General Introduction

Laser-assisted Atom Probe Tomography is based on field emission of ions from a needle-shaped tip, allowing for the reconstruction in 3D of the chemical composition of nanoscale objects. This technique is nowadays more and more applied in the domain of materials sciences and nanoscience.

During the last few years, several exploratory studies demonstrated that the chemical composition of binary and ternary semiconductors and dielectrics measured by La-APT may depend on the experimental parameters of the measurement (sample surface field, laser pulse energy and sample temperature). This is a major problem if such measurements as that of the alloy site fraction y in ternary compounds (AyB1-yC) or that of the doping density in a binary semiconductor are considered. The experimental results obtained up to now suggested that the surface electric field is the main parameter determining the deviation of the measured composition from the real stoichiometry in a set of wide bandgap semiconductors (GaN, AlN, ZnO, MgO). However, it has still not been established what are the physical mechanisms leading to a measurement rich in group III (resp. II) elements at low field and rich in N (resp. O) at high field.

The main objective of this thesis is a systematic study of semiconductors of high technological interest in order to obtain a coherent description of the compositional biases in atom probe tomography. In particular, within an in-depth investigation of the possible mechanisms leading to these biases, we aim at determining the mechanisms responsible for such compositional biases. Close attention is given to the preferential evaporation, dissociation phenomena and detection issues.

A second objective consists in the development of a new atom probe-based correlative microscopy approach which allows performing micro-photoluminescence during atom probe tomography. The coupled, in-situ , approach is currently an acctractive candidate overcoming the limitation associated with the spatial resolution of microphotoluminescence, strongly limited by diffraction in focusing the laser spot. This original approach was never tried before and allows strictly correlating both the morphology and composition of a single nano-object present in an atom probe tip with its optical properties. This thesis is divided in 5 chapters in which are discussed some selected topics related to the research activity carried out during my PhD in the Material Physics Group (GPM) of Rouen. The manuscript was principally written to guide, step by step, a non-expert user who has moderate knowledge of the physics of semiconductor materials and/or laserassisted atom probe tomography.

The first two chapters of this thesis are an introduction to the physics of semiconductors and laser-assisted atom probe tomography. In chapter 1 we introduce some selected concepts of the physics of III-V and II-VI semiconductor heterostructures. In particular we discuss the principal mechanisms leading to the photoluminescence emission in GaN-and ZnO-based multi-quantum wells systems. Atom probe tomography is introduced in chapter 2. Moreover, information related to atom probe complementary techniques, such as STEM and photoluminescence, for the analysis of semiconductor heterostructures are provided in this chapter.

Results related to the compositional metrology of binary semiconductor materials studied by atom probe tomography are reported in chapter 3. In particular GaN, GaAs and ZnO were carefully analyzed in order to coherently describe how the measured composition depends on the experimental parameters. A special attention has been given to the effect of multiple ion events and dissociation phenomena in atom probe data.

Chapter 4 is deeply linked with chapter 3 and deals with the compositional metrology of ternary semiconductor alloys, with a special attention on the impact of the selective loss of metallic element due to the DC field evaporation between laser pulses in laser-assisted atom probe tomography. In order to do it, a systematic study of the alloy site fraction y in ternary compounds is performed. The introduction of a simple model supports the results obtained for both AlyGa1-yN and MgyZn1-yO alloys.

In chapter 5 the morphological and optical properties of ZnO/MgyZn1-yO multiquantum wells are studied adopting a correlative multi-microscopy approach. This chapter atom probe tomography is applied to the study of a complex semiconductor system. The special morphology of such system and the difficulties related to the non-uniform composition of the MgyZn1-yO give us a clear picture of both advantages and intrinsic limitations of atom probe tomography in the study of semiconductor heterostructures. In order to study this system an in-situ app oa h coupling atom probe tomography with photoluminescence was developed. This allows isolating and measuring the photoluminescence emission of each single quantum well and correlates this with the morphology and composition provided by atom probe data.

The conclusion, reported on the end of this manuscript, summarizes the results obtained during this 3 years work and the future perspectives.

Chapter 1 Structural and optical properties of semiconductor heterostructures 1.1 Introduction

III-V and II-VI semiconductors are currently used in optoelectronic devices emitting in the near-UV and blue domain. This is the case, for example, of the blue Light Emitting Diodes (LEDs) which find application in several aspects of the everyday life, such as in environmental lightning and LED-displays. In particular, many of these devices are based on GaN and related ternary compound semiconductors, such as AlyGa1-yN and InyGa1-yN. A second emerging material is ZnO which has some potential advantages over GaN, the most important being the largest exciton binding energy and the ability to grow single crystal substrates. These properties of ZnO make it an ideal candidate for a variety of devices ranging from sensors through to UV LEDs and nanotechnology-based novel devices.

In this chapter we introduce some selected concepts of the physics of III-V and II-VI semiconductors. In particular, we focus our attention on both the principal and practical advantages and the limitations in the use of these materials in modern optoelectronic devices. These are based on nanostructures, such as Multi-Quantum Well (MQW) systems, which allow the manufacture of high efficiency devices with tunable emission energies. The determination of both the geometry and the composition in such nanostructures is of primary importance because they strongly influence optical properties. This is possible thanks to the microscopy techniques that will be presented in the next chapter.

III-V and II-VI heterostructures

In 1970 Esaki and Tsu proposed to stack layers of different semiconductors introducing the concept of heterostructures [1]. These consist in growing different semiconductors materials by techniques such as Molecular Beam Epitaxy (MBE). This leads to the creation of one or more abrupt interfaces at the boundaries between different materials called heterojunctions. These materials are chosen with different bandgaps (Eg) but similar lattice constants in order to avoid or minimize defects due to a lattice mismatch.

A particular type of heterostructures are the quantum heterostructures where the carriers are confined in quasi-two, -one and -zero dimensions. These heterostructures are respectively called Quantum Wells (QWs), quantum dots and quantum wires. The applications of quantum heterostructures are numerous, ranging from LEDs [2] to High Electron Mobility Transistors (HEMTs) [3] and constitute the milestone of modern electronic devices (in this thesis we ill ge e all efe to ua tu hete ost u tu es usi g o l the o d hete ost u tu es .

Modern heterostructures are typically based on binary and ternary semiconductor alloys. These materials have many advantages: (i) ternary alloys typically have the same crystalline structure as binary compounds from which they derive; (ii) the lattice constants are slightly modified by changing the alloy composition; (iii) bandgaps can be tuned when changing the alloy composition. Ternary compounds allowed to develop a new branch of the ph si s alled a dgap e gi ee i g . Devices based on III-V and II-VI binary and ternary semiconductors are still undergoing great development for their interesting structural, optical and electronic properties. III-V semiconductors are obtained combining group III elements (i.e. Al, Ga and In) with group V elements (i.e. N, P, As, Sb). These elements allow obtaining 12 possible binary semiconductors of which the most important ones are GaN, GaAs, InP and GaP. All these combinations crystallize either in the diamond lattice, known as zincblende or ZnS structure, or in hexagonal closed packed (hpc) lattice, known also as wurtzite (wz) structure (fig. 1.1-(a)). Wurtzite has a particular importance in solid state physics because this is the structure of GaN and ZnO, which find applications in several modern devices. [4]).

III-V semiconductors have become second in importance after Si among the semiconductor materials. In fact, silicon is an indirect bandgap semiconductor, while III-V semiconductors present a direct bandgap with the important exception of GaP which has an indirect bandgap [5]. The principal advantage of direct bandgap semiconductors compared to indirect bandgap ones is that electron-hole pairs recombine radiatively with high probability. Thus direct bandgap semiconductors can be used as strong radiation emitters.

For this reasons III-V semiconductors find important applications in photonics, in particular as emitters in LEDs. It should be noted that also GaP is used as emitter in green LEDs by doping it with isoelectronic elements (i.e. N or P substituting a P atom). This leads to the formation of an energy level just below the conduction band allowing a radiative recombination of excitons bound to doping elements [6].

III-nitrides (III-N) are the most important semiconductors within the III-V systems.

They have bandgap Eg varying from 0.8 eV for InN to 3.5 eV for GaN, to about 6.1 eV in the case of AlN [7]. Particular attention is placed on III-N alloys. These are of the type AyB1-yC, where A and B are III-group elements, while C is N. The III-site fraction y represents the percentage of A-atoms which replace the B-atoms in the ordered lattice. This concept can be naturally extended to other material classes. III-nitrides are the only III-V semiconductors that show spontaneous polarization PSP.

The reason of spontaneous polarization is the intrinsic asymmetry of the bonding in the equilibrium wurtzite crystal structure. The relative disposition of III-metal cations and N anions in the unit cell leads to the formation of a spontaneous polarization PSP along the caxis direction (fig. 1.1-(b)). For this reason, the c-a is di e tio is alled pola di e tio . A similar but less intense effect is observed also along the a-axis direction, which is called se i-pola di e tio . The odule of PSP increases from GaN (-. C• -2 ) over InN (-0.04 C• -2 ) to AlN (-. C• -2 ) [8]. However, mechanical stress also causes the polarization, giving rise to a piezoelectric polarization PPZ. The total polarization P is simply the sum PSP + PPZ.

In 1993, S. Nakamura et al. discovered that InyGa1-yN can be used as emitter in highbrightness blue LEDs [9]. Today, photonic devices based on III-N alloys can supply UV/blue emission and inherently high emission efficiencies. In particular, AlyGa1-yN alloys with high Al content achieve ultra violet emission over a wavelength range from 350 nm down to 210 nm, allowing the manufacture of Deep Ultra Violet (DUV) LEDs [10]. This is possible because GaN and AlN are perfectly miscible and the bandgap Eg of AlyGa1-yN alloys, so the wavelength of the lu i es e e e issio = hc/Eg (h is the Pla k's o sta t, c the light speed), can be tuned changing the Al III-site fraction y. As the bandgap of both GaN and AlN are well known, it is possible to calculate the bandgap of AlyGa1-yN allo s appl i g Vega d's la :

Eg(AlyGa1-yN) = y • Eg(AlN) + (1-y) Eg(GaN) -b • y (1-y), (eq. 1.1)
where the coefficient of the parabolic term, b, is the bowing parameter and it is equal to 1 eV [7]. It should be reminded that a variation of the Al III-site fraction y is also associated to a variation of both the a-and c-plane distances (fig. 1.1-(b)) [11]. This leads to some limitations on the growth of high-quality (In,Ga,Al)N layers on other layers which differs for the composition, thus for the lattice constants.

AlyGa1-yN alloys also find important application in HEMTs. They are the backbone of high-power/high-frequency/high-temperature electronics. GaN-based devices will also make their way in military and spatial systems due to their radiation damage tolerance [12].

Currently, AlyGa1-yN alloys cannot be replaced by any other semiconductor (no other semiconductors possess such a large direct bandgap) as well as the ability of bandgap engineering through the use of III-nitride heterostructures.

II-VI semiconductors are obtained combining group II elements (i.e. Zn, Cd, Be, Mg) with group VI elements (i.e. O, S, Se, Te). These materials present direct wide bandgaps (Eg > 2 eV) and they find several applications, ranging from solar cells to gas sensors [13,14]. In particular, wz-ZnO is the major candidate for is emerging as a promising II-VI direct wide bandgap semiconductor (Eg = 3.4 eV). It is currently employed in minority-carrier-based devices such as LEDs [15], solar cells [16] and HEMTs [17]. Moreover, ZnO presents some advantages compared to III-nitride materials, which include lower materials costs and high exciton binding energy (60 meV, compared to 25 meV in GaN). The last feature is extremely important because allows room temperature operation of exciton-based devices such as UV lasers [18]. ZnO-based MQWs systems are very attractive, in particular due to tunable transition energy and their high exciton binding energy [19]. Therefore, it appears clear that ZnO is a potential replacement for GaN for optoelectronic applications. More details about the exciton based devices are provided later. Nevertheless, undoped ZnO with wurtzite structure occurs naturally as n-type semiconductor and there are intrinsic difficulties in growing p-doped ZnO. This is due to strong self-compensation effects arising from the presence of hydrogen impurities or native defects [20]. In this way, making p-n ZnO homojunctions appears extremely difficult.

The two most common ZnO-based alloys are MgyCd1-yO and MgyZn1-yO. Both of them are widely used in MQWs systems due to their quite small lattice mismatch with ZnO [21,22]. This allows the growth of strain-free and high-quality MQW systems. Alloying ZnO with Cd leads to a reduction of the bandgap. Instead, Mg has an opposite behavior increasing the bandgap. Unfortunately, ZnO-based alloys are not thermodynamically stable.

For example, MgyZn1-yO has the hexagonal wz-structure (the same as ZnO) for y < 0.33 and a cubic rocksalt (rs) structure (the same as MgO) for y > 0.45 [23]. A two phase structure is observed for intermediate compositions [24]. Nevertheless, the growth of high quality wz-MgyZn1-yO films with y higher than 0.5 was reported in 2011. This allows tuning the alloy bandgap on a much wider range [25]. The following linear relation between bandgap and Mg II-site fraction y was established for the hexagonal phase (fig. 1.2-(a)) [26].

Eg(MgyZn1-yO) = Eg(ZnO) + b • y, (eq. 1.
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where b = 2 eV. Mg II-site fraction y also changes the lattice constants of MgyZn1-yO alloys [27]. As the Mg II-site fraction increases, the a-lattice constant increases while the clattice constant is reduced. The relationship between the Mg II-site fraction and the lattice constants for both wz-and rs-structure is summarized in fig. 1.2-(b) [28]. the Mg II-site fraction y (image readapted from ref. [24]).

Heterostructures based on ZnO/MgxZn1-xO are currently being considered for the development of devices based on quantum confinement effects and on interband or intersubband transitions, with special attention paid to MQWs system [29][30][31], which may be grown along a semi-polar or non-polar direction [32][33][34]. Polar QW structures are in fact affected by the so-called Quantum Confined Stark Effect (QCSE) (more details about the QCSE will be provided later). This effect finds important application in devices such as optical modulators [35]. Non-polar heterostructures, on the other hand, are not subjected to the QCSE, and are currently being considered for the development of a novel generation of intersubband devices with a simplified design with respect to their polar counterparts.

Unfortunately, material quality issues still affect the morphological properties of non-polar ZnO and ZnO/MgxZn1-xO heterostructures. Typical structures grown on the non-polar a-plane [36] and m-plane [37,38] ZnO/MgxZn1-xO QWs exhibit anisotropic surface roughness, with stripes and edges elongated along the c-axis, which is likely related to a strong step-edge barrier inhibiting the interlayer adatom transitions during the growth [37]. Nevertheless, these structures exhibit remarkable optical properties and high radiative efficiency [39].

Carrier confinement in quantum wells

A QW is a thin flat layer (typically 1 ÷ 5 nm thick, or 4 ÷ 20 atomic layers) having a low bandgap grown between two higher bandgap se i o du to s alled a ie s (fig. 1.3).

The physics of these devices is based on the properties of direct bandgap semiconductors ea the e te of the fi st B illoui zo e alled Γ poi t a d i ua tu e ha i al effe ts which lead to the quantum confinement of both electrons and holes. Many of these effects can be observed also at room temperature and find important applications in real devices. As example, applying eq. 1.5 the first excited state energy E1 for a 10 nm L thick infinite GaAs QW is 54 meV. The same energy calculated using eq. 1.7 for a GaAs QW staked between two Al33Ga67As barriers is 32 meV [28]. It should be noted that because the thickness of the QWs is generally smaller than 10 nm, the critical thickness for the formation of dislocations in non-lattice-matched epitaxial layers is never reached. This allows the growth of high quality non lattice-matched materials. Alternating several QWs with barriers leads to the formation of multi-quantum wells MQWs. The physics of MQWs is essentially the same as a set of single QWs. However, if the wavefunctions associated to the confined states penetrates in adjacent QWs which form a periodic system the MQWs s ste is alled supe latti e a d the a efu tio s eate the so-alled i i a ds . This happe s he QWs a e sepa ated e thi a ie la e s. As example, a GaAs/Al0.3Ga0.7As system with 5 nm thick layers is considered is considered as a 

Interband transitions:

Optical absorption occurs when electrons are excited within the bands of a solid following the absorption of photons. During this process the photon is absorbed, an excited electron state is formed in CB and a corresponding hole is generated in VB. There are two different types of such interband transitions: direct and indirect transitions.

In a direct transition an electron is excited from VB to CB preserving the wavevector ⃗ : ( ⃗ ) → ( ⃗ ). This is the case of direct bandgaps materials (i.e. GaAs, GaN, ZnO) where direct transitions are observed in correspondence of the Γ poi t of the a d st u tu e fig.

1.8-a . Be ause at the Γ poi t = + , direct transitions can take place only if the photon energy ħω > , which constitutes a threshold value to observe the photon absorption.

In indirect transitions an electron is promoted in the CB changing its wavevector ⃗ : 

Excitons

Electrons and holes are charged particles which interact at least with lattice and one with respect each other. Due to the mutual Coulomb interaction, an electron in CB and a hole in VB form a hydrogen-like bound state called exciton. The binding energy of the quantized excitonic states is provided by the following relation:

= -2
2 , (eq. 1.9) where = 13.6 eV is the Rydberg energy, the dielectric constant, the free electron mass, -= -+ ℎ -the reduced mass of the exciton and indicates the energy level of the exciton. The radius of the electron-hole orbit is given by: = , (eq. 1.10)

where is the Bohr radius of the hydrogen atom (5.29 × 10 -11 m). Eq. 1.9 and 1.10

show that the exciton ground state (n = 1) has the larger binding energy and the smaller radius. As a general trend, in both III-V and II-VI semiconductors tend to increases and to decreases as increases. In GaAs, for example, excitons can be observed at low temperature with = 4.2 meV with a radius of about 13 nm [42]. is increased to 23 meV in GaN and up to 60 meV in ZnO. The exciton radii are 3.3 and 2.4 nm, respectively [43,44].

Excitons having a diameter much greater than the atomic spacing are called Wannier-Mott excitons. They are delocalized states that can move freely throughout the crystal. For this easo a e also alled f ee-e ito s . However, these excitons are typically observed only in very pure semiconductors. In fact, the presence of doping or impurities screens the Coulomb interaction in the exciton, reduces their binding force and strongly localizes them in correspondence of the minima of the band structure.

A remarkable property of excitons is that it is possible to create an exciton with energy less tha e ui ed to eate f ee ele t o -hole pair. In fact, the energy required to create a free electron-hole pair in a semiconductor is actually the simple bandgap energy . Because such electron-hole pair is analogous to an ionized hydrogen-like atom (n → ∞), the energy required to create an exiton is equal to = -(fig. 1.9).

Excitons play an important role in optical properties of semiconductors especially at low temperature, where the exciton recombination is the main mechanism for the light emission. When the characteristic thermal energy kBT (kB is the Boltz a 's o sta t) of a semiconductor increases, the exciton recombination is replaced by the free electron-hole recombination. It is recalled that at the ambient temperature of T = 25 ° C, which corresponds to T = 298 K, kBT = 25 meV.

In QWs the diameter of an exciton is reduced, at least in the direction perpendicular to the QW. The electron and the hole are closer than in a 3D bulk semiconductor and the exciton have binding energy that can increase up to 4 times as large as the bulk value. A very interesting case is constituted by ZnO/MgyZn1-yO MQWs because the exciton binding energy can be increased up to 120 meV due to quantum confinement effects [19]. These effects are further enhanced in quantum wires and dots due to the compression of the wavefunction in 1D and 0D structure. 

