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1. Introduction

Two-dimensional (2D) materials with semiconducting properties are at-

tracting considerable interest for research aimed at applications in next-

generation nanoelectronics and nanophotonics. Many layered 2D mate-

rials with a broad range of properties have been explored, from insulat-

ing h-BN and semi-metallic graphene to semiconducting layered metal

chalcogenides (e.g. MoS2, WS2, GaSe, GaS) [1, 2, 3, 4, 5]. Among semi-

conducting 2D materials, monolayer MoS2 has recently garnered signif-

icant interest in nonlinear optics as the lack of its inversion symmetry

yields a non-vanishing second-order susceptibility [6, 7]. GaTe is also a

non-centrosymmetric 2D layered material possessing an anisotropic mon-

oclinic crystal structure. Nonlinear absorption properties for wavelengths

shorter than 1064 nm have been reported [8] for bulk GaTe crystals. In

order to have second harmonic generation (SHG), it is essential to have

material with broken inversion symmetry. GaTe exhibits such broken in-

version symmetry regardless of the number of layers, N. This is an excep-

tional characteristic compared to MoS2, where SHG can only be observed

in the case of monolayer and odd N, as the inversion symmetry is bro-

ken only in these cases [6]. Even with odd N, the SHG signal of MoS2 is

significantly reduced with increasing N [6]. The broken inversion sym-

metry that persists in GaTe regardless of N inspires the careful study

of few-layer samples. In Publication II, we have employed multiphoton

microscopy with a compact 1560 nm femtosecond fiber laser to study the

nonlinear optical properties of GaTe, specifically second and third har-

monic generation in mechanically exfoliated few-layer GaTe. We obtain

high-contrast signals for different layer thicknesses of GaTe and the sub-

strate. A systematic optical nonlinearity study focusing on THG and SHG
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Introduction

of few-layer GaTe is carried out using the laser excitation wavelength near

1560 nm, in a technologically important telecommunication window.

MoS2 has a direct bandgap in monolayer film [9, 10], whereby both

GaTe and GaSe have a direct bandgap of 1.65 eV [11, 12, 13] and 1.99 eV

[14, 15], respectively, regardless of the thickness. The direct bandgap is

certainly vital for optoelectronics. Few-layer GaTe shows high prospect for

transistor, photo and radiation detection applications [16, 17, 18, 19, 20].

Transistor fabricated from few-layer GaTe shows exceptionally high pho-

toresponsivity above 104 A/W [19], which is significantly few tens of or-

der higher than that of graphene (0.13 A/W [21]), pristine monolayer

graphene (8.61 A/W [22]) or monolayer MoS2 (880 A/W [23]). Single-

and few-layer GaSe in transistor and photodetector applications have al-

ready been reported [3, 5, 24, 25, 26]. Both GaTe and GaSe) are non-

centrosymmetric 2D layered materials that have an anisotropic mono-

clinic crystal structure. Strong SHG and THG have already been re-

ported for few-layer GaTe [27] and GaSe [28]. Bulk GaTe exhibits high

carrier mobilities [29] exhibiting excellent electronic and optical proper-

ties. Atomically thin layers provide a pathway towards novel responses

arising from 2D heterostructures [30]. However, the surface of GaTe and

GaSe oxidise over time in ambient condition. Recent reports have shown

atmospheric induced degradation of optical properties of ultrathin GaSe

[31]. Investigation of the crystal quality of 2D GaTe and GaSe using Ra-

man fingerprint has not yet been studied intensively. In Publication IV,

we present a systematic Raman analysis to monitor the quality of GaTe

and GaSe due to oxidisation in ambient condition. The time dependent

atmospheric degradation of these materials is examined separately for

both materials. We also carried out XPS analysis to understand the oxi-

disation effect of GaTe and GaSe surfaces. Systematic stability study as

a function of time is carried out focusing on Raman fingerprint of few-

layer GaTe and GaSe to identify their crystal quality, which is vital to

understand the oxidation process of the materials in ambient condition.

It is also highly beneficial to have a straightforward method to evaluate

the material quality. The Raman fingerprint established in this study is

therefore highly valuable in this regard. We confirm that the 50 nm ALD

layer protects flakes from ambient oxidation, which can also be beneficial

from device applications and material integration point of view.
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Similar to gallium chalcogenides, silicon nanocrystals (SiNCs) are also

attractive because of their unique quantum behaviour [32], electrical and

optical properties [33, 34], room-temperature fabrication [35, 36, 37, 38,

39, 40], and potential for low-cost mass production [41, 42]. There are sev-

eral promising applications of SiNC-based devices, such as single-electron

transistors [43], light-emitting devices [44, 45, 46], optical interconnec-

tions [47], electron emitters [47], flexible display devices, thin film transis-

tors [48], high-speed radio frequency identifications (RFIDs) [49], floating-

gate memories [50], quantum information processing devices [51], and

high-efficiency solar cells [52, 53]. However, SiNC-based devices suffer

from very low electrical conductivity [35, 36, 37, 38, 39, 40] owing to the

high surface reactivity of SiNCs, the large number of tunnelling barri-

ers provided by each of the SiNCs along the conduction paths, and the

formation of numerous voids inside the film. A native oxide layer with a

thickness in the range of 1-2 nm is formed on the surface of SiNCs [39, 40].

Electron transport in the film of SiNC ensemble is explainable as multiple

tunnelling through the surface oxide layers [35, 36, 37, 38, 39, 40]. The

tunnelling probability decreases significantly when the number of tunnel

barriers increases. SiNCs also tend to aggregate and form large clusters

with many voids, which prevent the formation of a closely packed array

of SiNCs, resulting in voids in the film. This problem was partially solved

by surface modification through hexamethyldisilazane (HMDS) treatment

[54]. To investigate the influences of many tunnelling barriers, samples of

SiNC films with various channel length are prepared, which means that

there is a large number of SiNCs in a channel. Therefore, a large num-

ber of tunnelling barriers in a channel are provided by each SiNC. Conse-

quently, the electrical transport characteristics of SiNC films is measured.

The surface nitridation of SiNCs is then carried out in order to keep the

conductivity high by protecting the surface of SiNCs from further native

oxidisation. Samples of SiNC films with 40 nm channel length is pre-

pared for surface nitridation. Surface nitridation of SiNCs is carried out

to terminate the SiNC surface with radical nitrogen, in order to form an

ultrathin nitride layer that protects SiNCs from further ambient oxidisa-

tion. Details are presented in Publication I.

This study examines the characteristics of SiNCs films, and 2D GaSe

and GaTe. After a short introduction of SiNCs, GaSe and GaTe in Chapter
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1, the fundamental properties of these materials are reviewed in Chapter

2. Fabrication and characterisation methods are presented in Chapter 3

and in Chapter 4, respectively. Main results and findings are discussed

in Chapter 5. Channel length scaling and nitridation of SiNCs are dis-

cussed, where the first approach is undertaken to enhance the SiNCs film

conductivity, and the second is the nitridation of SiNCs to passivate the

highly reactive crystal surface from ambient degradation. Nonlinearity

study of few-layer GaTe employing multiphoton microscopy is also dis-

cussed, where experiments are carried out using a unique multiphoton

microscopy at the telecommunication wavelength of 1.56 μm. Stability is-

sues and the Raman fingerprint of few-layer GaTe and GaSe are discussed

as well. Graphene-GaSe heterostructure in device application is also pre-

sented in chapter 5 and also in Publication III, where few-layer GaSe is

used as a channel material along with monolayer graphene, which is used

as a contact material to lower the Shockley barrier, hence improving the

rectifying behaviour of the junction. Finally, the summary of the thesis

work and the outlook of SiNCs, and 2D GaSe and GaTe in the technologi-

cal point of view are followed in Chapter 6.
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2. Electrical properties of
tow-dimensional semiconducting
gallium chalcogenides (GaSe and
GaTe)

Tow-dimensional (2D) materials have attracted tremendous attention due

to their unique 2D nature that enriches the world of low-dimensional

physics. The unique properties of 2D materials include: pristine inter-

faces free of dangling bonds leading to low density of interface trap states

and hence reduces scattering, ultra-thin and uniform thickness leading

to fluctuation-immune environment and excellent device electrostatics;

and wide range of choices from metals, insulators and semiconductors

with controllable band gaps. These properties surely enable the designing

of next generation low-power, low-loss and ultra-energy-efficient devices

targeted for next-generation nanoelectronics and nanophotonics. In this

chapter, electrical properties of semiconducting 2D chalcogenides namely,

gallium selenide (GaSe) and gallium telluride (GaTe) are over viewed.

2.1 Background of GaSe and GaTe

2D materials have been one of the most extensively studied classes of new

materials due to their exceptional physical phenomena that occur when

charge and heat transport is confined to a 2D plane. The top and side

views of the hexagonal GaSe structure are presented in Figure 2.1a and

Figure 2.1b, and the monoclinic GaTe are presented in Figure 2.1c and

Figure 2.1d.
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Figure 2.1. Schematic of GaSe and GaTe. The top and side views of the hexagonal GaSe
(a), (b) and monoclinic GaTe (c), (d) structural models.[Publication IV].

2.2 Electronic structure

GaTe and GaSe belong to the III-VI group of layered metal chalcogenides.

Layered crystal structure of GaTe (GaSe) is formed by Te-Ga-Ga-Te (Se-

Ga-Ga-Se) tetra-layers (TLs). Since the thickness of single-layer GaTe

and GaSe are known to be 0.75 nm and 0.98 nm, respectively, the flake

thickness in nm corresponds roughly to the number of layers. Two adja-

cent TLs are weakly coupled via van der Waals forces.

2.3 Nonlinear optical processes

Nonlinear optical processes, for instance, harmonic generation, are at-

tractive for several applications, including microscopy, therapy, frequency

conversion, and data storage. Nonlinear optical phenomena can generate

high-energy photons by converting low-energy photons. Multiphoton har-

monic processes have been widely exploited for various applications for

instance, all-optical signal processing in telecommunications, medicine,

6



Electrical properties of tow-dimensional semiconducting gallium chalcogenides (GaSe and GaTe)

and data storage. The physical origin of these processes is the nonlinear

polarisation induced by an electromagnetic field.

