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Abstract 

This thesis describes the effects of the combined incorporation of nitrogen 

(N) and hydrogen (H) atoms in the narrow gap III-V InAs semiconductor. 

The plasmonic properties of the dilute nitride In(AsN) alloy are 

investigated before and after the post-growth incorporation of H-atoms. The 

hydrogenation of In(AsN) leads to a substantial increase of the electron density 

near the surface. The optical excitation of In(AsN):H creates a mid-infrared 

(MIR) surface plasmon polariton (SPP) mode detected by reflectance 

techniques. The plasmonic response of the highly doped In(AsN):H compound 

is spatially tailored and suppressed by different techniques, such as laser or 

electron beam annealing, as probed by Raman spectroscopy and scanning 

electron microscopy (SEM). This approach enables the control of the electron 

density of a highly doped semiconductor by changing its chemical composition 

on the µm-scale. 

Furthermore, the effects of the incorporation of N in the quantum well 

(QW) layer of an In(AsN)/(InAl)As resonant tunnelling diode (RTD) are 

presented. We show that the N-incorporation leads to the creation of strongly 

localized zero-dimensional (0D) states in the band gap of In(AsN). These 

contribute to an extended and weakly temperature dependent negative 

differential resistance (NDR) in the current-voltage (I-V) characteristic of the 

diode, not observed in N-free RTDs. This behaviour is attributed to a new type 

of Zener tunnelling assisted by N-related 0D states, whose size is probed by 

magneto-tunnelling experiments. These N-related states also contribute to the 

tuning of the MIR electroluminescence (EL) of the RTD, which notably also 

shows the occurrence of up-conversion up to room temperature.  
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Physical constants 

 

Quantity Symbol Value Unit 

Boltzmann constant kB 1.38065×10-23 JK-1 

Electron charge e 1.60218×10-19 C 

Electron mass in vacuum m0 9.10938×10-31 kg 

Permittivity in vacuum ε0 8.85419×10-12 Fm-1 

Planck constant h 6.62607×10-34 Js 

Reduced Planck constant 

(h/2π) 
ħ 1.05457×10-34 Js 

Speed of light in vacuum c 2.99792×108 ms-1 
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Chapter 1 

Introduction 

 

The engineering of band properties in semiconductors is a focus of 

research in condensed matter physics[1-4]. This is routinely done by the 

controlled incorporation of impurities in the crystal[5, 6]. Within this context, the 

incorporation of small quantities of nitrogen ([N] < 3%) into the group-V 

sublattice of III-V semiconductors has recently attracted increasing attention 

due to several effects of both fundamental and technological relevance[7, 8]. N-

incorporation induces a reduction of the band gap energy of these dilute nitrides 

alloys due to the hybridization between the extended conduction band (CB) 

states of the host crystal with the localized N level[9-12]. This effect can be 

theoretically explained by several models, such as the so-called band anti-

crossing (BAC) model[13-16]. The N-induced reduction of the band gap energy 

offers new routes for the tunability of the photonic response of semiconductor 

compounds, which is relevant for the realization of lasers, LEDs, and solar 

cells[17, 18]. 

Further remarkable effects are achieved by the combined incorporation of 

N- and H-atoms in III-V compounds. Nitrogen and hydrogen are ambivalent 

impurities for the III-Vs, but they can be used to tailor their properties such as 

the band gap energy, the carrier concentration and mobility. For example, the 

incorporation of H-atoms in dilute nitride alloys of III-V compounds can lead to 

the passivation of the electronic activity of the N-atoms. This is accounted for 
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by the creation of N-H complexes that was predicted theoretically[19-21] and 

observed experimentally[22]. The spatial control of these complexes can be 

achieved by using thermal annealing and/or masking techniques; these cause the 

dissociation of the N-H complexes and can thus be used to achieve the spatial 

profiling of fundamental band properties on the sub-micron scale[23-25]. 

Many studies have been conducted in order to investigate the combined 

effect of N- and H-incorporation on III-V compounds such as GaAs [19, 26, 27]. 

However, another member of the III-V family, the narrow gap InAs 

semiconductor, has received less attention and shows potential for novel and 

unexpected effects. For example, contrary to what is observed in other dilute 

nitride III-V alloys, such as Ga(AsN), Ga(PN) and (InGa)(AsN), the electronic 

activity of the N-atoms in In(AsN) is not neutralized upon H-incorporation[28-

30]. Also, while the N-level lies close to the CB edge of Ga(AsN) and other 

similar compounds, thus acting as a resonant scattering centre, it lies well above 

the CB edge of In(AsN). Thus the non-resonant nature of the N-H complex in 

InAs enables to maintain high conductivity in hydrogenated In(AsN)[31]. 

Another appealing feature is that the electron density of In(AsN) increases by 

two orders of magnitude, up to 1019 cm-3, following H-incorporation[31]. This 

enhancement is notably not observed in N-free InAs or reported for other dilute 

nitride alloys, and is attributed to the N-atoms, which act as traps for the H-

atoms, forming N-H donor complexes within a thin (~ 0.1-1 µm) channel below 

the surface[32]. The unique behaviour of the hydrogenated In(AsN) among other 

similar compounds thus stimulates further studies in order to exploit novel 

effects that are still largely unexplored and not fully explained. The aim of this 

thesis is to present different novel effects observed in the InAs semiconductor 

following the incorporation of N- and H-atoms. 
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Firstly, we demonstrate that the increased electron density of In(AsN) 

following the post-growth H-incorporation can be used to reach high carrier 

concentrations and to excite a surface plasmon polariton (SPP) mode in the mid-

infrared (MIR) spectral range that we detect with reflectance techniques. The 

plasmonic response of our highly H-doped In(AsN) semiconductor can be 

spatially tailored by focusing a laser beam onto the surface. This causes the 

dissociation of the N-H donor complexes, thus restoring the pristine condition 

of the non-hydrogenated In(AsN), as also probed by Raman spectroscopy 

studies. This approach enables the modulation of the electron density by 

controlling the chemical composition of a highly doped semiconductor by H-

incorporation followed by laser writing on the µm-scale. This thesis also 

presents preliminary results on an alternative approach to the removal of H-

atoms from highly H-doped In(AsN) by using the focused electron beam of a 

scanning electron microscope (SEM). 

We also report on the effects of the incorporation of small quantities of N-

atoms (nitrogen content [N] = 1%) in the intrinsic (i) quantum well (QW) layer 

of an In(AsN)/(InAl)As p-i-n resonant tunnelling diode (RTD). We observe a 

pronounced and extended negative differential resistance (NDR) in the current-

voltage (I-V) characteristics of the RTD at voltages much lower than those 

required to reach flat band conditions. This additional NDR is not observed in 

N-free RTDs and is attributed to a novel type of resonant Zener tunnelling across 

the p-i-n diode, assisted by N-related zero-dimensional (0D) states. We probe 

the size of the 0D states by magneto-tunnelling spectroscopy (MTS), showing 

that these states are localized on the nanometre length-scale. Further to these 

findings, we investigate the role of these N-related states on the carrier injection 

and recombination in the RTDs by electroluminescence (EL) spectroscopy 
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studies. We observe EL in the MIR range (λ = 3-5 µm) up to room temperature. 

The EL signal is voltage-tuneable at temperatures T < 77 K; in addition, we 

observe up-conversion in the EL signal at temperatures 77 K < T < 300 K. 

1.1 Motivation 

Photonics, nanotechnology, advanced materials and advanced 

manufacturing technologies continue to have a profound impact on 

technological progress in the 21st century. These fields, identified as key 

enabling technologies (KETs) by the European Union (EU)[33], play a key role 

in the development and diffusion of ground-breaking technologies worldwide. 

The great impact of these fields on the global economy is proved by their huge 

market worth, which is today estimated to be around € 300 billion for photonics 

alone[34]. There is thus a great effort into translating and commercializing 

fundamental research discoveries into real life applications. 

Semiconductor materials have been the backbone of an unprecedented 

technological and industrial revolution in the second half of the 20th century. A 

new impulse was given by advances in growth, processing and nanofabrication 

processes in the last decades. This has provided new means of tailoring 

semiconductor properties at the nanoscale, while the route of miniaturization of 

semiconductor devices has created a promising technological platform that has 

revolutionized our world on a global scale for a wide range of applications in 

photonics and electronics. Among these, one should mention communications 

(broadband connections, quantum cryptography and data protection for secure 

communications)[35], security (remote sensing applications, imaging and night 

vision for military, domestic or commercial demand)[36, 37] and energy 

management (monitoring of global warming with renewable energies, 
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especially efficient energy generation and harvesting in photovoltaic 

systems)[38, 39]. 

A crucial technological challenge in today’s world is represented by the 

monitoring of environmental conditions[40]. The detection of small quantities of 

pollutants, whether it be greenhouse gases in the atmosphere or 

molecules/chemicals in water, requires the development of reliable, efficient, 

cost-effective and compact sensors[41, 42]. Thus there is currently a great effort to 

achieve a higher sensitivity, down to the the zeptamolar range of sensitivity, i.e. 

being sensitive to the order of ~1000 molecules per litre. This would have a huge 

impact on several areas: air/water quality monitoring; mapping of traffic, 

agricultural and landfill sites exhausts; detection of toxic and/or volatile species 

at power stations, production facilities, coal mines and disaster zones; detection 

of pipeline leaks; pharmaceutical processing and medical breath analysis[34, 43]. 

Within this context, it is especially important to develop novel materials 

and devices that can absorb and emit light in the mid-infrared (MIR) spectral 

range of the electromagnetic spectrum (i.e. in the wavelength range λ = 2-20 

µm)[44, 45]. As a matter of fact, as shown in Figure 1.1, many bio-molecules and 

gas species have their vibrational–rotational absorption bands located in this 

range[43, 46-50]: methane (CH4) at λ = 3.3 μm; hydrogen chloride (HCl) at λ = 

3.55 μm; formaldehyde (CH2O) at λ = 3.6 μm; carbon dioxide (CO2) at λ = 4.2 

μm; nitrous oxide (N2O) at λ = 4.5 μm; carbon monoxide (CO) at λ = 4.66 μm; 

carbonyl sulphide (OCS) at λ = 4.86 μm; nitric oxide (NO) at λ = 5.3 μm; 

sulphur dioxide (SO2) at λ = 8.7 μm; ozone (O3) at λ = 10 μm; ethylene (C2H4) 

at λ = 10.5 μm; ammonia (NH3) at λ = 10.6 μm. 
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Figure 1.1: Absorption spectra of environmentally relevant gas species in the 

MIR spectral range. This range covers a substantial portion of the spectrum of 

fundamental vibrations of molecules[47]. 

 

Key requirements for trace gas sensing are high detection sensitivity, good 

spectral selectivity and fast response time[43, 48]. In particular, the spectral 

selectivity is achieved by using laser sources with narrow linewidth output. The 

MIR spectral range can be successfully covered by using novel semiconductor 

lasers, such as quantum cascade lasers (QCLs)[51-54] and interband cascade lasers 

(ICLs)[55-58]. These devices have been successfully designed to operate in pulsed 

or continuous wave mode and to enable high power output (of the order of tens 

to hundreds of mWs) with tuneable single mode emission and intrinsically 

narrow linewidths[59-61]. These features enabled the development of robust and 

reliable gas sensors achieving sensitivities down to parts per trillion by volume 

(pptv)[43, 48]. 

CH4
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Figure 1.2: State-of-the-art for the room temperature output power of LEDs in 

the MIR spectral range[34]. 

 

Despite being successfully developed, QCLs and ICLs present a number 

of limitations due to their complexity and often prohibitive costs. For this 

reason, a great effort is put into finding more cost-effective alternatives. MIR 

light emitting diodes (LEDs) represent attractive candidates, given their price, 

robustness and lower power consumption, which are ideal for the realization of 

low-budget portable instrumentation[62, 63]. As summarized in Figure 1.2, the 

room temperature output power of MIR LEDs strongly decreases for λ > 2 

μm[34]. The performance of MIR sources is limited by a generally low radiative 

efficiency due to thermal excitation of carriers and non-radiative Auger 

recombination[64-66]. The lack of suitable sources in the MIR (i.e. with output 

power > 1mW) leads to the use of much weaker (x100) molecular fingerprints 

in the near infrared (NIR) spectral range[34]. 
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For these reasons, a deeper understanding of the band structure and of the 

related opto-electronic properties of novel MIR materials is crucial for the 

development and realization of suitable and reliable devices. Furthermore, as 

shown in Figure 1.3, the multi-billion worth market behind IR imaging and MIR 

sensors has been increasing steadily in the last decade and is expected to be 

growing significantly in the next years[67]. The translation of fundamental 

discoveries into commercially available devices would answer a deep request 

from the global market and is the main motivation of this research. 

 

Figure 1.3: (a) World commercial and dual-use infrared (IR) imaging market. 

(b) MIR sensors market shipments[67]. 

 

(a)

(b)
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1.2 Thesis structure and overview 

This thesis is structured as follows. 

Chapter 2 discusses the effect of the incorporation of nitrogen (N) and 

hydrogen (H) atoms in III-V semiconductors, focusing on the narrow gap InAs 

compound. 

Chapter 3 presents the theory and modelling of physical phenomena of 

relevance for the topics discussed in this thesis. Firstly, a general theory of Zener 

tunnelling, magneto-tunnelling and resonant tunnelling diodes (RTDs) is 

presented. Then, fundamentals on plasmonics are presented, along with a 

discussion on the need of finding novel plasmonic materials. 

Chapter 4 includes details on the growth and processing of the samples 

used for my studies and presents the experimental techniques used during my 

PhD. 

Chapter 5 presents experimental data on a novel approach to plasmonics 

by using a highly doped semiconductor (HDSC). A surface plasmon polariton 

(SPP) mode in the MIR range is detected with reflectance techniques in 

hydrogenated In(AsN) epilayers. The plasmonic response can be suppressed by 

laser annealing, as assessed by Raman spectroscopy studies. 

Chapter 6 presents an alternative approach to the removal of H-atoms 

from hydrogenated In(AsN) epilayers by using the focused electron beam of a 

scanning electron microscope (SEM). 

Chapter 7 presents a study of a p-i-n In(AsN)/(InAl)As resonant 

tunnelling diode (RTD). We observe an extended negative differential 

resistance (NDR) in the current-voltage (I-V) curve of the diode. We attribute 
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this to a novel type of Zener tunnelling assisted by zero-dimensional (0D) N-

related states, whose size is probed by magneto-tunnelling experiments. 

Chapter 8 presents electroluminescence (EL) studies of 

In(AsN)/(InAl)As RTDs. We observe EL signal up to room temperature. These 

studies show a voltage-tuneable EL signal in the MIR spectral range (λ = 3-5 

µm) at low temperatures (T < 77 K) and the occurrence of up-conversion 

luminescence (UCL) in the MIR EL signal over an extended range of 

temperature (77-300 K). 

Chapter 9 concludes this thesis by providing a summary of the main 

findings and a proposal for future studies and directions. 

This thesis contains 2 Appendixes. Appendix A describes the electronic 

bound states in quantum wells (QWs). Appendix B describes the calculation of 

the lattice heating induced by a focused laser beam. 
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Chapter 2 

The effects of N- and H- incorporation in III-V 

semiconductors 

The engineering of the band properties of semiconductor crystals has 

rapidly grown in the last decade[3, 4]. A widely used approach relies on the 

controlled incorporation of impurities and/or dopants in the crystal[5, 6]. This has 

enabled the observation of a wide range of tuneable electronic, optical and 

magnetic properties in condensed matter systems. The incorporation of 

impurities can be done during or after the crystal growth. However, achieving 

high levels of doping in a semiconductor is not a trivial task. Several factors 

contribute to limit the efficiency of this technique, such as the solid solubility of 

the dopants[6, 68] or doping compensation effects[69, 70]. In addition, the presence 

of impurities in a lattice tends to degrade the crystal quality and induce 

substantial internal losses, thus affecting key parameters such as the carrier 

mobility and limiting the performance of semiconductor devices. For these 

reasons, the study of impurities in semiconductors plays a key role in matching 

fundamental research with real device applications and presents challenges of 

both fundamental and technological interest. 

Among semiconductors, most of light emitters (lasers, LEDs) are made 

using III-Vs[71]. These are binary compounds, formed by a group III metal (Al, 

Ga, In) and a group V anion (N, P, As, Sb), commonly disposed according to 

the zincblende crystal structure[72]. The historical relevance of the III-Vs relies 
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on the major impact of GaAs technologies[73]. However, also less explored III-

V semiconductors show exciting properties. Most of the III-V semiconductors 

have a direct band gap, which is a key advantage for photonics, since it enables 

the efficient absorption and emission of light. Furthermore, several of these 

compounds, such as InSb and InAs, have small electron effective masses (0.014 

me and 0.025 me at the Γ point, respectively), which makes them excellent 

candidates for high mobility applications[74, 75]. Given these and many other 

appealing features, III-V compounds have found use in a wide range of 

technologies and applications, such as transistors, mobile phones and other 

high-frequency electronic components[71]. 

Figure 2.1a shows the band gap energy vs lattice constants of the members 

of the III-V family. These materials offer tunability over a wide range of band 

gap energies, 𝐸𝐸𝑔𝑔, from the UV to the IR spectral ranges of the electromagnetic 

spectrum. Moreover, as shown in Figure 2.1b, the stacking of different materials 

to realize heterostructures provides a wide range of different band alignment 

configurations, according to the discontinuity between the conduction (EC) and 

valence (EV) band edges[76]. In type-I/straddling alignment (as for 

GaAs/(AlGa)As or AlSb/GaSb) both electrons in the conduction band (CB) and 

holes in the valence band (VB) are confined in the same quantum well (QW) 

layer; the quantum confinement enables the recombination of the electron and 

hole states bound in the QW, and the emitted luminescence can be tuned by 

changing the QW width[77-80]. In particular, a two-dimensional electron gas 

(2DEG) can be formed at the interface of a doped GaAs/(AlGa)As 

heterojunction[77]; this low dimensional system retains high mobility and has a 

unique historical relevance, since it represents the core of the so-called 
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modulation-doped field effect transistors (MODFETs), also known as high 

electron mobility transistors (HEMTs)[81-84]. In type-II/staggered alignment (for 

example InAs/AlSb or GaAs/GaSb), only one carrier type is confined; this 

configuration can be used in type-II quantum dots (QDs)[85-87]. Finally, in type-

III/broken gap alignment (e.g. InAs/GaSb), the CB of one material overlaps with 

the VB of the other, thus facilitating the transfer of carriers through the interface. 

For this reason, the type-III band alignment is commonly used for the realization 

 

Figure 2.1: (a) Band gap energy vs. lattice constant for some III-V compounds. 

The continuous and dashed lines represent the direct and indirect band gaps of 

the ternary compounds, respectively[88]. (b) Alignment of conduction (EC) and 

valence (EV) band in different III-V heterojunctions at T = 300 K. 
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of tunnel junctions[89] and tunnel field effect transistors (TFETs)[90, 91]. 

The epitaxial growth of III-Vs is a well-established technique that enables 

the growth of heterostructures with monolayer accuracy[92]. Several of these III-

V compounds have very similar lattice constant, 𝑎𝑎, required for epitaxial growth 

by molecular-beam epitaxy (MBE), metalorganic vapour phase epitaxy 

(MOVPE), etc. The possibility of growing lattice-matched and lattice-

mismatched heterostructures enables the fabrication of a large variety of low-

dimensional structures, such as two-dimensional (2D) quantum wells (QWs), 

one-dimensional (1D) quantum wires (QWis) and zero-dimensional (0D) 

quantum dots (QDs). The growth of ternary or quaternary or even quinary 

compounds is also possible (represented by the solid and dashed lines in Figure 

2.1a). This provides opportunities for additional band engineering and further 

widens the range of the accessible electronic and optical properties of III-V 

semiconductors.  

Among the different approaches for the controlled incorporation of 

impurities in III-V compounds, the incorporation of small quantities of nitrogen 

(N) atoms to form the so-called dilute nitride alloys has lately gained 

considerable attention due to unique effects of both fundamental and 

technological relevance[65, 93] (Section 2.1). Some of these effects, such as the 

reduction of the band gap energy with increasing N-content ([N])[94] can be 

theoretically explained by using the simple band anticrossing (BAC) model[13-

15], presented in Section 2.1.1. This chapter also discusses the peculiar effects of 

the hydrogen impurity in semiconductor crystals (Section 2.2), and particularly 

in the dilute nitrides of III-Vs (Section 2.2.1). 
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2.1 Nitrogen incorporation in III-V compounds 

Dilute nitride alloys of III-V semiconductors, such as Ga(AsN), 

(InGa)(AsN), Ga(PN), and (InGa)(PN), have attracted a lot of attention lately 

due to their peculiar electronic and optical properties[7, 8]. These compounds are 

obtained by the incorporation of relatively low quantities of N-atoms (nitrogen 

content [N] < 3%) in the group V anion (As, P) sublattice. In this thesis, I 

focused my attention on the largely unexplored dilute nitride alloy of InAs. This 

III-V semiconductor presents a direct narrow energy band gap (Eg = 0.415 eV 

at T = 4.2 K)[95], corresponding to light absorption in the mid-infrared (MIR) 

spectral range of the electromagnetic spectrum. This compound has one of the 

smallest electron effective masses among the III-Vs (𝑚𝑚𝑒𝑒
∗  = 0.025 𝑚𝑚𝑒𝑒 at the Γ 

valley)[96] that is only weakly affected upon N-incorporation[97]. These 

properties make the dilute nitride In(AsN) a promising candidate for high-

mobility applications in MIR photonics[18]. 

Figure 2.2a shows the unit cell of In(AsN). Here the In- and As- atoms are 

disposed according to the zincblende crystal structure. N-atoms can either be 

incorporated in place of As-atoms (substitutional nitrogen, Nsub in Figure 2.2a) 

or sit interstitially out of the crystal sites (Nint in Figure 2.2a). A smaller lattice 

constant usually induces an increase of the energy bandgap. However, the 

incorporation of the small and highly electronegative N-atoms in III-Vs leads to 

a large local perturbation of the potential in the lattice[15] resulting in large and 

composition-dependent bowing of the band gap energy[94, 98]. This induces the 

decrease of the band gap energy with increasing N-content[99] (indicated as x in 

Figure 2.2b). This effect is due to the creation of a localized N-level above the 

conduction band (CB) edge of the host III-V matrix. 
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Many of the effects arising from the N-incorporation in III-Vs can be 

explained by using a simple band anticrossing (BAC) model[13-15]. According to 

this model, the extended CB edge states admix with the localized N-level. This 

interaction leads to the splitting of the CB into two hybridized subbands, 

resulting in the red-shift of the CB edge. A more formal treatment of the BAC 

model is given in Section 2.1.1. The reduction of the band gap energy with 

increasing nitrogen content, [N], was observed experimentally by several 

techniques, such as photoluminescence (PL)[10, 11] and photoreflectance[12] 

spectroscopy (Figures 2.3a and 2.3b, respectively). 

 

Figure 2.2: (a) Unit cell of InAs (zincblende structure), where N-atoms are 

incorporated in one of the group V sublattice sites in place of an As-atom (Nsub) 

or sit interstitially in the crystal (Nint). (b) Band gap energy vs lattice constant 

for various III-Vs. The continuous and dashed lines represent the direct and 

indirect band gaps of the ternary compounds, respectively. The band gap energy 

of Ga(AsN) and In(AsN) decreases with increasing nitrogen content, indicated 

as x[100]. 
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Figure 2.3: Photoluminescence[11] (a) and photoreflectance[12] (b) spectra of 

In(AsN) epilayers, showing the reduction of the band gap energy with increasing 

nitrogen content, [N]. Solid and open triangles in (a) denote the positions of the 

double-peak photoluminescence emissions. 

2.1.1 Band anticrossing model of the dilute nitride III-Vs 

The two-level band anticrossing (BAC) model has been extensively 

applied to estimate the effect of the dilute N-incorporation in III-V alloys[13-15]. 

This is done by applying degenerate perturbation theory to a system of extended 

electronic states of the host matrix and localized states. The interaction between 

these electronic states is described by the following eigenvalue problem: 

� 𝐸𝐸(𝑘𝑘) − 𝐸𝐸𝑀𝑀(𝑘𝑘)                 𝑉𝑉𝑁𝑁𝑁𝑁    
       𝑉𝑉𝑁𝑁𝑁𝑁                     𝐸𝐸(𝑘𝑘) − 𝐸𝐸𝑁𝑁 � = 0 ,                         (2.1) 

where EM (k) and EN are, respectively, the energies of the CB states of the host 

material and of the N-level, measured with respect to the VB maximum; 𝑉𝑉𝑁𝑁𝑁𝑁 =

〈𝑀𝑀|𝑉𝑉|𝑁𝑁〉 is the matrix element describing the interaction between the localized 

N-states (|𝑁𝑁⟩) and the extended CB states of the host material (|𝑀𝑀⟩), and V is 

(b)(a)
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the potential generated by a single N-atom on a substitutional site. The two 

solutions of this problem are given by: 

𝐸𝐸± = 1
2

�(𝐸𝐸𝑁𝑁 + 𝐸𝐸𝑀𝑀(𝑘𝑘)) ± ���𝐸𝐸𝑁𝑁 − 𝐸𝐸𝑀𝑀(𝑘𝑘)�
2

+ 4𝑉𝑉𝑀𝑀𝑀𝑀
2 �� .      (2.2) 

Assuming that the matrix element 𝑉𝑉𝑁𝑁𝑁𝑁 does not depend on the wavevector k 

near the CB edge, it can then be expressed as 𝑉𝑉𝑁𝑁𝑁𝑁 = 𝐶𝐶𝑁𝑁𝑁𝑁 × [N]1/2, where 𝐶𝐶𝑁𝑁𝑁𝑁 

is a constant (that depends on the host matrix) and [N] is the fraction of 

substitutional nitrogen. Equation 2.2 can thus be rewritten as: 

𝐸𝐸± = 1
2

�(𝐸𝐸𝑁𝑁 + 𝐸𝐸𝑀𝑀(𝑘𝑘)) ± ���𝐸𝐸𝑁𝑁 − 𝐸𝐸𝑀𝑀(𝑘𝑘)�
2

+ 4𝐶𝐶𝑀𝑀𝑀𝑀
2 × [N]�� .   (2.3) 

The dispersion of the 𝐸𝐸± mode is shown in Figure 2.4a for the dilute 

nitride In(AsN) alloy with [N] = 1%: for 𝑘𝑘 → 0, the 𝐸𝐸+ solution (solid blue line) 

is close to the localized N-state (horizontal black dashed line), while the 𝐸𝐸− 

solution (solid red line) represents the CB edge, redshifted due to the admixing 

of the extended CB states of the host matrix (black dashed curve) with the 

localized N-impurity. The reduction of the band gap energy of InAs as a function 

of [N], as estimated by the BAC model, is shown in Figure 2.4b for [N] < 3%. 

For this calculation, we consider 𝐸𝐸𝑁𝑁 to lie 1.44 eV above the VB maximum and 

𝐶𝐶𝑁𝑁𝑁𝑁= 2.0 eV[101, 102]. Note that this model only considers the effect of the 

localized N-state on the CB states and neglects the effects on the VB. Indeed, 

photoreflectance studies have proven experimentally the weak influence of the 

N-level on the spin-orbit (SO) splitting of In(AsN)[12]. 