Carrier localization

In compound semiconductors (i.e. ternary or quaternary semiconductors) random alloy fluctuations on nm length scale can be observed. Such alloy disorder leads to formation of local minima in the material band structure where carrier can localize and radiatively recombine.

An example is provided by the GaN based devices growth on a sapphire substrate, with exhibits very high defect densities of around 10 9 cm -2 compared to 10 3 cm -2 of other materials [45]. These defects are principally treading dislocations generated by the lattice mismatch between GaN and the sapphire substrate. The presence of such dislocations causes in general a reduction of the radiative recombination process in III-V semiconductors but seems that this is not the case of the III-N based devices [46]. However, carriers localize and recombine before reaching the dislocations, where non-radiative processes are dominant, preserving the high luminescence efficiencies in GaN devices. This is possible because the carrier diffusion length is smaller compared to the separation distance between the dislocations. This was recently observed, for example, in GaN/Al0.25Ga0.75N MQWs grown on a c-plane sapphire substrate [47]. Compositional fluctuations inside Al0. Concerning the In-based heterostructures the carrier localization can be associated to In clustering [48,49]. Evidences of such clustering are recently observed studying the composition of a-plane InyGa1-yN QWs, while c-plane oriented systems do not exhibit this feature [50,51]. The large energy difference between GaN and InN bandgaps leads to fluctuations in potential energy large enough to localized carriers [52]. Moreover, also in perfectly homogeneous InGaN the presence of In-N-In chains is suggested to localize the holes [53]. [36]).

In heterostructure systems also the potential fluctuations at the interfaces can play an important role in carrier localization. In QWs, for example, the quantum confinement is the responsible of the confinement of carriers inside the wells. However, carrier can be further localized due to a combination of no abrupt interfaces (interface roughness), thickness and alloy fluctuations, strain, compositional gradients and QCSE. This was observed in correspondence of the GaN/Al0.25Ga0.75N QWs where all these effects give rise to a strong localization of holes at the bottom interfaces of QWs (fig. 1.10-(b)). Also electron wavefunctions localize, but to the opposite interfaces and typically on a larger scale (i.e. several nm). Similar studies were successfully extended to the case of different III-N heterostructure systems, such as Quantum Dots (QDs) heterostructures. In GaN/AlN QDs the fluctuations of the QDs interfaces combined with the QCSE localize the holes reducing the interband recombination energy [54].

Photoluminescence

In The dashed li e orrespo ds to a Varsh i's e piri al la fitti g. The u ers refer to the different regimes schematically depicted in (a). (c) Al0.25Ga0.75N PL spectra from the collected at temperatures ranging from 4 to 300 K (image from ref. [55]).

The physical processes responsible for the PL emission in quantum confined systems, such as a QW, are more complex compared to those in bulk semiconductors. Electrons and holes corresponding to the n = 1 confined state can recombine emitting photons having energy equal to:

= + ℎℎ + -, (eq. 1.13) where ℎℎ is the energy of the first excited state in CB, and ℎℎ is the energy of the first excited state in VB for heavy holes. As it is possible to observe from eq. 1.13, the emission energy in a QW is shifted to higher energy compared to the value Eg value of the semiconductor constituting the well. This allows tuning the emission wavelength of the lightemitted devices choosing the well thickness L (see fig. 1.6). However, structures grown on cplane substrate are strongly affected by the QCSE which reduces the electron-hole wavefunctions overlap and the emission energy . In order to avoid this effect, heterostructures are generally grown on non-polar planes (i.e. m-plane). Moreover, carrier localization phenomena inside QWs can lead to significant variations of the emission energy .

Conclusions

In this chapter we have introduced the main structural and optical properties of III-V and II-VI heterostructures, giving particular emphasis to the properties of MQW systems. In particular the impact of optical properties on both structure and the composition in MQW systems is discussed.. For these reasons it is extremely important to have access to the microstructure and the composition field of such devices with atomic resolution. This is possible using various microscopy techniques, such as electron microscopy or atom probe tomography, that will described in the next chapter. The results already obtained for disparate heterostructures have clearly shown that atom probe-based studies provide crucial information which can be directly put in relation with the optical properties of such heterostructures.

CAP. 2

Atom probe tomography and complementary techniques for the analysis of semiconductor heterostructures

Introduction

In this chapter we introduce the analysis techniques adopted for the morphological and optical characterization of heterostructure systems. Specimens consisting in needle shaped atom probe tips can be investigated adopting an atom probe based correlative microscopy approach. Complementary techniques such as field ion microscopy, electron microscopy and micro-photoluminescence were performed directly on some atom probe specimens. This allows determining the alloy composition and the morphology of heterostructure systems. The main advantages and the principal limitations of all the employed techniques are briefly discussed, keeping a particular focus on atom probe.

Field ion microscopy

The Field ion Microscope (FIM), invented by Bahadur and Müller in 1955, was the first instrument providing images of the surface of a specimen with atomic resolution. This instrument anticipates other techniques such as the electron microscopy (1969) and the scanning tunneling microscopy (1982), which directly provides real space images with atomic resolution.

A scheme of FIM setup is depicted in (fig. 2.1-(a)). A gas (i.e. H2, He2, Xe2) called i agi g gas is i t odu ed at lo p essu e ≈ -5 mbar) in the analysis chamber where a pumping system has previously reduced the pressure at about 10 -10 mbar. A cryogenerator allows cooling down the specimen base temperature Tbase below 100 K (down to 20K). FIM samples are prepared in the form of sharply pointed needles with an apex radius R ≈ 50 nm and a cone angle of a few degrees. Such tips can be prepared by electropolishing or using Focused Ion Beam (FIB) milling. All the specimens analyzed in this thesis were prepared as atom probe tips using the Zeiss NVision40 Scanning Electron Microscope/Focused Ion Beam (SEM/FIB). A standard lift out procedure was followed by annular milling with 30 KV Ga ions and cleanup procedure with Ga ions at 2 kV. The specimen preparation protocol is described in details in ref. [1][2][3][4]. When a DC voltage VDC is applied to specimen, an intense electric field F (20 ÷ 30

V•nm -1
) is generated at the apex of the specimen. This field depends on the curvature radius R through the formula:

= , (eq. 2.1)

where β is a constant related to the geometry of the tip and to the electrostatic environment and typically it is equal to 2 ÷ 5.

This field allows also ionizing imaging gas in the vicinity of the tip and accelerating them toward a screen. Thanks to the construction simplicity and the atomic resolution achievable, FIM is successfully used to characterize the material microstructure and study the dynamics of surface phenomena such as surface diffusion of adatoms or clusters [5]. Low temperatures are necessary for freeze the position of adsorbed atoms on the tip surface during high-field imaging and achieve atomic resolution [6].

Moreover, if the electric field reached at the tip surface is higher than the material evaporation Field Fev, the evaporation of the tip atom by atom is observed.

The evaporation rate N follows an Arrhenius law [7]:

= -/ , (eq. 2.3)
where k is a pre exponential factor depending at least on the number of kink site atoms at the tip surface and the surface atom vibration frequency, Q is the field-dependent activation energy, T is the tip temperature at the surface. Q is a function of the electric DC field at the tip surface and its radius and, in the first approximation, for high DC field it is:

= -/ , (eq. 2.4)
where F is provided by eq. 2.1, Fev is the evaporation field for Q = 0 and Q0 is the activation energy for F = 0. When F increases, approaching Fev, the evaporation rate N is non-zero and the tip start to evaporate.

The evaporation of the tip enables in-depth 3D exploration of the tip, layer by layer. If a sequence of images is taken during the tip evaporation process, this can be used in order to reconstruct the 3D evaporated volume with atomic resolution. Such technique is called D FIM [8]. 3D FIM requires dedicated software to extract the atomic coordinates from FIM images [8,9].

More details of the FIM principia and applications are described in ref. [10,11].

Laser-assisted atom probe tomography

Atom Probe Tomography (APT) is a microscopy technique in which a needle-shaped specimen is evaporated in order to generate a 3D map of part of the evaporated volume [12,13]. This map provides information about both structure and composition with atomic-scale resolution. APT is based on FIM principles coupled with Time-Of-Flight (TOF) spectrometry and the use of a Position Sensitive Detector (PSD) [14,15]. Such setup overcomes the principal limitation of FIM which is unable to identify the chemical nature of imaged atoms.

A schematic representation of the APT experimental setup is provided in fig. 2.2. The setup is very similar to that of FIM. A high voltage VDC (3 ÷ 14 kV) is applied between the specimen and the detection system in order to generate a high electric field. The latter is settled just under the evaporation field Fev. The evaporation of ions from the tip is triggered by electric or laser pulses, depending on the material which composes the specimen and the atom probe design. Typically, sub-nanosecond pulses are used for conductive materials (i.e. metals). For non-conductive materials, such as semiconductors, oxides and polymers, excellent results are obtained using femtosecond laser pulses [16,17].

The use of laser pulses is here fundamental because nanosecond voltage pulses cannot be properly transmitted along a non-conductive tip. The technique in which a laser is employed is therefore called Laser-assisted Atom Probe Tomography (La-APT). More details about the interaction between a femtosecond laser and an atom probe tip are reported in ref. [18].

During the laser-assisted field evaporation of a tip, positive charged ions m n+ are generated and accelerated towards the detector. The initial energy of an ion emitted from a tip surface is equal to the electric potential energy neVDC, where ne is the ion electric charge (e = . • -19 C, n is an integer) and VDC is the DC voltage applied to the tip. As an ion reaches the detector, its final energy corresponding to the kinetic energy mv 2 , where m is the ion mass and v = L/t its velocity. L represents the flight path, which as a first approximation corresponds to the distance between the tip and the PSD and t is the TOF interval of the ion.

The mass-to-charge ratio m/n of ions is derived from the conservation energy mv 2 = ne VDC:

= . (eq. 2.5)
where t is the TOF of ions (t = L/v).

Therefore eq. 2.5 can be used to transform a TOF spectrum into a mass spectrum,

where the different ionic species can be recognized. For each ion detected both the impact position on the PSD and the TOF are recorded. In this thesis atom probe analyses were performed using two different tomographic atom probes, LaWaTAP (Laser-assisted Wide-angle Tomographic Atom Probe) and FlexTAP (Flexible Tomographic Atom Probe). Both instruments work with femto-second laser pulses (350 fs) focused to a ~20 µm diamete spot. The lase a ele gth is = , corresponding to Infra-Red (IR) [19].

A Second Harmonic Generator (SHG) and a Third Harmonic Generator (THG) allow ope ati g also ith a lase a ele gth = g ee a d = UV , respectively.

These wavelengths correspond to photon energies Eexc = h / of 1.2 eV (IR), 2.4 eV (green) and 3.6 eV (UV). The use of UV pulses is extremely important for wide bandgap materials (such as GaN and ZnO) where the laser absorption is possible only if the laser photon energy

Eph is greater than the material bandgap (Eg = 3.5 and 3.4 eV for GaN and ZnO, respectively).

Moreover, the energy associated to each laser pulse Elas can be varied. The laser repetition frequency was 100 kHz in LaWaTAP and 50 kHz in FlexTAP. The flight path L is ~10 cm in LaWaTAP. In FlexTAP L is ~1 m but strongly depends on the configuration of the electrostatic lenses. These lenses allow modulating the trajectories of the ions and performing measurements at different Field of View (FoV) (from ±8° to ±30°) [20].n In LaWaTAP the FoV is fixed at ±18° and depends on the ratio between the MCP diameter and the flight path L. In this thesis, the FoV of FlexTAP was always set to ±18° in order to match that of LaWaTAP.

Charge-state ratio metrics

In this thesis, we adopted the so-called Me 2+ /Me 1+ Charge-State Ratio (CSR) metrics of the metallic elements. The advantages of the CSR metrics are the following:

(i) The Me 2+ /Me 1+ CSR is related to the surface field. This relationship might be made quantitative through the post-ionization statistics introduced by Kingham [68]. In principle, the phenomenon of post-ionization takes place at a distance of several Å from the sample surface, and should be nearly independent of the material in which the atom was found if the evaporation takes place in the singly charged state. The charge state abundances of the evaporated ions are thus a function of the surface field.

By inverting this function, it becomes possible to calculate an effective surface field Feff. However, this effective field Feff should only be considered as an estimate of the actual surface field F introduced in eq.

2.1 [22,23].

(ii) The Me 2+ /Me 1+ CSR can be defined as a local quantity, as it can be calculated within arbitrarily chosen 3D volumes. This is useful in order to map the local surface field and correlate it with the locally measured composition.

(iii) The Me 2+ /Me 1+ CSR allows for studying the composition trends even in the case where the tip shape significantly changes during the APT analysis.

(iv) Finally, the Me 2+ /Me 1+ charge state ratio allows comparing data generated by different instruments (LaWaTAP, FlexTAP), analyses performed on different materials containing a metallic species in common, and by different users.

Position sensitive detectors a. Delay line detector (DLD)

The PSD consists of a stack of two MCPs and a Delay Line Detector (DLD). The latter is composed of two delay lines oriented at 90°, labeled X and Y (fig. 2.3). The detection efficiency is closed to that of MCPs. This efficiency (ηMCP) is given by the open area of MCPs (ions are not detected when received between micro-channels) and is closed to 0.6. ηMCP represents the probability of an ion impact on the MCP to be converted into a cloud of secondary electrons, which is the first step toward the ion detection. The amount of electrons in the cloud is totally insensitive to the chemical nature of the detected ions if their energy is greater than 1 keV (the ions energy in atom probe experiments are typically 5 ÷ 15 keV). In order to determine the TOF, so the chemical nature of detected ions, a fifth time difference must be measured. A detailed scheme of the electronic system used to convert the analog signal in timing information in a conventional MCP/DLD is reported in fig. ). This means that only one impact is detected and the event is recorded as a single ion impact. The information regarding ions involved in the multiple ion impact is definitively lost. 

b. Advanced delay line detector (aDLD)

The detection of multiple ion events has been improved through the design of an advanced Delay Line Detector (aDLD) [20,26]. This is possible thanks to the electronic system used to extract the timing information from the analog signals. This applies a Fourier space filtering method to increase the signal-to-noise ratio and then a deconvolution method allows extracting the individual analog signals which composed the filtered signal (fig. 2.7).

The timing information of each signal is then extracted and the positions (x,y) of ion impacts are calculated. This approach allows decreasing both the TRP and the SRP to 1.5 ns and 1.5 mm (corresponding to ~1 ÷ 0.1 nm on the tip surface), respectively. As a consequence, the detection of multiple ion events is strongly improved. 

Composition measurements and related issues in atom probe tomography

While the composition of a given specimen can be determined by counting the events in the mass/charge histogram, various artifacts and aberrations may affect APT analysis. They originate from various sources (detection issues, presence of interfaces, clusters, layers with different evaporation field Fev in the material, reconstruction algorithms). All these artifacts have important consequence on both compositional measurements and 3D reconstructions.

a. Mass spectra indexation

In order to determine the measured composition it is necessary to identify each peak in mass spectrum. In the presence of molecular ions this can be quite complex, but a correct and unambiguous interpretation of the mass spectrum is very often possible. However, two particular cases lead to an incorrect interpretation of the mass spectrum:

(i) Let us consider a molecular ion A composed of i atoms with mass m. It is impossible to distinguish Ai n+ ions from A2i 2n+ ions in TOF spectrum because both have the same mass-to-charge ratio m/n. In this specific case the chemical nature of the molecules associated to the peak is well known, but not the exact number of detected atoms. Such detection issues have important consequences on the quantification of composition.

(ii) Two different chemical species that have isotopes with common values of m/n (e.g. Si28 2+ and N14 + ). A peak decomposition procedure allows determining the exact number of the atoms associated to each atomic species. Nevertheless, it is impossible to determine the chemical nature of each single atom which composes the peak, but only their probability to be associated to one of the atomic species. Differently from the case (i), the global compositional can be determined, but important limitations might affect the 3D reconstructions.

An example is provided in fig. 2.8, where it is depicted a portion of the mass spectrum of ZnO. Zn consists in five isotopes: 64 Zn, 66 Zn, 67 Zn, 68 Zn and 70 Zn. Also oxygen presents several isotopes which are 16 O, 17 O and 18 O. Nevertheless, because the relative isotope abundances of 70 Zn, 17 O and 18 O are very small (<

• -3
), such species cannot be resolved in atom probe mass spectra. Moreover, because 64 Zn 2+ and 16 O2 + ions have the same mass-to-charge ratio they form a unique peak at 32 Da (the red interval in fig. 2.8). Because the natural abundance of 64 Zn is α64 = 0.483, it is possible to calculate the total amount of Zn and O atoms using the following correction:

= 66→68 / -α 6 ; (eq. 2.6) = • [ - -α 6 ] , (eq. 2.7)
where is the number of events detected in the peak at m/m = 32, 66→68 is the number of events associated to 66 Zn, 67 Zn and 68 Zn (striped interval in fig. 2.6).

The factor 2 is added because each 16 O2 + ion is compound by two oxygen atoms. 

b. Preferential evaporation

Compound semiconductors are formed by two or more atomic species (e.g. GaAs).

For a binary semiconductor AB, A and B atomic species have specific evaporation fields Fev A and Fev B . If the difference between these evaporation fields is large enough, the atomic species with lower Fev can partly field evaporate in significant quantities between laser pulses. For example, if Fev A < Fev B , the atoms of the specie A have a high probability to leave the tip between laser pulses (eq. 2.3, 2.4). This phe o e o is alled p efe e tial e apo atio a d it is said that A ato s p efe e tiall e apo ate o pa ed to B atoms), and lower A content will be detected.

Because TOF measurements start at the instant at which a laser pulse reach the tip, the TOF of preferentially evaporated A ions will be partly wrong. This will increase the background noise in mass spectra (cf. fig. 3.2 and fig. 3.10). A selective loss of A atoms will occur leading to a A content lower than expected.

c. Production of neutral molecules

During field evaporation, neutral atoms and molecules can be produced. Clearly, neutrals are not accelerated toward the detection systems because they are not charged particles. This mechanism leads to a selective loss of atoms. Such issue is thought to affect in particular oxygen and nitrogen, but also V-group atoms, where the direct emission of neutral O2, N2 and V-group molecules can take place. Neutrals are generated in low field conditions.

If the DC electric field is increased enough to ionize such molecules, these can be detected. It is thus possible to reduce the quantity of neutrals, but this may increase the preferential evaporation of other species.

d. Multiple detection events

Multiple-ion events occur when two or more ions are detected for the same laser pulse. Depending on the materials, the analysis conditions and the tip geometry, multi-ion events may be numerous. This is observed, for example, closed to low index poles. The local electric field is known to drastically increase when the diameter of the terrace decreases.

This leads to bursts containing a large number of ions [27]. Two FIM micrographs referred to consecutive moments of the field evaporation of a GaN specimen are provided in fig. 2.9. A group of atoms lying on the [0001] pole is indicated by the red arrow in fig. 2.9-(a). The high image brightness reflects the high electric field. Such groups of atoms are disappeared in fig.

2.9-(b).

Phases with very different evaporation fields may also produce numerous multi-ion events. The preferential retention of high evaporation field species at the tip surface is then observed. Burst containing large numbers of high evaporation field ions can occur, generating multiple-ion events. An example is provided by Da Costa et al. analyzing [100] oriented Si wafers where a very high dose of 11 B atoms were implanted (10 17 at cm -2 ) [20].

