo-induced charges modulate

the potential energy of the semiconductor/dielectric interface. It is di�cult to de�ne an

universal model to describe the phenomenon due to the complexity of this e�ect. This is

also con�rmed by the variety of models proposed in similar works.
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1.4.3. Recent advancements on nanowire based THz detectors

In this �nal section, some of the most recent and interesting advancements on III-V

compound nanowires used for THz sensing applications are presented. These dissertations

inspired the work of this thesis.

In most of the common detection schemes and devices, only one component of the THz

electric �eld can be extracted. To measure also the perpendicular one a 90° rotation of

the receiver is needed. This multiple scan method is ine�cient not only because even the

smallest misalignment causes a phase shift, but also increases the data acquisition time.

Peng et al. [42] demonstrated a nanostructured semiconductor detector that records the

full THz polarization state through THz-TDS using cross-nanowire networks showing no

cross-talk. Then, they used this detector to study the properties of metamaterials. Indium

phosphide nanowires were grown via SA-MOVPE with a range of diameters from250 to

300 nm and lengths from8 to 11 �m . Then, they are integrated in the THz detectors

by means of nanoscale transfer printing. PCA were deposited through electron beam

lithography (EBL). The process was repeated for the second channel. The devices were

characterized by a THz-TDS system. The current reaches a maximum when the THz pulse

and the channel are parallel while almost zero when perpendicular. This demonstrates

strong linear response with respect to the radiation polarization state. To sum up, the

detectors proposed showed an high polarization sensitivity to the THz radiation, with a

simple and universal design that can be applied to other 1D structure. In Figure 1.10,

the devices architecture and THz-TDS results from a similar work of Dr. K. Peng.

Figure 1.10: Panel reproduced from [43]: 'Cross-nanowire detector used in this work: a)

detector structure [: : : ]. b) detector characterization in THz-TDS.'.
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From a performance point of view, the generated current is limited by the reduced active

material volume while the spectral bandwidth is of� 2 THz. In particular, the main

drawback is related to the pick and place method for the transfer of nanowires from the

growth substrate to the device structure. The method consists in an elastic (and transpar-

ent) stamp pressed on the growth substrate to randomly collect nanowires. Then, suitable

nanostructures are selected, collected with apposite tips or �laments, and carefully po-

sitioned on the required position. In addition to the high degree of complexity of the

process, the risk of damaging the nanostructure during the transfer and the uncertainty

of the correct positioning at the micro-scale level play important roles. These exponen-

tially increase the processing time and the fabrication steps, and most importantly reduce

the reproducibility in applications, in particular when single nanowires base devices are

required. Finally, it is resource consuming and ine�cient not allowing scalability.

In this work, nanostructure composition and orientation were de�ned following the study

of Morgan et al. [35] on SA-MOVPE layer-by-layer growth on a GaAs(100) substrate.

The goal consisted in describing the growth mechanism of GaAs bu�er structures de�ned

as nanomembrane (or nanoridge) and the e�ect that geometrical dimensions have on it.

The nanomembrane faceting and aspect ratio is strongly in�uenced by the orientation on

the substrate. Structures grown in the (001) (and the equivalent (010)) direction show a

right isosceles triangular cross section with nonpolar 101 facets. Nanomembrane oriented

in the (011) direction, instead, show an isosceles triangles structure with base angles

of � 54� with polar side facets. In particular, [011] oriented ones show Ga-terminated

111 facets while the [011] oriented As-terminated 111 facets. The growth mechanisms of

the GaAs nanoridges on exactly-oriented GaAs (100) substrates can be divided in three

phases (Figure 1.11). Initially, the trances are �lled to the mask level. Then, lateral

facets start to build up. In this particular case, the nanostructures are characterized

by (101) and (101) side facets and a �at (100) top facet. The latter diminishes as the

growth proceeds until the side facets dominate. To be noted that upon disappearing of

the top (100) facet, the nanostructures acquire a triangular above-mask cross-sectional

area. A kinetic model was also developed to de�ne the e�ect of the trenches width on

the �nal structure dimensions. As possible to notice in the panel graphs, di�erent trench