The BAC model represents a very simple approach to the description of 

the interaction between the localized N-states and the extended CB states of the 

host material. More complex models, considering the formation of nitrogen 

clusters, have been developed to account for a better description of the band 



Chapter 2: The effects of N- and H- incorporation in III-V semiconductors 

19 
 

 

Figure 2.4: (a) Dispersion of the 𝐸𝐸± modes (blue and red solid lines) in the BAC 

model for In(AsN) with nitrogen content [N] = 1%. These modes arise from the 

interaction between the CB states of InAs (black dashed curve) and the localized 

N-state (horizontal black dotted line). (b) Dependence of the band gap energy, 

Eg, of In(AsN) on nitrogen content, [N]. 

 

structure[16, 103]. A many-impurity Anderson model was also developed, 

considering the effect of localized states arising from defects that are randomly 

distributed in the crystal. The solutions to this problem provide the dispersion 

relations for the hybridized subband states, while the imaginary part of Green’s 

function accounts for the broadening effects[104]. 

2.2 Hydrogen incorporation in III-V compounds 

The behaviour of hydrogen (H) atoms in different classes of materials 

(semiconductors, insulators, aqueous solutions…) has attracted great interest 

due to unique effects on their structural, electronic and optical properties[105]. It 

is also well known that the unintentional incorporation of H-atoms occurs during 
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the growth of semiconductor crystals or their processing into devices[106, 107]. 

This has stimulated intensive studies of H-incorporation for a deeper 

understanding of the way hydrogen combines with the host crystal matrix of 

different semiconductors[108-110], such as Si[111, 112], as well as in zero-gap 

semiconductors, like graphene[113], or insulators, like diamond[114]. Hydrogen 

also has a strong effect as a dopant or on the passivation of dopants in wide-

bandgap semiconductors[115] such as InN[116], GaN[117] and (InGa)N[118]. 

Interesting effects also arise upon H-incorporation in III-V 

compounds[105]. For example, H-atoms have a profound impact on the behaviour 

of dopants (such as C, Si, Zn) in GaAs[119, 120]. C-atoms are routinely used as p-

type dopants in GaAs, where they tend to sit on the As-site, thus behaving like 

acceptors; the incorporation of H-atoms was shown to passivate the C-dopants 

by the creation of C-H complexes[119, 121, 122]. A similar effect was observed in 

the ternary (InGa)As alloy[123]. The formation of H-related complexes in post-

growth hydrogenated GaAs, (AlGa)As and (InGa)As is strongly supported by 

photoluminescence (PL) experiments[124]. The introduction of the H-impurity in 

GaAs also induces the formation of both donor and acceptor states near the 

conduction and valence band edges, respectively[125], as also confirmed by PL 

studies[126]. 

2.2.1 Hydrogen in dilute nitride III-N-V alloys 

Interest in the behaviour of the small, highly diffusive and electronically 

active hydrogen atom in crystals has received a renewed impulse from the even 

more striking effects that the H-irradiation has on dilute nitride alloys, such as 

Ga(AsN), Ga(PN), and (InGa)(AsN)[28, 29, 127]. As presented in Section 2.1, the 

incorporation of N-atoms induces strong modification of the structural, 
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electronic and optical properties of III-V compounds. However, many of these 

properties can be recovered upon H-incorporation in the III-N-V alloys. Thus 

hydrogen tends to passivate the electronic activity of N-atoms, restoring the 

pristine crystal[22, 128]. This passivation can be accounted for by the formation of 

N–Hn complexes (n ≥ 2), which was theoretically predicted[19-21] and confirmed 

experimentally[22]. The thermal diffusion of H-atoms in the host crystal was 

studied by secondary-ion mass spectrometry (SIMS) to correlate the H-diffusion 

profile with the hydrogenation conditions, such as temperature, TH, hydrogen 

beam energy, E, and dose, DH 
[28]. 

These effects have been extensively exploited. For example, the selective 

hydrogenation of III-N-V crystals using mask techniques enables the spatial 

control of the band gap at the nanoscale. An appealing approach also exploits a 

laser writing techniques to dissociate the N–Hn complexes and thus achieve 

band gap profiling at the µm-scale[26, 27, 127-130]. This offers new routes to band 

gap engineering and a novel approach to device fabrication. 

It is worth noting that, unlike for Ga(AsN):H, where the kinetics and 

energetics of the N–Hn complexes has been extensively studied[19, 20, 22, 120, 131], 

the nature and exact configuration of these complexes is still largely unexplored 

in other compounds. For example, the hydrogenated In(AsN) alloy presents a 

peculiar and unique behaviour. Notably, the H-irradiation does not neutralize 

the electronic activity of the N-atoms, contrary to what observed in other dilute 

nitride alloys, such as Ga(AsN), Ga(PN), and (InGa)(AsN)[28, 29]. Thus the band 

gap energy of In(AsN) does not change upon H-incorporation[30]. This may 

partially arise from the different position of the N-level in InAs, which lies well 

above (~ 1 eV) the CB minimum[101], whereas it lies close to the CB minimum 
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of other dilute nitrides such as Ga(AsN)[104], as shown in Figure 2.5. The 

unusually high position of the N-level in In(AsN) enables the creation of N-H 

complexes with donor states far from resonance with the conduction electrons. 

The non-resonant nature of the N-H complex thus enables to retain low electron 

scattering rates and high electron mobility (𝜇𝜇𝑒𝑒> 103 cm2V-1 s-1) even for high 

impinging doses of the H-atoms[31, 32]. Further theoretical models are required 

to determine the nature and configuration of N–Hn complexes in In(AsN):H, as 

well as experimental verifications. This would give a renewed impulse to the 

exploitation of effects so far unique and unobserved in other III-Vs[30]. 

Another interesting effect is the increase of the electron density, 𝑛𝑛𝑒𝑒, of 

In(AsN) by two orders of magnitude, up to 𝑛𝑛𝑒𝑒 ~ 1019 cm-3, following the 

incorporation of hydrogen[31] (Figure 2.6b). This enhancement is notably not 

observed in N-free InAs or reported for other dilute nitride alloys, and is 

attributed to the formation of N-H donor complexes (sketched in Figure 2.6a) 

within a thin channel below the surface[32]. These N-H complexes are stable 

under normal conditions and do not degrade with time[30]. Secondary ion mass 

spectroscopy (SIMS) has shown that the H-distribution has a box-shaped 

 

Figure 2.5: Band lineups for different members of the III-V family. For each 

material, the upper/lower lines represent the CB minimum/VB maximum, 

respectively; the horizontal red lines indicate the substitutional N-level[127]. 
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Figure 2.6: (a) Sketch of the N-H donor complex in In(AsN) after irradiation of 

a H-ion beam. (b) Dependence of the electron density, ne, of In(AsN) on the 

nitrogen content, [N], before (V) and after (H) hydrogenation[31]. The values of 

ne are derived from the analysis of the Shubnikov-de Haas oscillations 

(asterisks) and the Hall resistance (dots and circles). 

 

form[30, 32], from which the H-penetration depth can be estimated (Figure 2.7a). 

The box-like SIMS profile differs from the Gaussian profile commonly 

observed in conventional semiconductors[132] and it arises from the presence of 

the N-atoms, which act as H-traps. The penetration of H-atoms in the lattice can 

be controlled by the N-content and by changing the hydrogenation conditions, 

such as the temperature (TH), the H-ion beam energy (E) and dose (DH )[30]; a 

similar behaviour is also observed in the dilute nitride Ga(AsN) alloy[28].  

The effect of N-atoms, acting as traps for the diffusion of the H-atoms, is 

reflected by the SIMS profile, whose forefront becomes sharper with increasing 

N-content; for [N] > 1%, the intensity profile tends to reduce by an order of 

magnitude within 10 nm 

Figure 2.7b shows the different effect of the H-irradiation on N-free InAs 

and In(AsN). In N-free InAs (dashed line in Figure 2.7b), the bending of the CB 
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edge leads to the formation of a two-dimensional electron gas near the 

surface[133]. On the other hand, the incorporation of hydrogen in In(AsN) (solid 

lines in Figure 2.7b) leads to the formation of a well-defined subsurface region 

with a three-dimensional electron gas, as estimated by solving Poisson’s 

equation[32]. 

All these features make the highly doped In(AsN):H alloy a promising 

candidate for applications exploiting its H-enhanced conductivity, such as 

plasmonics in the MIR spectral range for gas sensing[49, 50, 134]. Further details 

on the growth and hydrogenation of our In(AsN) epilayers are given in Section 

4.1.1. In Chapter 5, we demonstrate that In(AsN):H can support a MIR surface 

plasmon polariton (SPP) mode and that the plasmonic resonance can be spatially 

tailored and suppressed by photo-annealing, thus paving the way for the 

patterning of plasmonic properties by the incorporation of H-atoms and their 

selective removal by laser writing. 

 

Figure 2.7: (a) SIMS profile of 2H in In(AsN) with [N] = 1.1%, DH = 1020 

ions/cm2, tH = 9 min, TH = 300 °C [32]. (b) Simulations for the bending of the CB 

for InAs (dashed line) and In(AsN) (full lines) upon hydrogenation, as derived 

from Poisson’s equation[32]. 
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Chapter 3 

 

Quantum tunnelling and plasmonics 

 

This chapter describes fundamental physical phenomena that are relevant 

for the semiconductor systems studied during my PhD. My project explores the 

transport and electronic properties of novel mid-infrared (MIR) materials and 

devices. In particular, I focused on the effects of the incorporation of nitrogen 

(N) and hydrogen (H) atoms in the narrow gap InAs semiconductor alloy, which 

are probed by tunnelling and MIR plasmonics. 

In the following, we discuss some relevant aspects of quantum tunnelling 

(3.1). We present the basic physical principles of Zener tunnelling (3.1.1). 

Magneto-tunnelling (3.1.2), i.e. tunnelling under the effect of an applied 

magnetic field, represents a powerful tool to probe zero-dimensional (0D) states 

in semiconductors. Furthermore, the physical principles behind resonant 

tunnelling diodes (RTDs) and their relevance for semiconductor devices are 

presented (3.1.3). The fundamentals of plasmonics are presented in Section 3.2, 

along with the search for alternative low-loss materials for MIR plasmonics 

(3.2.1). Within this context, the highly H-doped In(AsN) compound represents 

a promising candidate among the highly doped semiconductor (HDSC) family 

for MIR sensing applications. 
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3.1 Quantum tunnelling 

The phenomenon of tunnelling of a charged particle through an energy potential 

barrier represents one of the most impactful achievements related to the theory 

of quantum mechanics. As a matter of fact, it is not only a major conceptual 

validation of the theory, but its exploitation has also played a key role in the 

development of nanotechnologies relying on quantum phenomena. Within this 

context, the interband tunnelling of carriers through a forbidden energy gap in 

insulators/semiconductors, also known as Zener tunnelling, is of particular 

historical relevance. First theoretically predicted by Zener in 1934[135], it was 

experimentally observed in the Esaki diode in 1957[136] as the first 

demonstration of quantum tunnelling in a condensed matter system. The effect 

of tunnelling in a diode in forward bias regime, giving rise to a negative 

differential resistance (NDR) region[132], is further discusses in Section 3.1.3. 

Notably, the phenomenon of tunnelling in reverse bias is crucial for the 

exploitation of Zener diodes, whose current-voltage, I-V, characteristic is 

depicted in Figure 3.1. In reverse bias, Zener diodes exhibit a controlled 

breakdown, enabling to keep the voltage around the Zener breakdown voltage, 

 

Figure 3.1: Current-voltage (I-V) characteristic of a Zener diode. 

I

Vb V
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Vb, for a wide range of currents. For this reason, Zener diodes are routinely used 

as reference voltages or as voltage stabilizers[137]. More recently, Zener 

tunnelling has received renewed interest in nanotechnologies due to its impact 

on the properties and performance of semiconductor devices at the nanoscale. 

3.1.1 Zener Tunnelling 

The study carried out by Zener deals with the effect of an external electric 

field on the motion of electrons in a periodic semiconductor/insulator 

crystal[135]. In particular, it focuses on the possibility of electrons to make a 

transition from a filled to an unfilled energy band thanks to the band bending 

arising from the external electric field[135]. In normal conditions, a certain 

number of electrons are promoted to excited states due to thermal excitation 

and/or impurities in the crystal; their number is, however, too small to enable 

feasible current flows in devices under normal external field conditions. 

The motion of electrons in a crystal is determined by the electron energy, 

𝐸𝐸, and wavevector, 𝑘𝑘, which is real if 𝐸𝐸(𝑘𝑘) lies within allowed energy bands, 

thus leading to extended wave functions. On the other hand, whenever 𝑘𝑘 lies 

within a forbidden energy bandgap, k is complex and the wave function 

probability density distribution decreases exponentially in real space[135]. More 

formally, Zener’s theory starts from the Bloch theorem, which states that the 

wave function in a crystal periodic potential can be factorized as a plane wave 

and a function,  𝑈𝑈𝑘𝑘(𝑥𝑥), with the same spatial periodicity, a, of the crystal lattice: 

𝜓𝜓𝑘𝑘(𝑥𝑥) = 𝑒𝑒𝑖𝑖𝑖𝑖𝑖𝑖 𝑈𝑈𝑘𝑘(𝑥𝑥) .                                    (3.1) 

When an external electric field, F, is applied, the motion of an electron is 

described by a wave packet of energy 𝜔𝜔𝐵𝐵, where 𝜔𝜔𝐵𝐵 is the so-called Bloch 

frequency: 
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 𝜔𝜔𝐵𝐵 = 𝑒𝑒𝑒𝑒𝑒𝑒 ℎ⁄  ,                                       (3.2) 

where h is the Planck constant. This frequency describes how frequently the 

electron is reflected by an ideal lattice with no scattering centres. At every 

reflection there is a finite probability, p, that the electron tunnels into an excited 

state. The probability by unit time, γ, that the electron is excited to an upper level 

is given by 

  𝛾𝛾 = 𝑝𝑝 𝜔𝜔𝐵𝐵 .                                       (3.3) 

To calculate γ, let us start from the Schrödinger equation for an electron of 

energy E and mass m, under the effect of an electric field, F, in a periodic 

potential, V(x)[135]: 

�−ħ2

2𝑚𝑚
𝜕𝜕2

𝜕𝜕𝜕𝜕2 + 𝑉𝑉(𝑥𝑥) + (𝑒𝑒𝑒𝑒𝑒𝑒 − 𝐸𝐸 � 𝜓𝜓(𝐸𝐸, 𝑥𝑥) = 0 .                     (3.4) 

Provided that the electric field term, eFx, changes smoothly over a single lattice 

constant length, an approximate solution to Equation 3.4 is given by 

𝜓𝜓(𝐸𝐸, 𝑥𝑥) = 𝑒𝑒𝑖𝑖 ∫ 𝑘𝑘(𝑥𝑥) 𝑑𝑑𝑑𝑑  𝑈𝑈𝑘𝑘 ,                                 (3.5) 

which can be seen as an extension of the Bloch solution in Equation 3.1. Note 

that, for a given energy E, k is real only for certain values of x. Also, the wave 

function increases or decreases exponentially in those regions where k is 

complex. By taking the physically meaningful solution, i.e. the one that 

decreases exponentially, the transition probability, p,  for an electron of energy 

E that tunnels from a low to a high energy band through the forbidden energy 

gap is given by [135] 

𝑝𝑝 = |𝜓𝜓(𝑥𝑥𝐶𝐶) 𝜓𝜓(𝑥𝑥𝐵𝐵)⁄ |2 ,                                 (3.6) 

where xB and xC are the classical turning points at energy E (Figure 3.2). 
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Figure 3.2: Schematic E(x) diagram of the energy bands of a crystal lattice 

under the effect of a uniform electric field, F. The shaded regions represent the 

allowed energy band states, separated by a forbidden energy gap. A sketch of 

the wave function probability density, |𝜓𝜓|2, is represented at the coordinates xB 

and xC, which are the classical turning points at a certain energy E. 

 

By explicitly splitting the real, 𝜉𝜉, and imaginary, 𝜂𝜂, part of the 

wavevector[135] 

𝑘𝑘 = 𝜉𝜉(𝑥𝑥) + 𝑖𝑖𝑖𝑖(𝑥𝑥),                                       (3.7) 

we get for the transition probability:  

𝛾𝛾 = 𝑒𝑒𝑒𝑒𝑒𝑒
ℎ

𝑒𝑒𝑒𝑒𝑒𝑒 �−2 ∫ 𝜂𝜂(𝑥𝑥) 𝑑𝑑𝑑𝑑𝑥𝑥𝐶𝐶
𝑥𝑥𝐵𝐵

� .                           (3.8) 

By choosing a reference frame whose origin, x = 0, lies midway between the 

classical turning points, we can write 𝑥𝑥𝐵𝐵 = − 𝐸𝐸𝑔𝑔 2𝑒𝑒𝑒𝑒⁄  and  𝑥𝑥𝐶𝐶 = + 𝐸𝐸𝑔𝑔 2𝑒𝑒𝑒𝑒⁄ , 

where 𝐸𝐸𝑔𝑔 is the band gap energy. With this notation, the complex wavevector 

is[135] 

𝑘𝑘 = �1 ± 𝑖𝑖 8𝑚𝑚𝑎𝑎2

ℎ2
��𝐸𝐸𝑔𝑔 2⁄ �

2
− (𝑒𝑒𝑒𝑒𝑒𝑒)2 � ,                     (3.9) 

xB xC
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E
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and the resulting transition probability is given by 

𝛾𝛾 = 𝑒𝑒𝑒𝑒𝑒𝑒
ℎ

𝑒𝑒𝑒𝑒𝑒𝑒 �− 𝜋𝜋2

ℎ2  𝑚𝑚𝑎𝑎2𝐸𝐸𝑔𝑔
2

|𝑒𝑒𝑒𝑒| � .                              (3.10) 

A more formal treatment of the problem was given by Kane[138] by 

rewriting the time independent Schrödinger’s equation under the effect of an 

electric field, F as: 

�𝐸𝐸𝑛𝑛(𝑘𝑘) + 𝑖𝑖𝑖𝑖𝑖𝑖 𝜕𝜕
𝜕𝜕𝑘𝑘𝑥𝑥

− 𝐸𝐸� 𝑎𝑎𝑛𝑛(𝐾𝐾) + ∑ 𝑒𝑒𝑒𝑒𝜒𝜒𝑛𝑛𝑛𝑛′(𝑘𝑘) 𝑎𝑎𝑛𝑛′(𝑘𝑘)𝑛𝑛′ = 0 ,        (3.11) 

where 𝐸𝐸𝑛𝑛(𝑘𝑘) is the energy of an electron in the periodic lattice and E is the total 

energy. In this notation, the basis functions are Bloch’s functions as in Equation 

3.1, 𝜓𝜓𝑛𝑛(𝑘𝑘, 𝑥𝑥) = 𝑒𝑒𝑖𝑖𝑖𝑖𝑖𝑖 𝑈𝑈𝑛𝑛(𝑘𝑘, 𝑥𝑥), labelled by the index n, and 𝑎𝑎𝑛𝑛 are expansion 

coefficients. The position operator, 𝑟̂𝑟, is split into an intraband (i 𝜕𝜕/𝜕𝜕𝜕𝜕) and 

interband (𝜒𝜒𝑛𝑛𝑛𝑛′) operator, respectively. The off-diagonal elements of the latter 

couple the periodic parts of Bloch’s functions, labelled by the index n and 

wavevector k: 

𝜒𝜒𝑛𝑛𝑛𝑛′ = 𝑖𝑖 ∫ 𝑈𝑈𝑛𝑛
∗(𝑘𝑘) 𝜕𝜕

𝜕𝜕𝜕𝜕
𝑈𝑈𝑛𝑛′(𝑘𝑘) 𝑑𝑑𝑑𝑑 .                     (3.12) 

By integration of the interband terms over all the possible wavevectors, one gets 

the matrix elements, 𝑀𝑀𝑛𝑛𝑛𝑛′, connecting two states at the same energy but 

belonging to different bands (n and n’)[138]:  

𝑀𝑀𝑛𝑛𝑛𝑛′ ∝ ∫ 𝜒𝜒𝑛𝑛𝑛𝑛′(𝑘𝑘)  𝑒𝑒𝑒𝑒𝑒𝑒 �− 𝑖𝑖
𝑒𝑒𝐹𝐹 ∫ [𝐸𝐸𝑛𝑛(𝑘𝑘′) − 𝐸𝐸𝑛𝑛′(𝑘𝑘′)]𝑑𝑑𝑘𝑘′𝑥𝑥

𝑘𝑘𝑥𝑥
0 � 𝑑𝑑𝑘𝑘𝑥𝑥 .  (3.13) 

By using Fermi’s golden rule, one gets 

𝛾𝛾 = 2𝜋𝜋
ℎ

|𝑀𝑀𝑛𝑛𝑛𝑛′|2𝐷𝐷(𝐸𝐸)                               (3.14) 

where D(E) is the density of states of the system. Thus the probability by unit 

time, γ, of an electron transition from the band n to the band n’ is directly 

proportional to the square modulus of the interband matrix element. Further 

theories have been developed to account for the bias and temperature 
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dependence of the direct[139] and indirect[140] interband tunnelling in 

semiconductor p-n junctions, as well as the effect of non-uniform electric fields 

across the junction[141]. 

This approach is used in Section 3.1.2 to model the tunnel current under 

the effect of an applied magnetic field. Notably, Kane also discusses the physical 

processes that can contribute to the so-called “excess current”, namely the 

current flowing under non-resonant conditions between two energy bands 

without energy conservation[142]. The possible mechanisms that are envisaged 

for the energy loss and/or gain for electron tunnelling may involve photons, 

phonons, electrons or plasmons; however, in spite of being allowed or even 

observed, these effects are also too small to account for large current flows in 

forward bias in standard semiconductor p-n junctions[142]. On the other hand, the 

presence of energy states in the gap, arising from disorder, impurities and/or 

dislocations, can represent an important contribution to the current in forward 

bias[142]. In this work (Chapter 7), we report on the origin and role of “in-the-

gap” N-related states and their effect on Zener tunnelling in In(AsN)/In(AlAs) 

RTDs[143]. 

3.1.2 Probing 0D states by magneto-tunnelling 

Probing individual atoms or electron charge distributions in condensed 

matter systems is a research field of both theoretical and technical relevance. 

Sensitive techniques are currently used, such as scanning tunnelling microscopy 

(STM)[144], to probe the spatial form and size of the wave function of 0D states, 

created by individual impurities and quantum dots (QDs). However, STM 

represents an invasive and destructive method that is applied only for 0D states 

close to a surface, whereas dots that are incorporated into real semiconductor 
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devices need a different approach. Within this context, magneto-tunnelling 

spectroscopy (MTS)[145-147] represents a non-invasive and non-destructive 

approach to this problem. MTS exploits the effect of the classical Lorentz force 

on the motion of an electron tunnelling into a 0D state. It can be regarded as the 

counterpart of STM in momentum- (k-) space: in STM, a moving tip probes the 

wave function probability density in real space; in a similar way, in MTS, a 

magnetic field B is used to probe the electronic wave function probability 

density in k-space. As the magnetic field plays the role of the probing tip, MTS 

can be done inside a 3D sample. 

In MTS, an electron of charge -e tunnels along the Z-direction from an 

emitter (E) into the 0D state, separated by a distance s; under the effect of a 

transverse magnetic field applied along the X-direction, Bx, the electron acquires 

an additional in-plane momentum along the Y-direction, given by ħ𝛥𝛥𝑘𝑘𝑦𝑦 =

−𝑒𝑒𝐵𝐵𝑥𝑥𝑠𝑠 (Figure 3.3). The tunnelling of electrons from the emitter into the 0D 

state is envisaged as a ballistic process (i.e. no scattering occurs). Thus the 

tunnel current, I, is determined by the matrix element, M, that governs the 

quantum transition of an electron tunnelling, i.e. 𝐼𝐼 ∝ |𝑀𝑀|2, where M is given by 

the overlap integral of the Fourier transforms, 𝜙𝜙𝐸𝐸(𝑘𝑘) and 𝜙𝜙0𝐷𝐷(𝑘𝑘) of the real-

space wave functions of the emitter and of the 0D state, respectively[148]: 

𝑀𝑀 = ∫ 𝜙𝜙𝐸𝐸�𝑘𝑘 − 𝛥𝛥𝑘𝑘𝑦𝑦�𝜙𝜙0𝐷𝐷(𝑘𝑘)−
𝑘𝑘  .                            (3.15) 

For a 3D or 2D emitter, the emitter state has a much weaker spatial confinement 

in real space than the 0D state; conversely, 𝜙𝜙0𝐷𝐷(𝑘𝑘) is much more spread in k-

space than 𝜙𝜙𝐸𝐸�𝑘𝑘 − 𝛥𝛥𝑘𝑘𝑦𝑦� (Figure 3.3). The latter is a sharp function peaked at 

𝑘𝑘 = 𝛥𝛥𝑘𝑘𝑦𝑦. Thus, if 𝜙𝜙𝐸𝐸�𝑘𝑘 − 𝛥𝛥𝑘𝑘𝑦𝑦� is approximated by a δ–function, the matrix 

element is 𝑀𝑀(𝛥𝛥𝛥𝛥𝑦𝑦) = 𝜙𝜙0𝐷𝐷�𝛥𝛥𝑘𝑘𝑦𝑦�. The additional momentum 𝛥𝛥𝑘𝑘𝑦𝑦 ∝ 𝐵𝐵𝑥𝑥 creates 
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Figure 3.3: Sketch of the overlap in k-space of 𝜙𝜙0𝐷𝐷(𝑘𝑘) and 𝜙𝜙𝐸𝐸�𝑘𝑘 − 𝛥𝛥𝑘𝑘𝑦𝑦�, the 

Fourier transforms associated with the electron wave functions of the 0D state 

and the emitter, respectively. In our system, the electron current density J is 

along z, while the magnetic field B is applied along the x-direction, causing an 

additional momentum, 𝛥𝛥𝑘𝑘𝑦𝑦, along the y-direction, proportional to Bx. 

 

a shift in the k-space between the two wave functions (as sketched in Figure 

3.3).  In this way, the 𝐵𝐵𝑥𝑥-induced variation of the tunnel current enables to probe 

the electron probability density in Fourier space of the resonant localized 

state[147]. Chapter 7 describes how this technique can be used to probe 0D states 

in the dilute nitride In(AsN) alloy. 

3.1.3 Resonant tunnelling diodes (RTDs) 

A resonant tunnelling diode (RTD) consists of a quantum well (QW) layer 

enclosed between two potential barriers. According to classical mechanics, the 

only particles that can pass a barrier of height V0 are those with energy Ε > V0. 

However, according to quantum mechanics, there is a finite probability for 

particles with Ε < V0 to tunnel through the barrier. The tunnelling probability 

decreases exponentially with increasing barrier height and/or thickness[77]. 

k

Δky ∝ Bx

e- Jz

Bx

Δky
φE(k- Δky)

φ0D(k)
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The presence of two thin barriers in a RTD leads to the spatial confinement 

of electrons tunnelling in the QW for a finite period of time; the resulting quasi-

bound state makes the RTD the electrical counterpart of an optical Fabry-Perot 

etalon: in both cases, wave-like particles are confined and partially reflected in 

a resonant cavity, enclosed by barriers in the RTD, by mirrors in the etalon. The 

constructive interference of the reflected waves in the cavity enables resonances. 