Be ause the e apo atio field of B V• -1 ) is higher than that of "i V• -1 ), B is prone to strong retention effects. Even when a low detection rate is used (0.006 event/pulse), burst involving B ions are observed. The use of a conventional DLD detector leads to a selective loss of B atoms due to pronounced pile-up effects. Contrariwise, using an aDLD detector up to 30 ions on the same evaporation pulse can be detected. The ability to detect multi-ion events is in fact fundamental in order to measure the correct composition. Machine used: LaWaTAP.

e. Dissociation phenomena

Dissociation of molecular ions may occur during their flight. This reaction is schematized in fig. 2.10, where a mother molecular ion mp is dissociated in two daughter ions m1 and m2. Clearly, both total mass and charge must be conserved during this process.

Because daughter ions are typically charged particles, these are accelerated by the electric field and can be detected. However, the measured TOFs of daughter ions are different from these expected for the direct mechanism of evaporation.

Dissociation processes can be revealed thanks to the so-called correlation histograms [28]. These histograms represent the { , } ion couples detected in multiple-ions events.

Multiple events with n > 2 it was taken into account all the possible permutation of ion pairs involved in these events: e.g. a triple event in which , and ions are involved is splitting is { , }, { , } and { , } ion pairs (it will be shown latter that multipleion events with n > 2 are very few). The ion-pair order is not considered and the histogram is computed by imposing a diagonal symmetry. An example of correlation diagrams obtained from the laser-assisted field evaporation of GaN is reported in fig. 2.11. evaporation of an ion i in coincidence with a laser pulse, followed by the evaporation of an ion j after the time interval t*. In this case the mass-to-charge ratio associated to the ion j is bigger compared to the calculated one. Lines or curves with positive slope are associated to the simultaneous evaporation of i and j ions at the time t*. In this case, both the ions exhibit mass-to-charge ratio larger than expected. This delayed evaporation is due to laserinduced thermal effects. These can be partially reduced only by decreasing the laser energy

Elas. The curves which exhibit a negative slope are more interesting because they can be associated to dissociation processes during which a mother molecule is fragmented into two daughter ions [28,29].

where is the DC voltage applied to the tip and the potential drop after which dissociation occurs. If ≪ the detected mass-to-charge ratios ′ tends towards .

Eq. 21 can be used to fit the tracks so that to recognize both the mother and daughter ions.

General considerations on detection efficiencies

In APT, different detection efficiencies can be defined.

(i) Efficiency of the detection system.

The efficiency of the detection system , is mainly limited by the efficiency of the multi-channel plate detector, related to the ratio between the surface of the open micro-channels and the total detector surface. It can be considered as independent of the detected species. In the present study, = = .6.

(ii) Reconstruction detection efficiency.

The reconstruction (or global) detection efficiency is the parameter intervening in the reconstruction algorithm [25]. It is a weighted average of the detection efficiencies for each species as defined in the mass spectrum, and its value is generally determined a posteriori, so that the depth scale of the reconstructed volume best matches that of the analyzed volume. It is possible that a constant value of is not sufficient to ensure an accurate reconstruction throughout large datasets. In this case, if it is not possible to determine a functional relationship between reconstructed depth and , it can be convenient to perform different reconstructions on different subvolumes.

(iii) Specific detection efficiency.

The specific detection efficiency is defined as the ratio between the number of detected atoms of a certain species i and the number of atoms effectively present within a given analyzed volume. In general, it is difficult to determine the specific detection efficiency. However, it is possible to do it in specimens satisfying the following set of conditions: (i) the volume occupied by a given species within the material is a priori known; (ii) the atomic or site fractions of each species is a priori known; (iii) the reconstruction of the analyzed volume is accurate and free of distortions. These conditions are in principle satisfied by the samples analyzed in this study, because (i) the lattice parameters of AlyGa1-yN and MgyZn1-yO are known (ii) the sample compositions have been determined independently and (iii) the specimen tip radii and interlayer distances are known from SEM and TEM characterization, respectively, which makes it possible to accurately reconstruct the analyzed volumes. We will see in the following that the last condition is actually satisfied only in part, introducing uncertainty in the results. The specific detection efficiencies can therefore be determined within accurately reconstructed volumes as the ratio between the number of detected atoms of the i-th species per unit volume and the expected number of atoms of the i-th species per unit volume:

= / ̅ .
(eq. 2.9)

Note that this quantity can be locally defined, allowing for a detection efficiency mapping within the overall reconstructed volume, and is related to the efficiency of the detection system through:

= , (eq. 2.10)

where corresponds to the fraction of detectable atoms, i.e. those which evaporate on-pulse as ionized species.

Atom probe based correlative methods

Despite APT provides a 3D map of both structure and composition it suffers from intrinsic limitations (spatial resolution, image distortion). These are partially overcome by combining APT with other complementary techniques. Among these, the most important and useful is electron microscopy, which allows increasing the accuracy of 3D atom probe reconstructions.

Three different atom probe based approach can be adopted:

(i)
Comparative studies: APT is correlated with complementary techniques but different analyses are performed on different specimens. This is the typical approach adopted by the majority of the atom probe users.

( (iv)

Transmission electron microscopy

In a Transmission Electron Microscope (TEM) a beam of high energy electrons (80 ÷ 200 keV) illuminates a specimen and is transmitted across this (fig. 2.13). For this reason the specimen should be prepared as a thin lamella or an atom probe tip, with a maximum thickness of ~100 nm. Most of electrons are transmitted without being scattered and are finally projected onto a screen or a camera generating an image of the specimen. This corresponds to the bright-field imaging mode. Another part of the electrons are diffracted out of axis by interaction with the specimen, generating dark-field images. Electrons can also be backscattered, emerging from the top surface of the specimens. Moreover, the interaction of the primary electron bean with the specimens produces characteristic X-rays.

In this thesis, all the electron microscopy analyses were performed using a double corrected Jeol-ARM200 Analytical Cold-FEG TEM.

One of the advantages of electron microscopy is that it can be applied directly on atom probe tips. This allows improving 3D APT reconstructions. Because the reconstruction parameters are in principle unknown, the quality of reconstructions can be evaluated only by comparison with TEM images. STEM bright field images are generated by transmitted electrons collected in axis.

These electrons have not been scattered or have been scattered inelastically at very small angles (milliradiants or less) and yield crystallographic information. Typically, STEM bright field mode is quite similar to the TEM one. Nevertheless, STEM offers significant benefits in dark field mode using a unique imaging mode called High Angle Annular Dark Field (HAADF).

In this mode only electrons scattered at high angles (~30 milliradiants) are collected by an annular detector and no diffracted electrons are collected (fig. 2.13). Therefore, the images are formed by the elastically scattered electrons which have passed very close to the atomic nuclei of the specimen. This is very important because in this way the HAADF-STEM images are not affected by diffraction and high resolution structural information is obtained.

HAADF-STEM images provide signal intensity depending on both the thickness and the density of the specimen. Clearly, the latter is strongly dependent on the mean atomic number Z on single atomic columns. The signal is proportional to the square of the atomic number, Z 2 , providing important indications regarding the chemical nature of the images atoms.

A tilted series of HAADF-STEM images can be used to perform Electron Tomography (ET) directly on atom probe tips. This consists in acquiring several images during the rotation of the specimen around a specific axis. Due to the some restriction of our equipment, ET was performed in the angular range ±80° with an equal step of 2.5°. Afterwards, the images are aligned and through a reconstruction algorithm an accurate 3D image of the tip volume is reconstructed [30][31][32].

b. EDS

Energy Dispersive X-ray Spectroscopy (EDS) in STEM mode is a microanalysis method that provides composition data at a nanometer scale. The electron beam interacts with the core electrons (K, L shells) of the specimen atoms generating vacancies in an inner orbital.

Such vacancies are immediately filled by electrons from upper shells (L, M shells). During this process, characteristic X-rays are generated (fig. 2.14). The energy of these characteristic Xrays strictly depends on the electron configuration of the atoms involved in this process, thus on their chemical nature. The presence of different elements in the specimen analyzed leads to the formation of peaks at different energies. Moreover, the relative intensity of the peaks in X-rays energy spectra can be put in relation with the relative element abundances in the volume probed, with the only exception of lighter elements (Z < 11) for which measuring the characteristic X-ray is difficult. The spatial resolution of this technique is limited by the ability of the system to focalize the electron beam. Quantitative EDS-STEM analysis can be in principle performed for the determination of the exact atomic fractions of the elements presented in a specimen. However, this kind of analysis requires an accurate knowledge of the system geometry and a careful calibration of the EDS signal with reference specimens.

Fig. 2.14: Schematic illustration of the interaction between high energy beam electrons and

the inner electrons of an atom.

Micro-photoluminescence

The knowledge of the structure and composition of heterostructure systems in three dimensions provided by APT and STEM analyses opens new perspectives to a detailed comprehension of optical properties. PhotoLuminescence (PL) spectra can be connected to atom probe and electron microscopy data at a nm-scale.

PL can be performed on the entire sample or on a sub-volume of this, which corresponds to a particular Region Of Interest (ROI). Therefore, if such sub-volume has a micrometer size the technique is called micro-PhotoLuminescence (µ-PL). This is the case of a sample chunk placed on a metallic tip used to support the atom probe specimens. Thanks to a SEM/FIB lift-out procedure a specific ROI can be isolated and studied. This method has the advantage to preserve optical properties after FIB preparation. Indeed, the exposition of a specimen to FIB produces a strong Ga implantation, creating a 10 ÷ 25 nm thick amorphous layer. The thickness of the damaged layers strongly depends on both the material properties and the Ga ion energy.

APT tips are very interesting because electron microscopy, APT and µ-PL can in principle be performed on the same specimen. In this particular case only a limited part of the sample volume, which correspond to the atom probe tip, is investigated. The use of low energy ion beam at the final steps of FIB preparation is recommended because it reduces considerably the thickness of the damaged layer. This was recently shown by Bogdanowicz et al. studying the ion beam damage in semiconducting specimens [33]. GaN tips initially milled with 30 kV Ga ions were finally cleaned using 8 kV or 1 kV. TEM micrographs reveal that a reduction of the beam energy leads to a decreasing of the thickness of the amorphous layer from ~ 2.2 to 1.2 n (fig. 2.15). However, the presence of amorphized layer enhances of the light absorption and can turn a transparent material into an absorptive one [34]. This is of primary importance in La-APT, where laser pulses must be absorbed in order to evaporate the tip. The presence of such amorphous layers facilitates the laser-assisted field evaporation of materials with bandgap Eg higher than the laser photon energy Eexc. This is the case of Al0.25Ga0.75N. Although this material has a gap of Eg = 4.0 eV (eq. 1.1), it can be easily analyzed using UV laser pulses with Eexc = 3.6 eV [35]. 

Conclusions

In this chapter we have introduced the atom probe tomography and some complementary techniques, such as field ion microscopy, electron microscopy and -photoluminescence, which can be directly applied on atom probe tips. The atom probe-based correlative approach is the only able to provide a clear 3D picture of both morphology and composition of nano-objects. Nevertheless, strictly correlative studies on the same specimen (i.e. atom probe tip) are challenging. In-situ microphotoluminescence measurements are attractive technique at least due to the conceptual simplicity to match up optical spectroscopy with laser-assisted atom probe tomography. The basis for this innovative approach, which has not yet been developed by other atom probe users, will be described in the last two chapters of this thesis.

CAP. 3

Atom probe tomography of binary semiconductors

Introduction

Laser-assisted Atom Probe Tomography (La-APT) is a powerful tool for investigating the 3D atomic distribution of the chemical species in a wide variety of semiconductor materials [1,2]. However, compositional measurements are often strongly affected by compositional biases. This clearly emerges from several studies in which the composition of some oxides (ZnO, MgO), nitrides (GaN, AlN) and ternary alloys (AlxGa1-xN) was investigated [3][4][5].

The composition of semiconductor is the direct consequence of its crystalline structure and the chemical nature of the atoms which compose the crystal. In the case of several binary semiconductors, growth using techniques such as MBE, the composition is well known in defect-free crystals. This is the case of the binary semiconductors analyzed in this thesis where atoms of different species are present in equal number. No deviations exceeding 10 -5 from the exact stoichiometry composition are expected under standard growth conditions [6]. Point defects such as vacancies, interstitials or substitutional atoms can be present but cannot be observed using APT and are not expected to modify the local composition measured on nm-scale volumes corresponding to atom probe tips [7]. It should be noted that the detection of a single atom is in fact limited by the detection efficiency, the chemical sensitivity and the spatial resolution of APT, as discussed in the previous chapter.

Moreover, in semiconductors the spatial resolution can be further reduced by short length diffusion phenomena on the tip surface driven by the presence of an electric field gradient, or activated by the temperature increase in correspondence of laser pulses. 3D FIM can successfully point out single vacancies in metallic specimens [8]. Contrariwise, extended defects such as dislocations, grain boundaries and precipitates can be highlighted performing APT, in particular in the presence of decorations [9][10][11][12].

La-APT compositional biases are very common and strongly depend on analysis conditions. The expected composition is generally measured only under specific analysis conditions (fig. Despite various parameters can significantly affect atom probe measurements, different studies currently converge to indicate that the static DC field is the main parameter governing such biases. Different hypotheses have been formulated in order to explain the selective loss of atomic species, but no systematic studies have been conducted. Currently, a thorough study in order to determine the impact of each channel leading to the loss of specific chemical species is desirable. Each mechanism leading to compositional biases should be considered and its impact on the final composition accurately quantified.

The main objective of this chapter is to study binary III-V and II-VI semiconductors of high technological interest in order to:

(i) obtain a coherent description of the compositional biases in APT;

(ii) identify the physical mechanisms leading to these biases and evaluating the relative impact on the measured composition;

(iii) assess the experimental conditions for which the compositional analyses are reliable.

GaN

3.2.a Mass spectra

Several [0001]-oriented GaN tips were analyzed using both LaWaTAP and FlexTAP instruments under different analysis conditions.

Two experiments were first performed using the FlexTAP instrument. Laser energies of 0.7 and 1.7 nJ were used while the DC tip voltage was varied so as to maintain the detection rate φ close to 0.0025 event/pulse in both cases. The specimen base temperature was set to 60 K and the number of ions detected for each dataset was 2.1•10 5 . The correspondence between laser pulse energy and power is reported in the Annex A.

The two corresponding mass spectra, fig. 3.2-(a,b) exhibit common features. The peak at 14 Da can be attributed to N2 2+ , N + or a mixture of both. In principle, the presence of N2 2+ can cause an additional peak at 14.5 Da, corresponding to ( 14 N 15 N) 2+ molecules, which should not appear in the presence of N + ions only. However, the 15 N natural abundance is equal to 0.36% only. Thus, even if all nitrogen was ionized as N2 2+ , the peak at 14.5 Da should still correspond to only 0.7% of all those events, which would still be below the background noise in the present mass spectra. Thus, spectra do not give valuable information on N2 2+

ions. Theoretical considerations can be helpful in this case. The double ionization of N2 molecules is reported to take place at 60 V•nm -1 [13]. Such field is much larger that of the evaporation field of GaN (23 ÷ 26 V•nm -1 ), as given by Mancini et al. and Agrawal et al. [4,14].

Therefore, we have considered that the double ionization of N2 is unlikely in our experiment and assume that the peak at 14 Da is entirely associated to N + . Anyway, the choice between N2 2+ and N + does not change considerably the measured composition, as nitrogen is mainly detected as N2 + , that can be unambiguously attributed. The high number of N2 + ions suggests presence of short range diffusion and/or surface reconstruction phenomena. N-N bonds are indeed not present in the GaN structure and during the field evaporation of the tip, small GanNm (n, m > 1) clusters can be formed on its surface. The simulations performed by Song et al. show that N-rich clusters have a larger binding energy than Ga-rich clusters [15]. Moreover, it is shown that GanNm clusters are dominated by N2 or N3 subunits and can dissociate into smaller clusters. N2 molecules can be produced in this way. Similar results

were obtained by Costales et al. who studied the evolution of chemical bonding of III-nitrides clusters [16]. These simulations are supported by atom probe measurements in which N2 + , N3 + , GaN 2+ and GaN3 2+ molecular ions are detected [4]. No peaks at 97 and 99 Da, corresponding to GaN2 + molecular ions, were detected. It should be noted that N3 + , GaN 2+ and GaN3 2+ molecular ions are more abundant at high Elas conditions, which correspond to low VDC field conditions (fig. 3.2). Other differences can be identified. A few peaks are visible only at low laser power: two small peaks around 23

Da which were identified as Ga 3+ and one peak at 7 Da, which was identified as N2 + . This is consistent with the fact that higher charge states are expected at higher fields. respectively. These are general features which have been systematically observed also for other materials. Atom probe mass spectra are known to be strongly affected by the DC field [4]. The so-called effective electric field Feff a e al ulated th ough the Ki gha 's postionization model as it is illustrated in section 2.4. To do so, for each experiment, the Ga Charge-State-Ratio (Ga-CSR) Ga 2+ /Ga + was estimated: Feff as ≈ V• -1 for the experiment performed at Elas = 0.7 nJ and 23 V•nm -1 for the experiment performed at Elas = 1.7 nJ.

3.2.b Influence of experimental parameters on measured composition

It should be reminded that in constant detection rate mode both the surface DC field and the laser energy are varied. Hence it is not possible to discriminate between the influence of the electric field and laser energy on the measured composition with these experiments only. Therefore, we also performed a series of measurements at constant laser energy Elas = 5 nJ, with VDC ranging between 6.5 and 9.0 kV (T = 60 K), and thus, varying detection rate. The instrument used was the LaWaTAP. The results are also reported in fig. This behavior is qualitatively similar to what has been found in AlN [4].

3.3-(a).

Both series of experiments yield similar results as a function of the Ga-CSR, as it is shown in fig. 3.3-(a). This suggests that the composition depends mainly on Feff, confirming the general trend reported by several authors [4,14,17]. This corroborates the idea that Elas is not a pertinent parameter to compare atom probe measurements all the more that the energy actually transmitted to the tip depends on focusing conditions and on experimental details of the instrument that is used. Moreover, Elas cannot be directly linked to the energy absorbed by the tip, as it depends on the laser wavelength, the tip geometry and the size of the laser spot [18,19]. On the other hand, the Ga-CSR is confirmed to be a reliable and pertinent parameter for comparing measurements performed with different instruments, such as here with the FlexTAP and LaWaTAP, which are shown to provide results consistent with each other [4,13,14].

A series of measurements was performed at constant applied bias VDC using the In the performed set of measurements, no significant differences were found between measurements performed at different specimen base temperatures.

3.3.c Microscopic field distribution and measurement of composition

The microscopic effect of the electric field on the measured composition was investigated using both APT measurements and FIM. This was performed using as imaging gas a mix of He (2/5) and Ne (3/5): this combinations provided the best imaging conditions.

The specimen base temperature was Tbase = 60 K. and the applied bias was VDC = 8 kV. In fig.

3.4-(a) we report a FIM micrograph revealing the presence of a central pole identified as the

[0001] pole. This pole is a high field region. 6 facets related to the hexagonal wurtzite symmetry can be identified [4,20,[21][22][23]. The steady state shape of the tip should be thus six-fold lobed rather than hemispherical due to evaporation field anisotropies. We interpret this as related to different chemical bond strengths along different crystallographic directions.