widths follow similar trends shapes. The di�erence starts to emerge at the beginning of

the second phase, from which the aspect ratio is strongly in�uenced by the set openings

dimensions. The last fundamental point regard a comparison between MBE and MOVPE

techniques. In the �rst, no top facet is formed during the growth, unless promoted by

use of surfactants. The MOVPE growth resulted 60 times faster in reaching complete

nanomembranes formation with respect to MBE. In addition, no Ga adatoms di�usion
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in the substrate was observed which is cause of inhomogeneities and longer process time

in MBE. To sum up, this results show how MOVPE is a solid, controllable and scalable

method to synthesise semiconductor nanostructures.

Figure 1.11: Panel reproduced from [35]: '(a) Illustration of the di�erent growth stages

of a GaAs nanoridge in a trench [: : : ]. Morphology of the nanoridges is presented in

terms of (b) maximum height, (c) maximum width, (d) aspect ratio, and (e) volume per

maximum surface area, or mean height of the structure. Symbols show the kinetic data for

nanoridges grown for di�erent times in1000nm pitch arrays of trenches having nominal

widths W0 of 100, 160, and 240 nm. [: : : ] The dashed line in (c) shows the asymptotic

aspect ratio� = 1=2 at large L'.

Design simpli�cation, dimension, and scalability are fundamental characteristics that

the next generation THz detector should have to play a leading role in imaging and

spectroscopy technologies. Peng, Morgan et al. [44] demonstrated wafer-scalable InAs

nanowires as room temperature broadband THz detectors by performing THz-TDS mea-

surements. The horizontal nanowires were obtained through SA-MBE engineering the

faceting by controlling growth parameters and the pattern geometry. An important MBE

feature to underline is the growth rate dependency from the pattern. Width and pitch
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of the slit openings in�uence material desorption during annealing. In addition, a pitch

dependence on the material di�usion is expected. Theoretically, one would expect that

SAE favours the di�usion of species toward the openings. However, what Didem et al.

[31] demonstrated is the unintuitive decrease of the growth rate increasing pitch. Appar-

ently, the mask behave as a di�usion species sink due to high desorption rate. Going back

to Morgan et al. work, GaAs nanomembranes were �rst grown with InAs conformally

developed on top. Theoretically, lattice mismatch between the two III-V compounds is

� � 6:7%. However, the one-dimensional geometry of the nanowires allows to relax match-

ing requirements and obtain high-quality structures as shown in Figure 1.12. Controlling

the nanomembranes growth time, it is possible to control the nanowires faceting. The

cross-sectional shape of the nanowires in�uences the carrier lifetime allowing detection

of THz radiation both in direct and integrating sampling. PCA were deposited through

EBL, aligned with the nanowires position on the substrate. Multi-faceted samples show

shorter carrier lifetimes (hence direct sampling) while single faceted longer lifetimes (hence

integrated mode) as shown in Figure 1.13. In addition, it seems that higher the number

of the nanowires in the array higher the signal-to-noise ratio. The receivers showed phase

sensitive coherent detection with di�erent excitation laser sources and with broadband

detection width of 3 THz (Fig. 1.13). Furthermore, the chosen scalable process and hor-

izontal InAs NW properties tunability allow for further pattern engineering to achieve

polarization-sensitive detection.

Figure 1.12: Panel reproduced from [44]: 'Schematic diagram of a horizontal InAs (a)

multi-faceted NW and (b) single-faceted NW grown on the top of a GaAs nanoridge. c,

d HAADF-STEM micrographs of the NW cross sections, corresponding to (a) and (b),

respectively, showing InAs NW (bright grey) and GaAs nanoridge (dark grey). SEM

images of the fabricated InAs NW receivers: (e) 1NW receiver; (f) 5NW receiver; (g)

20NW receiver'.
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Figure 1.13: Panel reproduced from [44]: '(d) Raw data of THz response obtained from a

multi-faceted 1NW receiver and its corresponding THz spectral response as shown in (e). f