To establish a flow of electrons tunnelling into the QW, the barrier 

structure is sandwiched between two highly doped semiconductor layers. These 

high conductivity regions effectively act as contacts and represent respectively 

a source and a sink for the electrons tunnelling into the RTD. Thus these are also 

referred to as emitter and collector, respectively. 

The tunnelling matrix formalism enables the formal treatment of an 

electron tunnelling through a system of potential barriers by the calculation of 

the transmission coefficient, T, as a function of the energy, E, of the impinging 

electron. For an electron approaching a square potential barrier of height V0 and 

thickness b , the transmission coefficient is given by [77] 

�  
𝑇𝑇(𝐸𝐸) = �1 + 𝑉𝑉0

2

4𝐸𝐸(𝐸𝐸−𝑉𝑉0) sin2(𝑘𝑘𝑘𝑘)�
−1

                     𝐸𝐸 > 𝑉𝑉0

𝑇𝑇(𝐸𝐸) = �1 + 𝑉𝑉0
2

4𝐸𝐸(𝑉𝑉0−𝐸𝐸) sinh2(𝑘𝑘𝑘𝑘)�
−1

                   𝐸𝐸 < 𝑉𝑉0

     (3.16) 

where 𝑘𝑘 = �|2𝑚𝑚(𝐸𝐸 − 𝑉𝑉0)|/ħ. The plot of T(E) for an InAs/(InAl)As/InAs 

barrier of height V0 = 0.12 eV and thickness b = 10 nm is shown in Figure 3.4a, 

solid black line. Unlike the classical treatments (black dashed line), the 

probability of tunnelling for electrons with energy Ε < V0 is non-zero, while the 

transmission coefficient is unity at energies E > V0 when kb = 2nπ, 

corresponding to the so-called over-the-barrier resonances (see zoom in the Inset 

of Figure 3.4a). 
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Figure 3.4: (a) Transmission coefficient, T, as a function of energy, E, for a 

square potential InAs/(InAl)As/InAs barrier of height V0 = 0.12 eV and 

thickness b = 10 nm (sketch in the Inset). The dashed line represents the classical 

result for a barrier of the same height. Inset: zoom of T(E) on the over-the-barrier 

resonances. (b) Transmission coefficient, T(E), for a resonant tunnelling 

structure (depicted in the Inset): an In(AsN) QW layer of thickness a = 10 nm 

is embedded in a double InAs/(InAl)As barrier of thickness b = 10 nm. The 

dashed curve shows the transmission for an In(AlAs) barrier of thickness 2b; 

this result would apply to the double barrier if there was no resonance. 
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Let us consider now an RTD consisting of a double (InAl)As barrier of 

thickness b = 10 nm embedding an In(AsN) QW layer of thickness a = 10 nm 

(Inset of Figure 3.4b). The presence of quantized electronic levels in the QW (of 

energies 𝐸𝐸1 and 𝐸𝐸2) due to spatial confinement has dramatic consequences for 

the electron transmission. The calculation of the electronic bound states in a QW 

is treated in Appendix A. The tunnelling probability out of resonance (black 

dashed line in Figure 3.4b) is the product of the tunnelling probabilities of the 

left and right barriers, denoted as TL and TR , respectively. However, whenever 

the impinging electron is close to resonance with the QW bound state, the 

tunnelling probability increases significantly (Figure 3.4b). In this case the 

tunnelling probability profile has a Lorentzian shape centred on Ε1 
[77] 

𝑇𝑇(𝐸𝐸) = 𝑇𝑇(𝐸𝐸1) �1 + �𝐸𝐸−𝐸𝐸1
𝛤𝛤

2�
�

2
�

−1

 ,                           (3.17) 

where  𝛤𝛤 = ħ𝑣𝑣 (𝑇𝑇𝐿𝐿 + 𝑇𝑇𝑅𝑅) 2𝑎𝑎⁄   is the width of the Lorentzian profile for an 

electron with velocity 𝑣𝑣. The peak transmission T(Ε1) is given by: 

𝑇𝑇(𝐸𝐸1)~ 4𝑇𝑇𝐿𝐿𝑇𝑇𝑅𝑅
(𝑇𝑇𝐿𝐿+𝑇𝑇𝑅𝑅)2  .                                         (3.18) 

Note that for symmetric barriers (𝑇𝑇𝐿𝐿~𝑇𝑇𝑅𝑅) the transmission peak approaches 

unity. This dramatic enhancement of the tunnelling probability on resonance has 

profound consequences for the tunnel current in barrier-based devices such as 

RTDs. 

Figure 3.5a shows the CB profile for an RTD structure under different bias 

regimes, along with the corresponding current-voltage, I-V, characteristic 

(Figure 3.5b). The shaded regions represent the 3D emitter (E) and collector (C), 

with Fermi energy 𝐸𝐸𝐹𝐹
𝐸𝐸  and 𝐸𝐸𝐹𝐹

𝐶𝐶 , respectively. The QW bound state has energy E0, 

as measured from the CB minimum. 
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Figure 3.5: (a) Conduction band profile for a RTD for zero applied bias (i), on 

resonance (ii), at the current peak (iii), and off resonance (iv). (b) Sketch of the 

corresponding I-V characteristic. (c) Sketch depicting the intersection of the 

plane 𝑘𝑘𝑧𝑧 = 𝑞𝑞𝑅𝑅 with the Fermi sphere in the different bias regimes (i-iv). 

 

Under zero applied bias, no electrons can tunnel through the barrier, thus 

resulting in zero current (i). A bias V ≠ 0 applied across the device creates a 

potential difference and changes the relative position between the energy levels 

in the QW and the emitter. The resonant transmission of electrons across the 

device occurs when the QW state at energy E0 is aligned with the Fermi energy 
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of the emitter, 𝐸𝐸𝐹𝐹
𝐸𝐸; the bias at which this occurs is called threshold bias, VT, 

(Figure 3.5b), and a current starts flowing for V >VT. Let kF ∝ (𝐸𝐸𝐹𝐹
𝐸𝐸)1/2 be the 

Fermi momentum, i.e. the radius of the Fermi sphere for the 3D emitter, and let 

qR ∝ (𝐸𝐸0)1/2 be the wavenumber associated with the energy of the resonant state: 

for every bias, the electronic states involved in the tunnelling are those fulfilling 

the conservation of energy and momentum, i.e. those states in the k-space 

represented by the intersection of the Fermi sphere with the plane 𝑘𝑘𝑧𝑧 = 𝑞𝑞𝑅𝑅. The 

current density J is thus proportional to the area of the intersection (grey disk in 

Figure 3.5c): 

𝐽𝐽 ∝  π(𝑘𝑘𝐹𝐹
2 − 𝑞𝑞𝑅𝑅

2) ∝ (𝐸𝐸𝐹𝐹
𝐸𝐸 − 𝐸𝐸0) ∝ 𝑒𝑒𝑒𝑒 .                   (3.19) 

Since (𝐸𝐸𝐹𝐹
𝐸𝐸 − 𝐸𝐸0) is proportional to the applied bias V, the tunnel current I 

increases linearly with the applied bias V as long as the QW state is resonant 

with the 3D emitter (ii). The tunnel current increases from zero when 𝑘𝑘𝑧𝑧 = 𝑘𝑘𝐹𝐹  

and has a maximum when 𝑘𝑘𝑧𝑧 = 0 (iii). A further increase of the applied bias 

brings the system off resonance: no electron fulfils the energy and momentum 

conservation requirement, leading to a drop in tunnel current with increasing 

voltage, also known as negative differential resistance (NDR) region (iv). At 

even higher V, the total I is the result of contribution from thermal current and 

excess current, and it presents an exponential increase with the applied bias[132]. 

3.2 Plasmonics 

The excitation of an electron gas is called a plasma oscillation, namely a 

longitudinal collective charge density oscillation, whose quantum is called a 

plasmon[149]. Let us consider the so-called plasma model, consisting of a thin 

metallic film with a gas of electrons of charge –e and average density ne 
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Figure 3.6: Model of a plasma oscillation: a displacement 𝑢𝑢�⃗  of the electron gas 

with respect to the positive background charges gives rise to a surface charge 

density, σ, which in turn induces an electric field 𝐸𝐸�⃗ = 𝑛𝑛𝑒𝑒𝑒𝑒𝑢𝑢�⃗ /𝜀𝜀0. 

 

embedded in a uniform and fixed background of neutralizing positive charges. 

The electron gas moves as a whole with respect to the positive background ion 

charges. A displacement, 𝑢𝑢�⃗ , of the electron gas creates an electric field 𝐸𝐸�⃗ =

𝑛𝑛𝑒𝑒𝑒𝑒𝑢𝑢�⃗ /𝜀𝜀0, where ε0 is the vacuum permittivity (Figure 3.6). From the equation 

of motion 

𝑚𝑚 𝑑𝑑2𝑢𝑢��⃗
𝑑𝑑𝑡𝑡2 = −𝑒𝑒𝐸𝐸�⃗ = − 𝑛𝑛𝑒𝑒𝑒𝑒2𝑢𝑢��⃗

𝜀𝜀0
                               (3.20) 

one can see that the system oscillates at the so-called plasma frequency (𝜔𝜔𝑝𝑝), 

𝜔𝜔𝑝𝑝 = �𝑛𝑛𝑒𝑒𝑒𝑒2

𝑚𝑚0𝜀𝜀0
 ,                                          (3.21) 

where m0 is the electron mass in vacuum. In a semiconductor material, the 

modification of the electron motion from the energy band structure is accounted 

for by the electron effective mass me
*. In such a system, with relative 

permittivity εr , the plasma frequency becomes: 

𝜔𝜔𝑝𝑝 = � 𝑛𝑛𝑒𝑒𝑒𝑒2

𝑚𝑚𝑒𝑒
∗ 𝜀𝜀0𝜀𝜀𝑟𝑟

 .                                       (3.22) 
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The plasma model accounts for several optical properties of metals over a 

wide range of frequencies (visible-UV)[149]. Within this model, the free electrons 

oscillate in response to the applied electromagnetic field and they collide with a 

characteristic collision frequency, 𝑔𝑔 =  1 𝜏𝜏⁄  , where 𝜏𝜏 is the relaxation time of 

the free electron gas. One can then write the following equation of motion: 

𝑚𝑚 𝑑𝑑2𝑢𝑢��⃗
𝑑𝑑𝑡𝑡2 + 𝑚𝑚𝑚𝑚 𝑑𝑑𝑢𝑢��⃗

𝑑𝑑𝑑𝑑
= −𝑒𝑒𝐸𝐸�⃗  .                                 (3.23) 

By assuming that the time dependence of the driving electromagnetic field is 

harmonic, i.e. 𝐸𝐸(𝑡𝑡) = 𝐸𝐸0𝑒𝑒−𝑖𝑖𝑖𝑖𝑖𝑖, a particular solution for the electron oscillation 

is given by 𝑢𝑢�⃗ (𝑡𝑡) = 𝑢𝑢�⃗ 0𝑒𝑒−𝑖𝑖𝑖𝑖𝑖𝑖, where the terms 𝑢𝑢�⃗ 0 incorporates any phase shift 

between the driving field in and the response. Thus the solution of Equation 3.23 

is given by 

𝑢𝑢�⃗ (𝑡𝑡) = 𝑒𝑒
𝑚𝑚(𝜔𝜔2+𝑖𝑖𝑖𝑖𝑖𝑖)

𝐸𝐸�⃗   .                                     (3.24) 

The free electron displacement contributes to the macroscopic polarization, 𝑃𝑃�⃗ :  

𝑃𝑃�⃗ = −𝑛𝑛𝑒𝑒𝑒𝑒𝑢𝑢�⃗ (𝑡𝑡) = − 𝑛𝑛𝑒𝑒𝑒𝑒2

𝑚𝑚(𝜔𝜔2+𝑖𝑖𝑖𝑖𝑖𝑖)
𝐸𝐸�⃗  .                          (3.25) 

From the expression for the dielectric displacement, 𝐷𝐷��⃗ = 𝜀𝜀0𝐸𝐸�⃗ + 𝑃𝑃�⃗ = 𝜀𝜀(𝜔𝜔)𝐸𝐸�⃗ , 

one can derive the frequency-dependent dielectric function:  

𝜀𝜀(𝜔𝜔) = 1 − 𝜔𝜔𝑝𝑝
2

𝜔𝜔2+𝑖𝑖𝑖𝑖𝑖𝑖
  .                                      (3.26) 

In several cases, the residual polarization from the positive background ions 

should be accounted for by considering the high-frequency dielectric constant, 

𝜀𝜀∞: 

𝜀𝜀(𝜔𝜔) = 𝜀𝜀∞ − 𝜔𝜔𝑝𝑝
2

𝜔𝜔2+𝑖𝑖𝑖𝑖𝑖𝑖
  .                                    (3.27) 

Given the ability of an electron gas in metals to couple with impinging 

radiation at metallic interfaces, plasmonics is of particular relevance for those 
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Figure 3.7: (a) Geometry for SPP propagation at the interface between a metal 

(Z < 0) and a dielectric (Z > 0). (b-c) Dispersion relation of SPPs at the interface 

between air and a metal with negligible (b) and finite (c) plasma broadening, g. 

 

fields in physics and technology where surface effects are concerned, such as 

detection of molecular and gas species. This implies that one looks for 

propagating wave solutions that are confined to the interface. A simple geometry 

is the one depicted in Figure 3.7a: we take X as the direction of propagation of 

the wave and ignore the variation along the transverse in plane Y-direction. The 

dielectric constant only changes along the Z-direction, i.e. 𝜀𝜀 = 𝜀𝜀(𝑍𝑍): the system 

consists of a single interface between a dielectric medium (2) with real dielectric 
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constant 𝜀𝜀2 > 0 (Z > 0 in Figure 3.7a) adjacent to a conducting medium (1) with 

dielectric constant 𝜀𝜀1(𝜔𝜔) = 𝜀𝜀1∞ − 𝜔𝜔𝑝𝑝
2

𝜔𝜔2+𝑖𝑖𝑖𝑖𝑖𝑖
 (Z < 0 in Figure 3.7a), where 𝜀𝜀∞ is 

the background dielectric constant limit for 𝜔𝜔 → ∞ and 𝑔𝑔 is the plasma 

broadening. Note that 𝑅𝑅𝑅𝑅(𝜀𝜀1) < 0 is implied by the metallic behaviour of the 

medium (1). 

By solving Helmholtz equation for the electric field and by imposing the 

requirement of solutions with evanescent decay along the Z-direction 

perpendicular to the interface, the only surface modes allowed are those with 

transverse magnetic (TM) polarization, i.e. those allowing 𝐸𝐸𝑥𝑥 and 𝐸𝐸𝑧𝑧 as the only 

nonzero electric field components, and thus 𝐻𝐻𝑦𝑦 as the only nonzero magnetic 

field component. By further imposing that 𝐻𝐻𝑦𝑦 fulfil the wave equation and the 

continuity of 𝐻𝐻𝑦𝑦 and 𝜀𝜀𝐸𝐸𝑧𝑧 at the interface, we obtain the dispersion relation of 

the so-called surface plasmon polariton (SPP) mode propagating at the interface 

between the two media[149] 

𝜔𝜔 = 𝑐𝑐𝑘𝑘//�[𝜀𝜀1(𝜔𝜔)+𝜀𝜀2]
𝜀𝜀1(𝜔𝜔)𝜀𝜀2

  ,                                    (3.28) 

where c is the speed of light in vacuum and 𝑘𝑘// is the component of the 

wavevector k parallel to the interface. The typical dispersion curve of SPP is 

depicted in Figures 3.7b-c; here we normalize the SPP frequency and 

wavevector to the plasma frequency, 𝜔𝜔𝑝𝑝. For a metal with negligible plasma 

damping (𝑔𝑔 = 0) (Figure 3.7b), the radiative regime corresponds to the branch 

at 𝜔𝜔 > 𝜔𝜔𝑝𝑝; on the other hand, given their bound nature, the SPP excitations are 

those lying to the right of the light cone. In the limit of large wavevector 

(𝑘𝑘// → ∞), the SPP dispersion approaches the so-called surface plasmon 

frequency 
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𝜔𝜔𝑠𝑠𝑠𝑠 = 𝜔𝜔𝑝𝑝�
𝜀𝜀2

𝜀𝜀1(𝜔𝜔)+𝜀𝜀2
< 𝜔𝜔𝑝𝑝 ,                                 (3.29) 

which is thus red-shifted compared to the plasma frequency. Between the 

radiative and bound regime, a frequency gap is created for frequencies 𝜔𝜔𝑠𝑠𝑠𝑠 <

𝜔𝜔 < 𝜔𝜔𝑝𝑝 (dashed line in Figure 3.7b). Assuming finite plasma broadening (𝑔𝑔 ≠

0) due to free-electron and interband damping (Figure 3.7c), the metal dielectric 

function 𝜀𝜀1(𝜔𝜔) is complex, and thus also the SPP propagation constant k//. The 

SPP dispersion is now broadened, approaching 𝜔𝜔𝑠𝑠𝑠𝑠 at a finite wavevector and 

allowing quasibound leaky dispersion between frequencies 𝜔𝜔𝑠𝑠𝑠𝑠 and 𝜔𝜔𝑝𝑝
[149]. 

3.2.1 Plasmonics in highly doped semiconductors (HDSCs) 

Plasmonics generally relies on metals due to the high density of free 

electrons. However, metals also suffer from substantial losses due to interband 

transitions, grain-boundary scattering in thin films, surface roughness, etc.; 

chemical instability in air and low compatibility with silicon technology 

represent further limitations to the exploitation of metals[150]. In general, metals 

have plasma frequencies, 𝜔𝜔𝑝𝑝, in the visible-UV spectral ranges of the 

electromagnetic spectrum due to their high carrier densities (1022 - 1023 cm-3). 

On the other hand, highly doped semiconductors (HDSCs) represent interesting 

alternative candidates for plasmonics due to several appealing features[151, 152]: 

firstly, the lower carrier densities (1016 - 1020 cm-3) enable plasma frequencies 

in the mid-infrared (MIR) spectral range, of relevance for technologically 

important applications, including gas detection and biosensing[153, 154]; secondly, 

the carrier density and the plasmonic resonance can be tuned either by doping 

or geometrical patterning of semiconductors[155], thus enabling routes to cost-

effective and compact all-semiconductor plasmonic structures[49, 134]. 
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Achieving a high doping in a semiconductor can be limited by the solid 

solubility of the dopants[6, 68] and/or by doping compensation effects[69, 70]. In 

addition, a high density of dopants can degrade the crystal quality and induce 

internal losses. Thus finding low-loss semiconductor materials for plasmonics 

presents challenges of fundamental and technological interest[156]. Figure 3.8 

shows an overview of the performance of different material classes as low loss 

materials for plasmonic application. These materials range from metals to  semi-

metals and semiconductors, and they are compared in terms of interband losses, 

carrier concentrations and mobilities[156]. 

To date, a number of HDSCs have been successfully tested, including 

transparent conducting oxides (TCOs), such as aluminium and gallium zinc 

oxide[157], indium tin oxide[158], and dysprosium cadmium oxide[159]. These 

materials have plasmonic resonances in the near-infrared (NIR)[14, 15] and MIR 

spectral range[16]. Compounds such as SiC[160], (InGa)As[161], and In(AsSb)[49, 

155, 162] have also shown good response in the MIR[163]. Within this context, the 

III-V InAs compound features as a relatively recent addition to this group: it can 

sustain high doping concentrations[68, 164] with plasmonic resonances over a 

broad MIR range[165]. 

In this thesis, we demonstrate a novel approach to exploit InAs as a HDSC 

for plasmonics in the MIR. As presented in Section 2.2.1, the post-growth 

incorporation of hydrogen (H) atoms in the dilute nitride In(AsN) alloy induces 

an increase of the electron density, 𝑛𝑛𝑒𝑒, by two orders of magnitude, up to 1019 

cm-3 [31, 32]. This behaviour, not observed among other III-Vs, makes the highly 

H-doped In(AsN) alloy a promising candidate for plasmonic applications. In this 

work (Chapter 5) we demonstrate that In(AsN):H can support MIR surface 
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plasmon polaritons and that the plasmonic resonance can be spatially tailored 

and suppressed by photo-annealing[166]. 

 

 

Figure 3.8: A comparison of the performance of different materials as low-loss 

plasmonic materials in terms of interband losses, carrier concentrations and 

mobilities[156]. 
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Chapter 4 

Samples and experimental techniques 

 

This chapter describes the samples and the experimental techniques used 

to obtain the results presented in this thesis. Our samples consist of MBE-grown 

In(AsN) epilayers (4.1.1) and In(AsN)/(InAl)As resonant tunnelling diodes 

(RTDs) (4.1.2). These were studied and characterized using a range of transport 

(4.2) and optical (4.3) techniques. The experimental setup used for the 

topographical studies is also presented in Section 4.4.  

4.1 Samples 

4.1.1 In(AsN) epilayers and hydrogenation 

We used In(AsN) epilayers with thickness t = 0.3 µm (nitrogen content 

[N] = 1%) and t = 1 µm ([N] = 1.1%). The In(AsN) epilayers were grown by 

Dr. M. Kesaria and Prof. A. Krier (Lancaster University) using a VG-V80H 

solid-source molecular-beam-epitaxy (MBE) reactor with a Vecco UNI-bulb 

radio-frequency (RF) plasma nitrogen-source. In and Ga fluxes were provided 

by Knudsen thermal-effusion cells. The In(AsN) epilayers were grown at T = 

450 °C using an RF power of 200 W and a nitrogen background pressure of 

5×10−6 mbar. The layers were grown on 250 nm-thick GaAs buffers on semi-

insulating (100)-oriented 500 nm-thick GaAs substrate (Figure 4.1a). There is a 

large lattice mismatch between the In(AsN) epilayer and the GaAs substrate 
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(∆𝑎𝑎/𝑎𝑎𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 ~ 6.6 %), leading to the formation of dislocations at the 

In(AsN)/GaAs interface[167]. The In(AsN) epilayer has a thickness t = 0.3 - 1 µm 

and its crystal lattice is not lattice-matched to the GaAs substrate. In situ 

characterization of the grown material was performed by reflection high energy 

electron diffraction (RHEED). 

The as-grown In(AsN) epilayers were hydrogenated using a Kaufman 

source by Prof. M. Capizzi (Sapienza Universitá di Roma). The schematic 

diagram of the hydrogenated epilayers and of the experimental setup used for 

the hydrogenation are shown in Figures 4.1a and 4.2, respectively. Molecular 

hydrogen (H2) is pumped into the ionization chamber, where it is dissociated 

into neutral H-atoms and protons by the electrons emitted from a hot tungsten 

filament (cathode) and accelerated towards the walls of the chamber (anode). A 

set of magnets is used to spiral the trajectories of the electrons, thus enhancing 

the cross-section for the hydrogen dissociation. In order to minimize the sample 

damage, the beam of hydrogen ions (H+) is accelerated at low energy by a set of 

negatively polarized grids held at high voltage. The ion beam then enters the 

main chamber and impinges on the sample, which is electrically grounded, with  

 

Figure 4.1: (a) Schematic diagram of the layer structure of the In(AsN) 

epilayers. The zoom depicts the creation of a thin conductive channel of 

In(AsN):H following the hydrogenation of the epilayer. (b) A typical In(AsN) 

wafer studied before and after hydrogenation. 
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Figure 4.2: Sketch of the experimental setup used for the hydrogenation. 

 

a Gaussian profile (standard deviation, σ ~ 2.5 cm). Note that σ is much larger 

than the usual size of the wafers (~ mm) used; thus the hydrogenation process 

can be regarded as uniform across the sample area. 

Since the penetration depth of low-energy protons is only of the order of 

~ 1 nm, a sizable in-depth diffusion of the H ions in the sample is achieved by 

maintaining the sample and the sample holder at a constant temperature (TH 

~300-400 °C) by controlling the voltage of two quartz-iodine projection lamps 

(650 W each). The H-beam dose (DH) is determined by monitoring the H-dose 

rate with a Faraday cup located in front of the sample at the beginning (and 

checked again at the end) of the hydrogenation process as well as by the 

hydrogenation duration. Finally, a pressure of ~ 5×10-7 mbar is achieved in the 

main chamber by using a turbo-molecular pump before opening the H-flux, 

while a vacuum of 2×10-3 mbar is maintained during the H-irradiation of the 

sample. Under the hydrogenation conditions used for our samples (ion beam 

energy E = 100 eV, DH = 3×1017 ions/cm2 at TH = 375°C for 2 hours), a highly 

conductive channel of thickness ~ 0.1 µm is created below the surface of the 

epilayer upon the incorporation of H-atoms, as depicted in Figure 4.1a. 
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4.1.2 In(AsN)/(InAl)As p-i-n resonant tunnelling diodes 

For these studies, we designed and grew by molecular-beam epitaxy 

(MBE) a series of In(AsN) resonant runnelling diodes (RTDs), whose layer 

structure is depicted in Figure 4.3a. The RTD is a multilayer structure consisting 

of a 10 nm In(AsN) quantum well (QW) ([N] = 1%) embedded between two 10 

nm (InAl)As tunnel barriers ([Al] = 10%). Undoped InAs spacer layers of width 

20 nm separate the (InAl)As barriers from 1017 cm-3 n- and p-doped InAs layers 

of width 300 nm on each side of the barriers. The above layers were sandwiched 

between 1018 cm-3 n- and p-doped InAs layers of width 100 nm, which formed 

p- or n- low resistance electrical contacts. The structure was grown on an n+-

type InAs substrate at T = 500 °C except for the In(AsN) layer, which was grown 

at T = 380 °C. For comparison, a control sample was also grown with the same 

sequence of layers as that described above, except that it contains no nitrogen 

 

Figure 4.3: (a) Schematic diagram of the layer structure of the 

In(AsN)/(InAl)As p-i-n RTDs. (b) The samples were processed into optical 

mesa diodes (top) mounted onto T05 headers (bottom) 
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and the InAs QW layer is grown at 460 °C. The samples were processed into 

circular mesa diodes of diameter d = 100, 200 and 400 µm, with Au/Ti ohmic 

contacts alloyed to the top and bottom doped InAs layers and mounted onto 12-

pin T05 headers to perform electrical characterization (Figure 4.3b). 

4.2 Experimental techniques: transport studies 

4.2.1 Current-voltage (I-V) measurements 

To acquire the I-V characteristic of the p-i-n RTDs, the devices were 

processed into mesa diodes and mounted onto T05 headers, as discussed in 

Section 4.1.2. Figure 4.4 shows a sketch of the experimental setup used to 

acquire the low-temperature (4.2 K) I-V characteristics of the RTDs. The device 

was mounted onto a sample probe whose end dips directly into liquid helium to 

  

Figure 4.4: Sketch of the experimental setup used to acquire the low-

temperature (4.2 K) I-V characteristic of the p-i-n RTDs. 
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enable transport measurements at T = 4.2 K. The liquid helium dewar is 

connected to the ground electrode (Figure 4.4), providing electrical screening to 

reduce the noise. A Keithley 2400 DC source meter was used as a voltage source 

and current meter for the RTD. The acquisition of data from the source meter 

was realized using a programme written with LabView and GPIB interface. 