In order to correlate FIM and La-APT analysis, a dataset of ≈ illio e e ts as acquired using the LaWaTAP at constant detection rate using the following parameters: Tbase Whatever are the analysis parameters used, the stoichiometric composition is never measured over the entire tip surface, even when the average measured composition is equal to the stoichiometric one. Ga-depletion is associated with higher Feff values. Similar behaviors were reported for other III-V semiconductors, such as AlN [4], or ternary compounds such as AlxGa1-xN alloy [3]. The results also indicate that the measured composition depends on the local field. Essentially, high field conditions lead to a III-group (Ga) poor measured composition. Instead, low field conditions are associated to a V-group (N) poor measured composition. In order to interpret these common features observed in III-V semiconductors, the hypothesis of preferential evaporation of III-group atoms (i.e. Ga) at high electric field conditions was proposed [3,4,17]. On the other hand, the production of neutral V-group molecules (i.e. N2) is suggested to lead to the V-group depletion at low field [13]. La-APT measurements in which the average measured composition corresponds to the stoichiometric one do not imply that no atoms are lost. Preferential evaporation of Ga can balance the loss of N due to the production of neutral molecules. The detection efficiency can therefore be smaller than the expected ( ≈ . ) even if the correct composition is measured. It should be underlined that the measurement of a correct stoichiometry in GaN also depends on the region over which this measurement is defined. An average correct stoichiometry on the whole detector space is the result of higher N loss in low field regions and of higher Ga loss in high field regions. The user should thus keep in mind that the experimental parameters yielding a globally correct stoichiometry are not necessarily the most adapted to the measurement.

3.3.d Multiple-ion events.

Multiple-ion events correspond to the detection of two or more ions generated on the same pulse. Multiple-ion events can give information about possible causes of composition biases. First, they yield information about possible dissociation of molecular ions [24], that can lead to the formation of neutral atoms [13]. Secondly, multiple impacts on the detector can cause pile-up effect leading to a lower detection yield for impacts too close in time and space [20].

The distribution of multiple-ion events in constant detection rate mode is reported in fig. 3.5-(a) for different laser energies (i.e. different electric fields). It should be noted that the fraction of multiple events of order n = 1,2,3,... corresponds here to the fraction of events composed n ions detected eon the same laser pulse. At constant evaporation rate, an increase of Feff (decrease of Elas) leads to a progressive rise of the fraction of multiple events from 2.9 to 8.8 %. This could be caused by an increase in correlated evaporation or dissociation of molecular ions [24,25]. This distribution of detection distances d between ion hits within multiple events is depicted in fig. 3.5-(b) for different field conditions. A common behavior is observed whatever the laser energy (i.e. whatever the field): the distribution of impact distances on the detector is bimodal with two contributions. We observe a peak at small distances close to 3 mm, corresponding to spatially correlated events, and a broader distribution weakly decreasing towards larger distances. The amplitude of this second distribution appears to weakly increase at low field. These distributions are the result of different distributions related to correlated evaporation, molecules dissociation and uncorrelated multiple evaporation events [24,25]. The shape of these distance distributions does not change as a function of the DC field. Later we will demonstrate that the impact of pile-up phenomena on the global composition is negligible, and spatially correlated multipleions events have a limited influence on the measured composition.

Fig. 3.6: (a) Histograms of distances between impacts associated with multiple-ion events for constant VDC measurements. (b) Evolution of the fraction of multiple events as a function of

Elas in constant VDC measurements. In the graph is also reported the detection rate at which measurements were carried out.

3.3.e Identification of molecular dissociation channels

Multiple events related to dissociated molecular ions are of great interest [13,24,26,27]. These can be studied using correlation histograms [24]. Nevertheless, this approach does not provide information about dissociation processes that take place very close to the tip surface, which cannot be distinguished from spatially correlated multiple-ion events.

Zanuttini et al. carried out a theoretical study of the dissociation of ZnO 2+ molecules in various dissociation channels containing charged and neutral species [28]. The dissociation of ZnO 2+ molecules can occur through different channels, one of them would form neutral O, and would explain the oxygen-poor composition found at low Feff in ZnO [4,5,28]. Moreover, as shown in ref. [28], such dissociations would take place too close to the specimen surface (at a distance a few ångströms from the tip) to be detected in the correlation histograms.

Similar considerations can be extended to III-V semiconductors where part of the Vgroup atoms (i.e. nitrogen) can be lost due to production of neutral molecules resulting from dissociation processes [4,13,27].

The large dataset that we acquired at constant detection rate was considered in order to analyze the dissociation processes occurring in GaN. The analysis of correlation histogram reported in fig. 2.11 allows assessing that part of GaN 2+,3+ and GaN3 2+ molecular ions dissociate during their flight. Dissociation is due to the break of a Ga-N bond, which is thought to be weaker than the N-N bond, as demonstrated theoretically by Song et al. [29].

The principal dissociation processes, as reported in ref. [24], are:

(1) GaN 2+ → Ga + + N + ; (eq. 3.1)

(2) GaN 3+ → Ga 2+ + N + ; (eq. 3.2)

(3) GaN3 2+ → Ga + + N3 + . (eq. 3.3) Gault et al. recently showed that GaN3 2+ molecules have a second dissociation pathway leading to the production of neutral N2 molecules [13]:

(4) GaN3 2+ → Ga + + N + + N2. (eq. 3.4)

This reaction was proposed to be one of the contributions that lead to selective loss of nitrogen atoms in atom probe experiments [13].

A quantitative analysis of dissociation processes can also be carried out. Firstly, the total amount of neutral N2 molecules that are lost due to the dissociation process (4) was determined from the correlation histogram reported in fig. associated with multiple-ion events associated to the { 69 Ga + , 14 N + } diss. , { 69 Ga + , 14 N + } corr. evap. and { 69 Ga + , 71 Ga + } ion pairs. (d) Simulation of the impact distances d as a function of the fractional potential drop (Vd/V0 a d the disso iatio a gle αd for dissociation process (1).

Secondly, the dissociation channel (1) was analyzed in more detail. This one is found to be the most frequent dissociation process observed in GaN. All the ion pairs { 69 Ga + , 14 N + } diss. resulting from dissociation were selected in the correlation histogram and represented inside the box in fig. 3.7-(a). Ion pairs were selected if their experimental massto-charge ratios were within 0.1 Da from the expected ones for dissociation channel (1).

These values can be calculated as reported in ref. [24]. As dissociation tracks are overlapped in correlation histograms with peaks associated to correlated evaporation processes, the { 69 Ga + , 14 N + } corr. evap. ion pairs with a fractional potential drop (Vd/V0) > 0.985 were not taken into account in dissociation calculations. V0 here is the DC voltage applied to the tip during this event and Vd is the potential at which a dissociation event takes place. Vd can be calculated from measured times-of-flight of the two fragments [24,26,28,30]. In fig. 3

.7-(b)

we have reported the histogram of the fractional potential drop (Vd/V0) at which the selected dissociation events occur (i.e. (Vd/V0) = 1 at the position of the specimen surface;

(Vd/V0) = 0 at the position of the detector). Data show that most dissociation events occur for (Vd/V0) > 0.85 and less events are detected for 0.65 < (Vd/V0) < 0.85. In fig. 3.7-(c) we report the distribution of impact distances d on the detector for the { 69 Ga + , 14 N + } diss. ion pairs resulting from the dissociation of GaN 2+ molecules. It shows a broad peak at 5.4 mm, which is larger than the ~3 mm average distance that is measured when considering all multiple events. This large distance between impacts is most probably caused by coulomb repulsion between dissociation products ( 69 Ga + and 14 N + ) [27,28]. In order to check this, the impact distances d on the detector of { 69 Ga + , 14 N + } diss. couples resulting from dissociation of GaN 2+ e e si ulated fo diffe e t disso iatio a gles αd. This angle is defined as the orientation of the GaN 2+ ole ule a is ith espe t to the ele t i field upo disso iatio . At αd = 0° the N is to a d the dete to , hile αd = 180° corresponds to the Ga toward the detector [30,31].

The simulation has taken into account the conditions at which experimental data were collected: the tip geometry, the electric field conditions around the tip and the configuration of the analysis chamber. The dissociation energy was set equal to 8 eV. This value was calculated from simulations of field-induced molecular dissociation of GaN molecules, adopting the same approach described in ref. [28]. The results of these simulations are reported in fig. 3.7-(d). The simulated trajectories reveal that for (Vd/V0) > 0.85, d is ranging between 1 and 10 nm and depends on both αd and Vd/V0. Despite the simulations being rather qualitative, it is interesting to compare these with experimental data. This comparison suggests that a broad experimental distribution is compatible with the dissociation of GaN 2+ molecules at different dissociatio a gles αd at (Vd/V0) > 0.85. Contrariwise, the distance distribution of { 69 Ga + , 14 N + } corr. evap. pairs presents a peak at 1.9 mm. A similar value is found for other ion pairs associated to correlated evaporation phenomena, i.e. { 69 Ga + , 71 Ga + } ion pairs. It should be noted that hetero-isotopic Ga couples were chosen instead of the homoisotopic ones in order to avoid the pile-up phenomenon which sets a limit to the ion pair detection at low distance d. These results strongly suggest that the ions pair { 69 Ga + , 14 N + } corr.

evap. are associated to correlated evaporation processes and no dissociation events were detected for (Vd/V0) > 0. 985.

The probability per unit of time that the dissociation process ( 69 Ga 14 N) 2+ → 69 Ga + + 14 N + occurs is represented as a function of the lifetime in fig. 3.8 (N is the population of non-dissociated ( 69 Ga 14 N) 2+ at time t after evaporation). This probability appears initially constant and after an abrupt d op at t ≈ ps it decreases more slowly. This behavior suggests that a main dissociation process with a lifetime equal to about 4 ps takes place.

However, different dissociation channels with longer lifetimes for the ( 69 Ga 14 N) 2+ molecules could be present, explaining the slow decrease of the dissociation probability for times larger than 10 ps.

Fig. 3.8: Dissociation probability per unit of time as a function of the lifetime for the

dissociation process ( 69 Ga 14 N) 2+ → 69 Ga + + 14 N + .

Finally, the fraction of ( 69 Ga 14 N) 2+ molecules that dissociates in { 69 Ga + , 14 N + } ion pairs was calculated. The real number of ( 69 Ga 14 N) 2+ molecules ( = 41.5 Da) that reach the detector and that do not dissociate was derived from the number of detected events at 41.5 Da and the detector efficiency :

= .

(eq. 3.5)

The number of ( 69 Ga 14 N) 2+ molecules * that reach the detector after the dissociation into { 69 Ga + , 14 N + } ion pairs is:

* = 2 . (eq. 3.6)
The real fraction f of ( 69 Ga 14 N) 2+ molecules that dissociate is provided by the following equation:

= * * + = + • . (eq. 3.7)
In eq. 3.7 it should be noted that f depends on the detection efficiency which was set to 0.6. The fraction f is estimated to e ≈ . ÷ 0.4 throughout the Feff range investigated.

The correlation yield between ion pairs involved in multiple ion events was studied adopting the method of the correlation tables described by Saxey [24]. This method consists in comparing the number pij of each ion-pair ij with the expected number of coincidences eij calculated under the hypothesis of independent co-evaporation, so that eij = ei × ej, where ei is the fraction of the i-th species in the multiple-event mass spectrum. Both pij and eij are n × n matrices (n being the number of considered species). The degree of correlation between measured and expected number of ion pairs is given by the following matrix:

= -, (eq. 3.8)
where represents the degree of correlation (when > 0) or anti-correlation (when < 0) between ion pairs. Due to pile-up effects, the measured degree of correlation is lower than the real one: pij (measured) < pij (real). In order to correct this effect, the diagonal values were artificially set equal to zero. Moreover, similarly to what is made in chisquared tests, low pij entries (< 5) are considered as not statistically significant. Fig. 3.9-(a)

depicts the correlation table associated to an effective field Feff ≈ V• -1 , while the correlation table in fig. 3.9-(b) is associated to Feff ≈ V• -1 . The number of ion pairs for each ion i is also given. For both values of Feff investigated, {Ga 2+ ,N + } ion pairs appear strongly correlated. Instead, {Ga 3+ ,N + } and {GaN 2+ ,N + } ion pairs appear correlated only for Feff

≈ V• -1 .
It should be noted that during evaporation the local field at terrace edges can be temporarily and locally larger than 25 V•nm -1 . The value of Feff that is given here is an average over time. This can justify the production of triple ionized Ga ions for Feff ≈ V• - 1 , in contrast to post ionization theory that predicts this charge state to appear at a field above 35 V•nm -1 [32]. Ion pairs which exhibit high correlation can result from either molecule dissociation or correlated evaporation phenomena [24,27]. In order to distinguish these processes, the distribution of impact distances d associated to the three ion pairs was considered (fig. 3.9-(c)). Data show that both {Ga 2+ ,N + } and {GaN 2+ ,N + } ion pairs present a distance distribution very similar to those reported in fig. 3.7-(a) for correlated evaporation events, with a single peak at d ≈ .

. This st o gl suggests that these ion pairs are mostly associated with correlated evaporation processes. In contrast, {Ga 3+ ,N + } ion pair exhibits a slightly broader and shifted (larger d) distribution. However this distance distribution is fairly similar to those reported in fig. 3.7-(a) for correlated evaporation processes. Thus, there is no striking evidence to suggest that {Ga 3+ ,N + } ion pairs are associated to some dissociation processes. In conclusion, no clear experimental evidence of dissociation processes close to the tip surface emerges from our analysis. The only dissociation reactions producing at least two charged fragments are those identified in the correlation histogram. However, besides the reaction (4) that gives rise too few molecules to really account for the observed N loss, it still remains possible that dissociation reactions producing one charged and one neutral fragment take place, similarly to the case of the ZnO 2+ → Zn 2+ +O reaction in ZnO [28]. This reaction produces indeed a neutral fragment that is not detected at low field, and that becomes post-ionized at higher field, consistently with the experimental behavior of ZnO during the APT analysis [28]. In the case of GaN, the reactions GaN 2+ → Ga 2+ + N and GaN + → Ga + + N represent the most interesting candidates for a theoretical study. It must be underlined, in fact, that differently to the case of dissociation reactions producing neutral fragments in SiOx [31], these specific reactions would not leave a trace in atom probe data, and their possible occurrence should be investigated with dedicated theoretical tools.

3.2.f Partial conclusions

In summary, we have carried out a thorough investigation of the dependence of the measured GaN composition over experimental conditions. Our results confirm that the main driving parameter for the occurrence of compositional biases is the surface electric field. The composition is observed to be Ga-rich (i.e. N-depleted) at low field, Ga-poor (i.e. N-rich) at high field. This can be explained by an increase of Ga preferential evaporation at high field, and by neutral N emission at low field. Several mechanisms of neutral N production were proposed. We carried out a thorough analysis of the multiple events, in order to elucidate whether neutral N emission could be evidenced, and if this can explain the observed composition biases. It is shown that multiple detection events have no significant effect on the measured composition in GaN. The origin of compositional biases in atom probe measurements of GaN is not determined by intrinsic detection issues which can be put in evidence through the analysis of multiple-ions hits. The analysis of correlation histograms indicate the signature of neutral production, but the amount of neutrals that can be inferred from them is too small to account for the observed bias at low field. It was also shown that in correlation histograms only a part of the dissociation processes can be revealed: dissociation processes close to the tip surface cannot be revealed adopting this approach. In order to check whether dissociation also takes place very close to the tip surface, correlation tables for various electric fields were examined. The analysis of the charts reveals that some ion pairs exhibit strong correlation. However, the small impact distances of these pairs on the detector indicates that these are mainly associated to correlated evaporation processes.

In conclusion, no dissociation processes producing charged fragments close to the tip surface were evidenced. However, dissociation processes producing one charged ion and one neutral N could take place and would not be necessary detected. Dedicated theoretical approaches would be needed to investigate this issue.

GaAs

3.3.a Mass spectra

GaAs [100]-oriented specimens were studied using LaWaTAP adopting an experimental approach and a data analysis process similar to the one described for GaN.

Selected mass spectra from the series of measurements acquired at constant detection rate (φ ≈ . e e t/pulse are reported in fig. 2+) ionization state. Finally, 113 and 150 Da were assigned to respectively As3 2+ and As2 + molecular ions. The presence of these As molecular ions suggests that also As2 2+ ions could form giving rise to an overlap with the peak at 75 Da. In this work the peak at 75 Da was associated to As + only, as in ref. [33]. A similar potential ambiguity affects the peak at 150

Da, which could be associated to both As2 + and As4 2+ . However, based on similar arguments, and further justified in the following, the peak at 150 Da was entirely associated to As2 + .

Finally, it should be noted that using low Elas and high VDC the spectrum is affected by a significant background noise, which is related to DC field evaporation. The mass spectra associated to all constant detection rate measurements are reported in Annex C.

3.3.b Charge state ratio and effective field metrics

As demonstrated in previous works the charge state metrics is extremely useful for the representation of parameter-dependent composition measurements [4]. For GaAs, both

As Charge-State-Ratio (As-CSR) As 2+ /As + and Ga-CSR Ga 2+ /Ga + were considered. As shown in fig. 3.11, the electric fields derived from the Ga-and As-CSRs are close but not equal, suggesti g that Ki gha 's theo predictions are not fully quantitative (or reliable).

Nevertheless, both approaches are straightforward in order to estimate the field, but adopting Ga-CSR the statistical error becomes high at very low electric field, due to the small amount of measured Ga 2+ ions. This is due to the field required to have a Ga-CSR = 1, that is more than 25 V•nm -1 , while that for having an As-CSR = 1 is ~22.5 V•nm -1 . As measurements are typically carried out between 20 and 24 V•nm -1 , the As-CSR turns out to be the most convenient indicator [34]. Finally, the consistency within ~5 % of the Feff calculated based on the Ga and on the As-CSRs also induces us to exclude that a large amount of As2 2+ ions within the 75 Da peak could significantly bias the latter quantity. 

3.3.c Dependence of measured composition on experimental parameters

The Ga fraction (XGa) measured within the series of measurements performed at constant detection rate, with the addition of the measurement acquired using green laser light, is plotted in fig. 3.12-(a) as a function of the As-CSR. The measured Ga fraction varies from 0.55 at low field to 0.35 at high field. This behavior is qualitatively similar to what has been found in GaN [4]. As it is not possible to discriminate between the role of surface DC field and laser energy from the simple analysis of constant detection rate data, we also performed a series of measurements at constant applied bias VDC = 5 kV and Tbase = 50 K, with Elas ranging between 7 and 65.3 nJ (IR mode), with no constraint on the detection rate.

The results of this series are displayed in fig. 3.12-(b). For a variation of the laser energy comparable to that explored in the constant detection rate series, XGa exhibits a significantly weaker evolution around the value XGa = 0.46 ± 0.03, which indicates again that the main physical parameter determining the compositional bias is the electric field, rather than the laser energy. In the experimental conditions adopted in this work we have never observed Gacontaining molecular ions.

Similar results were reported by Cerezo et al. in an early study [35] that was confirmed letter by Gorman et al. [36]. In this article, group V clustering and thermal tails were observed at low fields (resp. high Elas). Moreover, a small amount of As6 + molecular ions was detected in experiments reported by Cerezo. This can be surprising because in a GaAs ordered lattice As atoms have only Ga atoms as first neighbors and no As-As or Ga-Ga bonds are present. However, while this condition strictly holds in the bulk, it may relax on the surface, where it is known that reconstruction can occur [37]. Gorman proposed that significant surface atom migration for the group V atom could occur due to laser heating effects [36]. This hypothesis is supported by studies of growth by MBE, where group V atoms are reported to have high diffusion coefficients and low activation energies [36,38]. We notice that the cluster fraction is rather insensitive of the laser pulse energy, which could be explained by the fact that the fraction of evaporated clusters not only increases with tip temperature and surface diffusion, but should also be related to other surface mechanisms, such as, for instance, local field gradients.