2.4 Potential applications of GaSe and GaTe

Optical properties of graphene have been exploited in various photonic

devices [55, 56, 57, 58]. Lack of a band gap has made graphene unsuit-

able for many logic applications. Thus, significant effort has been de-

voted to identify alternative 2D semiconductors. Mo chalcogenides have

been the most widely investigated among the post-graphene 2D materi-

als due to their semiconducting properties in monolayer. GaSe and GaTe

show semiconducting properties in their few-layers, which has given them

additional advantage over other 2D semiconducting materials. There-

fore, a series of emerging nanoelectronic and optoelectronic device ap-

plications can be realised base on few-layer GaSe and GaTe, including

logic applications, field-effect transistors (FETs), optoelectronic devices,

photodetectors, photovoltaics, light-emitting devices, and sensors. Few-

layer GaSe and GaTe are also promising for nonlinear applications, for in-

stance, frequency conversion, four wave mixing, and data storage. As the

lack of inversion symmetry made them suitable for second order suscepti-

bility useful for many nonlinear applications including optical waveguide,

laser industries and telecommunications. In particular, gallium chalco-

genides based sensor devices are emerging for promising future applica-

tions. These materials are expected to offer new opportunities for observ-

ing extraordinary physical phenomena, due to the highly nonlinear prop-

erties, and can exhibit fascinating and technologically useful properties.
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3. Fabrication methods

Atomic layer deposition (ALD) used for surface passivation of 2D chalco-

genides are discussed in details. Electron beam lithography technique is

discussed in brief which was used for channel length optimisation in or-

der to maximize the SiNC film conductivity. SiNCs fabrication technique

is also discussed in brief in this chapter.

3.1 Atomic layer deposition

Atomic layer deposition (ALD) is basically a thin films deposition method

which has been patented in 1974. Unlike chemical vapour deposition,

ALD processes vapour phase chemicals in a cyclic, self-saturating fashion.

The operation of ALD is based on the sequential use of a gas or vapour

phase chemicals, also known as precursors. As distinct from the other

vapour phase techniques, in ALD, the source vapours are pulsed into the

reactor alternately, one at a time. This results in a unique self-limiting

film growth mechanism. In order to initiate the growth of the film, the

first precursor is pulsed into the chamber under vacuum to react with the

substrate surface for designated amount of time. The deposition temper-

ature is typically 100 - 3000 C. When the exposure of the first precursor

ends, a purge step follows. The purging is done using an inert gas, typi-

cally N2 or Ar to remove both the precursor molecules that did not react

with the substrate surface and any other chemicals that were produced

from the reaction. Then, the second precursor is pulsed into the chamber

for designated amount of time to react with the substrate that already has

one sublayer of the first chemical. Finally, another purge step follows to

remove remaining chemicals and by-products. The result is a molecular
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mono- or sublayer of the material that was chemically produced from the

two reactants. The deposition then continues to repeat this cyclic proce-

dure until appropriate film thickness is achieved. Atomic layer deposited

materials have been used in many commercial applications so far.

3.1.1 Atomic layer deposition of aluminium oxide

Aluminium oxide (Al2O3) is perhaps the most extensively studied ALD

material for numerous diverse applications. ALD (Al2O3) is a popular

choice as a gate dielectric due to its high band gap, thermal stability,

amorphous structure, reasonable dielectric constant and adequate inter-

face with silicon. ALD Al2O3 is an outstanding mask for plasma etching

of silicon. ALD Al2O3 also popular for passivation of polished and nanos-

tructured silicon surfaces [59, 60, 61]. The material is also mechanically

robust with a Young′s modulus and hardness value of ∼170 GPa and 10

GPa, respectively, which makes it an interesting material for MEMS and

suspended nanostructure [62, 63, 64, 65, 66, 67]. ALD Al2O3 has also

excellent performance as a barrier layer against water and oxygen trans-

mission [68, 69, 70]. In publication III of this thesis ALD Al2O3 was used

to form a passivation layer to protect GaSe and GaTe surfaces form ambi-

ent oxidation and their optical properties were investigated. These results

are also discussed in results section 5.4. For Al2O3, we used conventional

TMA/water process, with the growth temperature of 300 0C. 50 nm-thick

Al2O3 was deposited instantly on mechanically exfoliated GaTe and GaSe

to avoid atmospheric degradation. The thickness 50 nm with a deposition

temperature 3000 C were chosen to a have excellent quality of ALD.

3.2 Electron beam lithography

Electron beam lithography (EBL) provides a mean to reduce image res-

olution below 100 nm by using accelerated electrons instead of photon.

Electrons, like photons, have both wave and particle properties. When

electron accelerates, the wave length acquired by the electron can be ap-

proximated by [71]

λ = 1.23/
√
V
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Where, λ is in nm and V is accelerating voltage in volts. Hence, for elec-

tron accelerated at 50 kV, the equivalent wavelength will be 0.0055 nm,

several orders of magnitude smaller than that of wavelength of ultravi-

olet light. Moreover, accelerated electrons can be focused to a spot size

of few nm in diameter and easily detected by electrostatic or electromag-

netic field. For these regions accelerated electron beams are widely used

for submicron imaging such as scanning electron microscopy and trans-

mission electron microscopy. Electron beam lithography is very similar to

the scanning electron microscopy; the only deference is that for electron

beam lithography images are written in the resist layer. The major ad-

vantages of electron beam device lithography are the minimum feature

size of 2 nm and a pattern positioning accuracy of < 50 nm. However, due

to its low throughput technique, it is seldom used in large-scale device

fabrication. In publication I of this thesis EBL lithography was employed

to make two-terminal devices to study the electrical properties of SiNCs

film.

3.3 Fabrication of silicon nanocrystals

SiNCs can be fabricated in the solid [72, 73], liquid [74], or gas [75, 76, 77]

phase. In our experiment, SiNCs were fabricated in gas phase using the

mixture of silane SiH4 and argon (Ar) gas. Deposited SiNCs, can be eas-

ily separated from the substrate. This characteristic provides low-cost

solution process [54, 78], or printing process [41, 42], and is useful for fab-

ricating patterned devices. SiNCs can be fabricated with SiH4 gas only.

However, generating plasma is difficult and deposition rate is slow with

only SiH4. Therefore, SiH4 gas is diluted with Ar gas for increasing of

SiH2 radicals which are consumed as generation of Si-nuiclei and hence,

deposition rate increases. SiNCs are fabricated by agglomeration of SiHx

radicals. Generated SiNCs are owed from plasma cell to UHV chamber

through the orifice by riding the gas flow because of the pressure differ-

ence between the plasma cell and the UHV chamber. A large number

of SiNCs can be fabricated by this method. Hence, this process is very

useful for thicker SiNCs film formation. However, uniform SiNCs size is

not obtained by this continuous gas introduction method, because it is not
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possible to control and separate nuclei generation time and crystal growth

time. However, with the pulsed SiH4 gas introduction uniformed size is

achieved where the deposition rate is quite low. In publication I of this

thesis, SiNC was fabricated to study the electrical properties of SiNCs

film.
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4. Characterisation methods of 2D
chalcogenides

2D chalcogenides are characterised to identify the quality in order to use

them in devices. Number of layers, crystallinity, and the density of defects

are the critical factors determining device performance. In this chapter,

characterising tools and techniques for 2D GaSe and GaTe are discussed.

Tools for morphological characterisation, such as, an optical microscope,

atomic force microscope, a scanning electron microscope, multi-photon mi-

croscope are introduced in brief. Raman spectroscopy is over viewed in

detail, including a review of Raman scattering process. In addition, X-ray

photoelectron spectroscopy (XPS) for GaTe and GaSe are presented for

elemental analysis.

4.1 Raman spectroscopy

Raman spectroscopy is a popular and widely used tools for characterisa-

tion of 2D materials due to the fast, accurate, and reliable non-contact

process. The Raman spectroscopy utilises emission of vibrating phonon

which dissipate the initial incident energy of photons during back scatter-

ing. This is called Raman scattering. It plays an important role in char-

acterisation of 2D materials, as spectra obtained from Raman scattering

contain information of crystal structure, and quality of crystal. Therefore,

Raman spectroscopy is preferentially adopted for the examination of 2D

GaSe and GaTe crystal quality.
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4.1.1 Raman scattering

The Raman scattering or the Raman effect was experimentally discovered

in liquid in 1928 by C. V. Raman and K. S. Krishnan [79] and indepen-

dently at the same time by L. Mandelstam and G. Landsberg [80] in crys-

tal. The effect had been predicted theoretically by Adolf Smekal in 1923

[81]. In Raman scattering, photons are interacting with molecules and

this inelastic scattering can be illustrated in molecular-energy diagram

shown in Fig. 4.1. Depending on whether the molecule is on its vibra-

Figure 4.1. Molecular-energy diagram illustrating Raman scattering.

tional ground state or first excited state (n = 0, n = 1), the Raman scat-

tering signal is shifted towards the higher (anti-Stokes scattering) or the

lower (Stokes scattering) energies than the excitation energy hvL. In the

Stokes scattering, the energy of the scattered photon is hvS = hvL − hvM

and in the anti-Stokes scattering, it is hvaS = hvL + hvM , where hvM is

the molecular vibrational energy. In general the anti-Stocks Raman sig-

nal is much weaker than the Stokes because only a small fraction of the

molecules are in an excited molecular state [82]. The Raman scattering

power PRS is related to the light excitation intensity IL, the number of

molecules N in the probed volume, and the Raman cross section σR ac-

cording to the equation [82] below

PRS ∝ NσRIL (4.1)

Raman scattering gives specific information about the structure and the

composition of the material. Every material has its own vibrational fin-

gerprint. The vibrational information can be obtained by measuring the
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frequency shift between the excitation and scattered light.