The transport studies on our RTDs were also performed at different 

temperatures (up to 300K) by using the experimental setup sketched in Figure 

4.5. The sample probe is inserted into a cryostat consisting of two insulated 

environments. The outer shell is kept under vacuum (~10-6 mbar) by a turbo 

pump to enable insulation from the external environment. The inner shell is the 

sample space and is directly connected to a cryogen storage dewar filled with 

liquid helium. The helium circulation in the sample space is achieved by using 

a membrane pump; a flow-meter enables to monitor the flow of helium into the 

system. The temperature of the sample in the sample space is controlled by a 

heater connected to the system and by adjusting the helium flow. The sample 

probe is connected to a Keithley 2400 DC source meter to measure the I-V 

characteristic of the RTDs. 

4.2.2 Low-temperature magneto-tunnelling spectroscopy 

A magneto-cryostat supplied by Cryogenic Ltd was used to carry out low 

temperature transport measurements under a magnetic field (see sketch in Figure 

4.6a): the cryostat is enclosed by a stained steel outer shell. It contains an outer 

vacuum chamber (OVC) kept at a temperature T = 77 K by liquid nitrogen (L-

N2) that is inserted via cold traps to limit the liquid helium consumption. The 

main bath is filled with liquid helium (L-He) at T = 4.2 K. The cryostat core 

contains a superconducting magnet consisting of two coils, an inner section 
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Figure 4.5: Sketch of the experimental setup used to acquire the I-V 

characteristic of the p-i-n RTDs at 10 K < T < 300 K. 

 

wound from a niobium-tin (Nb3Sn) wire and an outer section consisting of a 

niobium-titanium (NbTi) wire. An inner vacuum chamber (IVC) enables 

isolation from the external environment by an airlock and the insertion of the 

sample via a probe. The airlock allows to warm up the sample at the He-

atmosphere, to prevent condensation. Vacuum insulation enables to cool the 

sample space down to T = 2 K. A variable temperature inset (VTI) enables to 

control the temperature of the sample space with a heater (not shown) in the 

range T = 2 - 250 K. 

At T = 4.2 K, the coils are superconducting and support currents up to 100 

A, thus enabling to achieve magnetic fields, B, up to 14 T. The sample probe 

reaches the centre of the magnets, thus minimizing the fluctuations of the 
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magnetic field lines. For our experiments, we used a probe whose end can be 

rotated by an arbitrary angle, θ, with respect to the applied magnetic field (see 

sketch in Figure 4.6b). As extreme cases, the flow of the current, I, through the 

device can be set both parallel (θ = 0° or B = B//) or perpendicular (θ = 90° or B 

= B⊥) to the magnetic field. 

 

Figure 4.6: (a) Sketch of the cryostat used for MTS studies. (b) Sketch of the 

different magnetic field geometries, with the magnetic field applied parallel (//), 

perpendicular (⊥) or tilted relative to the current flow, I, in the device. 
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4.3 Experimental techniques: optical studies 

4.3.1 Raman spectroscopy 

The Raman spectroscopy measurements were carried out using a 

LabRAM HR-UV spectrometer equipped with a confocal microscope that 

provides high wavelength resolution down to Δλ = 10-2 nm. The system, whose 

schematic diagram is reported in Figure 4.7, comprises of the following main 

components: 

• Optical microscope: this component is used for imaging and has 3 

objectives providing 10×, 50× and 100× magnification. The objectives have 

focal length f = 18, 3.6, 1.8 mm and numerical aperture NA = 0.25, 0.55, 0.8, 

respectively. 

• Spectrometer: the Raman signal is dispersed by a grating (1200 g/mm) 

and detected by a Si-charged coupled device (CCD) array photodiode, which 

covers the UV-visible wavelength range λ = 350-800 nm. 

• Optics: this comprises of mirrors, a beam splitter and filters, used to 

direct the laser beam from the laser source (He-Ne at λ = 633 nm or a frequency 

 

Figure 4.7: Schematic diagram of the LabRAM HR-UV spectrometer[168]. 
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doubled Nd:YVO4 laser at λ = 532 nm) to the sample and to collect the light 

from the sample to the detectors. 

• XY/Z motorized stage: this component can be moved with a spatial 

resolution of 0.1 µm along the X, Y and Z directions. This component also 

enables the spatial mapping of the Raman signal coming from the sample by 

moving the stage point by point with respect to the laser beam. 

The schematic diagram of a confocal microscope is shown in Figure 4.8. 

The laser beam is focused by an objective to a nearly diffraction-limited spot on 

the sample surface. The photo-excited light from the sample is collected by the 

same objective and sent to a detector with an adjustable pinhole aperture. In this 

  

Figure 4.8: Schematic diagram of a confocal microscope, showing the light 

source, the pinhole apertures, the beam splitter, the objective, the sample and 

the detector. 
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Figure 4.9 Experimental setup for Raman spectroscopy measurements, showing 

the microscope, the motorized stage, the sample and the focused laser beam. 

 

way, only the light emitted from the spot can pass through the pinhole, which 

acts to block the light from outside the spot or off the focal plane. 

The experimental setup for Raman spectroscopy measurements is shown 

in Figure 4.9. The laser beam is focused onto the sample by the 100× objective. 

Using the Rayleigh criterion, the diameter of the spot is given by dR = 1.22 × λ/ 

NA, where NA = (n sinθ ) is the numerical aperture of the objective, n is the 

refractive index of the medium between the lens and the focal plane, and θ is 

the half angle between the marginal converging rays of the light cone. For NA = 

0.9, the beam diameter is dR = 0.86 µm for λ = 633 nm, and dR = 0.72 µm for λ 

= 532 nm. This values give the spatial resolution of the confocal microscope. 

This can be limited by the size of the pinhole. The pinhole aperture should be 

small enough to ensure high spatial resolution but at the same time large enough 

to enable sufficient light to be directed into the detector. 
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4.3.2 Reflectance spectroscopy 

The reflectance spectroscopy studies were carried out by myself at the 

Université de Montpellier. The experimental setup is shown in Figure 4.10. It 

consists of a Globar light source, a polarizer, a KBr beam splitter, and a 

Hyperion 3000 microscope coupled to a Vertex 70 FTIR Fourier Transform 

Infrared (FTIR) spectrometer. The reflectance spectra were acquired in two 

different configurations. 

In the Brewster configuration (Figure 4.11) the p-polarized light is 

incident at an angle 𝜃𝜃𝑖𝑖  = 60° to the normal to the surface of the sample, and the 

reflected beam is detected by a deuterated triglycine sulfate (DTGS) detector. 

In the attenuated total reflection (ATR) configuration (Figure 4.12) a 20× 

objective is used to focus the light beam through a Ge prism to a diameter d ~ 

100 µm; light impinges on the sample at angles of incidence, 𝜃𝜃𝑖𝑖  , ranging from 

9.8° to 23.6°. The light undergoes total internal reflection at the interface of Ge 

(refractive index nGe = 4) with air (nair = 1) for angles 𝜃𝜃𝑖𝑖 higher than the critical 

angle, 𝜃𝜃𝑐𝑐 = sin−1(𝑛𝑛𝑎𝑎𝑎𝑎𝑎𝑎 𝑛𝑛𝐺𝐺𝐺𝐺⁄ ) ~ 14.5°, thus generating evanescent waves. In

 

Figure 4.10: Experimental setup for reflectance spectroscopy, showing the light 

source, the Brewster and ATR setups, the microscope, the spectrometer and the 

detectors. 
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Figure 4.11: (a) Brewster setup: the white dashed line represent the light path 

from the polarizer, between the mirrors and up to the detector area. (b) Sketch 

of the Brewster configuration, with p-polarized light incident at an angle θi to 

the normal to the surface. 

 

Figure 4.12: (a) ATR setup: the zoom shows the ATR objective and crystal 

attached to the microscope. (b) Sketch of the ATR configuration: light from a 

Ge prism undergoes total internal reflection at the interface with air at angles 

higher that the critical angle θc . 
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turn, these excite a surface plasmon polariton (SPP) mode. The reflected light 

beam is detected using a mercury cadmium telluride (MCT) detector. It should 

be noted that the light excitation in the ATR setup occurs in the so-called Otto 

configuration[149], i.e. with a thin air gap between the Ge prism and the sample 

surface, due to a natural mis-orientation of the substrate or by using a controlled 

wedge. It is also possible to acquire spatial maps of the ATR signal: these are 

obtained by using a 15× objective, a focal planar array (FPA) with a spatial 

resolution of 2.5 µm at a wavelength λ = 2.5 µm, and by integrating the 

reflectance intensity variation with respect to a base line. 

4.3.3 Electroluminescence (EL) spectroscopy 

The electroluminescence (EL) spectroscopy measurements were carried 

out by myself at Lancaster University. Electroluminescence experiments enable 

the study of the recombination of electron-hole pairs that are electrically injected 

in a semiconductor, as sketched in Figure 4.13 for our p-i-n RTDs. 

The experimental setup is sketched in Figure 4.14. The samples are 

mounted onto a cold finger placed inside an Oxford Instruments cryostat, which 

comprises of two chambers. The inner chamber, where the sample lies, is 

evacuated to 10-1 mbar using a rotatory pump and then back-filled with helium 

gas in order to enable heat transfer and cooling to a temperature down to T ~ 6 

K. The outer chamber is held under vacuum at a pressure of 10-2 mbar 

throughout the cooling process using the rotatory pump for isolation from the 

external environment. A diaphragm pump is used to transfer the liquid helium 

from the dewar via the transfer arm into the cryostat. The temperature of the 

sample can be adjusted using a temperature controller, which regulates the 

heaters inside the cryostat; a Si diode placed next to the sample allows a more 
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accurate estimate of the temperature in the sample space. This enabled us to 

perform temperature studies between 6 K and 300 K. We measure the current-

voltage (I-V) characteristic of the RTD at 6 K < T < 300 K by using a DC voltage 

source, as explained in Section 4.2.1. 

The current injected into the device is provided by an Agilent 8114A 

pulse generator using a 1 kHz pulse frequency with a 50% duty cycle, which is 

synchronized with a Stanford Research Systems SR810 DSP lock-in amplifier. 

We estimate the current flowing in our device, 𝐼𝐼, by measuring the current 

flowing across an external load (𝑅𝑅𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙) connected to a Tektronix TDS 210 

oscilloscope. By measuring the voltage drop across the load (𝑉𝑉𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙), we estimate 

𝐼𝐼 = 𝑉𝑉𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑅𝑅𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙⁄ . From the 𝐼𝐼 − 𝑉𝑉 curve acquired at each temperature for our 

device (see Section 4.2.1) we then estimate the voltage drop, 𝑉𝑉, across the diode. 

 

Figure 4.13: Sketch of the energy band diagram of our p-i-n RTDs and its 

electroluminescence: electrons and holes are electrically injected into the 

semiconductor from the n- and p- sides of the structure, respectively; the 

electron-hole pair then recombines in the intrinsic (i) region, emitting a photon 

of energy hν. 
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Figure 4.14: Sketch of the experimental setup used for the electroluminescence 

(EL) studies. 

 

The light emitted from the sample is collected through a CaF2 lens and 

focused into a Bruker Vertex 70 Fourier Transform Infrared (FTIR) 

spectrometer. Here the beam is collimated and directed onto a KBr beam splitter. 

A set of mirrors constitutes the internal interferometer and enables to scan the 

interference beam for different wavelengths. The spectral response is calculated 

by processing the obtained interferogram using a Fourier transform. One of the 

main advantages of FTIR spectroscopy with respect to dispersive 

monochromators is that the entire spectrum is measured in a single scan as a 

function of time, while a normal grating only measures over a narrow range of 

wavelengths at a time, collecting a small fraction of the signal for each 

wavelength. The signal is detected by an InSb detector cooled down to 77 K by 

using liquid nitrogen, amplified by the lock-in amplifier, sent back to the FTIR 

and processed by an OPUS software. 
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4.4 Experimental techniques: topographical studies 

4.4.1 Scanning electron microscopy (SEM) 

A JEOL JSM-7100F field emission gun-SEM (FEG-SEM) (Figure 4.15) 

was used to investigate the samples in this study. A schematic diagram of an 

SEM is shown in Figure 4.16. The FEG electron source is a thermal Schottky-

type emitter in which a tungsten tip is coated with zirconium oxide giving 

enhanced thermionic emission to produce a beam with a smaller diameter, a 

current with a greater density and higher brightness compared to conventional 

thermionic emitters (such as a simple tungsten hairpin filament). The beam is 

accelerated down the column typically with an accelerating voltage of 15kV and 

is then demagnified by a series of electromagnetic lenses whilst the condenser

 

Figure 4.15: Diagram of a JEOL JSM-7100 FEGSEM (adapted from [169]). 
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Figure 4.16: Schematic diagram of the main components of an SEM. 

 

apertures help to eliminate high-angle electrons from the beam. The first 

condenser lens forms the beam and limits the current (“coarse control”), while 

the second condenser lens makes the beam narrower and coherent (“fine 

control”). A current measuring terminal with a probe current detector (PCD) 

enables the measure of the electron beam current that the specimen is exposed 

to; this value can be controlled by changing the objective lens aperture and/or 

the microscope’s spot size control, according to the desired type of imaging or 

analysis. For example, the objective aperture can be set to a diameter d = 30, 50, 

70 and 110 µm. Finally, the objective lens focuses the beam into a small probe, 

which is scanned across the specimen surface to create an image. 
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The interaction of the electron beam with the specimen induces the 

emission of secondary electrons, which are collected by a detector for secondary 

electron imaging (SEI). Upon the interaction of the electron beam with the 

sample, high energy back-scattered electrons (BSE), Auger electrons and 

characteristic X-ray radiation are also produced. This radiation can be detected 

and is commonly used to study the elemental composition or crystallographic 

structure of specimens. 

High vacuum conditions (< 10-6 Pa) in the microscope column and 

specimen chamber are achieved by using a turbomolecular pumping system. 

These conditions are required to enable a long mean free path for electrons, 

eliminate electrical discharge around the field emitter area, preserve the filament 

from burning while the accelerating voltage is operational, and reduce 

contaminations. 

The 7100F enables a magnification of > ×500,000 and has a spatial 

resolution of 1.2 nm and 3.0 nm for an accelerating voltage V = 30 kV and 1 kV, 

respectively. The spatial resolution depends on the electron spot size, which is 

controlled by condenser lenses, as well as the objective aperture size and the 

accelerating voltage. The surface topography of our epilayers at different points 

was imaged by moving the sample with respect to the electron beam with a 

motorized stage along the plane (XY) or perpendicular to it (Z). The sample 

support can also be rotated in the plane or tilted. 

The 7100F also enables the direct observation of the specimen surface at 

a controlled temperature up to 950 °C. For this purpose, the sample is mounted 

on a Murano 525 Gatan in situ heating stage, shown in Figure 4.17. The 

transferable carriage assembly is coupled with mating electrical contact pins for 

a heater and a temperature sensor. The sample is mounted on a consumable 
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semiconductor hotplate made of silicon by using a high temperature carbon 

paste. The silicon hotplate is in turn located on a ceramic block support. A power 

booster provides power up to 20 W, while the temperature of the hotplate is 

controlled by a USB temperature controller, which displays the temperature of 

a thermocouple that is contacted with the rear of the hotplate. The cooling of the 

system is realized by a water recirculating system[170].  

 

Figure 4.17: Murano 525 Gatan in situ heating stage: transferable carriage 

assembly. 

4.4.2 Atomic force microscopy (AFM) 

A MFP-3D atomic force microscope was used to study the surface 

morphology of the In(AsN) and In(AsN):H epilayers. The system enables a sub-

angstrom resolution along the Z direction (depth) and nanometre resolution 

along the XY plane. 

A schematic diagram of the AFM is shown in Figure 4.18: it consists of a 

low spring constant cantilever with a sharp tip, an IR laser and a four-quadrant-

photodiode used as a deflection sensor. The tip of the cantilever is situated close 

to the sample surface, thus responding to the short range repulsive forces (~ 10 

nN) between the tip and the sample surface during the scanning process. The 
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laser is focused onto the back side of the cantilever and reflected onto the 

photodiode, which measures the deflection or oscillation amplitude. A feedback 

controlled piezo enables to correct these deflections to a constant value by 

triggering the cantilever in the Z direction. The feedback voltage from the piezo 

is correlated to a voltage-distance calibration factor, thus enabling the 

determination of the morphology at a given XY position on the surface. The 

advantage of AFM is to display the surface coordinates in all three directions 

without the limitation given by light diffraction in optical microscopes. In order 

to assess the topographical quality of the surface, the AFM was operated in the 

non-contact tapping mode. 

 

Figure 4.18: Schematic diagram of an atomic force microscope (AFM). 
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Chapter 5 

Mid-infrared plasmonics in highly H-doped In(AsN) 

 

This chapter demonstrates that mid-infrared (MIR) surface plasmon 

polariton (SPP) modes can be excited in highly H-doped In(AsN) epilayers. 

Post-growth hydrogenation of In(AsN) creates a highly conducting channel near 

the surface, whose optical excitation creates a SPP mode detected by reflectance 

techniques. The plasmonic response of In(AsN):H can be spatially tailored and 

suppressed by photo-annealing with a focused laser beam, which contributes to 

dissociate the N-H donor complex. 

The sample layer composition and growth conditions were described in 

Section 4.1.1. The reflectance measurements were performed by myself at 

Université de Montpellier; the Raman spectroscopy studies were performed by 

myself at University of Nottingham. The experimental setup used for these 

measurements was described in Sections 4.3.1 (Raman spectroscopy), 4.3.2 

(reflectance spectroscopy), and 4.4.2 (atomic force microscopy). These results 

were published in Advanced Optical Materials 6, 1700492 (2018)[166]. 

5.1 Introduction 

The field of plasmonics has rapidly grown in recent years and is a focus 

of research in photonics. It focuses on the interaction between electromagnetic 

waves and charge carriers and the resulting plasmonic resonances[149]. It is 

crucial to achieve high carrier densities in order to obtain detectable plasmonic 
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effects. For this reason, metals have traditionally been exploited for this purpose. 

The exploitation of metallic compounds enables the coupling with 

electromagnetic radiation in the visible-UV spectral range[151]. However, the 

mid-infrared (MIR) spectral range is still challenging[163] and requires novel 

materials and cost-effective methods for the fabrication and implementation in 

several applications, such as security, environmental control, pharmaceuticals, 

etc. For this reason, there is currently an active research path aimed at finding 

novel low-loss plasmonic materials[156]. Within this context, highly doped 

semiconductors (HDSCs) have attracted increasing attention[150, 157, 158]. 

Semiconductors offer high flexibility in tuning the plasmonic response by 

controlling the carrier density with doping, additionally to the geometrical 

patterning of the plasmonic grating. The lower carrier densities can be tuned to 

achieve plasma frequencies in the MIR spectral range. The non-trivial task of 

achieving high doping levels and maintaining a high crystal quality in 

semiconductors has encouraged the search of novel solutions to the problem[150]. 

5.2 Reflectance spectroscopy of surface plasmon polaritons 

For these studies, we used hydrogenated In(AsN) epilayers with thickness 

t = 0.3 µm (1 µm) and N-content [N] = 1% (1.1%) grown by molecular-beam-

epitaxy (MBE) on a GaAs substrate. The reflectance spectra on the In(AsN):H 

epilayers were acquired in the Brewster and the ATR configuration, as described 

in Section 4.3.2. 

Figure 5.1a shows the reflectance spectrum acquired in the Brewster 

configuration. The spectrum (solid black curve) shows a dip due to a Brewster 

mode[162], which we model using a transfer matrix formalism (TMF) (dashed 

black curve in Figure 5.1a). For this model, we consider p-polarized light 
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impinging from air on a sequence of an In(AsN):H layer, a non-hydrogenated 

In(AsN) layer, and a semi-infinite nominally undoped GaAs substrate. We 

assume dielectric functions in the high frequency limit for air (𝜀𝜀1 = 𝜀𝜀1∞= 1), 

In(AsN) (𝜀𝜀2∞= 12), and GaAs (𝜀𝜀3 = 𝜀𝜀3∞= 10.89). As presented in Section 4.1.1, 

the hydrogenation conditions used for our samples enable the penetration of H 

for a depth tH = 0.1 µm below the surface. The phononic and plasmonic 

contributions to the dielectric function of an In(AsN):H layer of thickness tH are 

modelled as: 

 𝜀𝜀2�𝜔𝜔, 𝑔𝑔, 𝜔𝜔𝑝𝑝� = 𝜀𝜀2∞ �𝜔𝜔𝐿𝐿𝐿𝐿
2 −𝜔𝜔2−𝑖𝑖𝑖𝑖𝑖𝑖

𝜔𝜔𝑇𝑇𝑇𝑇
2 −𝜔𝜔2−𝑖𝑖𝑖𝑖𝑖𝑖

− 𝜔𝜔𝑝𝑝
2

𝜔𝜔2+𝑖𝑖𝑖𝑖𝑖𝑖
� ,                     (5.1) 

where ωTO = 218 cm-1 and ωLO = 239 cm-1
 are the frequencies of the transverse 

optical (TO) and longitudinal optical (LO) phonons, respectively, and γ = 2.4 

cm-1 is the phonon broadening. The values of the plasma broadening, g = 90 cm-

1, and of the plasma frequency, ωp = 985 cm-1, are estimated from the fit to the 

data. Similar values are obtained for In(AsN):H epilayers with different 

thickness t (see Table 1). The values of ωp correspond to electron densities ne = 

8×1018 cm-3 (t = 0.3 µm) and 9×1018 cm-3 (t = 1 µm). Non-parabolic effects on 

the first derivative electron mass, 𝑚𝑚𝑒𝑒
∗ = ħ2𝑘𝑘/[𝑑𝑑𝑑𝑑(𝑘𝑘)/𝑑𝑑𝑑𝑑], due to the electron 

density are accounted for by modelling the electron energy dispersion as 

𝜀𝜀(𝑘𝑘)[1 + 𝛼𝛼𝛼𝛼(𝑘𝑘)] = ħ2𝑘𝑘2/𝑚𝑚0
∗ , where 𝛼𝛼 = 2 eV-1, 𝑚𝑚0

∗  = 0.025 𝑚𝑚0 at 𝑘𝑘 = 0, and 

𝑚𝑚0 is the electron mass in vacuum[171]. The difference in electron density is 

attributed to the ~10% difference in the N-content in the two samples. These 

electron densities are also significantly larger than those in as-grown In(AsN) 

(ne ~ 1017 cm-3)[97, 172]. 
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Table 1. Frequencies of the plasma (𝜔𝜔𝑝𝑝) and of the surface plasmon polariton 

(𝜔𝜔𝑠𝑠𝑠𝑠𝑠𝑠) modes in In(AsN):H epilayers. The value of 𝜔𝜔𝑝𝑝 is estimated by fitting 

the reflectance spectra in the Brewster configuration (a) and from the Raman 

shift of the 𝐿𝐿𝑏𝑏
+ mode (b); 𝜔𝜔𝑠𝑠𝑠𝑠𝑠𝑠 is obtained from the ATR spectra (c) and from 

our calculations (d). 

Sample 
𝜔𝜔𝑝𝑝

a)
 

[cm-1] 
𝜔𝜔𝑝𝑝

b)
 

[cm-1] 
𝜔𝜔𝑠𝑠𝑠𝑠𝑠𝑠

c)
 

[cm-1] 
𝜔𝜔𝑠𝑠𝑠𝑠𝑠𝑠

d)
 

[cm-1] 

t = 0.3 µm 985 975 890-950 930 

t = 1 µm 1050 1030 970-1000 990 

 

 

Figure 5.1: (a) Reflectance spectra for the In(AsN):H sample with epilayer 

thickness t = 0.3 µm and hydrogenated layer thickness tH = 0.1 µm in the 

Brewster (solid black line) and ATR (solid red line) configuration. The dashed 

curves represent the spectra as modelled with a transfer matrix formalism. (b) 

Simulations of reflectance spectra in the ATR configuration for different carrier 

densities, ne. For clarity, the spectra are shifted along the vertical axis relative 

to the curve at ne = 1×1018 cm-3 (blue curve). 
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The reflectance spectrum acquired in the ATR configuration shows a dip 

at frequency ωspp ~ 900 cm-1 corresponding to the SPP mode (solid red curve in 

Figure 5.1a). In Figure 5.1b we show simulations of the reflectance spectra in 

the ATR configuration for different carrier densities, ne. The frequency ωspp of 

the measured SPP mode is reproduced by the simulations for ne = 9×1018 cm-3. 

Decreasing ne causes a red-shift and weakening of the SPP mode. In particular, 

for carrier densities comparable to those observed in as-grown In(AsN) (ne  ~ 

1017 cm-3)[97, 172], the reflectance spectrum shows no resonance, as also observed 

experimentally. 

The ATR spectra were acquired at different positions, separated by 100 

µm or 1 mm (see the Insets in Figure 5.2a-b, respectively). In Figure 5.2, we 

plot the signal as ATR = −log (𝐼𝐼𝑅𝑅 𝐼𝐼𝐼𝐼⁄ ), where 𝐼𝐼𝑅𝑅 and 𝐼𝐼𝐼𝐼 are the intensities of the 

reflected and incident light beam, respectively. We observe that the frequency 

of the SPP resonance peak is non-homogenous over length scales of ~ 1 mm 

(Figure 5.2b). This variation is likely to be caused by the inhomogeneity of the 

as-grown material[102]. We assess the large-scale non-uniformity of as-grown 

In(AsN) by Raman spectroscopy. The Raman maps in Figure 5.3a reveal a non- 

 

Figure 5.2: ATR spectra at positions separated by 0.1 mm (a) and 1 mm (b) for 

the In(AsN):H sample with thickness t = 0.3 µm. 
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Figure 5.3: (a) Raman maps of the integrated intensity of the TO and LO 

phonons on as-grown In(AsN) (t = 0.3 µm). The maps are acquired in the 

spectral range 200-260 cm-1 over the areas A-G, separated by a distance of 1 

mm. Inset: representative Raman spectrum showing the TO, L- and LO modes. 

(b) Representative Raman spectra normalized to the LO phonon intensity. The 

spectra are acquired at positions B and D. 

 

uniform intensity of the Raman signal in the frequency range of the TO and LO 

phonons (Inset of Figure 5.3a). This non-uniformity is accompanied by changes 

in the relative intensity of the TO (𝐼𝐼𝑇𝑇𝑇𝑇), L- (𝐼𝐼−) and LO (𝐼𝐼𝐿𝐿𝐿𝐿) modes. The TO 

and L- modes are forbidden in the back-scattering configuration and thus 

disorder-activated[173, 174]. As shown in Figure 5.3b, the intensity ratios 𝐼𝐼𝑇𝑇𝑇𝑇/𝐼𝐼𝐿𝐿𝐿𝐿 

and  𝐼𝐼−/𝐼𝐼𝐿𝐿𝐿𝐿 change by ~ 10% over a 2 mm distance, indicating a large-scale 

non-uniformity of as-grown In(AsN), as also assessed by other techniques[102]. 