It is also interesting to compare our results concerning GaAs with those published by Müller et al. for GaSb [27]. In fact, analogies between GaAs and GaSb atom probe measurements can be observed due to the chemical similarity between As and Sb anions. In Mülle 's o k, e pe i e ts e e a ied out usi g a g ee lase = , ith Elas ranging between 0.01 and 0.1 nJ, at T ≈ 43 K. Electric field used by Müller (as derived from Ga CSR) is found to range between ~16 and 20 V•nm -1 , which are values lower than those for GaAs (fig. 3.12 and 3.13). GaSb has therefore a smaller evaporation field compared to GaAs.

Contrary to the case of As, Sb has two isotopes that in mass spectra allow distinguishing Sbn n+ from Sb2n 2n+ molecular ions. Nevertheless, Sb2 2+ molecular ions were never detected.

This result suggests that by analogy to GaSb, the peak at 75 Da in GaAs can be entirely associated with As + molecular ions and not to As2 2+ . Similar considerations can be done for the peak at 150 Da. Mülle 's experiments show also that Sb3 2+ and Sb2 + molecular ions are formed at relatively low field (resp. high Elas), in analogy with the field dependence formation of As3 2+ and As2 + molecular ions in the case of GaAs.

A further insight into the field-dependence of the measured composition is given by the analysis of the composition distribution on the detection area. This can be done by subdividing the detector surface into an array of square regions and measuring the composition in each of them, as described in ref. [4] and previously done in the case of GaN. The loss of Ga in GaAs may therefore be expressed in terms of preferential evaporation of Ga atoms at high DC electric fields. This is in good agreement with the results reported in different references for GaN [4,14,21] and for AlxGa1-xN alloys [3]. The preferential evaporation of Ga in GaAs is consistent with its much lower evaporation field (15 V•nm -1 ) compared to that of As (42 V•nm -1 ), although this argument is based on values calculated for the different atomic species considered as atom bonded at the surface of pure materials [39]. This is also consistent with the increase of the background noise at high field recorded in the mass spectra of fig. 3.10, indicating that preferential evaporation sets on.

The loss of As atoms at low fields requires more care to be interpreted. The fraction of As originating from the different molecular ions present in the mass spectra of the constant detection rate and of the constant DC voltage series are reported in fig. 3.12-(a)

and (b), respectively. A reasonable hypothesis is that the loss of As atoms at low fields is either due to the desorption of As neutral clusters from the tip surface or to As molecular ions that dissociate into neutral and ionic daughter molecules. The fragmentation of these can indeed generate neutral As atoms that are not detected [13].

3.3.d Multiple-ion events

The fraction of multiple events in constant detection rate measurement is reported in fig. 3.14 for various laser energies (i.e. various electric fields). The increase of Feff (decrease of Elas) leads to a progressive rise of multiple events from 9 to 28 %. Notice that the slight decrease of the fraction of multiple events when changing the laser from IR to green could also be due to the fact that measurements in green were performed at lower detection rate compared with the IR mode. The histograms of the frequencies of the detection distances d between multiple ion hits are given in fig. 3.15-(a). A common behavior is observed whatever the laser energy (i.e. whatever the field): the distribution of impact distances on the detector (d) is bimodal with two contributions. We observe a peak at small distances close to 2.7 mm (correlated events) Ga comprises two isotopes ( 69 Ga and 71 Ga) with natural abundances p1 = 60.1 % and p2= 39.9 % respectively (subscripts 1 and 2 stand for 69 Ga and 71 Ga isotopes respectively).

Given the isotope distribution of Ga, the probabilities of occurrence for each type of pairs (11,22,12) are respectively p1 2 = 0.36, p2 2 = 0,16, 2p1p2 = 0.48). The factor 2 in the latter expression is due to the fact that 12 and 21 pairs are indiscernible. 52 % of Ga pairs are homo-isotopic pairs and it is these pairs that will be subjected to pile-up effects.

When there is no detection bias due to pile-effects, the expected number of ion pairs that are detected (n) expresses as : n = n11 + n12 + n22 (eq. 3.09) with nii = n•pi 2 with: i = 1,2 (eq. 3.10)

n12 = 2n•p1•p2 (eq. 3.11)
where nii is the number of homo-isotopic pairs composed of isotopes i and n12 is the number of hetero-isotopic pairs.

In contrast to hetero-isotopic couples, the number of detected homo-isotopic pairs 'ii (i = 1,2) is smaller than the expected number (nij) because of pile-up effects (prime stands for measured amounts). From simple consideration, it is possible to derive the expected number of homo-isotopic pairs nii from the measurement of n12 and finally to o pute the ias ate τii = 'ii / nii that is an evaluator of detection biases. nii = n•pi 2 (eq. 3.12)

with: n= n12 / (2p1•p2) (eq. 3.13)

As hetero-isotopic events are not affected by pile-up effects: n12 = '12 (eq. 3.14)

Thus, substituting eq. 3.14 in eq. 3.13 then eq. 3.13 in eq. 3.12 leads to a simple expression of the bias rate:

τii = 'ii / nii = 'ii.p1•p2 / (pi 2 • '12) (eq. 3.15)
Note that the intrinsic detector efficiency equally affects hetero and homo-isotopic pairs and subsequently does not change results.

Ou data ield τ11 = τ22 ≈ 0.4. The probability of bias is independent of the nature of the isotope considered (i = 1, 2) and consequently of the type of pair (11 or 22). However, the occurrence frequencies related to 11 and 22 pair isotope abundance are different (p1 2 ≈ 0.36, p2 2 ≈ . . No sig ifi a t a iatio s of τ11 and τ22 were observed as a function of the electric field Feff. Taking into account the relative amount of double Ga detection events with respect to single impacts, the number of Ga ions that were not detected is estimated to be around 2 % of the total amount of detected Ga + ions. We can therefore conclude that the impact of Ga pile-up on the global composition is negligible throughout the whole interval of surface electric field explored in this work. However APT users should carefully estimate the impact of pile-up on their data, because this quantity also depends on the specific performances of the used detector.

3.3.e Identification of molecular dissociation channels

In order to assess whether correlated events are caused by the dissociation of molecular ions, the same dataset containing ~19 million ions associated to multiple events was analyzed. Adopting the same approach described by Saxey, the correlation histogram was constructed in order to reveal the presence of dissociation processes [24]. Electric field (V/nm) Fig. 3.18: Evolution of the correlation degree associated to the ion pairs {As2 + , As 2+ }.

One possible interpretation is that As3 clusters are formed at the tip surface and leaving this they immediately dissociate in As2 + and As 2+ molecular ions. However, increasing

Feff this particular process is reduced, probably because less As3 clusters are formed at the tip surface. The correlation tables calculated for each dataset acquired are reported in the Annex D.

Similar results were found in GaSb for {Sb2 + , Sb 2+ } ion pairs [27]. The authors show that a strong correlation occours for both high and low field condition. This was explained in terms of formation of metastable Sb3 2+ cluster ions and subsequent dissociation.

3.3.f Partial conclusions

In summary, we have investigated the compositional biases related to the analysis of GaAs. The electric surface field was found to be the main physical factor. An As-poor composition was measured at low field condition. When increasing the field, a Ga-poor composition was found. Compositional analysis shows some analogies with the case of GaN and GaSb. The preferential evaporation of Ga atoms at high field condition can explain the low atomic fraction measured. At low field a possible mechanism accounting for the loss of As atoms is the formation of As cluster on the tip surface and their direct dissociation in smaller sub-units with the formation of neutral As molecules/atoms. As molecular ions are more frequently detected at low field condition because high field enhance dissociation. The clustering of V-element atoms (As) exhibits only a weak dependence on the laser pulse energy at a given DC voltage.

The analysis of multiple events reveals that multiple hits are strongly correlated in space. Ga homo-isotopic couples are lost due to pile-up phenomena, but the amount, estimated at ~2 % of the total amount of Ga + ions, is not sufficient to explain the bias in the composition measurement. Moreover, the analysis of correlation tables reveals that multiple events are field-induced and can be caused by the dissociation of metastable clusters lying on the tip surface. The results suggest that As3 metastable cluster can field evaporate as As3 3+ and subsequently dissociate in {As2 + , As 2+ } ion pairs, in particular at low field condition.

No evidence of the formation of Asn m n,m > 3 metastable clusters emerged (probably are not stable enough to be formed).

ZnO

3.4.a Mass spectra

ZnO specimens were analyzed along the [ ] crystallographic orientation using LaWaTAP. Constant detection rate measurements (φ ≈ . 5 event/pulse) were performed at T = 80 K, usi g a UV lase = . Related mass spectra are reported in fig. 3.19.

Because Zn has five isotopes, several peak groups are observed in mass spectra. Both Zn + and Zn 2+ ions are detected (64 ÷ 67 Da and 32 ÷ 34 Da). The most abundant isotope of Zn 2+ (48 %) is 64 Zn 2+ (m/n = 32 Da). The charge-state-ratio Zn 2+ /Zn + was used to determine the effective evaporation field Feff th ough the Ki gha 's post-ionization model [32]. Feff as ≈ 17.5 V•nm -1 for Elas = 20.2 nJ and 21.5 V•nm -1 for Elas = 1.2 nJ. O2 + ions have a mass-to-charge ratio also equal to 32 Da which overlaps with 64 Zn 2+ . As described in the section 2.6-(a), the correct amount of Zn 2+ and O2 + ions can be calculated. Moreover, O + ions appear at 8 Da in mass spectra and overlaps with O2 2+ . Because oxygen has only one major isotope (relative abundance = 99.8 %), it is impossible to distinguish O + from O2 2+ ions. However, an arbitrary choice of the peak indexation does not consistently affect the final composition [5]. The mass spectra reveal that several ZniOj n+ molecular ions (i, j, n > 1) are detected. The peaks at 

3.4.b Dependence of measured composition on experimental parameters

The atomic fractions related to various ions identified in mass spectra are represented in fig 3 .20. The number of Zn + ions detected is observed to decrease when increasing the DC field. This variation is not completely compensated by Zn 2+ ions. This observation is another clue suggesting the preferential evaporation of Zn at high field Mass-to-charge ratio (Da)

E las = 1.2 nJ F eff  21.5 Vnm -1 Counts (b) ZnO + Zn 2+ O + 2 ZnO 2+ O + Zn + Zn 2 O 2+ Zn 2 O 2 2+
the result of distinct effects including dissociation. This last is only one of the factors which influence the final composition. However, the results obtained for the field dissociation of ZnO 2+ molecules are important and can be generalized in future to others materials.

3.4.e Partial conclusions

Poor oxygen composition is measured at lower field. Higher electric field gives the correct stoichiometry. This result is similar to those in GaN and GaAs. The production of neutral oxygen is a scenario compatible with experimental data. Numerical calculations performed by Zanuttini et al. in ref. [28] have shown that the production of oxygen neutral molecules can result also from the field dissociation of molecules, such as ZnO 2+ → Zn 2+ + O.

Such reactions, which cannot be proved from atom probe data, can account for the low oxygen content detected low field.

Conclusions

The results exposed in this chapter show that important compositional biases occur in binary semiconductors, leading to the detection of non-stoichiometric composition over a wide range of analysis parameters. The experiments clearly underline the predominant role of the local electric field. Only under specific electric field conditions the expected composition was measured. Higher electric field leads to the preferential evaporation of metallic species (i.e. group-II and -III atoms). Contrariwise, the lower detection yield of group-V and -VI atoms observed at lower field can be accounted by the production of neutral molecules. The measured composition is the result of the competition of these two mechanisms that cannot be avoided using any combination of the experimental parameters that we explored. We have also demonstrated that the detection of a correct composition does not imply that no atom is loss. Our results strongly indicate that no major detection issues are responsible for the compositional biases observed. In particular, the analysis of multi-ion events suggests that pile-up phenomena have a minor influence on measured compositions. The molecule dissociation phenomena occurring were also discussed. The results reveal that the dissociation processes are too low in importance to account for the selective losses observed.

CAP. 4

Atom probe tomography of ternary semiconductors

Introduction

The composition of binary compound semiconductors is usually known a priori, as their stoichiometry is fixed. This is not the case in ternary alloys, where the composition can vary over a wide range, depending on the parameters adopted during the synthesis of the material. It becomes thus important to establish whether APT can accurately measure compositions, and if this is the case, under which conditions. In this chapter the issue of quantifying the composition of AlyGa1-yN and MgyZn1-yO alloys by La-APT is investigated.

Moreover, the specific detection efficiency for each species is studied. Results are interpreted through a model describing preferential evaporation of metallic elements (Ga, Zn) in simple terms.

Analyzed samples

Two ternary alloy systems were analyzed. Both are of the type AyB1-yC, where A and B are metallic elements (Al, Ga, Mg, Zn), while C is either nitrogen or oxygen. The list of samples is reported in table 4.1. The first studied system is GaN/AlyGa1-yN multilayer, with the site fraction y ranging between 0.07 and 0.56. All samples were grown by MBE at LPN Marcoussis, with the exception of the sample AG3 that was grown at EPFL under the conditions described in refs. [1,2]. All samples were grown on a [0001] oriented GaN buffer.

Specimens were prepared preserving such orientation, with the tip axis corresponding to the crystal c-axis. In all the composition range, AlyGa1-yN alloys are expected to be homogeneous, exhibiting thus a nearly uniform composition on the nanoscale. This is an important condition that the material should fulfill for a correct evaluation of the specific detection efficiencies, which will be dealt with in section 4.6. The composition of the AlyGa1-yN layers was determined by quantitative EDS and X-Ray Diffraction (XRD). The second material system is ZnO/MgyZn1-yO multilayers. These samples are non-polar heterostructures grown along the [ ̅ ] direction (a-axis), with y of 0.27 or 0.35, containing ZnO QWs. In these samples, MgyZn1-yO barriers are not uniform, as alloy decomposition tends to take place driven by morphological features during the growth. This hampers a straightforward specific detection efficiency analysis on these samples. However, it is still possible to profile the alloy composition measured by APT along the a-axis direction and analyze its dependence on the effective field conditions. More details about these samples will be given in the next chapter. 

AlyGa1-yN

Sample

Atom Probe investigations

Atom Probe analyses were performed using a LaWaTAP, with a lase a ele gth = 343 nm (UV) and a laser pulse energy Elas ranged between 9 and 20 nJ. The specimen base temperature Tbase was 50 or 80 K. The role of the experimental parameters on the measured composition was investigated performing measurements with the detection rate ϕ set at 0.0025 ions/pulse and constant laser energy Elas. We remember that in constant detection rate measurements the applied bias VDC varies in order to keep constant the detection rate ϕ. This does not prevent observing temporary variation of ϕ, in particular in correspondence of the interface between layers having different evaporation field.

A typical APT analysis performed on a AG-1 tip specimen is illustrated in fig. 

Charge state ratio and effective field metrics

The comparison of the Al 2+ /Al + and Ga 2+ /Ga + CSRs gives an indication of the consistency of the use of these metrics for estimating the effective field in AlyGa1-yN. Figure 4.2-(c) shows the correlation diagram between the Al 2+ /Al + and Ga 2+ /Ga + CSRs, sampled in voxels of approximately 5 nm sides from two regions of interest of sample AG-3, the first region being at an average high field, the second at an average low field. The red dashed line superimposed to the experimental distribution is the prediction of the Ki gha 's postionization model [3]. The result clearly indicates that the post-ionization model can be considered as consistent at low field conditions only, while the Ga 2+ /Ga + and Al 2+ /Al + CSRs would yield two different effective fields when the statistics is performed at high field conditions. It should be reminded that such issue was also observed in GaAs, considering the Ga 2+ /Ga + and As 2+ /As + CSRs. However, we notice that the two CSRs deviate by no more than a decade from the prediction of the Kingham model. According to the results shown in fig. As in AlyGa1-yN, the measured Mg II-site fraction is calculated using the following equation:

= + , (eq. 4.2) 
Where and are the numbers of Zn and Mg atoms detected, respectively.

Again, y strongly depends on the effective field Feff derived from the Zn-CSR. Specimens with different compositions show that the average Mg II-site fraction is close to the expected nominal value only under low field analysis conditions. However, the Mg II-site fraction becomes progressively overestimated as Feff increases. A Mg addition increases the evaporation field of ZnO oxide. This is due to the fact that Mg has a higher evaporation field compared to Zn. Again we could not field evaporate at lower fields than the ones at which the expected Mg II-site fraction is measured. For MgyZn1-yO too, it was not possible to analyze specimens at a Zn 2+ /Zn + CSR lower than the one allowing for an accurate composition measurement.

It is interesting to compare the results depicted in fig. 4.5 with those of ZnO reported in fig. 3.21. In MgyZn1-yO, high field conditions lead to an overestimation of the Mg II-site fraction. This is interpreted as due to the preferential evaporation of Zn atoms. In ZnO, higher field conditions leads to the detection of a stoichiometric composition. This suggests determined through the calculation of the electric field distribution on the tip apex, as detailed in the Annex F. The ηrec factor was set in order to obtain the correct interlayer distances. Possible uncertainty on the reconstruction parameters will be critically discussed later on. The radial dependence of the detection efficiencies is partly due to the effect of the electric surface field, and partly to a limitation of the reconstruction algorithm. The reconstruction algorithm is assumed as locally undistorted, with the tip apex approximated as a spherical cap. However, this is only an approximation. First, it is known that regions close to a low-index pole exhibit a lower impact density related to the evaporation dynamics, yielding a defocusing effect related to the final collapse of terraces (fig. 2.9) [6].

Furthermore, if the surface field depends on the crystallographic orientation of the surface, the apex shape may deviate from the spherical, even in compositionally homogeneous tip specimens. High-field regions will thus exhibit smaller curvature radii than low-field regions.

This will eventually yield larger reconstructed atomic densities for low-field regions compared to than in high-field regions. This is in agreement with the observed radial trend of all specific detection efficiencies. These quantities, therefore, might be underestimated in high-field regions, because the volume in which they are defined is larger than the actual volume from which the counted ions are originated. Currently, no correction for this limitation of the algorithm is available. The problem is complex, because the specific detection efficiencies depend partly on the radius of curvature of the surface, partly on the surface electric field. The field, in turn, also contributes to determine the radius of the surface. In any case, the radial dependence of ηGa is stronger than of ηN, which cannot be explained by a local surface curvature variation only. This is in agreement with the axial dependences of ηGa and ηN, suggesting that low fields favor N loss, while high fields favor Ga loss (see chap 3.3.3), the detection efficiency of Al remaining almost constant. As a practical conclusion of this section, we observe that the correct Al III-site fraction can only be correctly measured where ηAl = ηGa. In the maps of fig. 4.7, this only happens far from the tip axis, at the end of the analysis. Finally, it appears from the data that it is not possible to get accurate atomic fractions for each species.

The specific detection efficiencies are defined within the 3D reconstructed volume.