4.1.2 Raman spectroscopy of GaTe and GaSe

A confocal scanning micro-Raman system with a 532 nm green laser was

used to measure samples at room temperature in ambient air. The mea-

surements were carried out within a few hours after mechanical cleaving

to avoid any degradation of the sample. The spectra were averaged in

the different regions. The spectral dependence of the Raman signal on

layer thickness was observed. Controlled experimental procedures, such

as avoiding exposure to high laser power, were employed to minimise pos-

sible degradation of GaTe. Another confocal micro Raman system with

two wavelengths 633 nm red and 514 nm green laser were used to mea-

sure samples at room temperature to investigate Raman fingerprint of

GaSe and GaTe. This Raman system was found to be more sensitive for

lower wavenumber range.

Figure 4.2. Raman spectrum of few-layer GaTe (a) and GaSe (b).

4.2 Atomic force microscopy

Atomic force microscopy (AFM) is an imaging technique used to deter-

mine topography and other surface properties [83]. A cantilever with a

tip is used to scan a sample surface. Both GaSe and GaTe deposited onto

Si/SiO2 wafers were used as a sample. Al-coated silicon AFM tips with a

tip radius less than 10 nm were used to probe the surface profiles. Sam-

ples were measured with the non-contact mode (tapping mode) in ambient

condition. Dimension 3100 AFM was employed for our measurement. Lat-
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eral resolution is 1 nm and vertical resolution is 0.2 nm with maximum

scanning area smaller than 100×100 μ m2 and feature height should be

less than 2 μm in the scan area. It is possible to record accurate height

information down to atomic scale using this tool. AFM was used to study

morphology of the GaSe and GaTe surface as well as to confirm the thick-

ness of the flakes.

4.3 X-ray photoelectron spectroscopy of GaTe and GaSe

Using Kratos Axis Ultra X-ray photoelectron spectroscopy (XPS), ambient

oxidisation of GaTe and GaSe single crystal was investigated. The mea-

surements were performed with monochromatic Al Kα (1486.6 eV) source.

We started the measurements with XPS imaging using Ga 2p peak and

selected the measurement positions based on the images to minimise the

contribution from the support material. The XPS spectra were recorded

with an analysis spot diameter of 55 μm and 27 μm. The pass energy was

20 eV.

4.4 Scanning electron microscopy

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

is used to take images of a sample by scanning the sample surface with a

high-energy electron beam in a raster scan pattern. The electrons inter-

act with the atoms that make up the sample producing signals that con-

tain information about that samples surface topography, composition, and

other properties such as electrical conductivity. SEMs (Hitachi. Inc., S-

5000, S-4500) is used for observing the shape of electrode pattern, SiNCs

and the thickness of the SiNCs film layer. In the case of S-5000, the sam-

ple should be cut to because max size of sample holder is small less than

1 cm × 1 cm. On the other hand, maximum sample size is 2 cm × 2 cm

for S-4500. Therefore, we do not need to cut our sample when we use S-

4500. Resolution is decided form accelerate voltage. The resolution of the

image for S-5000 is better than for S-4500 because of the higher acceler-

ate voltage. Therefore, we used S-5000 for observing SiNCs and S-4500

for electron pattern observation. The maximum accelerate voltage is 30
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keV, the maximum magnification is 1,000,000 and resolution capability is

0.6 nm (with 30 keV accelerating voltage). To characterise the GaSe and

GaTe structures, a Zeiss Supra 40 SEM was used.

4.5 Multiphoton microscopy

Multiphoton microscopy (MPM) relies on the nonlinear optical properties

of the material, yielding high-contrast signals between different layer

thicknesses and substrate. Schematic of the multiphoton microscope is

shown in Fig.4.3. MPM can allow mapping of large scale 2D materials

rapidly. Utilising nonlinear optical response, such as, second harmonic

generation (SHG), and third harmonic generation (THG) by multiphoton

absorption, the 2D materials can be examined.

Figure 4.3. Schematic of the multiphoton microscope. MLL: mode-locked fiber laser with
a carbon-nanotube saturable absorber. VA: variable attenuator. BP filter:
band-pass filter.

4.5.1 Multiphoton microscopy of GaTe

Nonlinear optical properties of few-layer GaTe flakes were investigated

using a unique, in-house built multiphoton microscope. The design of the

microscope, and the experimental procedure have been reported previ-

ously [84, 85]. The light source in the system is an amplified erbium-
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doped mode-locked fiber laser operating at a central wavelength of 1560

nm. The maximum average power of the laser is 60 mW with a repetition

rate of 75 MHz and 228 fs pulse duration at the sample surface. The pulse

peak power is estimated to be 3.5 kW and pulse energy is 0.8 nJ. The laser

beam is scanned with a 2D galvo mirror system and focused on the sam-

ple surface using a 20x microscope objective (New Focus, 5724-H-C, 0.5

NA); the measured focal spot size is 1.3 μm. The backscattered second-

and third-harmonic signals generated from each point on the sample are

split into two paths using a long-pass dichroic mirror (cut-off at 562 nm)

and then detected using photomultiplier tubes (PMT). Narrow band-pass

filters are used to select SHG and THG signals at a central wavelength

of 780 nm and 520 nm, respectively. The acquisition of the two channels

is simultaneous, making the measurement conditions for both channels

exactly identical regardless of any perturbations (such as external vibra-

tions or fluctuations in laser power). The technique is very fast compared

to conventional Raman mapping and well suited for characterisation of

samples with large surface area.
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5. Results

In this chapter, results of channel length scaling and surface nitridation

of silicon nanocrystals are presented. Channel length scaling was under-

taken to increase the current and conductivity of SiNC films. Surface

nitridation of SiNCs was employed to keep the conductivity high by pro-

tecting the surface of SiNCs from further native oxidisation. Results with

in-depth discussion of optical nonlinearity of GaTe are also presented in

this chapter. Results of Raman fingerprint of both GaSe and GaSe are

presented in details as well. Results of tunable graphene-GaSe dual het-

erojunction device are highlighted in short.

5.1 Channel Length Scaling and Surface Nitridation of Silicon
Nanocrystals

5.1.1 Introduction

We fabricated SiNCs using silane (SiH4) and argon (Ar) gas. SiNCs are

formed by the decomposition of SiH4 in Ar plasma environment. To in-

crease the deposition rate, Ar was introduced at a high flow rate. SiNC-

based devices suffer from very low electrical conductivity owing to the

high surface reactivity of SiNCs, the large number of tunnelling barriers

provided by each of the SiNCs along conduction paths, and the formation

of numerous voids inside the film. A native oxide layer with a thickness

in the range of 1-2 nm is formed on the surface of SiNCs. Electron trans-

port in the film of SiNC ensemble is explainable as multiple tunnelling

through the surface oxide layers. The tunnelling probability decreases

significantly when the number of tunnel barriers increases. To investigate
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the influences of many tunnelling barriers, we prepared samples of SiNC

films with various electrode distances (channel length L), which means

that there is a large number of SiNCs in a channel. Therefore, a large

number of tunnelling barriers in a channel are provided by each SiNC.

Then, we measured the electrical transport characteristics of SiNC films.

We carried out the surface nitridation of SiNCs, in order to keep the

conductivity high by protecting the surface of SiNCs from further native

oxidisation. We prepared samples of SiNC films with electrodes at cer-

tain distances (channel length L = 40 nm) for surface nitridation. Surface

nitridation of SiNCs was carried out to terminate the SiNC surface with

radical nitrogen, in order to form an ultrathin nitride layer that protects

SiNCs from further native oxidisation. In addition, the nitride film has a

narrower band gap (5 eV) than the oxide film (9 eV). Therefore, the con-

ductivity of the SiNC film can be kept high.

5.1.2 Experimental methods

Figure 5.1 shows a schematic diagram of the cross-sectional device struc-

ture used for current-voltage (I−V) measurements in our experiments.

Using a very high-frequency (VHF) remote-plasma-enhanced chemical

vapour deposition (CVD) system, we fabricated SiNCs with a diameter

of 10 ± 1 nm) at room temperature. SiNCs were formed in a plasma cell

by the decomposition of SiH4 in the presence of Ar plasma, which was

generated in the plasma cell at a power of 1.5 W and a frequency of VHF

(144 MHz). The formed SiNCs were then transported to the UHV cham-

ber and deposited on the sample. The flow rates of SiH4 and Ar gas were

1.6 and 90 sccm, respectively. With continuous SiNC deposition for 16 s,

the achieved SiNC film thickness was 200 nm.

Before SiNC deposition, using a high-resolution electron beam lithog-

raphy system, we fabricated an interdigitated electrode on a silicon-on-

insulator (SOI) substrate, as shown in Fig.5.2, with the channel length L

varied between 20 and 200 nm. To make a short channel for the inter-

digitated electrode, we carried out reactive Cl-based ion etching directly

after EBL pattern transfer, using the resist as a mask. Figure 5.3 shows

a SEM image of the device structure with a channel length of 20 nm. We

obtained a very clean pattern in which the two electrodes are perfectly
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electrically isolated from each other.

Instead of a metal-made interdigitated electrode fabrication [39, 40],

highly P-doped (1 × 1020 cm3) Si-electrode was fabricated such that the

ohmic contact was established between the electrode and SiNCs. Hence,

the patterned electrode with a small channel length of up to 20 nm was

easily transferred to the SOI layer by reactive ion etching. On the other

hand, it was found difficult to fabricate patterned electrodes made of metal

by a lift-off process, wherein the electrodes were patterned with a 20 to 50

nm gap between two electrodes. Moreover, high-temperature treatments

are easily applicable to Si electrodes for further improvement of devices,

for example, high-temperature annealing to make the films more compact

and the surface modification of SiNCs to protect SiNCs from further na-

tive oxidation.