The non-homogeneous N-content and defects in In(AsN) may thus induce a 

non-uniform hydrogen incorporation. However, as mentioned in Section 4.1.1, 

we note that the hydrogenation process is uniform: the standard deviation of the 
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H-beam Gaussian profile (𝜎𝜎 ∼ 2.5 cm) is much larger than the sample size (~ 

0.4 cm). Plasmonic devices can be still developed on length scales where these 

variations are small (< 100 µm, Figure 5.2a). We measure values of ωspp ranging 

from 890 to 950 cm-1 (970-1000 cm-1) for t = 0.3 µm (t = 1 µm). These are 

smaller than ωp and match well those obtained by modelling the SPP dispersion 

for a single interface between air (ε1 = 1) and the In(AsN):H epilayer 

� 𝜀𝜀2(𝜔𝜔) = 𝜀𝜀2∞ − 𝜔𝜔𝑝𝑝
2

(𝜔𝜔2+𝑖𝑖𝑖𝑖𝑖𝑖) �, see dashed red curve in Figure 5.1a and the 

corresponding values in Table 1. 

As further explained in Section 3.2, the dispersion of the SPP mode is 

given by 

𝜔𝜔 = 𝑐𝑐𝑘𝑘//�[𝜀𝜀1+𝜀𝜀2(𝜔𝜔)]
𝜀𝜀1𝜀𝜀2(𝜔𝜔)

 ,                                        (5.2) 

where c is the speed of light in vacuum and 𝑘𝑘// is the component of the 

 

Figure 5.4: Dispersion for the SPP mode with broadening g = 0 (dashed black 

curve) and g = 90 cm-1 (solid black curve). The straight lines represent 

dispersions of the light cones from the Ge prism at θ = θc = 14.5° (red line) and 

θ = 17° (blue line). The plasma (orange dot) and surface plasmon (green dot) 

frequencies are also shown at = 0. 
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wavevector parallel to the interface[149]. Figure 5.4 shows the dispersion 

calculated for negligible plasma broadening, g = 0 (dashed black curve), and 

finite plasma broadening, g = 90 cm-1 (solid black curve). As indicated in Figure 

5.4, the SPP resonance can be excited if light from the Ge prism is incident at 

angles 14.5° < θ < 17°, consistent with the requirement for total internal 

reflection. 

As introduced in Section 4.3.2, an air gap between the Ge prism and the 

In(AsN):H layer is required to achieve total internal reflection and thus observe 

the SPP mode in the so-called Otto configuration[149]. This can occur due to the 

natural tilting of the sample or can be induced intentionally. Figure 5.5a shows 

a colour map of the integral of the reflectance intensity in the spectral range of 

the SPP mode. This reveals an intensity gradient, thus suggesting a natural tilting 

of the surface and the existence of an air gap between the Ge prism and the 

In(AsN):H epilayer. The blue areas in the colour map correspond to regions with 

a larger air gap, thus leading to total internal reflection and the SPP resonance 

(Figure 5.5b). We estimate a small tilting of the surface at an angle φ * ~ 0.5°. 

This corresponds to an air gap tair of up to ~ 0.9 µm, consistent with the value 

obtained from the simulation of the ATR spectrum in Figure 5.1a (tair = 1 µm, 

dashed red curve). We estimate the natural tilting of the epilayer by performing 

the ATR studies for different tilted angles of the sample relative to the horizontal 

support, i.e. φ = 0°,  ±1°, etc (see sketch in Figure 5.5c). Since in both the φ = 

0° and φ = - 1° configurations the ATR spectra are the same, by taking into 

account that the Ge prism has a cylindrical symmetry, we deduce that the natural 

tilting of the epilayer is φ∗ ~ 0.5°. From the diameter of the contact zone of the 

Ge prism, dGe = 100 µm, we thus estimate an air gap of up to ~ 0.9 µm. 



Chapter 5: Mid-infrared plasmonics in highly H-doped In(AsN) 

75 
 

 

Figure 5.5: (a) Integrated intensity of the reflectance signal from 950 cm-1 to 

1150 cm-1 for the In(AsN):H sample with thickness t = 1 µm. (b) Reflectance 

spectra in the ATR configuration acquired along the white arrow in the colour 

map. (c) Sketch of the modified ATR setup: the sample is tilted by an angle φ 

relative to the horizontal support. This creates an air gap between the Ge prism 

and the In(AsN):H epilayer. d) ATR spectra at various angles φ = 0°- 3°. 

 

To probe further the role of this air gap, the ATR spectra were acquired 

for different tilted angles φ = 0°- 3° of the In(AsN):H epilayer relative to the 

horizontal support of the sample (Figure 5.5c-d): the SPP resonance tends to 

weaken and to blue-shift with increasing φ. We attribute this behaviour to the 

increase of the air gap with φ , thus leading to the exponential decay of the 

evanescent wave and a modified SPP ω -  dispersion. 
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5.3 Raman spectroscopy of plasma modes 

Further insights into the plasmonic effects were inferred from Raman 

spectroscopy studies. These were performed in the back-scattering 

configuration with incident light of wavelength λ = 633 nm and power P ~ 1mW. 

In Figure 5.6a, left panel, the comparison of the Raman spectrum of In(AsN) 

(blue curve) with that of In(AsN):H (red curve) evidences a broad feature 𝐿𝐿𝑠𝑠
−  

(𝜔𝜔𝑠𝑠
− = 232 cm-1) between the TO (𝜔𝜔𝑇𝑇𝑇𝑇 = 218 cm-1) and LO (𝜔𝜔𝐿𝐿𝐿𝐿 = 239 cm-1) 

phonon frequencies. This feature weakens upon H-incorporation. The same 

comparison also shows the insurgence of a phonon-plasmon coupled mode, 𝐿𝐿𝑏𝑏
+, 

centred at 975 cm-1, in the Raman spectrum of In(AsN):H (red curve in Figure 

5.6a, right panel). 

The frequencies of the phonon-plasmon coupled modes, 𝐿𝐿𝑏𝑏
±, for bulk 

In(AsN):H and in the limit of wavevector k ≈ 0 are shown in Figure 5.7a and are 

given by[175]: 

𝜔𝜔𝑏𝑏
± = 1

√2
��𝜔𝜔𝑝𝑝

2 + 𝜔𝜔𝐿𝐿𝐿𝐿
2 � ± ��𝜔𝜔𝑝𝑝

2 + 𝜔𝜔𝐿𝐿𝐿𝐿
2 �

2
− 4𝜔𝜔𝑝𝑝

2𝜔𝜔𝑇𝑇𝑇𝑇
2  .             (5.3) 

The position of the 𝐿𝐿𝑏𝑏
+ mode, which has a strong dependence on ne , corresponds 

to a plasma frequency consistent with that estimated from the reflectance spectra 

in the Brewster configuration (see Table 1). The Raman shift of the 

corresponding 𝐿𝐿𝑏𝑏
− mode is expected to coincide with that of the TO mode (𝜔𝜔𝑏𝑏

−= 

218 cm-1) at  𝑛𝑛𝑒𝑒~1019 cm-3. 

As regards the 𝐿𝐿𝑠𝑠
− mode, it is well known that a two-dimensional (2D) 

surface accumulation layer forms in InAs[133, 176] and In(AsN)[172]. This enables 

a coupling with the unscreened LO phonon and involves scattering at high 
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Figure 5.6: a) Raman spectra showing the 𝐿𝐿𝑏𝑏
−, 𝐿𝐿𝑆𝑆

−, LO (left panel) and 𝐿𝐿𝑏𝑏
+ (right 

panel) modes in In(AsN) (blue curve) and In(AsN):H (red curve). b) Raman 

spectra showing the 𝐿𝐿𝑏𝑏
−, 𝐿𝐿𝑆𝑆

−, LO (left panel) and 𝐿𝐿𝑏𝑏
+ (right panel) modes in 

In(AsN):H before (red curve) and after (green curve) laser annealing. Inset: 

sketch of the dissociation of the N-H bond due to laser excitation. c) Left: map 

of the 𝐿𝐿𝑏𝑏
+ intensity after laser annealing of three different spots, and profile of 

the 𝐿𝐿𝑏𝑏
+ intensity along the white dashed line: dots connected by black dashed 

lines are the data, the continuous red curve is the Gaussian fit to the data. Right: 

temperature increase, ∆T, for laser impinging power P = 10 mW (black line) 

and normalized intensity of the laser beam, I/I0 , (blue line) versus position x. 
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Figure 5.7: (a) Frequency of the phonon-plasmon coupled modes, 𝐿𝐿𝑏𝑏
± (red 

curves) and 𝐿𝐿𝑠𝑠
− (blue curve), as a function of the electron density ne in 

In(AsN):H. Here b and s stand for bulk and surface, respectively. The black 

horizontal dashed lines represent the TO and LO phonons, while the dashed 

black curve represents the plasmon dispersion. (b) Frequency of the L– mode, 

𝜔𝜔−, (solid blue line) as a function of wavevector k, between the LO and TO 

phonons (horizontal dashed black lines). Inset: sketch of the 2D accumulation 

layer of thickness ls at the surface of a bulk In(AsN):H layer of thickness lb . 
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mode, 𝐿𝐿𝑠𝑠
−, can be at a frequency intermediate between 𝜔𝜔𝑇𝑇𝑇𝑇 and 𝜔𝜔𝐿𝐿𝐿𝐿

[173, 174, 177] 

(Figure 5.7b). We model the modification of the 𝜔𝜔− dispersion as (Figure 5.7b): 

𝜔𝜔− = �𝜔𝜔𝑇𝑇𝑇𝑇
2 + (𝜔𝜔𝐿𝐿𝐿𝐿

2 −𝜔𝜔𝑇𝑇𝑇𝑇
2 )

𝜀𝜀(𝑘𝑘,𝜔𝜔)
  ,                                     (5.4) 

where ε(k,ω) is the frequency and wavevector dependent dielectric function[177]. 

Given that 𝜔𝜔𝑝𝑝 >> 𝜔𝜔𝐿𝐿𝐿𝐿, we use the static value of the dielectric function: 

𝜀𝜀(𝑘𝑘, 0) = 1 + 𝑘𝑘𝑠𝑠
2

𝑘𝑘2 �0.5 + 𝑘𝑘𝐹𝐹
2𝑘𝑘

�1 − 𝑘𝑘2

4𝑘𝑘𝐹𝐹
2� 𝑙𝑙𝑙𝑙 ��𝑘𝑘+2𝑘𝑘𝐹𝐹

𝑘𝑘−2𝑘𝑘𝐹𝐹
��� ,             (5.5) 

where 𝑘𝑘𝐹𝐹 = (3𝜋𝜋2𝑛𝑛𝑒𝑒)1/3 ~ 6×108 m-1 is the Fermi radius of the filled sphere in 

the conduction band and 𝑘𝑘𝑆𝑆 = � 𝑘𝑘𝐹𝐹𝑚𝑚𝑒𝑒
∗ 𝑒𝑒2

𝜋𝜋2ħ2𝜀𝜀𝑟𝑟𝜀𝜀0
 ~ 3×108 m-1 is the Thomas-Fermi 

screening wavevector[177]. From the calculated dispersion, we estimate that the 

measured position of the 𝐿𝐿𝑠𝑠
− mode corresponds to a surface accumulation layer 

with thickness ls ~ 2 nm. In summary, the Raman spectra reveal the “surface” 

𝐿𝐿𝑠𝑠
− mode at  𝜔𝜔𝑠𝑠

−= 232 cm-1, the “bulk” 𝐿𝐿𝑏𝑏
−  mode at 𝜔𝜔𝑏𝑏

−= 218 cm-1, and the 𝐿𝐿𝑏𝑏
+ 

mode at 𝜔𝜔𝑏𝑏
+ = 975 cm-1. 

5.4 Tuning plasma modes by laser annealing 

To study the tunability of plasmonic effects, the In(AsN):H samples were 

photo-annealed with a focused laser beam with λ = 633 nm (Inset in Figure 

5.6b). The light diffraction limit at this wavelength is given by the laser spot 

diameter d = 1.22 λ / NA ~ 1 µm, where NA (= 0.8) is the numerical aperture of 

our 100× objective. The annealing was performed at impinging powers up to P 

= 15 mW and exposure times τ  ≥ 300 s. As shown in Figure 5.6b, following the 

laser annealing the intensity of the 𝐿𝐿𝑠𝑠
− mode is almost fully restored to that of 

the In(AsN) sample (left panel) and the 𝐿𝐿𝑏𝑏
+ feature disappears (right panel). This 

suggests the dissociation of the N-H bond and the local removal of hydrogen 
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from the lattice (see Inset of Figure 5.6b, right panel), thus restoring locally the 

pristine conditions of as-grown In(AsN). 

Figure 5.6c (bottom left panel) shows the Raman map of the 𝐿𝐿𝑏𝑏
+  intensity 

over three different positions of the sample that are laser annealed. Three clear 

minima in the intensity are seen, thus confirming a local quenching of the 𝐿𝐿𝑏𝑏
+  

mode. We fit the intensity distribution of the 𝐿𝐿𝑏𝑏
+  mode over the annealed spots 

with a Gaussian profile of full-width-half-maximum (FWHM) ~ 2 µm (top left 

panel), which is larger than the light diffraction limit (~ 1 µm). This broadening 

is attributed to a thermal effect[178]: we estimate that the laser beam causes a 

temperature rise of up to ΔT = 140 K that extends over a sample region wider 

than the laser spot (Figure 5c, right panel). This large increase of T is reached at 

relatively low powers due to the high absorption coefficient (α ~ 107 m-1 at λ = 

633 nm) and low thermal conductivity (K = 27 W m-1 K-1 at T = 300 K) of 

In(AsN). See Appendix B for a more detailed calculation. 

We note that that the annealing conditions used in our experiment do not 

cause any topographic modification of the surface. Figure 5.8a shows atomic 

force microscopy (AFM) images of the In(AsN) layers before (left panel) and 

after (right panel) hydrogenation. The average surface roughness is similar (< 

10 nm) in both the as-grown and hydrogenated In(AsN). Here we focus on the 

effect of the laser annealing on the surface topography of (InAsN):H. For the 

range of laser powers (P up to 15 mW at λ = 633 nm) and exposure times (τ  up 

to 15 minutes) required to quench the 𝐿𝐿𝑏𝑏
+ mode, the annealing does not cause 

any surface damage (see spot A in Figure 5.8b-c and AFM z-profile in Figure 

5.8d). Topographic changes are induced for high laser power exposures, as 

shown for the laser annealed spot B in Figure 5.8b-c-d, produced using P = 50 
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Figure 5.8: (a) AFM images of as-grown (left) and hydrogenated (right) 

In(AsN). Insets: z-profiles along the white dashed lines. (b) Optical image of 

two spots A and B in In(AsN):H ) (t = 1 µm), laser annealed at powers P = 15 

mW (spot A) and 50 mW (spot B. (c-d) AFM image (c) and z-profile (d) of spots 

A and B. 

 

mW and τ  = 120 s: a “crater” is revealed in the optical and AFM images 

(Figures. 5.8b-c), and the AFM z-profile (Figure 5.8d). This corresponds to a 

temperature rise of up to ΔT > 880 K, due to the decrease in thermal conductivity 
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at higher T [179]. The estimated temperature rise is also close to the melting 

temperature of InAs, Tmelt = 940 °C. 

Therefore, hydrogen-implantation followed by laser writing at powers P 

up to 15 mW is a reproducible and non-destructive process that paves the way 

to patterning on a micrometric scale the plasmonic modes of In(AsN) via a 

modulation of the electron density. 

 

5.5 Summary 

In summary, we have demonstrated that the incorporation of hydrogen in 

the dilute nitride alloy In(AsN) with [N] = 1% induces a surface plasmon 

polariton (SPP) mode at frequencies ωspp ~ 900-1000 cm-1, which correspond to 

MIR wavelengths λ ~ 10 - 11 µm. We attribute the occurrence of this mode to 

the H-enhanced electron density. The N-atoms play a key role in the 

incorporation of hydrogen: they trap the H-atoms, whose small size and high 

diffusivity in the host crystal enables an increase in the electron density up to ne 

~ 1019 cm-3 near to the surface. A similar increase of carrier density could be 

achieved for different N-concentrations under appropriate hydrogenation 

conditions[30]. We demonstrated that plasmonic effects in In(AsN):H can be 

selectively suppressed on a micrometre scale by a local laser annealing. 

The dissociation of the N-H bond by laser writing offers a viable route to 

large-scale device fabrication and a means to pattern the electron density and 

plasmonic properties with micrometric resolution. The possibility to monitor the 

lateral size of the patterns, as well as the doping of the host crystal, could enable 

microscopic studies of plasmonic gratings and plasmonic phenomena near a 

surface, with potential for applications including detection of target gas 
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fingerprints and molecular sensing in the MIR range. Compared to the 

traditional doping of InAs during the growth, which requires wet chemical 

etching to realize plasmonic gratings, the post-growth H-doping of In(AsN) has 

potential for engineering plasmonic properties via selective hydrogen 

incorporation and/or removal by laser writing. 
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Chapter 6 

Dissociation of the N-H complex by electron beam 

annealing 

This chapter reports on preliminary studies of the effect of electron beam 

annealing on the dissociation of the N-H complex in the highly doped 

In(AsN):H semiconductor compound. These studies are conducted using the 

focused electron beam of a field emission gun-scanning electron microscope 

(FEG-SEM). The spatial distribution of the H-atoms and the surface 

morphology of the epilayers are probed by Raman spectroscopy and atomic 

force microscopy (AFM). 

The SEM imaging and the Raman spectroscopy studies were performed 

by myself at the University of Nottingham. The sample layer composition and 

growth conditions are described in Section 4.1.1. The experimental setup is 

described in Section 4.3.1 (Raman spectroscopy), Section 4.4.1 (SEM) and 

Section 4.4.2 (AFM). These results are in preparation for a journal publication. 

6.1 Electron beam annealing of In(AsN):H 

We have shown in Chapter 5 that the dissociation of the N-H complex by 

laser writing enables us to modify locally the electron density, ne, and, 

correspondingly, the plasmonic properties of In(AsN):H. However, this 

approach is limited by the diffraction limit of the laser source. Thus, it would be 

of great interest to develop a different method to control plasmonic properties 
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with nanometre spatial resolution. For example, as discussed in Section 4.4.1, a 

focused electron beam could achieve diffraction limits down to the nanometre 

scale, depending on the kinetic energy of the electrons. 

The In(AsN):H samples were exposed to the focused electron beam of a 

field emission gun-scanning electron microscope (FEG-SEM). In our initial 

studies, the exposure was performed at room temperature with an accelerating 

voltage Vacc = 20 kV, impinging electron current I = 28 nA, and exposure time 

τ = 5 min. In order to achieve such high values of the current, the objective 

aperture was set to d = 70 µm. Following the exposure, images of the annealed 

spot were acquired by using the same FEG-SEM. The SEM imaging studies 

were performed with an accelerating voltage Vacc = 15 kV and by reducing the 

objective aperture to d = 30 µm, in order to obtain a smaller impinging electron 

current, I < 0.2 nA, and thus to avoid additional modifications of the surface. 

The SEM image of a typical e-beam annealed spot is shown in Figure 

6.1a. A modification of the surface is clearly visible (see dashed white circle). 

To assess the nature of this modification, single spot Raman measurements were 

acquired at different positions. Representative Raman spectra are shown in 

Figures 6.1b-c and correspond to positions I, II and III, indicated by the white 

asterisks in Figure 6.1a. The spectra were acquired by using a laser of 

wavelength λ = 532 nm, power P = 1 mW and acquisition time τ = 45 s. The 

Raman spectra show that at the position of the e-beam annealed spot (II) the 

plasmonic Raman mode, 𝐿𝐿𝑏𝑏
+ , is quenched (Figure 6.1b), suggesting a local 

reduction of the electron density, ne. Also, the 𝐿𝐿𝑠𝑠
− mode becomes stronger than 

the 𝐿𝐿𝑏𝑏
− and the longitudinal optical (LO) phonon modes (Figure 6.1c). A similar 

behaviour is observed under laser annealing (see discussion in Sections 5.3-5.4). 
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Atomic force microscopy (AFM) studies were performed to evaluate the 

effect of the e-beam annealing on the surface topography. Figures 6.2a-b show 

the SEM (Figure 6.2a) and the AFM (Figure 6.2b) images of an e-beam annealed 

spot. No visible topographical modification is revealed, as shown by the AFM 

z-profile (Figure 6.2c) acquired along the dashed line in Figure 6.2b. This shows 

a similar average surface roughness (< 10 nm) in both the annealed and non-

annealed regions. Thus a non-destructive modification of the electron density of 

a post-growth highly doped semiconductor can be achieved by e-beam writing. 

This is assigned to the dissociation of the N-H complex by the electron beam. 

 

Figure 6.1: (a) SEM image of the sample region annealed with an e-beam 

(exposure: Vacc = 20 kV, I = 28 nA, τ = 5 min, T = 25 °C; imaging: Vacc = 15 

kV, I < 0.2 nA). (b-c) Single spot Raman spectra of the plasmonic 𝐿𝐿𝑏𝑏
+ (b) and 

the 𝐿𝐿𝑏𝑏
−, LO and 𝐿𝐿𝑠𝑠

− (c) Raman modes, acquired at positions I, II and III. 
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Figure 6.2: (a) SEM image of a region annealed with an e-beam (exposure: Vacc 

= 20 kV, I = 28 nA, τ = 5 min). (b) AFM image of the region around the e-beam 

annealed spot. (c) AFM z-profile acquired along the straight dashed line in (b). 

6.2 Mapping the H-distribution by Raman spectroscopy 

A further insight into the e-beam induced modification of the electron 

density of In(AsN):H can be obtained by the correlation between the SEM image 

(Figure 6.3a) and the spatial map of the intensity of the plasmonic 𝐿𝐿𝑏𝑏
+ mode 

(Figure 6.3b) around an annealed spot. The spot was annealed with an impinging 

current I = 45 nA and exposure time τ = 15 min. The colour map of the intensity 

of the 𝐿𝐿𝑏𝑏
+ mode (Figure 6.3b) was acquired using a laser of wavelength λ =532 

nm, power P = 1 mW and acquisition time τ = 20 s. Figure 6.3c shows 

representative Raman spectra of the 𝐿𝐿𝑏𝑏
+ peak acquired at the positions indicated 

by the numbers in Figure 6.3b. The contrast from the SEM image (Figure 6.3a) 

shows a dark region around the brighter annealed spot. This dark ring 

corresponds to the red area of the colour map in Figure 6.3b, i.e. regions of high 
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intensity of the 𝐿𝐿𝑏𝑏
+ mode, around a minimum at the centre of the spot (blue area). 

This is confirmed by inspection of the spectra in Figure 6.3c, from which both 

a blue shift in the 𝐿𝐿𝑏𝑏
+ peak position and an increase of the 𝐿𝐿𝑏𝑏

+ intensity can be 

observed moving from the centre to the boundaries of the annealed spot. 

Figure 6.3d shows the profile of the integrated intensity of the 𝐿𝐿𝑏𝑏
+ mode 

around the e-beam annealed spot. Three different regions can be identified: the 

 

Figure 6.3: (a) SEM image of a spot annealed with an e-beam (exposure: Vacc 

= 20 kV, I = 45 nA, τ = 15 min). (b) Colour map of the 𝐿𝐿𝑏𝑏
+ Raman mode intensity. 

(c) Representative Raman spectra acquired at the positions indicated by the 

numbers in (b). (d) Spatial profile of the integrated intensity of the 𝐿𝐿𝑏𝑏
+ mode 

across the e-beam annealed spot. 
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Figure 6.4: Top: colour map (a) and spatial profile (b) of the integrated intensity 

of the 𝐿𝐿𝑏𝑏
+ Raman mode for an electron annealed spot. Bottom: colour map (c) 

and spatial profile (d) of the integrated intensity of the 𝐿𝐿𝑏𝑏
+ Raman mode for a 

laser annealed spot. 

 

centre of the annealed spot (corresponding to a minimum in intensity), the 

boundaries of the spot (corresponding to two maxima in intensity), and the non-

annealed area. This profile suggests that following the dissociation of the N-H 

complex, the H-atoms tend to accumulate around the annealed spot. This non-

uniform increase of the 𝐿𝐿𝑏𝑏
+ intensity around the annealed spot differs from what 

observed by laser annealing. For comparison, Figure 6.4 shows the colour map 

and the spatial profile of the 𝐿𝐿𝑏𝑏
+ intensity for an electron (Figures 6.4a-b) and a 

laser (Figures 6.4c-d) annealed spot. In the case of laser annealing, the 𝐿𝐿𝑏𝑏
+ 

intensity profile (Figure 6.4d) does not reveal any maxima around the annealed 

spot, contrary to what observed for the e-beam annealed spot (Figure 6.4b). Our 
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data show different spatial profiles of the plasmonic 𝐿𝐿𝑏𝑏
+ mode following an e-

beam and laser annealing, suggesting a different interaction of electrons and 

photons with the N-H complex. 

6.3 Temperature-dependent electron annealing studies 

To evaluate the contribution of thermal effects to the dissociation of the 

N-H donor complex and/or on the H-diffusion in the lattice, the In(AsN):H 

samples were e-beam annealed at different temperatures: T = 25 °C (Figure 6.5), 

 

Figure 6.5: Left: SEM images of spots annealed at T = 25 °C with an exposure 

time τ = 15 min and current I = 12, 20, 33, 53, 80 nA. Right: colour maps and 

spatial profile of the intensity of the 𝐿𝐿𝑏𝑏
+ Raman mode acquired along the white 

dashed lines. 
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Figure 6.6: Left: SEM images of spots annealed at T = 50 °C with an exposure 

time τ = 15 min and current I = 12, 20, 33, 53, 80 nA. Right: colour maps and 

spatial profile of the intensity of the 𝐿𝐿𝑏𝑏
+ Raman mode acquired along the white 

dashed lines. 

 

50 °C (Figure 6.6), 100 °C (Figure 6.7) and 150 °C (Figure 6.8). The left panels 

in Figures 6.5-6.8 show the SEM images of the annealed spots; the right panels 

show the colour maps of the 𝐿𝐿𝑏𝑏
+ Raman intensity and the corresponding intensity 

profile of the 𝐿𝐿𝑏𝑏
+ mode along the white dashed lines in the colour maps. The 

exposures were performed at different impinging electron currents I = 12, 20, 

33, 53, 80 nA, as indicated in the SEM images. At a given temperature, the 
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Figure 6.7: Left: SEM images of spots annealed at T = 100 °C with an exposure 

time τ = 15 min and current I = 12, 20, 33, 53, 80 nA. Right: colour maps and 

spatial profile of the intensity of the 𝐿𝐿𝑏𝑏
+ Raman mode acquired along the white 

dashed lines. 

 

region of the intensity minimum tends to broaden with increasing current. This 

broadening is due to the increasing e-beam spot size. The contrast between the 

bright spot and the boundaries in the SEM images also increases with increasing 

values of I. This is consistent with an increased dissociation of the N-H complex 

at larger fluxes of impinging electrons. Correspondingly, the minimum in the 

𝐿𝐿𝑏𝑏
+  intensity profile tends to become more pronounced. 
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Figure 6.8: Left: SEM images of spots annealed at T = 150 °C with an exposure 

time τ = 15 min and current I = 12, 20, 33, 53, 80 nA. Right: colour maps and 

spatial profile of the intensity of the 𝐿𝐿𝑏𝑏
+ Raman mode acquired along the white 

dashed lines. 