For this reason, they depend on the reconstruction parameters, defined in this study within the cone angle algorithm [6]. The effect of the choice of the projection point m+1 and the initial radius r0 on the specific detection efficiencies is displayed in fig. 47-(e,f). We varied these two parameters as they are the most affected by uncertainty. The cone angle is indeed kept constant, as it was determined by SEM observation. The reconstruction detection efficiency was adjusted in order to preserve the correct interlayer distances. Expectedly, the results show that the specific detection efficiencies follow the same trends with respect to the position at which they are sampled within the reconstructed volume (in the top part close to the center and at the right-hand side, in the bottom barrier close to the center and at the right side, as indicated in fig. 4.7-(a)). However, reconstructions performed with m+1 = 1.2 or with a smaller Ri yield specific efficiencies larger than the efficiency of the detection system for both Al and Ga. Such reconstructions are clearly inaccurate because they locally yield an atomic density larger that the real one (corrected by the efficiency of the detection system). On the other hand, reconstructions performed with m+1 = 1.8 or with a larger Ri yield specific efficiencies which are much lower than everywhere in the reconstructed volume. These reconstructions are in principle acceptable. However, the reference reconstruction appears more likely, because in this reconstruction both specific efficiencies for Al and Ga tend to in low-field regions. This conclusion will be further justified in the next section describing preferential evaporation of metallic species.

A preferential evaporation model

The observed dependence of the measured site fraction on the surface electric field and on the base specimen temperature can be explained in the framework of a preferential evaporation model. This model is different from other recently proposed models, as it does not assume that an equal number of evaporated atoms is supplied by the core of the specimen [7]. The interpretation that we can obtain is semi-quantitative, because some of (ii) For any atom within the volume or on the surface the probability to leave the surface is equal to 1. All atoms of each species leave the surface. It is important to notice that it is misleadingas it violates the conservation of the number of atomsto assume that the atomic or alloy fractions measured in APT can be determined by considering the field evaporation probability per unit time and per site only. This assumption would be equivalent to stating that any lattice site occupied by an atom of a given species is backed by an infinite reservoir of atoms of the same species to be supplied in case of evaporation. In reality, the tip has a finite number of atoms: if atoms of species A leave the surface with a higher probability per unit time and lattice site than the species B, the surface will be at a certain time rich in species B and depleted in species A: the probability of evaporating a species B, cumulated over the whole surface, will thus increase until reaching a steady state in which the fluxes Φi of the different species contribute to the total flux of atoms or ions in the following way:

{ Φ = Φ Φ = Φ Φ = Φ (4.4)
Still, this is not the detected flux of ions.

(iii) All atoms within the tip may leave it by different channels:

-Channel 0: Field ionization and evaporation during the pulse.

-Channel 1: Field ionization and evaporation between the laser pulses.

-Channel 2: Other mechanisms (e.g. neutral evaporation, neutral production upon dissociation of molecular species).

For each species i, the specific flux is given by:

Φ = Φ , + Φ , + Φ , (4.5) 
where Φ , is the flux of atoms of the i-th species leaving the surface through the k-th channel. We notice that the contribution of the evaporation of complex molecules containing two different species can be taken into account in the determination of each Φ , .

(iv) The probability to leave the surface through the k-th channel is proportional to the probability of evaporation (desorption) per unit time per site described by the parameters characteristic of this channel. For the field evaporation events describing channels 0 and 1, we assume that this can be expressed through the compact Arrhenius law [8]:

, = {- ( - , )} (4.6)
where the assumption is that the frequency pre-factor is independent of the field. In laser pulsed mode, the relations between the evaporation fields F0 = F1 and the temperatures T0 > T1 holds, while the relations F0 > F1 and T0 = T1 holds in electric pulse mode. Qi and Fev,i are the barrier height at zero field and the evaporation field, respectively, which depend on the species and are assumed to be site-independent. Note that the field is assumed to be speciesindependent: in the case of important differences in the evaporation field, however, preferential retention of the elements with a higher evaporation field could lead to a local enhancement of the surface field until these elements are evaporated. It is therefore an approximation to consider that the field F is equal for all species.

(v) The specific fluxes Φ , are proportional to the probability of leaving the surface through the k-th channel:

Φ , = ′ , , (4.7) 
where is the time interval during which the k-th channel is open: = , where tpulse is the time during which the tip is heated up by the laser (it corresponds to the proper laser pulse duration, plus a heat relaxation time that could be material-and geometry-dependent), while = = ⁄ . ′ is the number of sites occupied by the species i on the surface. At steady state, this number is such that:

Φ Φ = Φ ∑ Φ = ′ Φ ∑ , = (4.8) 
it is thus proportional to the true atomic fraction.

In this way, the number of detected atoms of the i-th species is proportional to the relative probability with which the atom leaves the surface through the channel 0. Only channel 0 allows indeed for its identification in the mass spectrum. The flux of detected atoms is thus:

Φ = ∑ Φ , , (4.9) 
while the fraction of detectable atoms of the i -th species α (over the total number of atoms of the i -th species) is:

α = Φ 0, ∑ Φ , . (4.10) 
According to this and to the eq. 2.9 and eq. 2.10, the specific detection efficiency η is:

η = α η , (4.11)
where η is the efficiency of the detection system. The atomic fractions are measured as:

= Φ 0, ∑ Φ 0, . (4.12) 
Measured Al III-site fraction y from AlyGa1-yN samples with different composition as a function of the surface electric field according to the preferential evaporation model for two different Tbase (50 K and 80 K).

The choice of the parameter set is reported in table 4.2. There is actually a large uncertainty related to parameters such as the barrier energy and the evaporation fields for the different elements in AlyGa1-yN. Concerning the barrier energies, for instance, the value of Q is quite close to the experimental values of the cohesive energy per bond reported for AlN and GaN, but about one order of magnitude lower than calculated binding energy values [11][12][13]. For comparison, the adopted energy barriers are also lower than the value QZn ≈ 6

eV that can be extrapolated for Zn + field evaporating from a ZnO surface according to the density functional theoretical calculations of Xia and Kreuzer [14]. This means that the model still needs more accurate input in order to be more quantitative, but it is at least possible to qualitatively reproduce general trends experimentally in AlyGa1-yN. The key point is that Al is more strongly bound than Ga, as it is also observed in molecular beam epitaxy of AlyGa1-yN alloys [11]. Interestingly, this is also confirmed by the observation of anisotropic growth rates in selective area growth of GaN [16]. Furthermore, it is shown in the Annex G that the measured site fraction exhibits only a very weak dependence on the specimen temperature during the pulse. The main driving parameter of the compositional biases is thus the evaporation field: the amount of the less strongly bound species will be underestimated at higher field. It is also worth mentioning that the assumption of an evaporation field independent of the site fraction y leads to an onset of preferential losses at the same field value for the three compositions displayed in fig. Table 4.2: Parameters adopted for the preferential evaporation model.

Conclusions

The accuracy of composition measurements using La-APT in the ternary semiconductor alloys AlyGa1-yN and MgyZn1-yO alloys has been studied and modeled. The results indicate a similar behavior for both nitride and oxide systems. A correct site fraction y is measured at low field conditions, while high field yielding an overestimation of y due to a selective loss of Ga and Zn atoms. These results corroborate those obtained in the chapter 3

for binary semiconductors (GaN, GaAs, ZnO), where a Ga-and Zn-depleted composition was measured at high field conditions. Results are compatible with the hypothesis of preferential evaporation of Ga and Zn atoms at high DC field conditions. 

CAP. 5

Application of ex-situ and in-situ micro-photoluminescence spectroscopy to the atom probe tomography study of semiconductor heterostructures

Introduction

The applications of the coupled ex-situ and in-situ µ-PL spectroscopy to the APT study of semiconductor heterostructures are discussed in this chapter.

The correlative ex-situ approach consists to perform -PL and before La-APT analysis.

This allows getting important information, such as the composition of the alloys and the optical signature of the nano-objects which compound the semiconductor heterostructures.

An intrinsic limit of correlative ex-situ studies is that it is impossible to obtain a sufficient spatial resolution allowing for the discrimination of signals emitted by different quantum emitters contained within a single tip. For this reason, it is very unlikely to directly correlate the µ-PL signal with each single nano-object which constitutes a heterostructure (i.e. a single QW).

The correlative in-situ approach in which La-APT and µ-PL are simultaneously performed is more attractive and challenging because allows to strictly correlate the variation of the photoluminescence signal with nano-metric scale volumes of the tip evaporated during APT. Thanks to the development of a specially designed tomographic atom probe, it is shown that µ-PL can be successfully performed on a single atom probe tip during La-APT. In principle, the emission of single quantum light emitters (i.e. single QW or QD) can be revealed. The innovative approach presented in this chapter can be extended to a wide range of materials, opening new perspectives for correlative studies of single atom probe tips. In particular, in this chapter the in-situ approach applied for the study of ZnO/MgyZn1-yO MQW systems is illustrated. 

La-APT

b. Experimental setup

The prototype that was developed is shown in fig. 5.2. The instrument is equipped with a tunable Ti:Sa laser which emits at 780 nm. A THG (resp. SHG) is employed to select a wavelength of 260 nm (resp. 390 nm). The laser repetition frequency can be ranged between 400 kHz and 4 MHz. The laser is focused on atom probe tips with a spot size of around 1 µm.

The incident power can be varied between 15 µW to around 2000 µW. A standard MCP/DLD detector is placed in front of the tip at a distance of L = 17 cm. Such detection system is able to perform analysis using laser repetition frequency up to 1.7 MHz at φ = e e t/pulse . This feature drastically reduces the time required to perform La-APT compared to commercial tomographic atom probe such as LaWaTAP or FlexTAP, where the laser repetition frequency is 50 or 100 kHz. Unluckily, the detection system currently in use does not support the detection of multiple-ion events due to difficulties related to the high acquisition frequencies. The exclusion of multiple-ion events has a major impact on the compositional measurements. In fact, in the semiconductor materials multiple-ion events are typically about the 5 ÷ 20 % of the total number of detected events (compare fig. 

Application to ZnO/MgxZn1-xO multy-quantum wells

The in-situ" approach described in section 5.2 was applied to a ZnO/MgxZn1-xO MQWs system. The in-situ" analyses have been preceded by an ex-situ extended study in which La-APT analyses a d -PL investigations were performed on atom probe tips, but separately.

In particular, atom probe analyses were performed using LaWaTAP a d -PL using the equipment described in section 5.2 before installing the detection system. Only in a second o e t the t o te h i ues e e oupled a d the in-situ" approach was developed.

a. Analyzed samples

The analyzed samples consist in 20 or 15 ZnO/MgxZn1-xO homoepitaxial MQWs growth by plasma assisted MBE on m-plane (100) ZnO substrates. Details on the homoepitaxial growth can be found in ref. [2][3][4][5]. In order to perform La-APT and electron tomography, specimens were prepared by standard SEM/FIB annular milling with 30 kV Ga 

b. Electron microscopy analysis

The morphological properties of the ZnO/MgyZn1-yO MQWs were studied by STEM.

The instrument used is a double corrected Jeol-ARM200 Analytical Cold-FEG TEM operated . This 3D representation allows better observation of the complex geometry of the heterostructure system investigated. However, in ET the presence of the vertical features which appear in HAADF-STEM images does not stand out.

In conclusion, despite STEM investigations allow an atomic scale artifact-free assessment of the structural properties, but a quantitative estimation of the composition through the segregation regions is not possible. In order to do this, La-APT was employed to reconstruct a 3D chemical map of some tips. The dominant peak at 3.358 eV (FWHM = 0.005 eV) can be associated to the recombination of the donor-bound exciton (DBX) in the ZnO substrate [10]. In fact, low temperature PL spectra generally exhibit a region between 3.348 and 3.374 eV where many sharp lines (here not resolved) associated to transitions between discrete electronic states in the bandgap [11]. Longitudinal optical-phonon replica of the DBX peak (DBX-nLO) are present at 3.286 (n = 2) and 3.217 (n = 3) eV, with an energy periodicity close to the expected one of about 70 meV [10]. The emission at 3.46 eV (FWHM = 0.02 eV) is associated to the recombination of the localized exciton in the ZnO QWs. Finally, the broad peak transition energy of an exciton in a polar ZnO/Mg0.27Zn0.73O planar QW with the same QW and barrier thicknesses is 3.36 eV. These results show that the irregular profile of the ZnO QWs and the compositional in homogeneities of the MgxZn1-xO barriers yield efficient inplane carrier localization, but with a negligible change in energy (<10 meV). As it is known for other materials systems, strong carrier localization may increase the efficiency of interband carrier recombination [13][14], which is also probably the reason why the -PL signal is measurable even in these FIB-milled specimen tips [15][16]. The -PL spectra acquired at different stages of the tip evaporation, corresponding to the volumes within [ti , tfinal] depicted in fig. 5.13, are reported in fig. 5.14. Each -PL is integrated over 20 seconds (for comparison, the evaporation of the entire tip requires about 2 hours). We underline again that the laser-assisted field evaporation process was not interrupted in order to acquire these spectra, but the same laser pulses which trigger the tip evaporation have generated the -PL signal. The spectra reveal a principal peak at 3.36 eV, which is associated to the ZnO buffer. This is related to the specimen preparation, which preserves an amount of the ZnO buffer substrate which is typically evaporated only in part during atom probe tomography. For this reason, this peak does not change during the evaporation of the tip. Instead, the peak at 3.45 eV is associated to the ZnO QWs and it is observed to decrease in intensity during the tip evaporation. This is explained in terms of the sequential evaporation of the 20 QWs present in the specimen. As it was already illustrated in the sections 5.d and 5.e, this peak is due to quantum confinement in correspondence of the V-groves edges associated to the QWs. As a tip volume containing a single QW is evaporated, a significant part of the optically active system disappears, reducing the signal intensity. Wavelenght (nm) Wavelenght (nm) The analysis of the differential spectra reveals that the energy of the -PL emission is rather constant along the tip volume. This is a strong indicator of high sample deposition quality and a constant thickness of the QWs. Nevertheless, it should be noted that the peak emission energy ranges between 3.44 (QW #18) and 3.47 eV (QW #14). A very similar energy variation is observed performing effective mass calculation adopting the specific structure of several quantum wells as observed in STEM-HAADF micrographs.

Conclusions

In 

Conclusions

A thorough investigation of compositional biases observed in atom probe tomography of semiconductors is presented in this thesis. Some binary (GaN, GaAs, ZnO)

and ternary (AlyGa1-yN, MgyZn1-yO) semiconductors were investigated in order to identify the origin of such biases. The measurements performed adopting different experimental protocols (constant detection rate, constant laser pulse energy and constant DC field) reveal that the compositional biases observed principally depend on the electric field at the tip surface. Low field conditions lead to a loss of nitrogen or oxygen. Instead, high field conditions lead to an underestimation of the amount of metallic elements, such as Ga or Zn.

In order to explain these results different mechanism are investigated in detail.

The emission of neutrals is considered as the most likely hypothesis accounting for too low nitrogen or oxygen level at low field conditions. Such emission might be a consequence of the dissociation of molecular ions during their flight toward the detector.

Despite a dissociation channel leading to the production of N2 was found, the total amount of nitrogen produced appears not enough to fully explain the loss of nitrogen observed.

Other scenarios were suggested, as dissociation processes closed to the tip surface leading to the emission of neutrals. This hypothesis has recently found support thanks to theoretical investigations related to compositional biases in ZnO by the dissociation reaction ZnO 2+ → Zn 2+ + O close to the tip surface. Unluckily, such dissociation processes cannot be experimental observed during atom probe measurements.

Preferential evaporation of metallic elements (i.e. Ga, Zn) is compatible with a V-and VI-group depleted composition measured at high field. The study of both Al-and Mg-site fraction in AlyGa1-yN and MgyZn1-yO alloys reveals that low evaporation field metallic elements are evaporated between laser pulses by the standing DC field. The atom probe experimental results obtained are corroborated by the proposition of a simple model for the preferential evaporation. It should be noted that the results obtained concerning atom probe tomography of binary and ternary semiconductors reveal that no experimental conditions ensures that over the whole tip surface the stoichiometric composition is measured. This is due to the fact that low electric field conditions allow measuring the correct site fraction but leading to a systematic loss of V-and VI-group atoms.

The problem of the determination of the expected site fraction in ternary alloys is challenging and has been faced performing correlative atom probe and microphotoluminescence studies. This has been made directly on atom probe tips, where a signal due to the recombination of carriers in the alloy is observed and provides a reliable indication of the alloy site fraction. "u h ki d of app oa h, alled ex-situ , o sists i performing atom probe tomography after micro-photoluminescence.

Using atom probe tips is an excellent multi-microscopy approach in which complementary technique such as atom probe tomography, electron microscopy and microphotoluminescence can be performed on a single specimen. A comparative approach was adopted for the study of the morphological and compositional properties of ZnO/MgyZn1-yO multi-quantum wells systems. The results obtained reveal that ZnO quantum wells present a V-groove grating profile along the a-axis direction. Such morphology induced a non- As + non-radiative recombination processes, reducing the PL emission. Also the FIB preparation may reduce the radiative recombination efficiency. 
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Fig. 1 .

 1 Fig. 1.1: (a) Conventional unit-cell representation of wz-GaN bulk material including the definition of the most relevant low-index crystal-surface planes. The polar c-plane and the two nonpolar m-and a-planes are shown in green, red, and blue, respectively. (b) Atomic structure of the relaxed GaN m-plane surface shown as top view, including the definition of the surface unit cell and the indication of the spontaneous polarization PSP direction (image readapted from ref.[4]).
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 12 Fig. 1.2: (a) Dependence of the a-lattice and c-lattice parameters and of (b) the bandgap on

Fig. 1 .

 1 Fig. 1.3: (a) Structure and (b) band diagram of a quantum well.

Fig. 1 . 4 : 6 ),

 146 Fig. 1.4: band diagrams for a direct bandgap semiconductor with the wurtzite structure.

Fig. 1 . 5 :

 15 Fig. 1.5: Comparison between wavefunctions for an (a) "infinite" and a (b) "finite" quantum well.

  MQW system. Joining two semiconductors with different bandgaps, the different bands in the two ate ials ill li e up i e e g ith o e a othe . A e i po ta t pa a ete alled and offset atio ∆ /∆ indicates the difference in CB energies to the difference in VB energies (fig. 1.6-(a)). The bad offset ratio determines the relative alignment of the energy bands in a semiconductor heterojunction. The behavior of a semiconductor heterojunction depend on the alignment of the energy bands and thus on the band offset. Heterojunctions can be classified in different categories. The principal two are straddling gap ( t pe I ) and staggered gap ( t pe II ) heterojunctions (fig. 1.6). In t pe I heterojunction both electrons and holes see a lower potential in the same material (i.e. in GaAs/Al0.3Ga0.7As heterostructures this phenomenon is observed in GaAs) (fig. 1.6-(a)). This leads to a strong confinement of both electrons and holes in a single material resulting in a strong overlap of the wavefunctions of the confined states. Co t a i ise, i t pe II heterostructures electrons and holes have their lowest energies in different materials (fig. 1.6-(b)). As a consequence of this charge separation in different layers, wavefunctions can overlap only at the material interfaces, strongly influencing the optical properties of such structures. This leads to tunneling-assisted transitions through the interface with longer radiative lifetime, lower exciton binding energy and reduced emission energy (red-shift) [40].

Fig. 1 . 6 :

 16 Fig. 1.6: Different types of band alignments. (a) Type I structure is a QW, which can bind both electrons and holes in the low gap material. (b) Type II structure confines electrons and holes in different materials. | | and | ℎ | represents the probability density to find electrons and holes, respectively, at the position x inside the wells.

Fig. 1 . 7 :

 17 Fig. 1.7: (a) Schematic representation for polarizations and energy band profiles of strained In0.15Ga0.85N/GaN quantum wells. Because the InGaN QW is compressively strained, piezoelectric polarization (PPZ) charges with an opposite sign to PSP also appear at the respective interfaces. (b) Consequently, as shown in the band diagram, the QW band profile is inclined inducing QCSE.