For surface nitridation of SiNCs, we prepared samples with a channel

length of 40 nm, a channel width of 1120 μm, and an electrode height

of 77.5 nm. Firstly, we deposited SiNCs on a sample with a thickness of

200 nm using a UHV-CVD system. Secondly, surface nitridation treat-

ment was applied under an in situ condition using the same UHV-CVD

system used for SiNC deposition. This was carried out in order to pro-

tect the SiNC surface from native oxidisation. An external plasma cell

is connected to the UHV chamber, where radical nitrogen was generated

from N2 gas at 13.56 MHz and a plasma power of 150 W. We applied sur-

face nitridation treatment for an hour, during which a pressure of 2.2 ×
10−5 Torr was maintained. The gas flow rate was 30 sccm and the sub-

strate temperature was 800 oC. Then radical nitrogen was transported

to the sample kept in the UHV chamber to terminate the SiNC surface

with radical nitride. Because the SiNCs were spherical, nitrogen radicals

can cover all the SiNCs in the film. A high substrate temperature was

applied to allow nitrogen radicals to form a better-quality silicon nitride

shell around SiNCs.

5.1.3 Results and discussion

Figure 5.4 shows the current-voltage characteristics of SiNC films with

the channel lengths (L) of (A) 200, (B) 80, (C) 40, and (D) 20 nm. The

electrical conductivity of SiNC films increases markedly with decreasing
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Figure 5.1. Schematic diagram of device structure (cross-sectional view). The channel
length L is varied between 20-200 nm. SiNCs are deposited at an average
diameter of 10 ± 1 nm. [Publication I].

Figure 5.2. Schematic diagram of interdigitated electrodes (top view), which are highly
doped silicon. [Publication I].

L. While sample (A) with L = 200 nm shows current in the pA range, sam-

ple (B) with L = 80 nm shows current in the mA range. The electrical

conductivity of device (A) with L = 200 nm is 4.2 × 10−10 S/cm, while that

of sample (B) with L = 80 nm is 1.66 × 10−2 S/cm, which is considerably

higher than that of sample (A). This result indicates that the sample with

a smaller L, i.e., with a smaller number of tunnel barriers, shows a better

transport property. If we assume that the diameter of SiNC is 10 nm and

SiNCs are aligned to form a closely packed structure, the average num-

ber of tunnel barriers for L = 200 nm is 19, and that for L = 80 nm is 7.

Therefore, it is confirmed that the electron transport in SiNC films can be

explained by the multiple tunnelling of SiNCs through the surface oxide
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Figure 5.3. SEM image of interdigitated electrode (top view) for device with L = 20 nm.
The dark area is Si, the white area is a gap (left). Magnified view of electrode
gap of 20 nm (right). [Publication I].

Figure 5.4. I−V characteristics of devices with L = 200, 80, 40, and 20 nm, which were
measured within 1 h after crystal deposition. [Publication I].

of SiNCs. As shown in Fig.5.4, upon further scaling down, the current

in sample (C) with L = 40 nm increases but not significantly. In sample

(D) with L = 20 nm, the current even decreases, contrary to the expecta-

tion. The mechanism underlying this behaviour can be explained by the

model shown in Fig.5.5. For the convenience of observing the position of

electrodes, we employed an electrode height of 77.5 nm in this measure-

ment. When the aspect ratio AR (height/length ratio) of the electrode gap

exceeds 1, it becomes very difficult for SiNCs to fill the electrode gap. For

the sample with L = 20 nm, in which AR is 4, even a cavity is formed, as

shown schematically in Fig. 5.5c. This is the reason why the current in

sample (D) decreases in Fig. 5.4. For the sample with L = 40 nm, where

AR is 2, there are many voids in the channel, which results in current
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fluctuations in this sample. To solve this problem, the design of electrodes

with AR smaller than 1 might be helpful in filling the channel. However,

crystal size and effective channel height should be taken into account.

Electrical measurement of the device with L = 40 nm (Fig.5.6) shows

that conductivity decreases gradually with time, because of the native ox-

idisation of SiNCs owing to the high surface reactivity of SiNCs. Surface

passivation of SiNC films is crucial in preventing further native oxidisa-

tion. Another approach to surface passivation is surface modification of

each SiNC, which prevents the native oxidisation of SiNCs and therefore

maintains the high conductivity. The conductivity of SiNC films is esti-

mated using the following equation:

σ =
L

WH

I

V
(5.1)

where σ, L, W, H, I, and V are the conductivity of SiNC films, chan-

nel length, channel width, electrode height, current, and voltage obtained

from the I-V curve, respectively. To prevent the ambient oxidisation of

SiNCs, the surface nitridation technique was implemented. We success-

fully suppressed the degradation of transport properties by surface mod-

ification of SiNCs, which was performed under an in situ condition im-

mediately after SiNC deposition. The nitridation treatment was applied

for surface passivation of SiNCs with nitride to form an ultrathin atomic-

level nitride shell around the SiNCs, which protects the highly reactive

surface of SiNCs from further native oxidisation.

The quality of the native oxide shell that is formed around the SiNCs

is considered to be poor, because of the high Si/SiO2 interface trap den-

sity and thick shell. Generally, the shell thickness is approximately 1-2

nm, but it increases with time because of the continuation of native ox-

idisation. When the channel length is small, this oxidation effect is not

significant in the initial measurements, but when the measurement is

taken after several weeks, the effect is quite significant. The native oxide

shell that formed around SiNCs is responsible for the low conductivity of

devices with a long channel. The short-channel devices also suffer from

the reduced conductivity after several weeks, due to the gradual increase

in the thickness of the oxide shell. The higher band gap (9 eV) of the oxide

shell is also responsible for the low conductivity. For these reasons, the

need for nitridation treatment is justified, by which the nitride shell that
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formed will protect the SiNCs from further native oxidisation. Unlike the

bulk silicon nitride, the ultrathin atomic-level nitride shell that formed

around SiNCs has nearly no nitride traps and it will protect SiNCs from

further native oxidisation. This ultrathin nitride shell has a band gap

of 5 eV, which is lower than that of the oxide shell (9 eV); this is also a

convincing point to implement the nitridation treatment.

Figure 5.7 shows the current voltage characteristics of SiNCs with and

without nitridation treatment, and measured within one day and one

month after fabrication. Samples with and without nitridation measured

within one day after fabrication of SiNCs, show high currents since the

oxide shell is very thin. The sample with the nitride shell shows a slightly

lower current because of the effect of the interface states. After one month

in ambient condition, the current in the sample without nitridation de-

graded significantly owing to the increased thickness of the oxide shell in

each SiNC. On the other hand, the current degradation was suppressed

in the sample with nitridation since the surface nitride layer prevented

the formation of a thick oxide layer. However, there is still degradation of

current because of imperfect nitridation, resulting in moderate oxidation.

We believe that we can stop the current degradation by optimising the

nitridation process and completely blocking further oxidation.

Figure 5.5. Schematic model of devices with different channel lengths (L). SiNCs are
deposited with an average diameter of 10 ± 1 nm. [Publication I].

5.1.4 Conclusion

Through electrical transport measurements of SiNC films with various

channel lengths, it can be proved that the electrical conductivity of SiNC

films is governed by multiple tunnelling processes. By decreasing the
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Figure 5.6. Time-dependent I-V characteristics of device with channel length L = 40 nm,
channel width = 1120 μm, and electrode height = 77.5 nm. [Publication I].

Figure 5.7. I-V characteristics of SiNCs with (green lines) and without (red lines) nitri-
dation treatment. The solid line and dashed line represent the I-V character-
istics measured within one day and one month after fabrication, respectively.
[Publication I].

number of tunnel barriers, the current and conductivity of SiNC films

increase significantly. By scaling down the channel length, the number

of tunnel barriers can be reduced in order to increase conductivity. The

maximum conductivity of 1.66 × 10−2 S/cm for the device with a channel

length of L = 80 nm is obtained. Upon scaling down the channel length to

beyond the aspect ratio exceeding 1, the problem of void formation arises,

which results in the decrease in current.

The electrical conductivity of the SiNC films decreases substantially

with time because of native oxidation due to the high surface reactivity

of SiNCs. The surface modification of SiNCs by surface nitridation treat-

ment is found to be effective for forming a protective layer around the
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SiNCs. By passivating the surface of SiNCs for protection from further

native oxidation, the performance of the SiNC-based devices can be kept

high.
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5.2 Optical Nonlinearity of Two-dimensional GaTe

The optical nonlinearity of GaTe was investigated using multiphoton mi-

croscopy with an excitation wavelength of 1560 nm. The SHG and THG

signals showed clear contrast for different number of GaTe layers. We ob-

served that the SHG and THG signals increase with layer thickness until

the coherence lengths of the material. This shows that, unlike with e.g.

MoS2, the nonlinear optical coefficients of GaTe do not decrease with in-

creasing material thickness. We also established THG and SHG optical

nonlinearity coefficients for GaTe for the first time.

5.2.1 Introduction

GaTe is a non-centrosymmetric 2D layered material having an anisotropic

monoclinic crystal structure with each layer consisting of Te-Ga-Ga-Te re-

peat units stacked along the c-axis. Very little is known about the non-

linear optical properties of few-layer GaTe although they can play an im-

portant role in various photonic and optoelectronics applications. Non-

linear absorption properties for wavelengths shorter than 1064 nm have

been reported17 for bulk GaTe crystals. In order to have second harmonic

generation (SHG), it is essential to have material with broken inversion

symmetry. GaTe exhibits such broken inversion symmetry regardless of

the number of layers, N. This is an exceptional characteristic compared to

MoS2, where SHG can only be observed in the case of monolayer and odd

N, as the inversion symmetry is broken only in these cases [6]. Even with

odd N, the SHG signal of MoS2 is significantly reduced with increasing N

[6]. The broken inversion symmetry that persists in GaTe regardless of

N, inspires the careful study of few-layer samples. This is a critical as-

pect from a material manufacturing standpoint as well, since controlling

the uniformity and number of layers has been extremely challenging in

chemical vapour deposition (CVD) of 2D materials other than graphene.