 

The SEM images show that the contrast between the annealed spot and 

the boundaries becomes more blurred with increasing T from 25 °C (Figure 6.5) 

to 100 °C (Figure 6.7). This suggests that a better uniformity in the H- 

distribution can be achieved at higher T. At the highest temperature (T = 150 °C, 

Figure 6.8), the annealed region looks more uniform and overall darker. 

Notably, the contrast between the annealed spot and the boundaries shows a 
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significant increase for the highest values of current, I = 80 nA, and temperature, 

T = 150 °C (lowest panel in Figure 6.8). Note that the highest temperature 

reached in this experiment (T = 150 °C) is very close to that estimated on the 

sample surface for the laser annealing (see Section 5.4 and Appendix B). 

6.4 Summary 

In summary, we have investigated an alternative approach to the 

dissociation of the N-H complex in the highly doped In(AsN):H compound by 

e-beam annealing. The exposure of In(AsN):H to a focused electron beam 

induces a decrease of the electron density, ne, in the crystal with no visible 

surface damage. However, a close inspection of the spatial distribution of the 

plasmonic 𝐿𝐿𝑏𝑏
+ Raman mode indicates a non-uniform increase of ne around the 

annealed spot. This feature suggests that the impinging electron beam may 

induce an accumulation of hydrogen around the annealed spot. This effect is not 

observed under laser annealing, which induces a dissociation of the N-H 

complex and the diffusion of the H-atoms by thermal and photonic effects. 

Indeed, spots that are e-beam annealed at different temperatures (T = 25-150 °C) 

suggest that high temperatures are beneficial to achieve a better homogeneity in 

the spatial distribution of hydrogen and thus for an effective modification of the 

plasmonic properties of the crystal. It is worth considering the impinging power 

densities used in the two annealing studies. The conditions used for the laser 

annealing (powers P ~ 15 mW on a diffraction-limited spot of area A ~ 1 µm2) 

correspond to a power density 𝐷𝐷𝑝𝑝ℎ𝑜𝑜𝑜𝑜 =  𝑃𝑃 𝐴𝐴⁄  ~ 1010 W/m2. For the e-beam 

annealing, the area of the annealed spot is 𝐴𝐴 ~ 10 µm2, as estimated from the 

SEM images and the Raman colour maps. For a beam of electrons accelerated 
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by a voltage Vacc = 20 kV and with a current in the range 𝐼𝐼 = 10-80 nA, the 

power density is 𝐷𝐷𝑒𝑒𝑒𝑒 =  𝐼𝐼 × 𝑉𝑉𝑎𝑎𝑎𝑎𝑎𝑎 𝐴𝐴⁄  ~ 107-108 W/m2, much lower than 𝐷𝐷𝑝𝑝ℎ𝑜𝑜𝑜𝑜. 

Note that the two experiments were performed under similar exposure times, τ 

= 15 min. 

These results pave the way to a reproducible and non-destructive route for 

the local patterning of the electron density of a post-growth highly doped 

semiconductor. It should be noted that in our current studies the spatial 

resolution of the e-beam annealed spots is limited to a few µm due to the high 

electron currents (I > 10 nA) required to achieve an effective H-removal from 

the lattice. However, optimizing the experimental conditions (i.e. temperature, 

exposure time, impinging electron dose and/or accelerating voltage) could 

enable to achieve similar effects with a smaller beam spot size. The different 

modification of the electron density upon laser and e-beam annealing also 

encourages further theoretical studies and models to investigate the formation 

and dissociation of the N-H complex, and the dynamics of the H-diffusion in the 

crystal. 
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Chapter 7 

Resonant Zener tunnelling via zero-dimensional states 

in an In(AsN) diode 

This chapter demonstrates a new type of Zener tunnelling in an 

In(AsN)/(InAl)As resonant tunnelling diode (RTD). The incorporation of 

nitrogen in the quantum well layer of the RTD creates zero-dimensional (0D) 

states that are localized on nanometre length-scales. These levels provide 

intermediate states that act as “stepping stones” for resonant tunnelling of 

electrons across the diode and give rise to a negative differential resistance 

(NDR) that is weakly dependent on temperature. We probe the size of the 0D 

states by magneto-tunnelling spectroscopy (MTS). 

The sample layer composition and growth conditions are described in 

Section 4.1.2. The transport measurements were performed by myself at the 

University of Nottingham. The experimental setup used for these measurements 

is described in Section 4.2. These results were published in Scientific Reports 6, 

32039 (2016)[143]. 

7.1 Introduction 

Interband tunnelling of charge carriers through a forbidden energy gap, 

known as Zener tunnelling[135], is a phenomenon of fundamental and 

technological interest. Its experimental observation in the Esaki p-n 

semiconductor diode has led to the first demonstration and exploitation of 
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quantum tunnelling in a condensed matter system. Zener tunnelling has played 

a key role in the understanding of quantum phenomena in condensed matter 

physics and has been investigated in several material systems. Renewed interest 

in Zener tunnelling has emerged from the research on graphene[180], where 

relativistic electrons can tunnel through a potential barrier without back 

scattering, a phenomenon called Klein tunnelling[181]. The quantum tunnelling 

of carriers through a diode has also lately shown great potential for relevant 

applications such as random number generation and cryptography[182, 183]. On 

the other hand, Zener tunnelling via zero dimensional (0D) states remains 

largely unexplored due to lack of suitable structures and materials for its 

observation. Here we report on Zener tunnelling involving 0D states formed by 

the incorporation of N-atoms in the narrow gap semiconductor InAs. 

7.2 Negative differential resistance in In(AsN)/(InAl)As RTDs 

For these studies, we designed and grew by molecular-beam epitaxy 

(MBE) a series of In(AsN) RTDs whose schematic band diagram at zero applied 

bias is shown in Figure 7.1a. Figure 7.1b shows the low temperature (T = 2K) 

current-voltage, I-V, characteristic for the In(AsN)/(InAl)As RTD. 

For low applied biases of both polarities, the I-V curve exhibits an ohmic 

region; with increasing forward bias the current rises up to a maximum, D, at V 

~ 0.06 V, followed by a region of negative differential resistance (NDR), in 

which the DC current decreases in two well-defined steps. These steps are 

accompanied by a self-sustained oscillatory current, which arises from the 

instability of the device circuit induced by the NDR. When the device is 

connected to an oscilloscope, we observe a significant increase of the RF noise 

generation at frequencies of ~ kHz in the bias region of the NDR. Closer 
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inspection of the I-V and of the differential conductance, dI(V)/dV, curve also 

reveals a broad feature, E1, at V ~ 0.35 V (see Inset of Figure 7.1b). 

 

 

Figure 7.1: (a) Energy band diagram of a p-i-n In(AsN)/(InAl)As resonant 

tunnelling diode (RTD) at thermal equilibrium. The black dotted lines indicate 

the Fermi energy and the lowest quasi-bound electron state E1 of the In(AsN) 

QW. Inset: Sketch of the p-i-n diode with the In(AsN) QW in the intrinsic (i) 

layer, and substitutional and interstitial N-atoms in InAs. (b) Current-voltage (I-

V) curve at T = 2K for an In(AsN) RTD with mesa diameter d = 100 µm showing 

a strong peak D. Inset: dI(V)/dV curve showing a weak resonant feature E1. 
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The temperature dependence of the I-Vs for an In(AsN)/(InAl)As RTD is 

compared with that for a control sample with no nitrogen (Figure 7.2). The 

striking difference between the two sets of the I-V curves is the absence of the 

strong peak D and of the associated NDR in the control device. This is a clear 

indication that the occurrence of peak D and of the NDR region is strongly 

correlated to the presence of quantum states associated with the N-atoms. Also, 

Figure 7.2a shows that peak D is weakly affected by temperature over an 

extended temperature range up to T ~ 200K. In contrast, the I-V curves of the 

control sample exhibits a conventional diode-like behaviour (Figure 7.2b). 

7.3 Resonant Zener tunnelling through N-induced zero-

dimensional states  

Since peak D occurs at biases (V ~ 0.06 V) that are much lower than the 

built-in potential (V ~ 0.4 V) of the diode and is absent in the control device, we 

exclude the possibility that it arises from tunnelling of charge carriers through 

the two-dimensional (2D) subband states of the In(AsN) QW, which generates 

only a weak feature, E1, at a significantly higher bias, V ~ 0.35 V, close to the 

flat-band voltage (Inset of Figure 7.1b). We propose instead that D is due to 

Zener tunnelling of electrons through the forbidden energy gap between the n- 

and p-sides of the diode. Zener tunnelling in conventional diodes can cause a 

significant current when there is spatial overlap between occupied states in the 

conduction band (CB) of the n-layer and the empty states near the top of the 

valence band (VB) in the p-layer. The strength of the Zener tunnel current is 

enhanced for the case of a narrow energy band gap, thin barrier width and/or 

small carrier effective mass[135, 184, 185]. Since the carrier effective masses and 
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Figure 7.2: Current-voltage (I-V) characteristics at temperatures T from 15K to 

300K of In(AsN) (a) and InAs (b) RTDs with mesa diameter d = 200 µm. 

 

band gap energy of InAs and In(AsN) with [N] = 1% are very similar[97], one 

should expect a relatively weak Zener tunnel current in both devices. The 

presence of the strong resonance D only in the In(AsN) RTD suggests that Zener 

processes are enhanced by tunnelling processes through N-induced localized 

states in the energy gap of In(AsN). 

The weak T-dependence of peak D indicates that the N-induced levels are 

strongly confined, thus providing an effective path for tunnelling of electrons at 
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the junction’s energy barrier represents the dominant contribution to the current 

and the T-dependence of I is well described by a thermally activated behaviour: 

𝐼𝐼 ~ exp (−𝐸𝐸𝑎𝑎/𝑘𝑘𝐵𝐵𝑇𝑇)                                      (7.1) 

where Ea is an activation energy that depends on the applied bias: Ea decreases 

with increasing V, extrapolating to zero at the flat-band bias, V ~ 0.4 V, 

corresponding to the built-in potential of both diodes (Figure 7.3a). On the other 

hand, Ea strongly deviates from this trend for the In(AsN) RTD at lower positive 

biases (V < 0.2 V), where it tends to saturate. This suggests that in this bias 

regime the current is not thermally activated and that the thermal diffusion of 

 

Figure 7.3: (a) Bias dependence of the activation energy Ea describing the 

dependence of the current I on temperature, i.e. 𝐼𝐼 ~ exp (−𝐸𝐸𝑎𝑎/𝑘𝑘𝐵𝐵𝑇𝑇). Inset: 

sketch of electron diffusion and tunnelling. (b) I-V characteristics of the In(AsN) 

RTD at T = 15K, 220K and 296K after subtraction of the diffusion current. 
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carriers competes with the tunnelling of carriers through the band gap assisted 

by N-induced levels (Inset of Figure 7.3a). Figure 7.3b shows representative I-

Vs for the In(AsN) RTD after subtraction of the contribution of diffusion 

current, as measured in the device without nitrogen: peak D and the NDR are 

only weakly affected by T and can be clearly seen up to room temperature, as 

expected for electrons tunnelling into strongly localized 0D states. 

7.4 Magneto-tunnelling spectroscopy of zero-dimensional states  

Here we exploit the effect of magnetic fields on the tunnelling of electrons 

from the n- to the p- side of the RTD to probe the size of strongly localized 0D 

states arising from the N-incorporation in the QW layer. The resonant 

transmission of electrons through N-induced localized states is qualitatively 

different from Zener tunnelling of electrons in GaAs/AlAs QW p-i-n RTDs, 

where quasi-localized electric-field dependent states in the QW modulate the 

Zener current under an applied reverse bias[186], and from Zener tunnelling via 

the gate-induced localized states of narrow-gap double-quantum-wire 

structures[187]. Other sensitive techniques such as scanning tunnelling 

microscopy (STM)[144] can be used to probe the spatial form and size of the wave 

function of a 0D state. However, STM is an invasive and destructive technique 

mostly suitable for 0D states on a surface. 

In our case, in order to study localized states below a surface incorporated 

in a real semiconductor, we exploit magneto-tunnelling spectroscopy (MTS)[145-

147]. As explained in further detail in Section 3.1.2, this technique exploits the 

effect of the classical Lorentz force on the motion of an electron: when an 

electron tunnels from the emitter into the 0D state, it acquires an additional in-

plane momentum given by ħ𝛥𝛥𝑘𝑘𝑦𝑦 = −𝑒𝑒𝐵𝐵𝑥𝑥𝑠𝑠, where 𝑠𝑠 is the tunnelling distance 
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along the tunnelling direction z from the emitter to the localized 0D state and 𝐵𝐵𝑥𝑥 

is the magnetic field applied perpendicular to z (Inset of Figure 7.4a). The 

variation of the tunnel current with 𝐵𝐵𝑥𝑥 ∝ 𝛥𝛥𝑘𝑘𝑦𝑦 is determined by the size of the 

matrix element that governs the quantum transition of an electron as it tunnels  

 

Figure 7.4: (a) Current-voltage (I-V) curves at magnetic fields Bx  = 0, 2, 4, 6, 

8, 10, 12, 14 T, applied perpendicular to the direction z of the current for an 

In(AsN) RTD with mesa diameter d = 100 µm (T = 2K). (b) Measured (dots) 

and calculated (lines) dependence of the normalized current I(Bx)/I(0). The 

model shown in the two panels is for a Coulomb (left) and an harmonic (right) 

potential U(x, y). In each panel, different curves correspond to different sizes λ0 

of the electronic wave function. 
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into the 0D state and hence probes the electron probability density in Fourier 

space of the localized state[147].Figure 7.4a shows the Bx-dependence of the I-V 

curve: with increasing Bx, the intensity of peak D displays a marked decrease, 

stronger than that observed at high voltages (V > 0.2 V). Figure 7.4b compares 

the measured Bx-dependence of the peak current height of feature D (blue dots) 

with that calculated (solid lines) using a transfer Hamiltonian model of resonant 

tunnelling through a localized state for two different forms of the confining 

potential (Insets of Figure 7.4b). In our model, we assume separability of the 0D 

wave function into in-plane (xy) and normal (z) components, and express the 

normalized tunnel current, 𝐼𝐼(𝐵𝐵𝑥𝑥) 𝐼𝐼(0)⁄ , as | 𝑀𝑀(𝐵𝐵𝑥𝑥) 𝑀𝑀(0)⁄ |2, where 𝑀𝑀(𝐵𝐵𝑥𝑥) and 

𝑀𝑀(0) are the overlap integrals in the xy-plane of the emitter and the N-induced 

localized states for Bx > 0 and Bx = 0, respectively. The calculated and measured 

magnetic field dependencies differ from those expected for Zener tunnelling 

between extended states in magnetic field[188] and are discussed in the following 

section. 

 

Figure 7.5: Calculated profile of the CB edge at applied biases V = 0 V for a 

donor states density nD ~ 3×1017 cm-3 (blue line) and nD ~ 0 (black line). 
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Figure 7.6: Calculated profile of the CB edge at applied biases V = 0 V (solid 

line) and V = 0.05 V, 0.1 V (dashed lines). The arrow sketches tunnelling of 

electrons from the n-emitter layer into localized states of the In(AsN) layer 

(shaded rectangle). Insets: profile of both the CB and VB edges under the same 

bias conditions illustrated in the main panels. 
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equilibrium for a concentration of ionized donors nD = 3×1017 cm-3 in the QW, 

which create a non-uniform electric field compared to nD = 0. 

When a small voltage, V, is applied (Figure 7.6, top panel), resonant 

tunnelling through a particular N-related energy state in the gap of In(AsN) 

should lead to a resonance in the I-V, whenever a filled state in the negatively 

biased electron emitter n-layer is resonant with an adjacent empty localized N-

related state in the In(AsN) layer. Since these states may be located at different 

positions in the well, we can expect a distribution of energy levels and/or 

tunnelling distances, and correspondingly a broadened resonance. In the 

measured I-V, we do not observe any resonant feature, but a current that is 

significant larger than that of a control sample with no nitrogen.  

For sufficiently high bias voltages, no states are available for electron 

tunnelling (Figure 7.6, bottom panel) and the current decreases, thus leading to 

NDR in the I-V. From the band profile in Figure 7.6 and the measured I-V curve, 

we estimate that the 0D states lie at an energy E > 40 meV below the CB 

minimum of In(AsN). This is significantly larger than the binding energy for a 

shallow donor in InAs (E0 ≈ 1.6 meV) and is consistent with the weak 

dependence on temperature of peak D. 

To model the Bx-dependence of the peak D (Figure 7.4), we examine 

different forms of the confinement potential: 

• for a Coulomb potential of the form 𝑈𝑈(𝑥𝑥, 𝑦𝑦) = −𝑒𝑒2/(4𝜋𝜋𝛾𝛾𝛾𝛾0𝜀𝜀𝑟𝑟𝜌𝜌), where 

𝜀𝜀𝑟𝑟 is the relative permittivity, 𝜌𝜌 = �𝑥𝑥2 + 𝑦𝑦2, and 𝛾𝛾 is an empirical parameter 

describing the effect of the QW potential on the donor, the electron wave 

function in the xy-plane is described by 𝜓𝜓(𝑥𝑥, 𝑦𝑦)~𝑒𝑒−𝜌𝜌 𝜆𝜆0⁄ , where 𝜆𝜆0 is an 

effective Bohr radius[189]; 
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• a confining potential can also be induced in the QW by a small number 

of closely spaced electrical charges[190] or a variation in the N-composition. 

Since such a potential is approximately parabolic close to its minimum, its 

ground state is a simple harmonic wave function. Thus for a parabolic potential 

𝑈𝑈(𝑥𝑥, 𝑦𝑦) = 𝑚𝑚𝑒𝑒
∗𝜔𝜔2𝜌𝜌2 2 ⁄ , where 𝑚𝑚𝑒𝑒

∗  is the electron effective mass and 𝜔𝜔 is the 

angular frequency of the harmonic oscillator, the wave function in the xy-plane 

is given by 𝜓𝜓(𝑥𝑥, 𝑦𝑦)~𝑒𝑒−𝜌𝜌2 2𝜆𝜆0
2⁄  , where 𝜆𝜆0 = �ħ 𝑚𝑚𝑒𝑒

∗𝜔𝜔⁄ .  

For the Coulomb and parabolic potentials, respectively, we express the 

𝐵𝐵𝑥𝑥-dependence of the normalized tunnel current as[147, 189]: 

𝐼𝐼(𝐵𝐵𝑥𝑥)
𝐼𝐼(0)

= |𝑀𝑀(𝐵𝐵𝑥𝑥)|2

|𝑀𝑀(0)|2 = 1
[1+(𝐵𝐵𝑥𝑥 𝐵𝐵�⁄ )2]3  

  ,                       (7.2) 

and 

   
𝐼𝐼(𝐵𝐵𝑥𝑥)
𝐼𝐼(0)

= |𝑀𝑀(𝐵𝐵𝑥𝑥)|2

|𝑀𝑀(0)|2 = exp (− 𝐵𝐵𝑥𝑥
2

𝐵𝐵� 2) ,                       (7.3) 

where 𝐵𝐵� = ħ 𝑒𝑒𝑒𝑒𝑒𝑒0⁄  , 𝑠𝑠 is the average tunnel length from the emitter to the bound 

state. From the calculated band energy profiles, we estimate s ~ 30 nm for V = 

0.05 V. 

As shown in Figure 7.4b, the calculated 𝐼𝐼(𝐵𝐵𝑥𝑥) curves reproduce accurately the 

data if we take λ0 = (1.1 ± 0.1) nm for the Coulomb potential and λ0 = (1.8 ± 

0.1) nm for the harmonic potential. Although we cannot establish the specific 

form of the wave function, we can conclude that the N-induced states 

responsible for peak D are strongly confined. Using a 3D (2D) hydrogenic 

model, the value of λ0 gives an effective Rydberg energy  E0 = 30 meV (120 

meV). Our estimate of the spatial extent of the defect is also consistent with the 

evanescent wave model of a defect state in the energy gap. For a state at an 

energy of E0 below the conduction band minimum, 𝜓𝜓(𝑥𝑥, 𝑦𝑦)~𝑒𝑒−𝜅𝜅𝜌𝜌, with 𝜅𝜅 =
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�2𝑚𝑚𝑒𝑒
∗𝐸𝐸0 ħ⁄ . Using 𝑚𝑚𝑒𝑒

∗  = 0.026 𝑚𝑚0  and E0  > 40 meV, as obtained from the 

voltage position of peak D and the energy band diagram of Figure 7.6, we derive 

a typical length 𝜅𝜅-1 < 5.9 nm. 

  

Figure 7.7: (a) Current-voltage (I-V) curves at magnetic fields Bz = 0, 2, 4, 6, 8, 

10, 12, 14 T, applied parallel to the direction z of the current for an In(AsN) 

RTD with mesa diameter d = 100 µm (T = 2K). (b-c) Differential conductance 

dI(V)/dV curves versus Bz in the bias region of electron tunnelling into the first 

subband, E1, of the In(AsN) (b) and InAs (c) QW for Bz =0, 4, 6, 8, 10, and 14 

T. The insets show the dI(V)/dV curves at small applied biases (T = 2K). 
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As shown in Figure 7.7a, a magnetic field applied parallel to the direction 

of current (Bz) has instead only a weak effect on peak D. The weaker effect on 

Zener tunnelling can be understood considering that for this orientation of B up 

to 14T, the magnetic confinement length in the plane of the QW, 𝑙𝑙𝑧𝑧 =

(ħ 𝑒𝑒𝐵𝐵𝑧𝑧⁄ )𝟏𝟏 𝟐𝟐⁄ , is always larger than λ0: for Bz = 14T, lz = 6.8 nm > λ0. Thus the N- 

localized states are not greatly modified by the confining potential of the 

magnetic field; also, they have a weak effect on the tunnelling of electrons into 

the QW subbands (see feature E1 in the dI(V)/dV curve in Figure 7.6b). 

Tunnelling of electrons into the lowest Landau level (LL) of the first QW 

subband (n = 1) produces a small diamagnetic shift of E1 with increasing Bz, as 

is also observed in the control sample (Figure 7.7c). A modulation of the 

dI(V)/dV curve due to tunnelling of electrons into the first two LLs can also be 

seen in the control sample, where E1 splits into distinct features at Bz > 10 T. 

Finally, closer inspection of the dI/dV curves reveals a series of weak, but sharp 

resonant features at V = 0 V and 0.03 V (inset of Figures 7.7b-c). These are 

observed in all RTDs (with and without nitrogen) and are assigned to tunnelling 

of electrons from the n- to the p-sides of the diode without and with the emission 

of longitudinal optical (LO) phonons, which have energy ħωLO = 29 meV in 

InAs. 

The effects of the incorporation of N on the electronic band structure of 

several III-Vs has been examined extensively in earlier work[15, 16, 99, 191, 192]. The 

majority of these studies has focused on wider band gap (InGa)(AsN) 

compounds, where the incorporation of N leads not only to isolated 

substitutional N-atoms but also to the formation of N-N pairs, where a group III 

atom has two N nearest neighbours, and of higher-order N-clusters with energies 
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below and above the CB minimum. In the narrow band gap alloy In(AsN), the 

same clusters are expected to lie well-above the CB edge[99] and thus they cannot 

be responsible for the localized energy levels in the band gap that we have 

identified in our tunnelling experiments. 

On the other hand, non-substitutional N-related crystal defects are known 

to form in dilute nitrides[191-193], including In(AsN)[102]. For our In(AsN) layers, 

we have conducted high-resolution x-ray diffraction (HRXRD) studies to 

evaluate the N-composition and crystal quality. The HRXRD studies were 

compared with time-of-flight secondary ion mass spectroscopy (ToF-SIMS) to 

assess the purity of the layers and the total amount of N. The N-content obtained 

by ToF-SIMS was found to be higher (by about 5%) than that derived from the 

analysis by Vegard’s law of the HRXRD data and that difference increases with 

increasing N-content[102]. This behaviour, which was also observed in the dilute 

nitride Ga(AsN) alloy[193], suggests the incorporation of non-substitutional N 

into the crystal lattice, such as N–As split interstitials, N-antisites, and interstitial 

N. The identification of the specific crystal defects and the modelling of their 

energy levels require further investigation. 

7.5 Summary 

In summary, we have presented the first experimental study of a Zener 

tunnel diode based on the MIR alloy In(AsN). The I-V characteristics at low T 

show an extended region of NDR as well as an ohmic behaviour around zero 

bias that we attribute to Zener tunnelling of electrons from the n- to the p-side 

of the diode, assisted by N-induced levels. The weak temperature dependence 

of the NDR over an extended temperature range indicates that the levels are 

strongly confined in the In(AsN) QW layer. Magneto-tunnelling spectroscopy 
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demonstrates that these levels are localized over a characteristic length  λ0 ~ 1.5 

nm and lie below the CB minimum of In(AsN). 

The presence of N-related defects is known to be the main cause of 

deterioration of both optical and electrical properties of wider band gap dilute 

nitrides. For the narrow band gap In(AsN) alloy, although disorder effects tend 

to be significantly weaker due to the different energy position of the N-N pairs 

and N-clusters, the incorporation of nitrogen is still accompanied by the creation 

of localized states in the energy gap. Tunnelling of carriers into these states 

could increase leakage currents and noise levels in optical and electrical devices, 

such as MIR LEDs and photodetectors. Our RTD structures allow us to 

sensitively probe such states; also, electron tunnelling through these states give 

rise to NDR that is only weakly affected by temperature, thus offering potential 

applications for non-linear components in electronics and MIR photonics. 
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Chapter 8 

Electroluminescence studies of In(AsN) resonant 

tunnelling diodes 

 

This chapter describes electroluminescence (EL) spectroscopy studies of 

In(AsN)/(InAl)As RTDs under different applied voltages and temperatures. We 

report on a bias-tuneable EL signal in the wavelength range λ = 3-5 µm at low 

temperatures (T = 6-50 K). This involves tunnelling of electrically injected 

carriers into the extended and localized states of the In(AsN) QW, followed by 

carrier recombination. We also report on up-conversion luminescence (UCL) 

over a large range of temperatures (T = 77-300 K) and applied voltages. 

The transport EL measurements were performed by myself at Lancaster 

University. The sample layer composition and growth conditions are described 

in Section 4.1.2. The experimental setup is described in Section 4.3.3. These 

results are in preparation for a journal publication. 

8.1 Electroluminescence (EL) of In(AsN)/(InAl)As RTDs 

Figure 8.1 shows the EL spectra of an In(AsN)/(InAl)As RTD with mesa 

diameter d = 800 µm acquired at different applied biases, V, and at temperatures 

T = 6-100 K. To follow the evolution of the EL peak under a varying V, we also 

plot in Figure 8.2 the colour maps of the normalized EL intensity as a function 

of photon energy, hν, and applied voltage, V. Similar plots are shown in Figure 
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8.3 (EL spectra) and Figure 8.4 (normalized EL colour maps) for T = 120-300 

K. In these Figures, the drop in EL intensity around hν = 0.29 eV is due to CO2-

absorption. 