Raw data of THz response from a single-faceted 5NW THz receiver and its recovered THz

transient as shown in (g) by di�erentiation of data in (f), which was further converted into

THz spectral response as shown in (h). Both receivers were optically gated by a1:5�m

wavelength laser under �uence of0:98mJ
cm2 '.
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This work addresses the challenge of fabricating nanowire devices suited for the detec-

tion of THz radiation and their polarization state. Selective area epitaxy of horizontal

1D nanostructures allows direct on-chip integration of the detectors, thus overcoming the

limitations of the pick and place method. This Chapter will �rst elaborate on the fabrica-

tion steps required to obtain a substrate suited for the selective area epitaxy of horizontal

InAs nanowires (Section 2.1) and the parameters used for their growth (Section 2.2). Af-

terwards, the fabrication of the devices will be described (Section 2.3) together with the

characterization tools used (Section 2.4).

2.1. Substrate fabrication for SAE

The nanostructures analysed in this work are grown through a SAE process. The substrate

preparation is of utmost importance to obtain high quality structures functional for the

application. This section discusses �rst the electron beam lithography technique used for

each substrate patterning (Subsection 2.1.1). Then, the design and deposition method of

alignment markers (AM) to achieve high sub-micron accuracy in the alignment of di�erent

patterns is described (Subsection 2.1.2). Finally, an oxide mask is deposited and patterned

to prepare the substrate to the epitaxial growth (Subsection 2.1.3).

The substrate choice is of utmost importance to guarantee high structure quality. Given

the devices architecture that will be discussed in the next chapters, two are the most

important properties needed for a functional substrate. First, minimum lattice mismatch

parameter with respect to the active material. Second, none or negligible contribution to

generated photocurrent during sampling. In this prospect, GaAs (100) allows high-quality

and geometry-speci�c epitaxially grown InAs/GaAs zinc-blende structures. In addition,

because of its wider bandgap (1:42 eV), the substrate results highly transparent to the

pump energy, thus allowing the photocurrent to be associated to InAs nanowires only.
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2.1.1. Electron Beam Lithography

Electron beam lithography is a technique which exploits a highly focused electron beam

to impress a pattern on a polymeric resist. Exposure to the electron beam brakes the

molecular chains of the polymer, decreasing the molecular weight and increasing the

solubility of the resist. One can cover the sample surface with the electron-sensitive resist

to impress the pattern on the sample. This can be achieved through spin coating, a

common technique to apply thin �lms of high uniformity and thickness ranging from

nanometres to microns. A solution of a material and a solvent (the resist) is spun at high

speeds allowing an even coverage of the surface thanks to the combination of centripetal

force and surface tension. In this work, the coating of the substrate is achieved with a

Sawatec SM-150 for ebeam resists. Coated the substrate, the electron beam is scanned

across the sample surface using an electromagnetic de�ection system based on coils. The

beam is only de�ected to certain areas thus de�ning the desired pattern, leaving the rest of

the surface unexposed. By immersing the sample in speci�c solvents one can selectively

remove the exposed (negative resist) or the unexposed (positive resist) polymer. This

chemical treatment is de�ned as development. A second immersion in a non-solvent called

stopper is done to arrest the reaction. Several beam parameters can be tuned to adjust

the accuracy of the lithographic step. In particular, pixel size, beam current and dose

(Debl) combination will de�ne the resolution of the exposed pattern. The writing strategy

dictates that the beam must be stepped through every single pixel of the layout to be

exposed. Therefore, the image quality depends on the combination of selected pixel size

and selected beam size, and tuning of this two parameters is crucial before any exposure.