In this work, we have employed multiphoton microscopy with a compact

1560 nm femtosecond fiber laser to study the nonlinear optical properties

of GaTe, specifically second and third harmonic generation in mechani-

cally exfoliated few-layer GaTe. Employing multiphoton microscopy, we

obtain high-contrast signals for different layer thicknesses of GaTe and

the substrate. A systematic optical nonlinearity study focusing on THG
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and SHG of few-layer GaTe is carried out using the laser excitation wave-

length near 1560 nm, in a technologically important telecommunication

window, where applications of second- and third-order nonlinearities, e.g.,

all-optical signal processing and frequency conversion, may have ground-

breaking impact.

5.2.2 Result and discussion

A confocal scanning micro-Raman system with a 532 nm green laser was

used for Raman studies at room temperature in ambient air. Figure 5.8a

shows an optical image displaying different thicknesses of exfoliated GaTe

flakes as determined by atomic force microscopy (AFM) in Figure 5.8b.

The thickness of single-layer GaTe is known to be 0.75 nm [16]. Raman

mapping of the flake is presented in Figure 5.8c. Three prominent peaks

can be observed in the Raman spectra in Figure 5.8d at 178 cm−1, 233

cm−1, and 275 cm−1. Note that the system employed is not able to detect

Raman shifts below 150 cm−1.

Raman peak around 178 cm−1 is clearly visible for thicknesses from 7

nm to 17 nm (Figure 5.8d. At around 57 nm thickness, the peak has the

same spectral characteristics as can be noted in Figure 5.8e, although

the signal intensity is in overall quite low. We assume that the reduced

intensity relates to light absorption in GaTe, which reduces the enhance-

ment due to reflection from the SiO2/Si interface [86]. The Raman peak

around 275 cm−1 is quite strong from areas having a thickness of 14-17

nm, whereas it is undetectable for thinner areas (7-11 nm). A peak at

233 cm−1 is observed from 11-17 nm thick flakes with an intensity that

increases with thickness, whereas at 57 nm the peak intensity becomes

very low. An additional peak with relatively low intensity appears at 223

cm−1 when the thickness reaches 57 nm. It should be noted that the

Raman peak around 307 cm−1 originates from the substrate and can also

be seen in the spectra from the thin GaTe layers as evidenced in Figure

5.8e. Furthermore, this peak is practically absent for the thicker layer as

expected due to signal absorption in GaTe. Therefore, we conclude that

Raman spectra (Raman shifts >150 cm−1) can give some indication as to

the number of the GaTe layers present. However, the fingerprint is not as

clear as in the case of graphene [87].
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Figure 5.8. Characterisation of the mechanically exfoliated GaTe flakes: (a) Optical mi-
crograph showing layered structure of the flake. (b) AFM image used to de-
termine the layer thickness. (c) Raman mapping using integrated intensity
from the wavenumber range from 152-212 cm−1. (d) Raman spectra of differ-
ent areas (thickness 7 to 59 nm) and (e) detailed comparison of the Raman
spectra of the SiO2/Si substrate, 7 and 57 nm thick GaTe. Ticked line at 307
cm−1 highlights the peak arising from the SiO2/Si substrate.[Publication II].

To study the nonlinear optical properties of few-layer GaTe, we em-

ployed a multiphoton microscope [28, 84] with a compact 1560-nm fem-

tosecond fiber laser. Details of the system can be found in Ref. [85]. SHG

and THG images taken simultaneously using a dichroic mirror in the mul-

tiphoton microscope are shown in Figures 5.9a and 5.9b, respectively. The
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areas with different number of layers are clearly distinguishable in the

THG image. Both SHG and THG signal intensity increases as the num-

ber of layers increases. For further visualisation, Figure 5.9c shows a com-

posite RGB micrograph obtained by combining images in Figures 5.9a and

5.9b. The SHG and THG signals are in the red and green channels of the

RGB image, respectively. The areas in Figure 5.9c that simultaneously

show a high intensity for both SHG and THG signals appear in the com-

posite image as yellow (combination of red and green). The cross-sectional

profiles of the SHG and THG signals from the blue dashed line in Figure

5.9c are plotted in Figure 5.9d. Interestingly, the maximum intensity of

SHG and THG is not observed to arise from the thickest (57 nm) area of

the flake. Instead, a clearly distinct high intensity region can be discrim-

inated in the region between the 17-nm-thick and 57-nm-thick areas for

both signals. The AFM micrograph of this area in Figure 5.9e reveals that

there is a staircase-like structure. From the AFM cross-section plotted in

Figure 5.9f we estimate that the step height is about 10 nm for each step.

In the case of the 57-nm-thick area, we attribute the decreased SHG and

THG signals to the increased flake thickness compared to the coherence

length (as discussed below).

The THG image shows higher contrast between the substrate and GaTe.

This holds true also when assessing the contrast between different num-

bers of layers in the flake. For our setup, the THG signal from the 7-nm-

thick flake is relatively weak (becoming nearly indistinguishable). For

the SHG signal, the corresponding threshold thickness seems to be 11

nm. The weak signals are probably due to the small thickness of the flake

compared to the coherence length of the materials (as we consider later in

detail). THG signals are constant over areas with the same N, whereas

the SHG signals seem to vary even within areas of constant N, perhaps

indicating variations in the crystal structure or the presence of stresses,

which could affect the second order nonlinear optical susceptibility.

To further analyse the nonlinear optical effects, the SHG and THG sig-

nals for different layer thickness are plotted vs. the excitation peak power

in Figures 5.10a and 5.10b. The SHG and THG signals follow square and

cubic behaviour, respectively, as expected. This underscores that the ob-

served signals originated from SHG and THG. Both measurements fur-

ther confirm that the maximum signal intensity is achieved for GaTe
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Figure 5.9. (a) SHG and (b) THG images of the few-layer GaTe flake. (c) RGB composite
image generated from the SHG and THG images. (d) Cross-sectional SHG
and THG signals taken from the blue dashed line in (c); scale bars in the
SHG and THG images are 10 μm.(e) AFM image of the staircase area where
the intensity is at maximum for both SHG and THG. (f) AFM cross-section of
the staircase area taken from the white dashed line B-B in (e) showing the
steps from 17 to 57 nm. [Publication II].

when the thickness is below 57 nm.

The coherence length for the backward generated THG can be calculated

from lBTHG
c = π/(k(3ω) + 3k(ω)) = λ/(6(n3ω + nω)). With the excitation

wavelength λ = 1560 nm , we use refractive indices of nω = 3.8 (at the

wavelength of 1560 nm) and n3ω = 3.76 (at the wavelength of 518 nm) for
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Figure 5.10. Excitation peak power dependence of the (a) SHG and (b) THG signals. The
lines are fits to square (a) and cubic (b) power dependences.[Publication II].

fundamental and THG signal, respectively [11]. n3ω < nω (i.e. anomalous

dispersion) due to the position of the band gap in GaTe, which lies in

between the two wavelengths. The calculated lBTHG
c is about 34 nm. For

SHG, lBc SHG = λ/4(n2ω + nω) = 46 nm using n2ω = 4.72 (from Refs. [11,

88] for the wavelength of 776 nm, just below the band gap). For both

SHG and THG, the coherence length (for the backward generated SHG

and THG) lies between 17 to 57 nm. Below the coherence length, the

harmonic signals should increase when the thickness of the non-linear

material increases and above the coherence length the signal starts to

decrease. Due to this, the highest SHG and THG signals are observed

from the staircase area shown in Figure 5.9e, with thickness between 17

and 57 nm.

The spectra of the generated light were measured at two different po-

sitions with different thickness (11 nm and 57 nm). Figure 5.11 shows

peaks at the wavelength of 520 nm and 780 nm observed in both mea-

surements. The positions and narrowness of the peaks further verify that

the detected signals are second and third harmonics for the fundamental

excitation wavelength of 1560 nm as opposed to multiphoton fluorescence.

In the area with a thickness of 11 nm, the peak near 780 nm is not as in-

tense as in the area having a thickness of 57 nm. The weak signal from

11 nm thick GaTe is probably due to the small thickness compared to the

coherence length or could indicate some modification in the structure for

thicker films.
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Figure 5.11. Measured spectra of the nonlinear signals from two different positions with
different thicknesses (11 and 57 nm) on the GaTe flake. Inset plots the
SHG peak at the wavelength of 775 nm from the area with the thickness 11
nm. The magnification factor in the vertical axis of the inset plots is about
500x.[Publication II].

The third-order optical nonlinearity coefficient χ
(3)
GaTe was estimated to

be around 1.382×10−8 esu (2×10−16m2/V 2) using single-layer graphene as

a reference (χ(3)
graphene ≈ 3×10(−7) esu) [84]. The estimation was performed

with the following relationship: [28]

χ
(3)
GaTe

∼= dgraphene
dGaTe

√ THGGaTe

THGgraphene
χ
(3)
graphene (5.2)

where the thickness of graphene, dgraphene is 0.3 nm, dGaTe is 11 nm and

THGGaTe/THGgraphene = 2.79

The THG signals for both GaTe and graphene were measured using the

same excitation power of 10 mW. The χ(3) of graphene is known to be

exceptionally high due to the resonant condition for the excitation and

THG signals [89]. The second-order optical nonlinearity coefficient was

calculated using the surface nonlinear susceptibility equation [90]

χ
(2)
GaTe

∼= √ε0cλ
4
2Pav2Rt21(n2 + 1)2(n1 + 1)4)

32NA2t2P 2
av1φ

(5.3)

where R is the repetition rate, ti the pulse width, Pavi the average power

(i = 1: fundamental, 2: SH) and φ = 3.56 from φ = 8π
∫ 1
0 | cos(−1) ρ −

ρ
√
(1 − ρ2)|2ρdρ [90]. We used refractive indices for SiO2 of n2 = 1.45

and n1 = 1.44 determined at the wavelength of 780 nm and 1560 nm,

respectively [91]. Here the repetition rate was R = 75 MHz, pulse widths
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t1 = t2 = 228 fs, fundamental average laser power Pav1 = 5 × 10(−3) W,

average laser power of the SHG signal on the 14 nm thick GaTe flake,

Pav2 = 8.93 × 10−13 W, numerical aperture NA = 0.5, permittivity of free

space, ε0 = 8.854 × 10−12 Fm−1, velocity of light, c = 2.99 ×108ms−1, and

the wavelength of the SHG signal λ2 = 780 nm were used to calculate

the sheet nonlinear susceptibility of 14-nm-thick GaTe. The calculated

sheet nonlinear susceptibility is 6.72 ×10−20 m2/V. Taking the thickness

into account, the estimated second-order nonlinear susceptibility of the

material is about 1.15 pm/V (2.7 ×10−9 esu).