From the EL spectra and colour maps, we envisage three different 

temperature regimes: 

• At low temperatures (T = 6-50 K) (Figure 8.1 and 8.2) and V > 0.40 V 

the EL spectra show two close peaks at energies hν ~ 0.375 eV (peak I) and hν ~ 

0.395 eV (peak II). Their energy position is weakly dependent on the applied 

voltage for V > 0.40 V. We note that both these energies are smaller than the 

energy of the electron-hole recombination from the electron and hole ground 

states in the QW (ℎ𝜈𝜈𝑋𝑋 ~ 0.43 eV). We thus attribute these features to the 

recombination of carriers from dopant impurities in the QW. We describe 

further this point in Section 8.2. 

On the other hand, for V < 0.40 V, the main EL emission (peak I) has a 

strong dependence on the applied bias and shifts towards lower energies with 

decreasing V towards a broad band centred at hν ∼ 0.32 eV (peak III). The strong 

bias-dependence and the broad III-emission suggest carrier recombination from 

defect states and that in this bias regime the emission of the RTD depends on 

the alignment of the emitter and/or collector states with defects states in the band 

gap, such as the 0D N-related states presented in Chapter 7. We also note that 

peak III occurs at energies ℎ𝜈𝜈 between ℎ𝜈𝜈 = 𝑒𝑒𝑒𝑒 − ħ𝜔𝜔𝐿𝐿𝐿𝐿 and ℎ𝜈𝜈 = 𝑒𝑒𝑒𝑒 −

2ħ𝜔𝜔𝐿𝐿𝐿𝐿, where ħ𝜔𝜔𝐿𝐿𝐿𝐿= 29 meV is the longitudinal optical (LO) phonon energy 

of InAs. Thus we attribute this low-bias EL peak to the recombination of 

injected carriers from N-related defect states following the emission of one or 

two LO phonons. 
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Figure 8.1: EL spectra of an In(AsN)/(InAl)As resonant tunnelling diode (RTD) 

at different applied biases and at temperatures T = 6-100 K.  
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Figure 8.2: Colour maps of the normalized EL intensity as a function of photon 

energy and applied bias at T = 6-100 K. The dashed lines represent the 

conditions ℎ𝜈𝜈 = 𝑒𝑒𝑒𝑒, ℎ𝜈𝜈 = 𝑒𝑒𝑒𝑒 − ħ𝜔𝜔𝐿𝐿𝐿𝐿 and ℎ𝜈𝜈 = 𝑒𝑒𝑒𝑒 − 2ħ𝜔𝜔𝐿𝐿𝐿𝐿, where ħ𝜔𝜔𝐿𝐿𝐿𝐿 = 

29 meV is the energy of the longitudinal optical (LO) phonon of InAs. 
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in this temperature range. These peaks remain distinct for all the applied biases 

and there is no evidence of the evolution of the I-peak onto the III-band with 

decreasing applied voltages, as observed for T < 77 K. 

• At temperatures T > 120 K (Figure 8.3 and 8.4) the intensity of peak III 

weakens with increasing temperature. Peak II is dominant in this temperature 

regime and its position does not depend on the applied voltage. However, its 

position decreases with increasing temperature, consistent with the reduction of 

the band gap energy. 

 

The temperature dependence of the band gap energy, 𝐸𝐸𝑔𝑔, of InAs is 

accounted for by using Varshni equation[95]: 

𝐸𝐸𝑔𝑔(𝑇𝑇) = 𝐸𝐸𝑔𝑔(0) − 𝛼𝛼 𝑇𝑇2

𝑇𝑇+𝛽𝛽
 ,                                     (8.1) 

where 𝐸𝐸𝑔𝑔(0) = 0.415 eV is the band gap energy of InAs at 𝑇𝑇 = 0 K, 𝛼𝛼 = 2.76 

×10-4 eV/K and 𝛽𝛽 = 83 K. The additional reduction of the band gap in the 

In(AsN) QW due to the N-incorporation was accounted for by using the band 

anticrossing (BAC) model, as described in Paragraph 2.1.1. The calculated value 

of the e-h recombination energy, ℎ𝜈𝜈𝑋𝑋, for the In(AsN) QW is shown in Figure 

8.5 for N-content [N] = 1% (dashed red curve), [N] = 1.3% (dashed magenta 

curve) and [N] = 1.5% (dashed black curve). A deviation from the nominal N-

composition can have a significant effect on the reduction of the band gap 

energy of In(AsN). The calculated curves for ℎ𝜈𝜈𝑋𝑋 are compared with the T-

dependence of the energy peak position of peaks I (black triangles), II (blue 

dots) and III (green squares) at V ~ 0.40 V. At low T, the T-dependence for peaks 

I and II deviates from that expected for ℎ𝜈𝜈𝑋𝑋. This suggests that at T < 77 K peaks 

I and II arise from the recombination of carriers from donor and/or acceptor 
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Figure 8.3: EL spectra of an In(AsN)/(InAl)As RTD at different applied biases 

and at temperatures T = 120-300 K. 

0.25 0.30 0.35 0.40

EL
 In

te
ns

ity
 (a

.u
.)

Energy (eV)

 0.40V
 0.38V
 0.36V
 0.34V
 0.32V
 0.30V

160KII

III

0.25 0.30 0.35 0.40

 0.40V
 0.38V
 0.36V
 0.34V
 0.32V
 0.30V
 0.28V

Energy (eV)

180KII

III

0.25 0.30 0.35 0.40

 0.40V
 0.37V
 0.34V
 0.31V
 0.28V
 0.25V
 0.22V
 0.19V

EL
 In

te
ns

ity
 (a

.u
.)

Energy (eV)

280KII

0.25 0.30 0.35 0.40

 0.40V
 0.37V
 0.34V
 0.31V
 0.28V
 0.25V
 0.22V
 0.19V
 0.16V
 0.13V

Energy (eV)

300KII

0.25 0.30 0.35 0.40

EL
 In

te
ns

ity
 (a

.u
.)

 0.40V
 0.38V
 0.36V
 0.34V
 0.32V
 0.30V
 0.28V

Energy (eV)

220KII

0.25 0.30 0.35 0.40

 0.40V
 0.36V
 0.32V
 0.28V
 0.24V
 0.20V

Energy (eV)

250KII

0.25 0.30 0.35 0.40

 0.48V  0.46V
 0.44V  0.42V
 0.40V  0.38V
 0.36V  0.34V
 0.32V                   

120K

EL
 In

te
ns

ity
 (a

.u
.)

Energy (eV)

II

III

0.25 0.30 0.35 0.40

III

Energy (eV)

 0.48V
 0.46V
 0.44V

  0.42V 
 0.40V
 0.38V
 0.36V
 0.34V
 0.32V
 0.30V

140KII



Chapter 8: Electroluminescence studies of In(AsN) resonant tunnelling diodes 

118 
 

 

Figure 8.4: Colour maps of the normalized EL intensity as a function of photon 

energy and applied bias, at T = 120-300 K. The black dashed line represents the 

condition hν = eV. 
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states in the QW. With increasing T (above 77 K) these states become ionized. 

Thus with increasing T, the e-h recombination from the QW becomes dominant 

and the EL emission energy of peak II follows the T-dependence of ℎ𝜈𝜈𝑋𝑋. Also, 

peak III occurs at energies that are significantly smaller than ℎ𝜈𝜈𝑋𝑋. This suggests 

that this peak arises from carrier recombination from deep states in the band gap. 

Notably, for temperatures T > 77 K, we also observe photon emission at 

energies higher than the excitation energy. This phenomenon, also referred to as 

up-conversion luminescence (UCL), was previously observed also in 

InAs/GaAs self-assembled quantum dots in both photoluminescence[194] and 

electroluminescence[195, 196] experiments. The region of UCL corresponds to 

emission in the energy range hν > eV in the colour maps of Figures 8.2 and 8.4.  

 

Figure 8.5: Temperature dependence of the energy position of peak I (black 

triangles), II (blue dots) and III (green squares). These are compared with the 

temperature dependence of the e-h recombination energy, ℎ𝜈𝜈𝑋𝑋, of the In(AsN) 

QW with nitrogen content [N]=1% (dashed red curve), [N]=1.3% (dashed 

magenta curve) and [N]=1.5% (dashed black curve). 
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8.2 Modelling charge injection and recombination 

We model the energy band diagram of the RTD by solving Schrödinger’s 

and Poisson’s equations, as done in Section 7.4. Figure 8.6 shows the calculated 

band diagram at T = 6 K and under flat band conditions. The energies of the 

bound electron and hole states in the QW layer are calculated as explained in 

Appendix A. We estimate the energy of the electron (hole) ground state to be 

𝐸𝐸1
𝑒𝑒= 48 meV (𝐸𝐸1

ℎ= 8 meV), calculated from the bottom of the CB (top of the 

VB) of the In(AsN) QW. These states are labelled as E and H in Figure 8.6, 

respectively. We also assume the presence of defect states in the band gap. We 

estimate that the N-related 0D states (labelled as N in Figure 8.6) lie at an energy 

E > 40 meV below the CB minimum of In(AsN), as explained in Section 7.4. 

 

Figure 8.6: Energy band diagram of an In(AsN)/(InAl)As RTD at T = 6 K and 

at the flat band conditions. The diagram shows the electron (E) and hole (H) 

ground states in the QW, as well as donor (D), acceptor (A) and N-related (N) 

states. The arrows indicate optical transitions between different states. 
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Also, deep acceptor levels (labelled as A in Figure 8.6) are known to form 

in InAs, with binding energies (Eb) between 35 meV and 50 meV[96, 197]. As for 

the donors, these may include shallow donor states (Eb ~ 2 meV) or cluster of 

donors (Eb ~ 10-20 meV)[96] (labelled as D in Figure 8.6). However, it should be 

noted that the binding energies of donor and acceptors states are generally 

different in quantum confined structures. 

The Fermi energies of the emitter/collector state shown in Figure 8.6 are 

estimated as: 

𝐸𝐸𝐹𝐹
𝑒𝑒𝑒𝑒 = ħ2

2𝑚𝑚𝑒𝑒
∗ (3𝜋𝜋2𝑛𝑛𝑒𝑒)2/3                                  (8.2) 

and 

𝐸𝐸𝐹𝐹
𝑐𝑐𝑐𝑐𝑐𝑐 = ħ2

2𝑚𝑚ℎℎ
∗ (3𝜋𝜋2𝑛𝑛ℎ)2/3 ,                                (8.3) 

respectively, where 𝑚𝑚𝑒𝑒
∗  = 0.025 𝑚𝑚0 (𝑚𝑚ℎℎ

∗ = 0.41 𝑚𝑚0) is the electron (heavy hole) 

effective mass of InAs and 𝑛𝑛𝑒𝑒 (𝑛𝑛ℎ) is the electron (hole) density in the emitter 

(collector) layer, as described in Section 4.1.2. We thus estimate 𝐸𝐸𝐹𝐹
𝑒𝑒𝑒𝑒 = 30 meV 

and 𝐸𝐸𝐹𝐹
𝑐𝑐𝑐𝑐𝑐𝑐 = 2 meV. Note that, since 𝑚𝑚𝑒𝑒

∗ ≪ 𝑚𝑚ℎℎ
∗ , 𝐸𝐸1

𝑒𝑒 ≫ 𝐸𝐸1
ℎ and 𝐸𝐸𝐹𝐹

𝑒𝑒𝑒𝑒 ≫ 𝐸𝐸𝐹𝐹
𝑐𝑐𝑐𝑐𝑐𝑐. 

We now examine the injection and recombination of carriers at various T 

and V. In Figure 8.7 we plot the colour map of the EL intensity versus V and 

hν for T = 6 K, 100 K and 300 K, along with the corresponding current-voltage, 

I-V, characteristic. 

The I-V curve at T = 6 K (Figure 8.7a) shows the expected exponential 

diode-like I-V for biases above the flat band conditions (V > 0.4 V): in this bias 

regime, the main contribution to the current is from the thermal diffusion of 

electrons (holes) from the n- (p-) to the p- (n-) side of the diode. 

Correspondingly, the EL emission (peaks I and II) arises from the recombination 

of carriers from the In(AsN) QW due to dopants and/or QW bound states, and 
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the emission energy has a weak dependence on the applied bias. For biases 

below the flat band conditions (V < 0.4 V), the current has a much weaker bias 

dependence. Under this bias regime, the current arises mainly from Zener 

tunnelling of electrons into defect states in the band gap of In(AsN). Thus the 

current is strongly suppressed and the EL emission occurs at lower energies 

(peak III). 

The contribution to the current of Zener tunnelling through defect states 

becomes less dominant with increasing temperature (as already shown in Figure 

7.2a). At T = 100 K (Figure 8.7b), a deviation from the exponential increase of 

the current with the applied voltage is still partially visible (V < 0.38 V). At low 

applied biases, a broad EL band can also be seen at an energy hν ~ 0.3 eV (peak 

III). However, even when this emission is detected, the higher energy peak II is 

dominant, consistent with the thermal diffusion of carriers. Finally, at T = 300 

K (Figure 8.7c), a much higher current flows through the diode. Even at applied 

biases below the flat band conditions, electrons and holes have enough energy 

to thermally diffuse, leading to an EL emission (peak II) whose energy position 

is weakly dependent on the applied voltage. 

We plot the modelled band diagrams for T = 6K (Figure 8.8), 100K 

(Figure 8.9), and 300K (Figure 8.10). For each temperature, along the colour 

map of the normalized EL intensity (a), we plot the band diagram corresponding 

to a selected voltage range, below (b), close to (c) and above (d) the flat band 

condition at that temperature. In the colour maps, we mark the EL peak at the 

selected voltages with a white asterisk.  
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Figure 8.7: Colour maps of the normalized EL intensity at T = 6 K (a), 100 K 

(b) and 300K (c) (left) and the corresponding I-V curves (right). 
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• At T = 6 K (Figure 8.8), in the bias regime around (Figure 8.8c) and 

above (Figure 8.8d) the flat band conditions, the Fermi level in the three 

dimensional (3D) electron gas of the emitter is resonant with the bound electron 

state (E) of the QW or shallow donor level (D) in the QW, thus enabling the 

resonant transmission of electrons into the QW. On the other hand, the collector 

state is not resonant with the ground hole state (H) of the QW; however, holes 

can still tunnel into deep acceptor levels (A) in the QW. Thus, at low T, the 

recombination of the injected carriers results in emission at energies lower than 

 

Figure 8.8: Colour map of the normalized EL intensity versus V at T = 6 K (a) 

and the modelled band diagrams at V = 0.36 V (b), 0.42 V (c) and 0.48 V (d). 

These bias conditions correspond to the white asterisks in the colour map. 
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the electron-hole recombination energy in the QW, corresponding to peaks I and 

II. We attribute the main peak I to a donor-acceptor recombination (ℎ𝜈𝜈𝐷𝐷−𝐴𝐴) and 

the weaker peak II to the acceptor-free electron recombination (at ℎ𝜈𝜈𝐴𝐴). This 

assignment is consistent with the deviation of the T-dependence of peaks I and 

II from that of ℎ𝜈𝜈𝑋𝑋 at low T (Figure 8.5). 

Below the flat band condition (Figure 8.8b), the emitter states are not 

resonant with the bound state of the QW. However, electrons can tunnel from 

the emitter into the N-related 0D states in the band gap (N) following the 

emission of one or two LO phonons (green arrow in Figure 8.8b) and recombine 

with holes in acceptor (A) states (peak III at ℎ𝜈𝜈𝑁𝑁). We note that the III-peak 

appears as the evolution of the I-peak with decreasing biases. This confirms the 

presence of a broad band of defect states below the CB edge of In(AsN). 

• At T = 100 K (Figure 8.9), in the bias regime around (Figure 8.9c) and 

above (Figure 8.9d) the flat band conditions, the EL emission is dominated by 

the II-peak, whose T-dependence follows that expected for ℎ𝜈𝜈𝑋𝑋 for T > 77 K 

(Figure 8.5). We assign this peak to the recombination of electrons in the ground 

state of the QW (E) with holes in deep acceptor levels (A), similarly to what 

observed at the same bias conditions at T = 6 K. However, we observe no visible 

trace of the I-peak (ℎ𝜈𝜈𝐷𝐷−𝐴𝐴) at this temperatures. This suggests that the shallow 

donor levels involved in the EL I-peak recombination are ionized for T > 77 K. 

Below the flat band condition (Figure 8.9b), we still distinctly observe the 

emission from the II-peak. Note that this emission occurs at energies higher than 

the excitation energy (i.e. hν > eV). At these temperatures, electrons have 

enough thermal energy to occupy the QW ground state (E), which lies at an 

energy higher than the Fermi level of the emitter. The tunnelling of electrons 
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Figure 8.9: Colour map of the normalized EL intensity versus V at T = 100 K 

(a) and the modelled band diagrams at V = 0.36 V (b), 0.42 V (c) and 0.48 V 

(d). These bias conditions correspond to the white asterisks in the colour map. 
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Figure 8.10: Colour map of the normalized EL intensity versus V at T = 300 K 

(a) and the modelled band diagrams at V = 0.28 V (b), 0.34 V (c) and 0.40 V 

(d). These bias conditions correspond to the white asterisks in the colour map. 
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absorption of a LO phonon (indicated by a small green arrow in Figures 8.10b-

d). At all the applied biases, the EL emission is dominated by the II-peak. We 

note that for T > 200 K the peak-II energy is broad and very close to ℎ𝜈𝜈𝑋𝑋. Thus 

this peak may arise either from the E-A recombination (ℎ𝜈𝜈𝐴𝐴) or from the e-h 

recombination from the ground states of the QW (ℎ𝜈𝜈𝑋𝑋). 

8.3 Summary 

In summary, we have reported EL studies of In(AsN)/(InAl)As RTDs. 

These structures emit in the MIR wavelength range λ = 3 - 5 µm upon electrical 

injection of carriers. We have reported on a bias-tuneable EL emission at 

energies considerably lower that the band gap energy of In(AsN) at low 

temperature (T < 77 K). We attribute this behaviour to the presence of the N-

related defect states below the CB minimum of In(AsN). The tunnelling of 

electrically injected carriers into these strongly localized 0D states plays a key 

role in the recombination of carriers between states in the band gap, thus 

enabling the tuning of the EL emission towards longer wavelengths, up to λ ~ 5 

µm. The MIR luminescence from the RTD structure is observed up to room 

temperature, notably with the occurrence of up-conversion luminescence (UCL) 

for T > 77 K[194, 196]. Non-radiative Auger recombination processes may 

contribute to the arising of output luminescence of energy hν higher than that 

provided to the injected carriers by the applied voltage, V. With this regard, the 

presence of strongly localized N-related states in the band gap may be a 

significant contribution to the Auger process[195]. 

The observation of MIR UCL up to room temperature shows potential for 

applications, such as low-budget MIR LEDs. Further research paths may 
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include the study of the EL emission from the RTDs at different N-content 

and/or QW design. This could enable extending the range of the achievable 

wavelength of the luminescence output, as well as providing further insight into 

the origin, nature and configuration of the N-related 0D states in the band gap 

of In(AsN), whose effect on the transport and opto-electronic properties can be 

effectively probed by our RTD structure. 
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Chapter 9 

Conclusions and future directions 

 

The aim of this thesis was to investigate the effects of the incorporation of 

nitrogen (N) and hydrogen (H) atoms in the III-V InAs semiconductor. The 

findings of my research can be summarized as follows: 

(i) I have shown that the increase of the electron density in the dilute 

nitride In(AsN) alloy upon the post-growth incorporation of hydrogen in the 

crystal induces a surface plasmon polariton (SPP) mode in the mid-infrared 

(MIR) spectral range. 

(ii) The plasmonic behaviour of the highly doped In(AsN):H can be 

suppressed locally by means of laser annealing or electron beam annealing, as 

probed by Raman spectroscopy studies. 

(iii) I have demonstrated that the incorporation of N in InAs leads to a 

pronounced and extended negative differential resistance (NDR) in the current-

voltage (I-V) characteristic of In(AsN)/(InAl)As resonant tunnelling diodes 

(RTDs); this NRD is due to a novel type of resonant Zener tunnelling, assisted 

by N-related strongly localized zero-dimensional (0D) states in the In(AsN) 

band gap, whose small confinement length is probed by magneto-tunnelling 

experiments. 

(iv) The In(AsN)/(InAl)As RTDs emit in the MIR spectral range (λ = 3-5 

µm), as assessed by electroluminescence (EL) studies. A voltage-tuneable 
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emission was demonstrated at temperatures T < 77 K and up-conversion 

luminescence (UCL) was observed over a wide range of temperatures (77-300 

K). 

The main findings and prospects for further studies are discussed below. 

9.1 MIR plasmonics with the highly doped In(AsN):H 

The electron density, ne, of the dilute nitride In(AsN) increases by two 

orders of magnitude, up to ne  ~ 1019 cm-3, upon the incorporation of hydrogen 

in the crystal[31].  This behaviour is attributed to the role of the N-atoms, which 

act as H-traps and lead to the formation of N-H donor complexes in a thin (0.1-

1 µm) conductive layer below the surface[32]. Notably, this is not observed in N-

free InAs[31] or in other dilute nitride compounds[30]. In this thesis, I have 

investigated the possibility to exploit the highly doped In(AsN):H 

semiconductor as a plasmonic material and I have proposed a novel approach to 

the spatial control of its plasmonic behaviour by laser annealing[166]. 

The high electron density achieved following the H-irradiation of  

In(AsN) epilayers (with N-content [N] = 1%) enables the excitation of a surface 

plasmon polariton (SPP) mode at frequencies ωspp ~ 900-1000 cm-1 that is 

detected with reflectance spectroscopy techniques in the attenuated total 

reflection (ATR) configuration. These frequencies correspond to MIR 

wavelengths (λ ~ 10 - 11 µm). The measured values obtained by the spatial 

mapping of ωspp across the epilayers are also consistent with simulations of the 

SPP dispersion in our material. 

I also demonstrated that the plasmonic response of In(AsN):H can be 

spatially tailored and suppressed by laser-annealing, achieved by focusing a 

laser beam of wavelength λ = 633 nm and spot diameter d ~ 1 µm onto the 
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In(AsN):H surface at powers P > 10 mW and exposure times τ  ≥ 300 s. This 

causes the quenching of the plasmonic 𝐿𝐿+ Raman mode. This is attributed to the 

dissociation of the N-H donor complexes, thus restoring the pristine conditions 

of as-grown In(AsN). The spatial mapping of the 𝐿𝐿+ Raman intensity shows a 

modification on the µm-scale. We estimate a temperature rise of up to ∆T = 140 

K in the centre of the spot induced by the laser beam on the In(AsN):H surface. 

Atomic force microscopy (AFM) studies of the In(AsN) epilayers before and 

after hydrogenation show that no surface damage is caused by the laser 

annealing for the range of laser powers and exposure times used in our 

experiment.  

In summary, our approach represents a reproducible and non-destructive 

means to modulate the electron density and plasmonic properties of a highly 

doped semiconductor by changing its chemical composition with micrometric 

resolution. This approach could be further developed for large-scale device 

fabrication with control of the plasmonic response on the µm-scale. The results 

of these studies were published in Advanced Optical Materials 6, 1700492 

(2018)[166]. 

9.2 Novel approach for H-removal with e-beam annealing 

In this thesis, I have demonstrated that the dissociation of the N-H bond 

responsible for the increase of the electron density of In(AsN):H is successfully 

achieved by laser annealing. However, this approach is limited to the micron 

spatial resolution by the diffraction limit of the visible light. It is thus of great 

interest to push the limit of the modulation of electron density in a crystal down 

to the nanometre resolution. For example, electrons have diffraction limits down 
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to the nanometre scale depending on their kinetic energy. In this work, I have 

investigated the effect of electron beam annealing on the highly doped 

In(AsN):H. An electron beam (accelerating voltage Vacc = 20 kV, electron 

current I > 10 nA) of a field emission gun-scanning electron microscope (FEG-

SEM) focused onto the surface of an In(AsN):H epilayer for an exposure time 

of τ > 5 min can induce a decrease of the electron density, as probed by Raman 

spectroscopy and SEM imaging. Atomic force microscopy (AFM) studies show 

that no topographical modification of the surface occurs upon e-beam annealing. 

Thus this is a reproducible and non-destructive approach to locally change the 

conductivity of a highly doped semiconductor, similar to laser annealing. 

However, contrary to what observed with laser annealing, where the diffusion 

of H-atoms away from the annealed spot was likely assisted also by a thermal 

effect, the spatial distribution of the intensity of the plasmonic Raman mode 

reveals that the exposure to an e-beam rather induces an accumulation of H-

atoms around the annealed spot. To evaluate the effects of temperature on the 

dissociation of the N-H complex and/or on the H-diffusion in the lattice, the 

exposure to an e-beam was studied at temperatures up to T = 150 °C. 

It is also worth noting that relatively high electron current values (I > 10 

nA) are required to achieve visible effects for the H-removal on the surface. The 

focusing of a high density current electron beam thus limits the spatial resolution 

of the proposed writing technique. A comprehensive study of the different 

effects arising from laser and electron beam annealing could provide further 

insights into the formation and dissociation of the N-H donor complex in 

In(AsN):H and into the dynamics of H-diffusion in the host crystal. These 

results are in preparation for a journal publication. 
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9.3 Resonant Zener tunnelling via 0D states in In(AsN) RTDs  

The incorporation of small quantities of nitrogen (N) has a profound 

effects on the transport and opto-electronic properties of various III-V 

semiconductors[7, 8, 93]; in this thesis I have focused on the narrow gap InAs 

compound[172]. Here, I have presented the first experimental studies of a multi-

layered p–i-n In(AsN)/(InAl)As resonant tunnelling diode (RTD), where 

nitrogen ([N] = 1%) was introduced in the intrinsic (i) quantum well (QW) layer 

of the diode[143]. 

By acquiring the current-voltage, I-V, characteristics at low temperature 

(T = 4.2 K), we observed an ohmic behaviour for both polarities around zero 

bias. The current reaches a maximum at a peak at V ~ 0.06 V, followed by a 

pronounced and extended region of negative differential resistance (NDR) at 

biases much lower than those required to reach flat band conditions. Notably, 

both these features are weakly dependent on temperature and are not observed 

on a control sample, with no N in the QW layer. 

From the T-dependence of the current over a wide range of T (15 - 300 K), 

two different competing transport phenomena can be envisaged. One is resonant 

Zener tunnelling of electrons through deep-energy N-related states; this process 

dominates at biases lower than those required to achieve flat band conditions. 

On the other hand, the thermal diffusion of carriers over the diode built-in 

potential is dominant at high applied biases and at high T. 

We probed the size of the N-related states by magneto-tunnelling 

spectroscopy (MTS). From the magnetic field dependence of the current at the 

peak, we can estimate the confinement length of the N-related states, λ0 < 2 nm, 

which is much smaller than those expected for a shallow donor level in InAs. 