(

  ⃗ ) → ( ⃗ ′ ) (fig. 1.8-(a)). Because the total momentum is conserved and the momentum of photon is negligible, this process leads to the formation of a phonon having energy ħΩ, whe e Ω is the f e ue of the pho o . For this reason the threshold energy for the indirect process is greater than the material bandgap. The photon should have at least energy equal to ħ = + ħΩ. T pi all , the pho o e e g ħΩ is much less than Eg (i.e. for opti al pho o s ħΩ = meV in Si). In direct bandgap semiconductors an electron in CB can recombine with a hole in VB conserving the wavevector ⃗ : ( ⃗ ) → ( ⃗ ). This recombination of electron-hole pairs created by photon absorption give rise to a light production called PhotoLuminescence (PL). Be ause su h t a sitio o u s at the Γ poi t, the e e g of the PL e issio EPL is equal to the material bandgap: EPL = -= . It should be noted that the transition probability is determined by the only electron transition probability in direct transitions. In contrast, in indirect semiconductors, the transition probability depends on the product between the electron and the phonon transition probability. For this reason the radiative transition probabilities for indirect transition are much lower than those of the direct transitions. Consequently, direct bandgap semiconductors present higher photoluminescence emission compared to indirect bandgap semiconductors, finding important application in light emitting devices. Contrariwise, in indirect bandgap semiconductors the energy absorption and the consequent formation of phonons results rather in the material heating.

Fig. 1 . 8 :

 18 Fig. 1.8: (a): (a) Direct optical transition and (b) indirect optical transitions between VB and CB. The photon energy is ħω. The indirect transition involves a phonon with energy ħω.

Fig. 1 . 9 :

 19 Fig. 1.9: Schematic of the dispersion relation for free excitons. Shading corresponds to electron-hole continuum states.

  25Ga0.75N barriers lead to a strong localization of holes in correspondence of Al-enriched regions (fig. 1.10-(a)).

Fig. 1 .

 1 Fig. 1.10: (a) Correlation between the measured Al III-site fraction with APT and the carrier localization in an AlyGa1-yN barrier. (b) Correlation between both structure and composition of a GaN QW and the localization of carriers. The wavefunctions of the electron and holes ground state (n = 1) are depicted in blue and red, respectively (image readapted from ref.

  direct bandgap semiconductors the recombination of electron-hole couples created by the photons absorption can give rise to a light production called luminescence, or more specifically PL, when the carriers are created by photoexcitation. The intensity of the PL signal provides an indication of the quality of the sample and the peak width can indicate compositional inhomogeneity. PL can be studied at room temperature. However at very low Temperatures (T) spectral lines become sharper and stronger, allowing more structures to be revealed. The energy of the emitting photons depends on the material bandgap through the following relation: = -. (eq. 1.11) However, the bandgap strongly depends on the temperature T and decreases with the increasing of T a o di g to the Va sh i's la : at T = K, α a d β a e t o e pi i al o sta ts. It should e noted that the terms should be considered only if the characteristic thermal energy kBT is sufficiently low to allow the formation of excitons. The evolution of the PL signal with the temperature can provide important information, in particular about carrier localization phenomena in alloys. In fact, at very low temperature carriers are trapped in local minima of the band structure and their thermal energy is not enough to move from one minimum to a deeper one. This corresponds to the f eeze up egi e egi e I i fig. 1.11-(a)). The recombination energy EPL is determined by the a e age of the lo alized e e g states. I the the alizatio egi e, i easi g the temperature T the bandgap is edu ed follo i g the Va sh i's e pi i al la . The a ie s trapped in local minima have now enough energy to thermalize to the lowest minimum in their neighborhood (regime II in fig. 1.11-(a)). As a consequence, the recombination energy EPL decreases with espe t the Va sh i's la of a ua tit o espo di g to the lo alizatio energy Eloc, as represented in (fig. 1.11-(b)). With further increasing temperature, free carriers can recombine and the recombination energy EPL follo s the Va sh i's la . This is alled delo alizatio egi e III i fig. 1.11-(a)). The transitions between different e o i atio egi es p odu e the ha a te isti " -shape dependence of the PL emission energy EPL with the material temperature T, which allows measuring the localization energy Eloc (fig. 1.11-(b)). This energy can be put in relation with structural features such as alloy disorders or fluctuations at the layer interfaces. Moreover, it should be noted that an increase of temperature reduces the PL signal (fig. 1.11-(c)). The S-shaped temperature dependence of PL spectra was already investigated in AlyGa1-yN alloys [55]. These features are explained in terms of exciton localization originated from alloy compositional fluctuations, since neither an ordering effect nor phase separation exist in such ternary alloys. Similar features are recently observed also in MgyZn1-yO grown along both c-and m-axis directions [49,56]. Contrariwise, in InyGa1-yN the S-shaped temperature dependence is due to the excitons localized in deep traps within indium rich regions [57].

Fig. 1 .

 1 Fig. 1.11: (a) Scheme of interband transitions at different temperature T in presence of alloy compositional fluctuations. (b) Evolution of the PL peak energy with temperature (squares).
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 21 Fig. 2.1: (a) Scheme of the FIM setup. (b) FIM micrograph of a GaN tip. Some poles can be recognized. A screw dislocation (helicoidal ramp) is observed close to the [0001] pole. I agi g o ditio s: T = K; i agi g gas: He; gas pressure = • -5 mbar; VDC = 8.2 kV; Machine used: FlexTAP; field of view: ± 30°.

Fig 2 . 2 :

 22 Fig 2.2: Schematic representation of a La-APT setup.

Fig. 2 . 3 :

 23 Fig. 2.3: Images of the detection system used in FlexTAP and LaWaTAP. (a) Top view; (b) lateral view; (c) top view of the DLD before the installation of the MCPs.

Fig. 2 . 4 :

 24 Fig. 2.4: Detection dynamic in a conventional DLD system: (a,b,c) an ion impact at the top of the first MCP generates electrons, which are multiplied with a cascade mechanism inside the two MCPs. (d) The generated electronic cloud is extracted at the bottom of the second MCP and absorbed by the DLD. (e) Two analog signals are propagated along each delay line.

  2.5. An analog signal produced by the MCP/DLD is amplified and then transformed in a digital signal a dis i i ato . A logi alue is ge e ated this de i e he the i put sig al is higher than a fixed threshold value. Lastly, the digital signal is send to a Time-to-Digital Converter (TDC) which calculates the time difference between two digital signals. The first one it provided by a photodiode and starts the timing measurement in correspondence of the arrival of a laser pulse on the tip. The second signal is the one generated by the discriminator, which stop the timing measurement. The TOF interval t of an ion corresponds to the time difference between the signal provided by the photodiode (reps. the departure time from the tip) and the signal generated by the MCPs. Clearly, all the timing delays due to the electronic system and the signal propagation on the DLD are taken into account to calculate the TOF.

Fig. 2 . 5 :

 25 Fig. 2.5: Scheme of the electronic system used to measure the impact position of the ions on the MCP in a conventional MCP/DLD.

Fig. 2 . 6 :

 26 Fig. 2.6: Example of the analog-to-digital conversion carried out by the discriminator. A signal consisting of two overlapped peaks separated 4 ns is associated to the detection of simultaneous impacts of two different ions. With a threshold equal to the 50% of the peak value (blue dashed line), only one 5 ns width digital signal is generated (in red).

Fig. 2 . 7 :

 27 Fig. 2.7: Example of an analog signal (black line) collected on the delay line and processed by an aDLD. The deconvolution of the analog signal reveals two different signals (red and green lines) associated to the simultaneous impact of two ions.

2 Fig. 2 . 8 :

 228 Fig. 2.8: Details of the ZnO mass spectrum reported in fig. 3.19.
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 29 Fig. 2.9: FIM micrographs of a GaN tip acquired at two consequent instants. The [0001] pole can be recognized at the center of the image. (a) Initial FIM image; (b) after the evaporation of the group of atoms observed in the pole center in (a). Imaging conditions: Tbase = 60 K; imaging gases: He and Ne (equal quantities); gas pressure = • -5 mbar; VDC = 6.5 kV;

Fig 2 . 10 :

 210 Fig 2.10: Schematic representation of the dissociation of a molecular ion into two daughter ions during its fly toward the detector.

Fig. 2 .

 2 Fig. 2.12: Example of carbon contamination of an atom probe tip following electron tomography. APT cannot be performed as the tip dimensions are consistently increased.

Fig. 2 .

 2 Fig. 2.13: Schematic illustration of the electron microscope configuration.

Fig. 2 .

 2 Fig. 2.15: Transmission electron micrographs of the sidewalls of GaN tips milled at 30 kV and cleaned at (a) 8 kV and (b) 1 kV. The amorphous (α) GaN layers are ∼2.2 nm and ∼1.2 nm thick, respectively. Inset: complete GaN tip shapes before analysis. The red box highlights the region of the magnified sidewall (image readapted from ref.[33]).

Fig. 2 .

 2 Fig. 2.16: Mechanism of carrier photo-generation, subsequent diffusion and recombination in a tom probe tip. Non-radiative recombination processes occur in correspondence of the amorphous layer created by the FIB milling.

  3.1-(a)), but for some materials the expected composition can be never obtained (fig. 3.1-(b)). If the exact composition is not well known it is clearly impossible to determine the proper experimental conditions (fig. 3.1-(c)). Because different parameters govern the laser-assisted field evaporation, each one must be independently varied in order to determine the respective impacts on compositional measurements. These are at least the laser wavelength, the laser pulse energy Elas, the VDC voltage applied to the tip (thus the electric field on the tip surface), the specimen base temperature Tbase and the detection rate φ (ion/pulse).

Fig. 3 . 1 :

 31 Fig. 3.1: Example of measurement of a semiconductor composition using APT. (a) The measured composition is equal to the expected one only for a specific value of an analysis parameters. (b) No experimental condition leads to the measure of the expected composition. (c) The expected composition is unknown. In this case it is clearly impossible to determine what experimental condition leads measuring the correct composition.

Fig. 3 . 2 :

 32 Fig. 3.2: GaN mass spectra measured at constant detection rate using: (a) laser pulse energy Elas = 1.7nJ (UV), effective field Feff ≈ V• -1 ; (b) Elas = 0.7 nJ (UV), Feff ≈ V• -1 . The number of ions detected for each dataset is close to 2.1 •10 5 . The specimen base temperature as T = K a d the dete tio rate φ ≈ . ion/pulse. Experiments were performed using FlexTAP.

  Using low Elasand high VDC the GaN spectrum leads to a larger background noise, due to DC preferential field evaporation. The signal to noise ratio is 1.2 • 10 2 at Elas = 1.7 nJ a d de eases to . • Elas = 0.7. Conversely, high Elas leads to more pronounced thermal tails in the spectrum. This clearly indicates higher temperatures when increasing laser energy. As the UV laser spot has ~20 µm diameter, much more than the specimen size (~1 ÷ 5 µm), these tails are generated partly from regions far from the tip. For this reason, these tails do not present an exponential form. Parasitic species such as hydrogen-, carbon-, nitrogen-and oxygen-related peaks and hydrides were also detected, most likely supplied by the environment during the specimen preparation procedure. As depicted in fig.3.2-(a,b), these parasitic species are more abundant at low DC field conditions and decrease significantly at high DC field conditions, where only H + and H2 + ions were detected at 1 and 2 Da

Fig. 3 . 3 :

 33 Fig. 3.3: (a) Ga fraction plotted as a function of Ga 2+ /Ga + ratio for: (■) constant detection rate φ ≈ . e e t/pulse; (•) constant laser pulse energy Elas = 5 nJ (UV). Specimen base temperature Tbase = 60 K. (b) Ga fraction plotted as a function of laser pulse energy Elas. VDC = 6.5 kV, Tbase = 50 K. The measurements at constant detection rate and constant VDC field were performed using FlexTAP, while the measurements at constant laser pulse energy were performed using LaWaTAP. Each point corresponds to a dataset of 10 5 ions detected.

FlexTAP.

  Elas was varied from 3 to 40 nJ, with VDC = 6.5 kV (fig.3.3-b). The specimen base K. Due to the small shank angle of the tips, the tip curvature radius did not increased significantly. As VDC remained constant, the measured Ga-CSR also remained approximately constant at (5±1)•10 -3 , which corresponds to Feff ≈ V• -1 . This is also a strong indication that the measured Ga-CSR does not depend on Elas. Despite the fact that a wide range of laser pulse energies was investigated, the average Ga fraction remains relatively constant (fig.3.3-(b)). This confirms that the measured composition depends solely on the electric field. In this case, the Ga fraction remains close to 0.76 ± 0.03 which is larger than the expected stoichiometry (0.5). Clearly, nitrogen is partly lost at low field.Measurements performed at constant applied bias VDC confirm the general trend observed in fig.3.3-(a).

= 30 K

 30 ; Elas = . J; φ ≈ . e e t/pulse. The a e age dist i utio of Ga-CSR and Gafraction on the tip surface is depicted in fig.3.4. The image is generated adopting the same method described by Mancini et al. in ref.[4]. The detector surface is divided into an array of square pixels. For each of these pixels the number of counted ions allows to locally measure both the Ga-CSR and the detected composition in a space which is a projection of the tip surface. In fig. 3.4-(b), the Ga-CSR chart reveals the same field distribution as the FIM micrograph in fig. 3.4-(a). Both the [0001] axis pole and the six crystal facets are associated to high field regions. The same pattern appears in the Ga-fraction chart represented in fig.3.4-(c). Again, low Ga ratios compared to the expected 50 % ratio are observed in high field regions, suggesting that preferential evaporation of Ga occurs. The six low field facets, on the contrary, are associated with a N-poor (Ga-enriched) composition. A stoichiometric composition was detected only in a thin annular region around the [0001] axis pole, where the field is intermediate. This is in excellent agreement with data presented in fig. 3.3-(a).
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 34 Fig. 3.4: (a) FIM micrograph of GaN surface taken using a mix of He (2/5) and Ne (3/5). T = 60 K; VDC = 8 kV; FIM gas pressure = 2 •10 -5 mbar. Statistics in the detector space for GaN atom probe tomography: (b) Ga-CSR; Ga fra tio at φ ≈ . e e t/pulse, = . nJ, T = 30 K. (d) Surface composition distribution of the Ga-fraction as a function of the local Ga-CSR.

2 . 11 .Fig. 3 . 7 :

 21137 Fig. 3.7: (a) Detail of the correlation histogram of GaN reported in fig 2.11. The ion pairs { 69 Ga + , 14 N + } diss. resulting from the dissociation process (1) are represented inside the box. The weak dissociation track associated with process (4) is indicated by the arrow. (b) Histogram of the relative potential drop (Vd/V0) at which the events associated to the dissociation process inside the box in fig. 3.7-(a) occurs. (c) Histograms of distances between impacts

Fig. 3 . 9 :

 39 Fig. 3.9: Correlation tables associated with different field conditions: (a) Feff ≈ 23 V•nm -1 ; (b) Feff ≈25 V•nm -1 . In the tables also the numbers of ion pairs associated to each species are reported. Data are referred to the following experimental parameters: Tbase = K; φ ≈ 0.0025 event/pulse; Elas = 2.1 nJ. (c) Distribution of impact distances d associated to some selected ion pairs.

3 . 10 .

 310 The spectrum related to Elas = 3.4 nJ with IR light ( = 1030 nm) is shown in fig. 3.10-(b). Tbase was 50 K. The correspondence between laser pulse energy (Elas) and laser energy density is reported in Annex B. The two peaks associated to Ga + (resp. Ga 2+ ) isotopes are observed at 69 and 71 (resp. 35 and 35.5) Da. A peak associated to As appears at 75 (resp. 37.5) Da for the 1+ (resp.

Fig. 3 . 10 :

 310 Fig. 3.10: GaAs mass spectrum measured at constant detection rate using: (a) Laser pulse energy Elas= 0.03 nJ (green mode), effective field Feff ≈ V• -1 , temperature Tbase = 60 K, dete tio rate φ ≈ . e e t/pulse; (b) Elas = 3.4 nJ (IR mode), Feff ≈ V• -1 , Tbase = 50 K, φ ≈ . e e t/pulse; (c) Elas = 65.3 nJ (IR mode), Feff ≈ V• -1 , Tbase = K, φ ≈ . event/pulse. The number of ions detected for each dataset is 2.75 •10 5 .

Figure 3 .

 3 Figure 3.10-(c) shows the mass spectrum obtained for a high energy Elas = 65.3 nJ (IR mode) and Tbase = 50 K.As expected, applying a lower voltage VDC (higher Elas), leads to a drastic drop of the background noise. However, the use of higher laser energy to maintain the detection rate leads to important thermal tails in peaks. These are attributed to a longer cooling time of the tip after laser irradiation. This points out to a possible diminution in the efficiency of heat dissipation for increasing incident laser energy. Furthermore, new molecular ions appear, such as As3 + molecular ions detected at 225 Da and two peaks at 300 and 188 Da, suggesting that also As4 + and As5 2+ molecular ions formed.

+

  In order to investigate the role of the laser wavelength, we also carried out a easu e e t usi g g ee lase light at a a ele gth = with energy Elas = 0.03 nJ,atTbase = K a d at the dete tio ate ≈ . e e t/pulse. The spe t u o tai ed is shown in fig. 3.10-(a) and is quite similar to the one acquired with IR light at low energy. However, the amount of background noise appears larger than for IR (fig; 3.10-(b)). The possibility to analyze GaAs both at IR and green wavelengths induces us to suggest that no major issues should occur with UV illumination, provided a strong reduction of the laser intensity can be applied with respect to the typical values used for the analysis of large band semiconductors (e.g. GaN).
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 311 Fig. 3.11: Relation between As 2+ / As + and Ga 2+ / Ga + ratio. In figure are also reported the values of Feff al ulated a ordi g the Ki gha 's post-ionization theory. The dotted line indicates where the electric field calculated based on the AS-CSR equals that calculated based on Ga-CSR.

Fig. 3 .

 3 Fig. 3.12: (a) Fractions of different ion species as function of the tip surface field in constant detection rate measurement. (b) Fractions of different ion species as function of the laser pulse energy in constant laser pulse energy measurements. These fractions are defined as the number of atoms associated to each ionic or molecular species, divided by the total number of Ga and As atoms detected.

Fig. 3 .

 3 Fig. 3.13: (a) Locally-resolved composition measured in GaAs for the series of constant detection rate measurements φ ≈ . or . event/pulse), plotted as a function of the local ratio As 2+ / As + . (b) Spatial distribution of the As-CSR and (c) of the Ga fraction acquired at Elas = 0.04 nJ with the green laser.

Fig. 3 . 14 :

 314 Fig. 3.14: Histogram of the fraction of multiple events for constant detection rate

40 ÷ 42 Fig. 3 . 19 :

 42319 Fig. 3.19: ZnO mass spectra measured at constant detection rate using: (a) laser pulse energy Elas = 20.2 nJ (UV), effective field Feff ≈ . V• -1 ; (b) Elas = 1.2 nJ (UV), Feff ≈ . V• -1 . The number of ions detected for each dataset is close to 7.2 •10 5 . The specimen base temperature as T = K a d the dete tio rate φ ≈ . event/pulse. Experiments were performed using LaWaTAP.