In comparison to other layered 2D materials, χ(2) = 20±2 pm/V has been

reported for few layer GaSe at the excitation wavelength of 1560 nm [28].

The χ(2) literature values for monolayer MoS2 are on the order of hun-

dreds of pm/V [7, 92] at excitation wavelengths around 800 nm. χ(2) = 4.5

nm/V has been reported for synthesized monolayer WS2 at an excitation

wavelength of 832 nm [90]. Therefore, we conclude that the second-order

nonlinearity coefficient of GaTe is around two and three orders of magni-

tude lower than the χ(2) of MoS2 and WS2 measured at the wavelength

of ∼800 nm, respectively. However, our measurements have been done

at the wavelength of 1560 nm and therefore, the second-harmonic wave-

length is 780 nm (lower photon energy than the band-gap). This surely

affects the magnitude of the second-order nonlinearity. Our recent study

on the optical nonlinearities in exfoliated monolayer MoS2 estimates that

χ(2) is around 2.2 pm/V at the excitation wavelength of 1560 nm, which

is comparable to that of GaTe in this work [93]. While this χ(2) figure is

lower than for e.g. MoS2 monolayer, GaTe has the advantage that its fre-

quency conversion processes are enhanced directly with increasing N, un-

like with MoS2. It is evident that further studies are needed to establish

a clear picture and consensus regarding the basic nonlinear optical mate-

rial properties of the 2D materials beyond graphene. Our results indicate

that GaTe is an interesting material among the layered 2D materials and

deserves further study.

5.2.3 Conclusion

The optical nonlinearity of GaTe was investigated using multiphoton mi-

croscopy with an excitation wavelength of 1560 nm. A systematic optical
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nonlinearity study of few-layer GaTe is carried out. The SHG and THG

signals showed clear contrast for different number of GaTe layers and

we observed that the SHG and THG signals increase monotonically with

layer thickness until the coherence lengths of the material are reached.

This shows that, unlike with e.g. MoS2, the nonlinear optical coefficients

of GaTe do not decrease with increasing material thickness. We also de-

termined the THG and SHG optical nonlinearity susceptibilities for GaTe.

Nonlinear optical effects can be used for rapid characterisation of atomi-

cally thin films of GaTe and other similar materials.
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5.3 Raman Fingerprint of Two-dimensional Gallium Chalcogenides

We have established a Raman fingerprint of GaTe and GaSe to evaluate

their crystalline quality especially in relation to material oxidation. Two-

dimensional gallium chalcogenides such as GaTe and GaSe are unstable

materials as they oxidise in ambient condition. Oxidisation is a rapid pro-

cess in case of GaTe, whereas GaSe is not as susceptible to oxidation. XPS

results confirm our Raman analysis. Our results further emphasize that

the surface passivation with ALD Al2O3 are beneficial to inhibit atmo-

spheric degradation of two-dimensional gallium chalcogenides.

5.3.1 Introduction

Among the layered metal chalcogenides, MoS2 is probably the most widely

investigated material for device applications due to its direct bandgap in

monolayer film [9, 10]. Thus, the clear advantage compared to MoS2 is

that both GaTe and GaSe have a direct bandgap of 1.65 eV [11, 12, 13]

and 1.99 eV [14, 15], respectively, in the visible range regardless of the

thickness. The direct bandgap is certainly vital for optoelectronics. Mono-

layer MoS2 has also gathered significant interest in recent years in nonlin-

ear optics as the lack of inversion symmetry yields non-vanishing second-

order susceptibility [6, 7]. In order to have second harmonic generation

(SHG), it is essential to have material with broken inversion symmetry.

GaTe (GaSe) exhibits such broken inversion symmetry regardless of the

number of layers, N. This is an exceptional characteristic compared to

MoS2, where SHG can only be observed in case of monolayer and odd N

as the inversion symmetry is broken only in these cases [6]. Even with

odd N, the SHG signal of MoS2 is significantly reduced with increasing N

[6]. The broken inversion symmetry that persists in GaTe (GaSe) regard-

less of N inspires the study of those few-layer samples. GaTe (GaSe) is a

non-centrosymmetric 2D layered material that has an anisotropic mono-

clinic crystal structure. Strong second-harmonic generation (SHG) and

third-harmonic generation (THG) have already been reported for few-

layer GaTe [27] and GaSe [28]. Two-dimensional GaTe (GaSe) provides

additional advantages over bulk, such as atomically thin layers provide a

pathway towards novel responses arising from 2D heterostructures [30].

However, the surface of GaTe and GaSe oxidise over time in ambient con-
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dition. Recent reports have shown atmospheric induced degradation of op-

tical properties of ultrathin GaSe [31]. Investigation of the crystal quality

of 2D GaTe and GaSe using Raman fingerprint has not yet been studied

intensively.

In this study, we present a systematic Raman analysis to monitor the

quality of GaTe and GaSe due to oxidisation in ambient condition. The

time dependent atmospheric degradation of these materials is examined

separately for both GaTe and GaSe. We also carried out XPS analysis to

understand the oxidisation effect of GaTe and GaSe surfaces. Systematic

stability study as a function of time was carried out focusing on Raman

fingerprint of few-layer GaTe and GaSe to identify their crystal quality.

We also confirm that the 50 nm ALD encapsulated flake remains intact

from oxidation in air.

5.3.2 Results and discussion

Figure 5.12 presents Raman spectra of GaTe and GaSe exhibiting the

characteristic response of GaTe and GaSe. PL displays a maximum near

1.65 eV and 2 eV, consistent with the bandgap of GaTe and GaSe, respec-

tively.

Ten distinct Raman modes in the spectrum at 52 cm−1, 66 cm−1, 76

cm−1, 109 cm−1, 115 cm−1, 162 cm−1, 175 cm−1, 207 cm−1, 268 cm−1,

and 282 cm−1 are observed from freshly cleaved GaTe as shown in Figure

5.12(a). The peaks at 123 cm−1 and 140 cm−1 due to ambient oxidisa-

tion can be observed within few hours of exfoliation of GaTe, which are

slightly noticeable or nearly undetectable in freshly cleaved GaTe. Due to

oxidation, the GaTe Raman peak and the PL intensities decrease whereas

the new peaks at wavenumber 123 cm−1 and 140 cm−1 become prominent

over time. Figure 5.12b and Figure 5.12c show Raman and PL spectra, re-

spectively, as a function of time. Eventually, entirely oxidised GaTe shows

only two Raman peaks at 123 cm−1 and 140 cm−1, while other peaks dis-

appear. Thin flakes oxidise entirely compared to the thicker ones within

the same time frame as shown in Figure 5.12d.

Freshly cleaved GaSe shows four most prominent peaks at 136 cm−1,

215 cm−1, 233 cm−1, and 309 cm−1 as shown in Figure 5.12e. Due to oxidi-

sation, amorphous selenium (a-Se) is formed at the surface which exhibits
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Figure 5.12. Raman spectra of freshly cleaved GaTe (a) and GaSe (e) are presented. Ra-
man spectrum and photoluminescence (PL) of freshly cleaved GaTe (b-c) and
GaSe (f-g) are plotted as a function of time. (d) Peaks at 123 cm−1 and 140
cm−1 due to ambient oxidisation are more prominent in thin GaTe even in
few hours of air exposure, whereas in the case of thin GaSe flake oxidised
peak is non-detectable in Raman even after few weeks of air exposure. De-
tails regarding thickness dependent Raman analysis as a function of time
can be found in the supplementary material. (h) Laser enhanced oxidisa-
tion was carried out to oxidise the GaSe intentionally because unlike GaTe,
GaSe shows slower oxidisation in ambient condition. The number of laser
exposures is from 1 to 4. [Publication IV].

a broad Raman peak near 253 cm−1 with a shoulder at 234 cm−1. This

result shows a good agreement with the recent report [31]. Oxidisation

also produces Ga2Se3 and Ga2O3 which can be detected by Raman at 150

cm−1 and at 233 cm−1, respectively [31]. These two peaks at 150 cm−1
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and at 233 cm−1 are not that prominent in our Raman measurements.

The a-Se peak becomes prominent due to oxidisation whereas intensities

of other GaSe peaks reduce. Figure 5.12f shows that the Raman mode at

253 cm−1 is undetectable within two weeks of ambient condition, while

within five months the peak at 253 cm−1 becomes quite prominent. Thin

flakes oxidise entirely compared to the thicker ones over a certain period

of time. Unlike GaTe, ambient oxidisation is rather slow in GaSe. In order

to enhance the oxidisation process, laser was used to oxidise GaSe inten-

tionally. The change of Raman modes due to laser assistant oxidisation

is shown in Figure 5.12h, where the intensity ratio of the mode at 253

cm−1 to that at 136 cm−1 increase with the number of laser exposure (1 to

4). This reveals that the peaks developed at 253 cm−1 and 234 cm−1 are

due to of the oxidisation of GaSe. No PL is detected from GaTe (thickness

220 nm) after a week of ambient oxidisation, as shown in Figure 5.12c,

whereas within 2 weeks of ambient oxidisation the PL remains quite in-

tense in GaSe (thickness 50 nm) but disappears in five months, as shown

in Figure 5.12g. Oxidation produces layers of both metal and tellurium

oxides on the GaTe surface [94]. Metallic Te shows Raman peaks at 123

cm−1 and 140 cm−1, which matches with previous report (peaks at 122

cm−1 and 141 cm−1 [95]). Raman peaks at 122 cm−1, 149 cm−1, 174 cm−1,

and 196 cm−1 originated from TeO2 has also been reported [95], which is

not that prominent in our case.