Chapter 9: Conclusions and future directions 

135 
 

From the I-V curves, we estimate that the strongly localized states lie at energies 

> 40 meV below the conduction band (CB) minimum of the QW layer. These 

observations demonstrate a novel type of Zener tunnelling, assisted by 0D states 

arising from the incorporation of N in InAs. These levels effectively act as 

“stepping stones” for resonant transmission of electrons from the n- to the p- 

side of the diode. This also accounts for the arising of the NDR region when the 

n- and p- sides of the diode are off-resonance.  

It is possible to have some insight into the origin of the N-related 0D states 

that we observe with our tunnelling experiments. Substitutional N-levels are 

expected to lie well-above the CB edge[99] of In(AsN) and thus cannot be 

responsible for the localized energy levels that we observe in the band gap. On 

the other hand, it is well established that non-substitutional N-related crystal 

defects (such as such as N–As split interstitials, N-antisites, and interstitial-N) 

tend to form in In(AsN)[102]. These observations open new questions of 

fundamental relevance on the role of nitrogen atoms in III-V crystals and require 

further theoretical studies and experimental validations. These results were 

published in Scientific Reports 6, 32039 (2016)[143]. 

9.4 Electroluminescence (EL) studies of In(AsN) RTDs 

It is of great interest to study the luminescence from the In(AsN)/(InAl)As 

RTDs resulting from the recombination of electrically injected electrons and 

holes. This may provide a deeper insight into the nature of the N-related defect 

states that we observe in the band gap of In(AsN). In this work, I have presented 

electroluminescence (EL) spectroscopy studies of our RTDs under different 

temperatures (from 6 K to 300 K). For each temperature, we modelled the 
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energy band diagram at different applied biases above and below the flat band 

conditions, to correlate the band alignment with the measured EL emissions. 

At low temperatures (T = 6-50 K), the EL emission can be tuned by the 

applied voltage over the MIR wavelength range λ = 3-5 µm. In particular, for 

biases V < 0.40 V, the EL peak redshifts down to ~ 0.25 eV (λ ~ 5 µm), thus to 

energies significantly lower than the band gap energy of In(AsN). From the band 

alignment, we estimate that the recombination of electrically injected carriers is 

assisted by tunnelling into the strongly localized N-related defect states below 

the CB minimum of In(AsN). This shows that the EL emission has a strong 

dependence on the applied bias and it can be activated at voltages that are much 

smaller than the bias required to achieve flat band conditions. Notably, we 

observe the occurrence of up-conversion luminescence (UCL) at T > 77 K, up 

to room temperature. The presence of strongly localized N-related states in the 

band gap may be play a key role in enhancing the UCL, for example by 

contributing to Auger recombination processes. These results are in preparation 

for a journal publication. 

 

9.5 Future directions 

The results presented in this thesis show some novel effects arising from 

the incorporation of N- and H-atoms in the III-V InAs semiconductor. These 

results will stimulate further fundamental studies and open new research 

directions, some of which are presented in this Section. 
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9.5.1 Novel approach to MIR plasmonics 

The proposed approach to the modulation of the electron density of a 

highly doped semiconductor by post-growth H-incorporation and H-removal by 

laser or electron beam annealing with microscopic precision opens a novel and 

interesting research path. This approach can be combined with the study of 

plasmonic phenomena, which rely on the enhancement of the electric field near 

a surface, and could be exploited for applications such as the detection of 

vibrational-rotational fingerprints of target trace gas species and bio-molecules 

in the MIR range. 

The approaches presented in this thesis rely on the homogeneous 

hydrogenation of the epilayer surface and on the dissociation of the N-H bond 

by using various methods, such as laser and e-beam annealing. An alternative 

approach could employ the selective hydrogenation of the crystal by using 

surface masks to realize plasmonic structures. A common configuration consists 

of one-dimensional (1D) periodic arrays, which can be fabricated by large area 

surface patterning techniques, such as electron beam lithography (EBL), with 

sub-micron resolution[49, 155]. The fabrication of sub-wavelength structures 

enables the enhancement of the electric field intensity near the surface and the 

excitation of localized surface plasmon resonances (LSPRs). The proposed 

pattern consists of a periodic set of stripes with different period p = 2, 3 and 4 

µm and width w = 250, 500, 750 and 1000 nm. These masks (shown in Figure 

9.1a) were realized by EBL. The fabrication by EBL enables to achieve a high 

periodicity of the pattern and a sharp interface between the mask and the 

exposed region, as assessed by scanning electron microscopy (SEM) (Figure 

9.1b). However, it is worth noting that the effective incorporation and diffusion 
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Figure 9.1: Optical (a) and SEM (b) images of the surface masks realized by 

EBL. (c) FDTD simulations of the absorption (A) and reflection (R) spectra of 

the proposed 1D plasmonic arrays with fixed period p = 2 µm and varying width 

w = 250, 500, 750 and 100 nm (courtesy of Dr M. Bomers, Université de 

Montpellier). 

 

of H-atoms in III-V semiconductors usually requires temperatures T > 300 °C. 

This constraint requires the fabrication of surface masks with e-beam resists that 

are stable at these temperatures. Finite-difference time-domain (FDTD) 

simulations (Figure 9.1c) show that it is possible to tune these LSPRs by either 
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monitoring the doping of the crystal (in our case, by using different 

hydrogenation conditions) or by monitoring the periodicity and/or the lateral 

size of the patterns[49, 155]. I am planning to realize such 1D plasmonic arrays by 

EBL and to study the response of the plasmonic gratings obtained following the 

selective hydrogenation of the epilayers. 

The proposed post-growth H-doping represents an appealing alternative 

to the traditional doping methods of InAs during the growth, which then require 

wet chemical etching techniques for the realization of plasmonic gratings. 

 

9.5.2 Towards an understanding of N-related defects 

The observation of N-related localized defect states in the band gap of 

In(AsN) raises new questions of fundamental relevance. Such defect states can 

be probed with our RTD structure and have a strong influence on the electrical 

and optical properties of these devices. However, the identification of the nature 

of these N-related defects in In(AsN) requires further studies. In particular, a 

comprehensive theoretical model should include complex N configurations, 

such as N-clusters, N–As split interstitials, N-antisites, and interstitial-N. 

These studies would have not only a fundamental, but also a technological 

relevance. The presence of these states in the band gap may induce leakage 

and/or noise in devices such as MIR LEDs and photodetectors. On the other 

hand, these could also be exploited for exciting applications. The NDR that we 

observe is only weakly affected by temperature. The possibility of maintaining 

a pronounced and extended NDR at relatively high temperatures shows potential 

for non-linear components in electronics and MIR photonics applications. It 

would be interesting to correlate the features of the NDR with the N-content and 
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other growth conditions (such as growth temperature, rate and flux); these 

parameters could have a profound impact on the shape, range and temperature 

dependence of the NDR. Also, the quantum tunnelling of carriers through a 

defect can be employed for exciting applications such as random number 

generation and cryptography[182, 183]. 

Our In(AsN)/(InAl)As also emit luminescence in the MIR wavelength 

range λ = 3 - 5 µm. The defect states in the band gap seem to play a key role in 

the tuning of the EL emission under different applied biases at low temperature 

(T < 77 K). For this reason, it would also be interesting to find a correlation 

between the growth conditions and the EL emission in order to expand the 

accessible wavelength range. This could be achieved by monitoring the N-

content and/or by controlling the carrier confinement, i.e. designing structures 

with different barrier or QW layer thickness. Our RTD structure also emits in 

the MIR range up to room temperature. The possibility to achieve up-converted 

MIR emission at room temperature is promising for applications in MIR 

photonics, such as for the design of novel and low-budget LEDs. 
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Appendix A 

Electronic bound states in a quantum well 

 

We consider the problem of electronic bound states in a quantum well 

(QW), i.e. a system consisting of a thin layer of material A of thickness 𝑎𝑎 

embedded between two layers of material B, acting as potential barriers (as 

depicted in Figure A.1a). The depth (𝑉𝑉0) of the QW is given by the discontinuity 

of the conduction band (CB) minima of the materials that constitute the QW 

layer and the barrier, i.e. 𝑉𝑉0 = 𝐸𝐸𝐶𝐶
𝐵𝐵 − 𝐸𝐸𝐶𝐶

𝐴𝐴 = 𝛥𝛥𝐸𝐸C . We calculate the electronic 

bound states in the QW by solving the time-independent Schrödinger equation 

in the effective-mass approximation: 

− ħ2

2𝑚𝑚𝑒𝑒
∗

𝑑𝑑2

𝑑𝑑𝑧𝑧2 𝜑𝜑(𝑧𝑧) + 𝑉𝑉(𝑧𝑧) 𝜑𝜑(𝑧𝑧) = 𝜖𝜖 𝜑𝜑(𝑧𝑧) ,                   (A.1) 

where 𝑚𝑚𝑒𝑒
∗  is the electron effective mass at the CB minimum of the QW, 𝑉𝑉(𝑧𝑧) is 

the potential profile and 𝜖𝜖 is the eigenvalue of the problem, providing the energy 

of the electron. In the following, we consider a spatial reference frame whose 

origin is set in the centre of the QW layer. The energy is set to zero at the CB 

minimum of the QW layer. 

A simple solution is given by considering infinitely deep potential 

barriers, i.e. 𝑉𝑉(𝑧𝑧) = +∞ for |𝑧𝑧| > 𝑎𝑎 2⁄ , and 𝑉𝑉(𝑧𝑧) = 0 for|𝑧𝑧| < 𝑎𝑎 2⁄  (Figure 

A.1b). Since the infinite potential barrier prevents the motion of bound electrons 

outside the well, the wave function, 𝜑𝜑(𝑧𝑧), has to vanish at the border of the QW. 
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Figure A.1: (a) Profile of the conduction band minimum for a quantum well 

(QW). The red line shows the energy position of the first QW resonant state E1. 

(b) Infinitely deep QW, showing a sketch of the first three quantized energy 

levels (black dashed lines) and the corresponding wave functions (coloured solid 

lines). 

 

This gives the following boundary conditions: 𝜑𝜑(−𝑎𝑎/2) =  𝜑𝜑(𝑎𝑎/2) = 0. The 

solution of Schrödinger’s equation in an infinitely deep QW are thus given by: 

𝜙𝜙𝑛𝑛(𝑧𝑧) =

⎩
⎨

⎧ �2
𝑎𝑎

cos �𝑛𝑛𝑛𝑛𝑛𝑛
𝑎𝑎

� =  �2
𝑎𝑎

cos(𝑘𝑘𝑘𝑘) ,      𝑛𝑛 odd

 �2
𝑎𝑎

sin �𝑛𝑛𝑛𝑛𝑛𝑛
𝑎𝑎

� = �2
𝑎𝑎

sin(𝑘𝑘𝑘𝑘) ,        𝑛𝑛 even
             (A.2) 

with quantized energy labelled by the quantum number 𝑛𝑛 ≥ 1 (Figure A.1b): 

𝜀𝜀𝑛𝑛 = ħ2

2𝑚𝑚𝑒𝑒
∗ �𝑛𝑛𝑛𝑛

𝑎𝑎
�

2
 .                                        (A.3) 

Note that the solutions have even (odd) z-parity for odd (even) values of the 

quantum number 𝑛𝑛. Thus the electronic ground state in an infinitely deep QW 

has even parity. In spite of the unrealistic physical nature of the infinitely deep 

QW, Equations A.2 and A.3 are routinely used to solve quantum confinement 

problems in semiconductor heterostructures due to their simplicity. 
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A more realistic model considers a QW with a finite depth, 𝑉𝑉0
[77]. In this 

case, the electronic wave function can penetrate in the QW barriers. Thus no 

simple analytical solutions like those in Equation A.2 can be given for a QW 

with finite depth, but a numerical approach is required to calculate the 

eigenvalues, 𝜖𝜖, of Equation A.1. Inside the well (|𝑧𝑧| < 𝑎𝑎 2⁄ ),  𝑉𝑉(𝑧𝑧) = 0 and the 

eigenfunctions are similar to the infinitely deep QW case, with the same z-

symmetry: 

𝜙𝜙𝑛𝑛(𝑧𝑧) = 𝐶𝐶 �cos(𝑘𝑘𝑘𝑘)
sin(𝑘𝑘𝑘𝑘) ,                                    (A.4) 

with energy 𝜀𝜀 = ħ2𝑘𝑘2

2𝑚𝑚𝑒𝑒
∗ . Outside the well (|𝑧𝑧| > 𝑎𝑎 2⁄ ), 𝑉𝑉(𝑧𝑧) = 𝑉𝑉0 > 𝜀𝜀. The 

eigenfunctions are thus given by: 

𝜙𝜙𝑛𝑛(𝑧𝑧) = 𝐷𝐷 exp (±𝜅̃𝜅𝑧𝑧) ,                                 (A.5) 

where  ħ2𝜅𝜅�2

2𝑚𝑚𝑒𝑒
∗ =  𝑉𝑉0 − 𝜀𝜀 is the binding energy of the bound states, i.e. the energy 

required to enable a bound electron in the well to escape. Here 𝐶𝐶  and 𝐷𝐷 are 

normalization factors. In Equation A.5, the + sign holds for z < 0, while the – 

sign holds for z > 0; this is necessary for the normalization of the wave functions 

and thus to obtain physically meaningful solutions. In the following, we can 

focus only on z > 0, since we can calculate the wave functions for z < 0 from 

their symmetry. 

We impose the continuity of the wave functions: 

𝜙𝜙 �𝑧𝑧 = 𝑎𝑎
2

 |−� = 𝐶𝐶 �cos(𝑘𝑘𝑘𝑘/2)
sin(𝑘𝑘𝑘𝑘/2) = 𝐷𝐷 exp �− 𝜅𝜅�𝑎𝑎

2
� = 𝜙𝜙 �𝑧𝑧 = 𝑎𝑎

2
 |+� , (A.6) 

and their first derivative: 

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

�𝑧𝑧 = 𝑎𝑎
2

 |−� = 𝐶𝐶𝐶𝐶 �−sin(𝑘𝑘𝑘𝑘/2)
cos(𝑘𝑘𝑘𝑘/2) = −𝐷𝐷𝜅̃𝜅 exp �− 𝜅𝜅�𝑎𝑎

2
� = 𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑
�𝑧𝑧 = 𝑎𝑎

2
 |+� (A.7) 
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at z = a/2. By dividing (A.6) by (A.7), we eliminate the normalization factors, 𝐶𝐶 

and 𝐷𝐷, to obtain: 

𝑘𝑘 �−tan(𝑘𝑘𝑘𝑘/2)
   cot(𝑘𝑘𝑘𝑘/2) = −𝜅̃𝜅 .                                 (A.8) 

By expanding 𝜅̃𝜅 and 𝑘𝑘 as a function of 𝑉𝑉0  and 𝜀𝜀, Equation A.8 can be rewritten 

as the following transcendental equation: 

�   tan(𝑘𝑘𝑘𝑘/2)
−cot(𝑘𝑘𝑘𝑘/2) = 𝜅𝜅

𝑘𝑘
� = �2𝑚𝑚𝑒𝑒

∗𝑉𝑉0
ħ2𝑘𝑘2 − 1 ,                        (A.9) 

which needs to be solved numerically. By introducing the dimensionless 

variable 𝜃𝜃 = 𝑘𝑘𝑘𝑘/2, Equation A.9 can be rewritten as: 

�   tan(𝜃𝜃)
−cot(𝜃𝜃) = ��𝜃𝜃0

𝜃𝜃
�

2
− 1 ,                              (A.10) 

where the dimensionless parameter 𝜃𝜃0 = �𝑚𝑚𝑒𝑒
∗𝑉𝑉0𝑎𝑎2/2ħ2 incorporates all the 

physical input of the system, i.e. the electron effective mass 𝑚𝑚𝑒𝑒
∗ ,  and the QW 

depth, 𝑉𝑉0, and width, 𝑎𝑎.  

Note that the problem has to be treated in a different way if one wants to 

consider that the electron effective mass in the well, 𝑚𝑚𝑊𝑊
∗ ,  is different from the 

one in the barrier, 𝑚𝑚𝐵𝐵
∗ . This modifies the requirement for the continuity of the 

derivative of the wave function (Equation A.7) into: 

1
𝑚𝑚𝑊𝑊

∗
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

�𝑧𝑧 = 𝑎𝑎
2

 |−� = 1
𝑚𝑚𝐵𝐵

∗
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

�𝑧𝑧 = 𝑎𝑎
2

 |+�.                   (A.11) 

This corresponds to: 

𝐶𝐶𝐶𝐶
𝑚𝑚𝑊𝑊

∗ �−sin(𝑘𝑘𝑘𝑘/2)
cos(𝑘𝑘𝑘𝑘/2) = − 𝐷𝐷𝜅𝜅�

𝑚𝑚𝐵𝐵
∗ exp �− 𝜅𝜅�𝑎𝑎

2
� .                    (A.12) 

By dividing (A.6) by (A.12), Equation A.9 becomes: 

�   tan(𝑘𝑘𝑘𝑘/2)
−cot(𝑘𝑘𝑘𝑘/2) = 𝑚𝑚𝑊𝑊

∗

𝑚𝑚𝐵𝐵
∗

𝜅𝜅
𝑘𝑘
� = �𝑚𝑚𝑊𝑊

∗

𝑚𝑚𝐵𝐵
∗ �2𝑚𝑚𝑊𝑊

∗ 𝑉𝑉0
ħ2𝑘𝑘2 − 1� .              (A.13) 
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As before, 𝜃𝜃 = 𝑘𝑘𝑘𝑘/2 and 𝜃𝜃0 = �𝑚𝑚𝑊𝑊
∗ 𝑉𝑉0𝑎𝑎2/2ħ2, which only depends on the 

electron effective mass inside the well. Equation A.13 then becomes: 

�   tan(𝜃𝜃)
−cot(𝜃𝜃) = �𝑚𝑚𝑊𝑊

∗

𝑚𝑚𝐵𝐵
∗ �𝜃𝜃0

𝜃𝜃
�

2
− 1 .                            (A.14) 

Here we solve Equation A.14 for an In(AsN) QW layer of thickness 𝑎𝑎 = 

10 nm embedded between two (InAl)As barriers (sketch in Figure A.2a). 

Equation A.14 can be solved graphically, as showed in Figure A.2b. The 

solutions are given by those values of 𝜃𝜃 for which the square root on the right 

side of Equation A.14 is equal to the tangent or the cotangent function; these 

points are indicated with the blue dots in FigureA.2b. Being the square root 

positive, only one solution between the tangent-like or the cotangent-like is 

allowed at a given 𝜃𝜃. Also, no solution is allowed for 𝜃𝜃 > 𝜃𝜃0. Since the square 

root function intersects the 𝜃𝜃-axis at 𝜃𝜃 = 𝜃𝜃0, while the tangent/cotangent 

functions intersect the 𝜃𝜃-axis at 𝜃𝜃 = 𝑛𝑛𝑛𝑛/2 (𝑛𝑛 ≥ 0), the number of the solutions 

(i.e. the number of the possible confined bound states in the QW) is given by 

𝑛𝑛∗ = 2𝜃𝜃0/𝜋𝜋 , rounded up to the next integer. This means that a square QW has 

always at least one bound state. In our case, we calculate two electronic bound 

states; however, as shown in Figure A.2a-b, the excited state has energy, 𝐸𝐸2,  

very close to the QW barrier height, thus it is very easily excited out of the QW. 

The same treatment can be applied to the holes confined in a QW in the 

valence band (VB). In this case, we use the heavy hole effective mass, 𝑚𝑚ℎℎ
∗ , 

while the depth of the well is given by the discontinuity of the VB maxima in 

the two materials that constitute the semiconductor heterostructure, i.e. 𝑉𝑉0 =

𝛥𝛥𝐸𝐸V . For the CB and VB edge offsets, we use the same value as in reference 

[198]. The graphical solutions for the bound hole states in our In(AsN)/(InAl)As 

QW are reported in Figure A.2c.  
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Figure A.2: (a) Profile of the conduction band minimum for an 

In(AsN)/(InAl)As QW. The red lines shows the energy position of the QW 

bound states. (b) Graphical solution for the electronic bound states in the CB; 

the blue dots represent the solution to the problem. (c) Graphical solution for the 

hole bound states in the VB; the blue dots represent the solution to the problem. 
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Appendix B 

Laser induced lattice heating 

 

Here we describe the temperature rise in an In(AsN):H lattice induced by 

a focused laser beam. Let us assume that the laser beam has a Gaussian intensity 

distribution (Figure B.1a): 

𝐼𝐼 = 𝐼𝐼0 exp �− 𝑟𝑟2

𝑤𝑤2� = 𝐼𝐼0 exp(−𝑅𝑅2) ,                        (B.1) 

where r is the in-plane radial distance from the spot centre and 𝑤𝑤 is the beam 

waist. In the following, z indicates the depth below the surface (Figure B.1b). 

Here, 𝑅𝑅 = 𝑟𝑟/𝑤𝑤 and 𝑍𝑍 = 𝑧𝑧/𝑤𝑤 indicate the spatial coordinates in units of the 

beam waist. 

The laser induced temperature rise can be written as[178]: 

𝑇𝑇(𝑅𝑅, 𝑍𝑍, 𝑊𝑊) = 𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚 𝑁𝑁(𝑅𝑅, 𝑍𝑍, 𝑊𝑊)                           (B.2) 

where 𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚 = 𝑇𝑇(0, 0, ∞) is the maximum temperature rise, 𝑊𝑊 = 𝛼𝛼(𝜆𝜆) 𝑤𝑤, 𝛼𝛼(𝜆𝜆) 

is the wavelength-dependent absorption coefficient, and 𝑁𝑁(𝑅𝑅, 𝑍𝑍, 𝑊𝑊) is a 

normalization factor. 𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚 depends on the laser beam power, P, and waist, w, 

as well as on the temperature-dependent thermal conductivity, 𝐾𝐾(𝑇𝑇): 

𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚 = 𝑃𝑃
2√𝜋𝜋 𝑤𝑤𝑤𝑤(𝑇𝑇) .                                   (B.3) 

The maximum temperature rise is reached in the limit of large light absorption 

(W = ∞) on the surface (Z = 0) at the centre of the beam (R = 0),  i.e. 

𝑁𝑁(0, 0, ∞) = 1. 
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Figure B.1: a) Schematic of a laser spot and its intensity distribution along r. 

Here w is the beam waist. b) Sketch of the laser beam focused onto the sample. 

 

For excitations over a finite depth, the temperature rise is less than unity: 

𝑁𝑁(0,0, 𝑊𝑊) = �∫ 𝐼𝐼(𝜆𝜆)∞
0

𝑊𝑊
𝑊𝑊+𝜆𝜆

𝑑𝑑𝑑𝑑� �∫ 𝐼𝐼(𝜆𝜆)∞
0 𝑑𝑑𝑑𝑑�

−1
 .           (B.4) 

Here 𝐼𝐼(𝜆𝜆) is the Bessel transform of 𝐼𝐼(𝑅𝑅): 

𝐼𝐼(𝜆𝜆) = ∫ 𝐼𝐼(𝑅𝑅) ∞
0 𝐽𝐽0(𝜆𝜆𝜆𝜆) 𝑅𝑅 𝑑𝑑𝑑𝑑 ,                            (B.5) 

where 𝐽𝐽0(𝜆𝜆𝜆𝜆) is the zeroth-order Bessel function of the first kind. For a Gaussian 

intensity distribution profile, 𝐼𝐼(𝜆𝜆) = 1
2� 𝑒𝑒𝑒𝑒𝑒𝑒 �− 𝜆𝜆2

4� � and ∫ 𝐼𝐼(𝜆𝜆)∞
0 𝑑𝑑𝑑𝑑 =

√𝜋𝜋
2 � . The solution of Equation B.4 is given by: 

𝑁𝑁(0,0, 𝑊𝑊) = 𝑊𝑊 𝐷𝐷 �𝑊𝑊2

4
� − 𝑊𝑊2

2𝜋𝜋2 exp �− 𝑊𝑊2

4
�  𝐸𝐸𝐸𝐸 �𝑊𝑊2

4
� ,        (B.6) 

where 𝐷𝐷(𝑥𝑥) = exp (−𝑥𝑥2) ∫ 𝑒𝑒𝑒𝑒𝑒𝑒(𝑡𝑡2)𝑥𝑥
0 𝑑𝑑𝑑𝑑 is the Dawson integral, 𝐸𝐸𝐸𝐸(𝑥𝑥) =

𝑃𝑃 ∫ 𝑒𝑒𝑒𝑒𝑒𝑒(𝑡𝑡)
𝑡𝑡

𝑥𝑥
−∞ 𝑑𝑑𝑑𝑑 is the exponential integral, and t is the exposure time. 

More generally, Equation B.7 gives the spatial distribution of the 

temperature rise considering the finite penetration (i.e. finite 𝑊𝑊 = 𝛼𝛼𝛼𝛼) and the 

in-plane and depth deviations (R and Z) from the beam centre at the surface: 

objective

laser beam

sample r

z

I
I0

w

r0

(a) (b)
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𝑁𝑁(𝑅𝑅, 𝑍𝑍, 𝑊𝑊) = 𝑊𝑊
∫ 𝐼𝐼(𝜆𝜆)∞

0 𝑑𝑑𝑑𝑑
× ∫ 𝐽𝐽0(𝜆𝜆𝜆𝜆) 𝐼𝐼(𝜆𝜆)∞

0
𝑊𝑊 𝑒𝑒𝑒𝑒𝑒𝑒(−𝜆𝜆𝜆𝜆)−𝜆𝜆 exp (𝑊𝑊𝑊𝑊)

𝑊𝑊2+𝜆𝜆2 𝑑𝑑𝑑𝑑  .  (B.7) 

For R, Z >> W -1 (i.e. for r, z >> α -1, the penetration depth of the impinging 

laser radiation), Equation B.7 gives: 

lim
𝑅𝑅,𝑍𝑍→∞

𝑁𝑁(𝑅𝑅, 𝑍𝑍, 𝑊𝑊) = 𝐼𝐼(0)
∫ 𝐼𝐼(𝜆𝜆)∞

0 𝑑𝑑𝑑𝑑
1

(𝑅𝑅2+𝑍𝑍2)1 2⁄ = 1
𝜋𝜋1 2⁄

1
(𝑅𝑅2+𝑍𝑍2)1 2⁄  ,        (B.8) 

where the last result yields for a Gaussian intensity distribution profile. 

Therefore, from Equations B.2 and B.8, the temperature rise can be expressed 

as: 

𝑇𝑇(𝑅𝑅, 𝑍𝑍, 𝑊𝑊) =  𝑃𝑃
2𝜋𝜋𝜋𝜋𝜋𝜋(𝑇𝑇)

1
(𝑅𝑅2+𝑍𝑍2)1 2⁄  .                          (B.9) 

The parameters for In(AsN) used in our simulations are summarized in Table 

B.1. 

 

Table B.1. Parameters used for our simulation of the temperature rise: the light 

absorption coefficient, α, at the wavelengths λ; the thermal conductivity, K, at T 

= 300 K; the beam waist, w, and the corresponding dimensionless parameter, 

W= αw. The beam waist is estimated as w = 1.22 λ / NA, where NA (= 0.8) is 

the numerical aperture of our 100× objective. 

λ [nm] α [m-1] [199] K [W m-1 K-1] [200] w [µm] W = αw 

532 2.3×107 
27 

0.8 18 

633 1.2×107 1 12 
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