The pixelation of the pattern is de�ned by software depending on the dimension of the

feature to be written (as a rule of thumb, smaller features require smaller pixels hence

higher pixel number), while the beam size is directly de�ned by the beam current (higher

the current, bigger the size). As showed in Figure 2.1, if the beam is chosen smaller than

the pixel size, the result will be an array of holes. If the beam size matches the pixel size,

the resulting features will be close to the intended image size, but the line edge roughness

may be too high and some resist residue may be present after develop. If the beam size

is selected signi�cantly larger than the pixel size, the printed feature will be oversize. To

achieve a clean well-de�ned pattern, one would typically select a beam of slightly larger

size than the pixel. The dimension of the exposed feature also depend on the dose which is

de�ned as number of electrons per unit area and need to be found experimentally. Several

e�orts have been made in developing theoretical model to de�ne functional dose value, but

it turns out that it strictly depends on resist chemistry, thickness, and interaction with

the beam (scattering), meaning that is very case-speci�c. The advantages of the EBL are
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resolution, placement and �exibility. It also allows to overlay di�erent levels of lithography

with a potential accuracy of <20 nm. However, it is a time consuming process and very

sensible to the substrate height and resist layer uniformity, thus requires deep knowledge

of the procedure ad accurate substrate preparation to achieve solid results. To achieve an

optimal undercut resist pro�le, a low/high molecular weight polymers double layer was

used as resist (Fig. 2.2, schematic (d)). This con�guration avoid to coat the sidewall of the

resist during metal evaporation. All the steps that required a lithographic process were

performed with a Raith EBPG5000 ebeam tool in order to achieve the highest accuracy

in alignment and positioning.

Figure 2.1: Beam size with respect to pixelation, beam a) smaller then, b) equal to, c)

slightly bigger then d) bigger then the pixel size.

2.1.2. Marker deposition

The alignment marks are used for aligning patterns already present on the chip surface

with elements yet to be lithographically impressed. There are several types of markers,

depending on the nature of the sample, the type of electron sensitive polymer, and the

requirements of subsequent fabrication steps. In this work metallic markers were used

that can be automatically recognized by the lithography tool. Two types of AMs have

been used to fabricate the devices. A pre-alignment marker (or PAMM) (Figure 2.3a)

is a 7x7 matrix of 10 �m x 10 �m squares unevenly spaced (spacings in the order of

75 �m ). This marker enables to correct the position of origin on the sample surface.

Thanks to the matrix con�guration the tool always �nds a square considering the40�m

search radius, and from that marker it is able to move towards the centre of the PAMM.

Prior to exposure, the PAMM centre coordinates are taken by an optical microscope and

associated with the virtual ones. A CAMP marker (Fig 2.3b instead consists of four

20 �m x 20 �m squares symmetrically spaced. It is used to de�ne the sample coordinate

system hence at least three markers of this type are required to de�ne the x and y axis.
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The three CAMP coordinates can be selected on the virtual pattern and will be found

by the tool starting from the PAMM coordinates. For a marker to be �visible� to 100kV

electrons (during recognition process), it must exhibit a su�ciently high vertical surface

topography and have a high contrast (which is proportional to the atomic number). They

are deposited through an additive process that consists in patterning the substrate with

EBL, sputtering a thin metallic �lm on the whole surface, and then performing a lift-

o�, removing the sacri�cial layer and leaving the metal only in the patterned areas. In

Figure 2.2 the steps are showed in a schematic way.

Figure 2.2: Process steps for fabricating AM: a) Resist coating; b) Exposure; c) Develop-

ment; d) Metal sputtering, e) Lift-o�.

In detail, a � 400nm thick MMA/PMMA double-layer is spun onto the substrate surface,

then the AMs pattern is exposed at the EBL. A50 nm pixelation, 150nA beam size, and

Debl = 800 �C
cm2 were chosen for this feature. The development is performed by immersing

the sample in a 1:3 MIBK:IPA solution for 1 min and then in IPA for another minute.

Sputtering is a high vacuum-based coating technique, widely used to deposit thin �lms

on substrates and part of physical vapour deposition processes family. The energy of

a plasma, generated by ionization of a inert gas by means of a potential di�erence or

electromagnetic excitation, is used to bombard the surface of a target. The sputtered ions

ballistically �y from the target in straight lines and impact on the substrates adhering

on it. This allows a highly vertical deposition. All the steps that required sputtering of

metals were achieved with an Alliance-Concept DP 650 sputtering machine. For AMs, a

chromium (Cr) and tungsten (W) bilayer (10 nm and 70 nm respectively) is sputtered
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