Freshly cleaved GaTe and GaSe showing atomically smooth surface are

presented in Figures 5.13a and 5.13d, respectively. Roughness (Ra) in-

creases from 0.14 to 1.70 nm in a year due to the ambient oxidisation

of GaSe (thickness 12 nm) as shown in Figure 5.13e. However, the one

year old GaTe shows a surface as smooth as the freshly cleaved ones. The

freshly cleaved GaTe (thickness 220 nm) has a roughness of 0.08 nm and

the roughness remains unchanged over the year exposed in ambient con-

dition as shown in Figure 5.13b. Figure 5.13c shows AFM cross-sections

taken from the blue dashed line A-A’ in image (a) and green dashed line

B-B’ in image (b) showing their roughness from freshly cleaved and a

year old GaTe. Figure 5.13f shows AFM cross-sections taken from the

blue dashed line A-A’ in image 5.13d and green dashed line B-B’ in im-

age 5.13e showing their roughness from freshly cleaved and a year old

GaSe. Change of roughness is much higher in GaSe than in GaTe after
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Figure 5.13. Surface roughness of GaTe and GaSe as a function of time. AFM images and
their cross-sections used to determine their surface roughness from freshly
cleaved and a year old GaTe and GaSe. (a) Freshly cleaved and (b) a year old
of GaTe flake. (c) AFM cross-sections taken from the blue dashed line A-A’ in
image (a) and green dashed line B-B’ in image (b) showing their roughness
from freshly cleaved and a year old GaTe. (d) Freshly cleaved and (e) a
year old of GaSe flake. (f) AFM cross-sections taken from the blue dashed
line A-A’ in image (d) and green dashed line B-B’ in image (e) showing their
roughness from freshly cleaved and a year old GaSe. [Publication IV].

air exposure in the same time frame.

A 50 nm-thick Al2O3 layer was deposited by ALD on mechanically exfoli-

ated GaTe (GaSe). 50 nm ALD passivated GaTe (GaSe) shows no evidence

of ambient oxidisation even after 6 weeks in ambient conditions. Raman

spectra and PL as a function of time (one day to six weeks) of ALD encap-

sulated GaTe are shown in Figure 5.14a and Figure 5.14b, respectively.

Similarity, Figure 5.14c and Figure 5.14d represent results from GaSe.

The peak at 233 cm−1, which might have generated from partly oxidised

GaSe (Ga2O3), is not that prominent in our Raman spectrum. The ALD

encapsulated GaTe (GaSe) does not oxidise in ambient air within 6 weeks

of observation.

Figure 5.15a and Figure 5.15b show Raman spectrum from 50 nm ALD

encapsulated GaTe and GaSe, respectively, as a function of laser assisted

annealing. 50 nm ALD Al2O3 passivated surface shows no change in Ra-

man peaks and hence no evidence of GaTe (GaSe) degradation. Raman

spectrum remains the same as the freshly cleaved ones even after several

Raman spectrums were taken from the same position, which reveals no
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Figure 5.14. Raman spectra of GaTe (GaSe) encapsulated by 50 nm ALD Al2O3 as func-
tion of time. Raman spectra and PL of ALD encapsulated GaTe (a and b,
respectively) and GaSe (c and d, respectively) in different times (one day to
six weeks). [Publication IV].

laser assisted oxidisation with 50 nm ALD encapsulated flakes. Figure

5.15c and Figure 5.15d show the invariant Raman peaks for both materi-

als with several measurements.

Binding energy of Ga 2p3/2 of freshly cleaved GaSe is 1117.5 eV [96].

Binding energy of Ga 2p3/2 of freshly cleaved GaSe increases from 1117.5

eV to 1118.1 eV within one month of exposure in air, and it remains at

the same position for three months of air exposure, as observed in Figure

5.16a. This upward shift can be interpreted as partial oxidation of the

surface. Reference values for gallium oxide vary from 1117.5 to 1119.0 eV

[97]. In the freshly cleaved GaSe, the Se 3d peak is observed at 54.7 eV,

which can originate either from elemental Se [97] or GaSe [98]. After one

month in air the Se 3d peak remains at the original position but after 3

months in air the peak shifts to 59.2 eV, which is a typical value for an

oxide, as seen in Figure 5.16b. Figure 5.16c compares the Ga 2p3/2 XPS

spectra of: (1) a freshly cleaved surface of GaSe, (2) the same surface ex-

posed to atmosphere for a month, and (3) for three months. In the freshly

cleaved GaTe, the Ga 2p peak at 1117.8 eV which can be interpreted as
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Figure 5.15. 50 nm ALD on GaTe and GaSe as a function of laser assisted annealing.
Oxidised peaks are practically undetectable from both GaTe (a) and GaSe
(b). The peak intensities were almost invariant even with several laser
exposures in both materials (c) and (d). [Publication IV].

GaTe [99]. After one month in ambient condition the Ga 2p peak shifts

to 1118.3 eV and after three months to 1118.6 eV. This upward shift can

be interpreted as an oxidation of the surface. A value of 1118.4 eV for

oxide has already been reported [99]. The Te 3d peak consists of two sep-

arate features. The peak around 573 eV represents GaTe and the other at

576 eV represents tellurium oxide [99]. The binding energy for elemental

Te is only slightly smaller than that of GaTe [99]. In the freshly cleaved

GaTe only a small fraction (10%) of Te is oxidised but its relative amount

increases in the air; after one month it is already 30% and after 3 months

44%, as shown in Figure 5.16d.

5.3.3 Conclusion

We have established a Raman fingerprint of GaTe and GaSe to evaluate

their crystalline quality especially in relation to material oxidation. Two-

dimensional gallium chalcogenides such as GaTe and GaSe are unstable

materials as they oxidise in ambient condition. Oxidisation is a rapid
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Figure 5.16. XPS spectrum of both GaSe and GaTe. Energy shifts to higher energy upon
atmospheric exposure indicates oxidisation in both materials. XPS spec-
trum of binding energy of Ga 3p of GaSe (a) and GaTe (c) during ambi-
ent oxidisation includes freshly cleaved, one month and three months old.
Spectrum of binding energy of Se 3d of GaSe (b) and Te 3d of GaTe (d) dur-
ing ambient oxidisation (freshly cleaved, one month and three months old).
[Publication IV].

process in case of GaTe, whereas GaSe is less susceptible to oxidation.

XPS results confirm our Raman analysis. Our results further emphasize

that the surface passivation with ALD Al2O3 is beneficial to inhibit atmo-

spheric degradation of two-dimensional gallium chalcogenides.
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5.3.4 Introduction

Gallium chalcogenides are promising for novel van der Waals heterostruc-

tures. Graphene transistors as logic components is undermined due to the

zero bandgap. In order to overcome this limitation, heterojunctions such

as graphene–silicon [100, 101, 102] have been recently demonstrated util-

ising the Schottky barrier formed at the material interface. As an al-

ternative to bulk silicon semiconductors, ultrathin layered 2D materials

with an intrinsic bandgap appear to be a good match with graphene. As

a 2D material, gallium chalcogenides are also as transparent and flexible

as graphene, which yields a wide array of possibilities for various device

applications and material integration.

5.4 Tunable Graphene-GaSe Dual Heterojunction Device

Figure 5.17a, c shows the schematic and optical image of the graphene–GaSe

heterojunction device fabricated on the GaSe flake shown in Figure 5.17b.

The GaSe flake with a lateral size in the order of 50 × 10 μm was pre-

pared by mechanical exfoliation on a SiO2/Si substrate. The thickness of

the flake was found to be about 30 nm by atomic force microscopy (AFM)

as shown in Figure 5.17d. Monolayer graphene (MLG) synthesised by

photothermal CVD (PTCVD) [103] was first transferred on the GaSe flake

and patterned in two isolated strips to perform as contact electrodes for

the GaSe channel. In order to analyse the device structure and verify the

quality of CVD graphene on GaSe, Raman spectroscopy was performed

before the gate electrodes were deposited. Raman mapping of graphene

2D band around 2700 cm−1 was used to verify that the two patterned

graphene strips are properly isolated from each other and overlapped with

the GaSe flake as seen in Figure 5.17e. For bulk GaSe, four prominent

Raman modes typically appear in the low frequency region labelled as in-

line image (≈ 133 cm−1), inline image (≈ 212 cm−1), inline image (≈ 250

cm−1), and inline image (≈ 308 cm−1) [5, 104, 105]. Raman spectra for the

areas designated (I–III) in Figure 5.17e are shown in Figure 5.17f. The

spectrum of the area (II) contains both graphene and GaSe peaks, con-

firming the stacked heterojunction as expected. The E1g2 band observed

at areas (I) and (II) is also presented in Figure 5.17f.
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Figure 5.17. (a) Schematic of the graphene-GaSe heterojunction device. The top view of
the device is displayed in the upper panel and the cross-section view along
the dotted A-A’ line in the lower panel. (b) Optical image of the as-exfoliated
GaSe flake and (c) final device corresponding to the schematic in (a). The
scale bar is 10 μm. (d) AFM profile of the GaSe flake along the line B-B’ in
(c). (e) Raman map for the 2D band of graphene and (d) Raman spectra of
the areas designated by (I-III) in (e). [Publication III].

5.4.1 Conclusion

The transport characteristics of a graphene-GaSe dual Schottky diode de-

vice was investigated in both experimentally and theoretically. Multi-

layer 2D GaSe as a channel material with monolayer CVD graphene as

a contact material were used. The gate electrodes were placed on top

of the graphene contacts on GaSe to modulate only the Fermi energy of

graphene. In transport measurements, a strong tunable current rectifica-

tion was observed by the modulation of the Fermi level of graphene with

the gate voltage. The on/off ratio reached values as high as 103 under-

lining the importance of GaSe among other potential 2D materials. De-

tailed theoretical models were used to gain fundamental understanding

of the operation mechanisms of the double diode device, pointing out the

role played by the Fermi-level pinning (FLP) due to the surface states.

Effective gate voltage determined by the drain-source voltage is another

key factor for the device operation. Both experimental and theoretical

results showed that the threshold voltage is shifted by the gate voltage

enhancing the forward current modulation suggesting that dual Schottky

junction device can also be exploited for various sensor applications. The

device concept we presented is expected to be useful for the progress of
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2D material-based electronics making device processing compatible with

conventional semiconductor technology.
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6. Summary and outlook

6.1 Summary

Silicon nanocrystals (SiNCs) have attracted much attention from researchers

due to their unique properties and enormous promising applications. How-

ever, SiNC-based devices suffer from very low electrical conductivity ow-

ing to the high surface reactivity of SiNCs, the large number of tunneling

barriers provided by each of the SiNCs along the conduction paths, and

the formation of numerous voids inside the film. Native oxide layer with a

thickness in the range of 1-2 nm is formed on the surface of SiNCs. Elec-

tron transport in the film of SiNC ensemble can be explained as multiple

tunnelling through the surface oxide layers. The tunnelling probability

decreases significantly when the number of tunnel barriers increase. In

order to investigate the influences of many tunnelling barriers, samples of

SiNC films with various electrode distances (channel length L) were pre-

pared, which means that there is a large number of SiNCs in a channel.

Therefore, a large number of tunnelling barriers in a channel are provided

by each SiNC. The electrical transport characteristics of SiNC films were

recorded. The surface nitridation of SiNCs was also carried out in order to

keep the conductivity high. The surface nitridation of SiNCs was found to

protect of the surface of SiNCs from further native oxidisation. Samples of

SiNC films with electrodes at certain distances (channel length L = 40 nm)

were prepared for surface nitridation. Surface nitridation of SiNCs was

carried out to terminate the SiNC surface with radical nitrogen, in order

to form an ultrathin nitride layer that protects SiNCs from further native

oxidisation. In addition, the nitride film has a narrower band gap (5 eV)
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than the oxide film (9 eV). Therefore, the conductivity of the SiNC film

can be kept high. Through electrical transport measurements of SiNC

films with various channel lengths, it can be proved that the electrical

conductivity of SiNC films is governed by multiple tunnelling processes.

By decreasing the number of tunnel barriers, the current and conductivity

of SiNC films increase significantly. By scaling down the channel length,

the number of tunnel barriers can be reduced in order to increase the con-

ductivity. The maximum conductivity of 1.66 × 10−2 S/cm for the device

with a channel length of L = 80 nm is obtained. Upon scaling down the

channel length to beyond the aspect ratio exceeding 1, the problem of void

formation arises, which results in the decrease in current. The electrical

conductivity of the SiNC films decreases substantially with time because

of native oxidation due to the high surface reactivity of SiNCs. The sur-

face modification of SiNCs by surface nitridation treatment is found to be

effective for forming a protective layer around the SiNCs. By passivat-

ing the surface of SiNCs for protection from further native oxidation, it is

possible to obtain high performance of the SiNC-based devices.

Multiphoton microscopy with a compact 1560 nm femtosecond fiber laser

was employed to study the nonlinear optical properties specifically, second

and third harmonic generation in mechanically exfoliated 2D few-layer

GaTe. Multiphoton microscopy relies on the nonlinear optical properties

of the material. Employing multiphoton microscopy, high-contrast signals

between different layer thicknesses of GaTe and substrate was yielded.

The third and second-harmonic signals are found to be very sensitive to

the number of layers. Optical nonlinearity of GaTe was investigated using

multiphoton microscopy with the excitation wavelength of 1560 nm. The

SHG and THG signals showed clear contrast for different number of GaTe

layers. Broken inversion symmetry in few layer GaTe is found to be bene-

ficial to originate a finite SHG, giving the material an extra priority over

other 2D materials. Second and third harmonic generation was confirmed

by spectral analysis. The coherence lengths of the material for SHG and

THG were estimated, where the signal intensity should be its maximum

value. THG and SHG optical nonlinearity coefficients for few layer GaTe

were also estimated for the first time.

A systematic Raman analysis was carried out to monitor the quality of

GaTe and GaSe due to oxidisation in ambient condition. The time de-
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pendent atmospheric degradation of these materials was examined sepa-

rately for both GaTe and GaSe. XPS analysis was carried out to under-

stand the oxidisation effect of GaTe and GaSe surfaces. Systematic stabil-

ity study as a function of time was carried out focusing on Raman finger-

print of few-layer GaTe and GaSe to identify their crystal quality. It was

confirmed that the 50 nm ALD encapsulated flake remains intact from ox-

idation in air. A Raman fingerprint of GaTe and GaSe was established to

evaluate their crystalline quality especially in relation to material oxida-

tion. Oxidisation is a rapid process in case of GaTe, whereas GaSe is less

susceptible to oxidation. XPS results confirm our Raman analysis. Our

results further emphasize that the surface passivation with ALD Al2O3 is

beneficial to inhibit atmospheric degradation of two-dimensional gallium

chalcogenides.

6.2 Outlook

SiNC-based devices have found numerous encouraging applications, for

instance, single-electron transistors, light-emitting devices, optical inter-

connections, electron emitters, flexible display devices, thin film tran-

sistors, high-speed radio frequency identifications (RFIDs), floating-gate

memories, quantum information processing devices, and high-efficiency

solar cells. However, the electrical conductivity of SiNC films is still poor.

Electrical conductivity of SiNC films is basically governed by the multi-

ple tunnelling processe. By decreasing the number of tunnel barriers, the

current and conductivity of SiNC films increase significantly. Hence, the

conductivity is improved significantly by scaling down the channel length,

as the number of tunnel barriers is reduced by scaling down of the chan-

nel length. The maximum conductivity of 1.66 × 10−2 S/cm for the device

with a channel length of L = 80 nm is obtained. Current degradation of the

SiNCs film is suppressed by employing nitridation treatment, and can be

suppressed more precisely by optimising the nitridation conditions, where

perfect nitride shell formation around the SiNCs is very important.

A systematic optical nonlinearity study focusing on THG and SHG of

few-layer GaTe is carried out using the laser excitation wavelength near

1560 nm, in a technologically important telecommunication window, where
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applications of second- and third-order nonlinearities, e.g., all-optical sig-

nal processing and frequency conversion, may have ground-breaking im-

pact. Nonlinear optical properties of GaTe in the 2D-material-regime are

of high interest to the 2D material community. Both the second-order

nonlinear susceptibility, χ(2) and third-order nonlinear susceptibility, χ(3)

have been determined for few-layer GaTe. Experiments have been car-

ried out using a unique multiphoton microscopy at the telecommunication

wavelength of 1.56 μm that has immense technological interest. Strong

second-harmonic generation was measured from few-layer GaTe and χ(2)

was determined to be 2.7 × 10−9 esu. The value of χ(2) is comparable to

that of monolayer MoS2 at the same excitation wavelength. This indicates

that few-layer GaTe is a promising material for second-order nonlinear

optical applications such as sum and difference frequency generation and

electro-optic modulation. We also observed strong third-harmonic gener-

ation and estimated χ(3) to have a value of 1.4 × 10−8 esu. This is one

order of magnitude smaller than for graphene, however GaTe does not

suffer from the band-to-band absorption as graphene does. Furthermore,

it is approximately three orders of magnitude higher than that of silicon

at 1.56 μm. Third-order nonlinearities are useful for all-optical signal

processing applications. We further demonstrate that the SHG of GaTe

is enhanced with increasing number of layers until the coherence length

of the material is reached. This is in contrast to MoS2, where SHG is

observed only in odd number of layers N, and the signal of MoS2 is sig-

nificantly reduced with increasing N. These results show the potential of

GaTe in the development of new optoelectronic devices, and will surely

encourage more research groups to pursue further studies on this field

with potential high impact on fundamental science as well as in devices.

We have established a Raman fingerprint of GaTe and GaSe, to evaluate

their crystalline quality especially in relation to material oxidation. Our

results further emphasize that the surface passivated with ALD Al2O3 is

beneficial to inhibit atmospheric degradation of 2D gallium chalcogenides.

Optical properties of gallium chalcogenides in conjunction with their sta-

bility issues in the 2D-material-regime are of high interest to the 2D ma-

terial community. Both GaTe and GaSe are unstable materials as they

oxidise in ambient conditions. We have established the Raman finger-

print of both few-layer GaTe and GaSe, to understand their crystal quality
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against ambient degradation. Both few-layer GaTe and GaSe are system-

atically investigated in their crystal quality against ambient degradation.

It is vital to understand the oxidation process as the device fabrication

processes need to be designed accordingly. It is also highly beneficial to

have a straightforward method to evaluate material quality. The Raman

fingerprint established in this study is found to be highly useful in this

regard. ALD is employed to encapsulate samples with Al2O3 to study the

passivation against oxidisation. 50 nm of Al2O3 is found sufficient for

passivation needed for practical device applications. These results show

the potential of both few-layer GaTe and GaSe in the development of new

optoelectronic devices, especially, in photodetector and transistor applica-

tions due to their wide direct bandgap in few layers, and also in nonlinear

applications due to their broken symmetry in crystal structure, which is

essential for SHG and THG. These findings will surely encourage more re-

search groups to pursue further studies on these materials with potential

high impact in fundamental science as well as in device applications.
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