AlTable 4 . 1 :

 41 List of the GaN/AlyGa1-yN and ZnO/MgyZn1-yO samples analyzed.

Fig. 4 . 1 :

 41 Fig. 4.1: Results of an APT analysis of an Al0.07Ga0.93N /GaN multilayer specimen (sample AG-1). (a) Variation of the detection rate (ϕ = 0.0025 ions/pulse) and of the voltage applied to the specimen during the analysis. (b) Mass spectrum from the whole analyzed volume. (c) Reconstructed volume showing the distribution of Al + (green), Al 2+ (red), Ga 1+ (20% of the ions, dark blue) and Ga 2+ (light blue) ions. (d) Variation of the Al 2+ /Al + and of the Ga 2+ /Ga + charge state ratios within a 5 x 5 x 500 nm sub-volume including the axis of analysis as a function of the reconstructed depth coordinate.
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 24524 (a), this translates into an uncertainty of around 1 V/nm (~ 5 % of relative uncertainty) in terms of surface field only for the experimental conditions typical of this work. Dependence of the measured composition on the effective field a. AlyGa1-yN Two GaN/AlxGa1-xN samples has been investigated by comparative STEM and La-APT investigations. Firstly, both morphology and composition of these samples were determined by L. Largeau at C2N, University Paris Saclay, studying lamella specimens by STEM-EDX. The thickness of the AlxGa1-xN layers was 665 nm and 565 nm, respectively for AG-Two GaN marker layers (labeled QW #1 and QW #2, respectively) are included in the top of the AlxGa1-xN layer. These allow performing more accurate 3D atom probe reconstructions of the analyzed tip. The thickness of such GaN marker layers was determined from STEM-HAADF micrographs. These thicknesses are 3 nm and 6 nm in sample AG-4, In sample AG-2 the GaN marker layers are 8 nm and 10 nm thick. Quantitative STEM-EDX and XRD has revealed that Al-site fractions y were equal to 0.17 ± 0.01 and 0.56 ± 0.01, respectively in AG-2 and AG-4 sample. Moreover, Al III-site fractions were observed to be constant along the samples c-axis direction. A STEM-HAADF micrograph extracted from of a lamella specimen of sample AG-2 is reported in fig. 4.3.

Fig. 4 . 3 :Fig. 4 . 4 :

 4344 Fig. 4.3: STEM-HAADF micrograph extracted from of a lamella specimen of sample AG-2 by L. Largeau at C2N, University Paris Saclay. The vertical features correspond to the presence of dislocations along the c-axis direction. Extended variations of the image brightness in

Fig. 4 .

 4 7 displays the analysis of a 5 nm thick slice containing the axis of the analyzed volume. The distribution of the Ga 2+ /Ga 1+ CSR is reported in fig.4.7-(a), showing that the field is higher close to the axis of analysis (corresponding to the crystallographic [0001] axis), and that the field gradually decreases during the analysis. The specific detection efficiencies are reported in the maps of fig.4.7-(b-d). These values are correctly defined for the AlyGa1-yN barrier regions only. The main observations to report are the following:(i) The detection efficiency for Al, ηAl, (fig.4.7-(b)) does not exhibit a significant variation from the beginning to the end of the analysis, but it varies in the radial direction. In the radial direction, ηAl is larger in low-field regions, where it also approaches the upper limit of the detector efficiency ηAl ≈ ηdet = 0.6. (ii) The detection efficiency for Ga, ηGa, (fig. 4.7-(c)) exhibits a strong correlation with the Ga 2+ /Ga 1+ CSR both in the axial and in the radial direction. Only in low-field regions close to the end of the analysis the specific detection efficiency approaches the detector efficiency. (iii) The detection efficiency for N, ηN, (fig. 4.7-(b)) is weakly dependent on the radial coordinate, while it slightly increases in the axial direction with the opposite trend of ηGa. On the average, ηN remains quite far from the upper limit, ηN < ηdet = 0.6.This set of observations can be summarized as following. (i) The specific detection efficiencies ηAl, ηGa et ηN are generally lower on the axis than far from the axis. The dependence is weak for N, quite large for Ga, and approximately intermediate for Al. The Ga 2+ /Ga + CSR also decreases with increasing distance from the axis. (ii) The axial dependence of Al is weak, while those of Ga and N are stronger, and opposite to each other. The specific detection efficiency ηGa (resp. ηN) decreases with increasing Ga 2+ /Ga + CSR.constant initial radius r0 = 30 nm (e) and as a function of the initial radius with constant compression factor m+1 = 1.5. (f). The grey shaded regions indicate efficiency values higherthan the efficiency of the detection system . The reconstructions were performed by the cone angle algorithm and the reconstruction quantum efficiency (top plots) was adapted in order to conserve the correct interlayer distances.

  the parameters determining the measured quantities are unknown, yet the results can be useful for guiding future systematic experiments. The model will be developed for AlyGa1-yN only, the case of MgyZn1-yO and other ternary alloys being analogous. The following assumptions are at the basis of the model: (i) The analyzed volume contains a given number of atoms Ntot. The number Ni of N, Al and Ga atoms is related to this number Ntot through the true atomic fractions xi:

  The specific fluxes normalized by the number of surface sites Φ , / ′ for the channels 0 (on-pulse) and 1 (out-of-pulse) for both elements are shown in fig. 4.8-(a), while the III-site fraction measured at 50 K and 80 K is displayed in fig. 4.8-(b). At low field (< V• -1 ), both Ga and Al evaporate through channel 0 (with the pulse), as shown in fig. 4.8-(a) and an accurate Al III-site fraction is measured (as shown in fig. 4.8-(b)). When Ga approaches its evaporation field (assumed to be lower than that of Al), evaporation of Ga through channel 1 sets on, and a surplus of Al is measured. The point where equal amounts of Ga are evaporated through either channel is marked by an arrow in fig. 4.8-(a). When the field further increases, out-of-pulse evaporation of Al also begins: in this regime, however, too many atoms are lost and the overall detection efficiency drops to levels which would make an APT analysis not particularly meaningful. The above considerations also tend to confirm that one should be able to measure an accurate fraction by lowering the field. Finally, some critical remarks could be made: (a) The fraction of lost Ga atoms critically depends on the ratio between the opening time of the out-of-pulse channel and the in-pulse channel. While it is convenient to work with fast (ps) or ultrafast (sub-ps) laser pulses, the duration of the thermal pulse being limited by the fast relaxation mechanisms of the tip (tens of ps) [15], the increase of the pulsing cadency should significantly reduce preferential evaporation effects. (b) The parameters used for the curves in fig. 4.8-(b) should not be too far from reality, but the increase of the measured site fraction as a function the field is significantly steeper than the experimental behavior shown in fig. 4.5. The reason for this could be that the specific energy barriers and evaporation fields actually depend on the site neighborhood and on the crystallographic orientation of the surface. The latter hypothesis is also supported by the observations that the distribution of the surface field in GaN is far from uniform (see chap. 3.3.3).
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 48 (b). However, the experimental results displayed in fig.4.5 indicate that the onset of preferential evaporation losses increases with the Al III-site fraction. This suggests that the evaporation field of Ga increases when the amount of Al within the matrix increases. This is consistent with a dependence of the binding energy of a Ga atom on the Al site fraction, as an effect of nearest neighbors of order n > 1. .[13]; b = ref.[12]; c = ref.[15]; * effect of variation of Tpulse reported in the Annex G.

27 V• - 1 .

 271 AlyGa1-yN APT datasets exhibit local biases depending on the distribution of the electrostatic field at the specimen surface. The detection efficiencies for each species can be estimated and the results interpreted through a model describing preferential evaporation in simple terms. This model takes into account the difference in the surface energy barrier and the evaporation field for each metallic species. Energy barriers and evaporation fields for Ga and Al could be estimated as QGa = 1 eV, QAl = 1.1 eV, Fev,Ga = 25 V•nm -1 , Fev,Al = These parameters should be further verified by a more systematic set of measurement and by dedicated theoretical calculations. However, the comparison between the model and the experimental data indicates that the evaporation fields and energy barriers should vary with the alloy composition, with both Al and Ga being more tightly bound to the surface when the matrix is richer in Al. The same observation can be qualitatively performed based on the measurements performed in MgyZn1-yO.

  /µ-PL coupled in-situ a. General principles A schematic representation of the combining µ-PL and La-APT is shown in fig. 5.1. In a conventional La-APT machine the tip is illuminated by laser pulses which trigger the emission of ions (fig. 2.2). The absorption of laser pulses can generate µ-PL emission from the tip. In a conventional APT machine no optical elements are present in order to collect such signal. In this new atom probe design a spherical mirror was introduced inside the analysis chamber, following the design proposed by Rigutti et al. [1]. The focal point of the mirror is in correspondence of the tip. Such configuration allows collecting the µ-PL emission and focusing it outside the atom probe analysis chamber, where a spectrometer and/or a streak camera can be placed.

Fig. 5 . 1 :

 51 Fig. 5.1: Schematic representation of the La-APT/µ-PL coupled in-situ principia.

3 .5 and 3 .

 33 14). For this reason, the composition as provided by this prototype is not quantitative. A 320 mm focal length grating spectrometer with a spectral resolution of 0.06 nm is used to a al ze the -PL signal. In addition, a streak camera can be used to measure the variation in ti e of the -PL intensity after the arrival of single laser pulses on the tip.The experimental setup was assembled by J. Houard, following the original design of L. Rigutti, A. Vella, B. Deconihout and F. Vurpillot. A. Normand have design both the structure and the vacuum system of the atom probe. G. Da Costa developed the detection system. My specific contribution was the development of the analysis protocol, the selection of the samples and the early in-situ analyses.

Figure 5 . 2 :

 52 Figure 5.2: (a) Global view of the machine prototype and (b) a detail of the optical bench corresponding to the point at which the laser pulses (blue arrows) enter inside the APT a hi e a d the -PL signal (orange arrows) is collected. (c) Schematic representation of the experimental setup in fig. 5.2-(a).

  ions and cleanup procedure with Ga ions at 2 kV[6][7]. Moreover, thin lamella specimens were prepared for each sample along different crystallographic directions. Altogether, 5 samples with different ZnO QWs thickness tQW, MgyZn1-yO barriers thickness tB and nominal Mg content y were successfully analysed. All these samples exhibit common features and the experimental conclusions can be generalized to the whole series of samples. The three most representative samples are labelled in this thesis as samples MZ-1, MZ-2 and MZ-3. Their principal features are reported in tab. 5.1, where tQW and tB are measured from STEM-HAADF images and x was determined by La-APT and µ-PL measurements.

  at 200 kV. Both lamella specimens and atom probe tips were analyzed (STEM investigations on ZnO/MgyZn1-yO MQWs have been carried out by Florian Moyon and Simona Moldovan at the University of Rouen). The use of STEM gives access to the spatial dimensions of the heterostructures with atomic resolution (spatial resolution of 0.09 nm). In particular, in the HAADF mode the intensity scales with the atomic number Z of the elements within the specimen. Therefore, it allows distinguishing the regions in which Mg atoms replace Zn atoms in the ZnO ordered lattice, forming a MgyZn1-yO alloy. The MgyZn1-yO appears darker than ZnO and a decrease of the Mg II-site fraction y leads to a larger HAADF intensity. Highresolution STEM-HAADF observations carried out along a specific zone axis identify the crystallographic orientation of the sample, e.g. along the c-axis (fig.5.3). The micrographs reveal that the ZnO buffer used for the growth of this sample does not have a flat interface, but exhibits an irregular V-groove grating profile. The same morphology is adopted by all the layers grown on this ZnO buffer. The occurrence of the V-grooves in m-plane ZnO has been already observed by Matsui et al. and was explained in terms of inhibition of interlayer transport due to a strong step-edge barrier[8]. However, our investigations show that MgyZn1-yO barriers exhibit also vertical features with a different STEM-HAADF contrast. Such features appear at the bottom and top edges with a bright and dark contrast respectively, suggesting the presence of a non-homogeneous Mg II-site fraction y along the a-axis of the MgyZn1-yO barriers. All figures in this thesis are oriented in the same way, with the substrate at the otto . We ill the efo e efe to the su st ate side as otto , hile fo the opposite side e ill use the te top . STEM-HAADF intensity profiles along the a-axis direction reveal that the thickness of the Mg depleted and enriched layers is ~2 nm (fig.5.4).

Figure 5 . 3 :

 53 Figure 5.3: STEM-HAADF micrograph of a lamella specimen (sample MZ-3). It should be notedthat the orpholog of the QWs is ot a e a t op of the uffer's, but new V-grooves can be formed or disappear during the homoepitaxial growth along the m-axis.

Figure 5 . 4 :

 54 Figure 5.4: STEM-HAADF intensity profiles measured along the a-axis direction for a selected region of sample MZ-3 (red box in fig. 5.3). The maxima are associated to a depleted Mg content, while the minima to an increased Mg content. The dotted lines represent the average values of the STEM-HAADF signal intensity.

Figure 5 . 5 :

 55 Figure 5.5: Spatially-resolved STEM-EDS for a selected region of Fig. 1(sample MZ-3). The maps reveal the signal intensity associated to the presence of Zn (green) and Mg atoms (red).An enhancement of the Zn (resp. Mg) k-line signal is observed under the groove edge pointing towards (resp. upwards) the substrate (resp. surface).

2 Fig. 5 . 7 :

 257 Fig. 5.7: Atom probe mass spectrum of a MgyZn1-yO /ZnO heterostructure (sample MZ-3). Machine used: FlexTAP. Analysis parameters: field of view ±18°; tip base temperature Tbase = 80 K; laser pulse energy Elas = 20 nJ (UV); ϕ = 0.0025 event/pulse (sample MZ-3).

Fig. 5 . 8 :

 58 Fig. 5.8: Histogram of the fraction of multiple events associated to the mass spectrum depicted in fig. 5.7.

Figure 5 . 9 :

 59 Figure 5.9: (a) Atom probe tomographic reconstruction of the position of Zn (red) and Mg (blue) atoms; (b) Mg II-site fraction y map (sample MZ-3).

Figure 5 . 10 :

 510 Figure 5.10: Mg II-site fraction profiles measured along the a-axis direction in ROI #1 and #2 (fig. 5.9-(b)). The maxima are associated to an increased Mg content, while the minima to a decreased Mg content. The dotted lines represent the average values of the Mg II-site fraction, which are equal to 0.35 for both the ROIs.
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 511 Photon Energy (eV)
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 5513 Figure 5.12: (a) simulated structure for the sample MZ-1; amplitude of the electron (b) and Aband-hole (c) wave-fu tio asso iated to the grou d state at the -point for a ZnO QW. The effect of vertical Mg-enriched and Mg-depleted regions (d) on the quantum confinement is reported for electrons (e) and A-band (f).

Figure 5 . 14 :

 514 Figure 5.14: Evolution of the -PL corresponding to the volumes within [ti , tfinal], where ti (i = a, , … . Data are referred to the atom probe data depicted in fig. 5.13.

Figure 5 . 15 :

 515 Figure 5.15: Differential -PL spectra refereed to ~10 nm thick layers containing a single QW.The QWs numeration is the same reported in fig.5.13. 

Figure 5 . 16 :

 516 Figure 5.16: Atom probe reconstructed volume associated to the QW #14 and #16 and respective -PL spectra. The color legend is the same reported in fig. 5.7.

  this chapter we have presented a multi-microscopy study of the structure and the optical properties of non-polar ZnO/MgxZn1-xO MQWs with a spontaneous irregular V-groove grating profile. The heterostructure morphology was assessed by STEM-HAADF, while the spatial distribution of chemical elements in the MgxZn1-xO MQWs barriers was investigated by APT. The latter technique showed that alloy decomposition occurs in correspondence to the edges of the QWs. Effective mass calculations based on the experimental morphological data yielded recombination energies in good agreement with the experimental µ-PL spectra obtained from atom probe specimens. The non-planar QW morphology and the presence of Zn-rich layers within the barriers yield the localization of the confined carrier states, with a more pronounced effect for heavy holes. Besides, we demonstrated that the atom probe may provide reliable results on the morphological and functional properties of wide bandgap oxide heterostructures.

C-Figure

  photoluminescence peak intensity associated to ZnO Quantum wells was successfully

Fig. E- 1 .

 1 Fig. E-1. -PL spectrum of a specimen of sample AG-4 prepared as atom probe tip.

Fig. E- 2 .

 2 Fig. E-2. Simulations of the PL emission of a single QW as a function of its composition and its

  

  

  

  

  

  

  

  

  ii)Correlative studies: correlative techniques supporting APT are performed on the same atom probe tip. This approach is challenging, however it is the only which allows to strictly correlate the properties of a single nano-object provided by different techniques. It should be noted that in different cases a correlative study cannot be applied due to specific limitations. An example is

provided by photoluminescence, which in many cases cannot be performed on atom probe tips because the optical properties of a tip are modified by the FIB preparation. Several issues hinder the application of different techniques on the same samples. For example, electron microscopy investigations generally damage or contaminate the tip, making a subsequent APT analysis impossible (fig.

2

.12). Moreover, during APT the tip can flash and no image can be compared to TEM micrographs.

correspondence of the AlxGa1-xN layer are associated to crystal growth defects, such as the presence of Ga-enriched regions (darker contrast).

Second, STEM-EDS and XRD results have been compared to atom probe 3D chemical maps in order to determine the experimental conditions at which the expected Al-site fractions are found by atom probe tomography. The relation between the composition measured and the effective electric field Feff was again investigated. In particular, the attention was focused on the Al III-site fraction y, which is calculated as it follows:

(eq. 4.1)

Where and are the numbers of Ga and Al atoms detected, respectively. This approach, in which the amount of N-atoms detected is not considered, allows studying the role of preferential evaporation of metals (Ga, Al) at different field conditions. Some 3D chemical maps of the specimen AG-4 are shown in fig. 

c. Laser-assisted atom probe tomography analysis

La-APT analyses were performed using both LaWaTAP and FlexTAP. The mass spectrum collected from a sample MZ-3 tip is represented in fig. 5.7. The atom probe analysis was performed using FlexTAP, with a laser wavelength = 343 nm (UV), at Tbase = 80 K and constant detection rate ϕ = 0.0025 ions/pulse. The field of view was ±18°. Such spectrum is very similar to that reported in fig. 3.19 for ZnO, with the only exception of the presence of two peak groups at 24 and 12 Da, corresponding to Mg + and Mg 2+ ions.

The distribution of multiple-ion events associated to the mass spectrum depicted in fig. 5.7 is reported in fig. 5.8. The 83 % of the total number of events is associated to single events. The remaining 17 % is associated to multi-ions detections. This is an estimate of the event fraction lost using the new prototype of tomographic atom probe. centered at 3.89 eV is associated to the exciton recombination in the MgxZn1-xO barriers.

Using eq. 1.2, it is possible to derive the average value of the Mg-site fraction in MgxZn1-xO barriers. This was found to be x = 0.27, confirming the average Mg-site fraction directly measured by APT for sample MZ-1, as depicted in fig. 4.6. All the tips analyzed presents similar behaviors, with a high photoluminescence emission and the position of the peaks depending on the QWs thickness and the MgxZn1-xO barriers average composition [12].

e. Effective mass calculations

Effective mass calculations using the software Nextnano ++ were performed in order to correlate the morphological data obtained by HAADF-STEM and La-APT with the optical properties of the system. The results of such calculations applied to the sample MZ-1 are reported in fig. 5.12. Two different structures, assumed to be coherently strained on ZnO, were considered for the calculations. In structure (1), triangular-shaped Mg0.27Zn0.73O/ZnO barriers/wells lie approximately on the m-plane of an unstrained triangular ZnO buffer (fig. that the exciton energy of ZnO (60 meV) can be further increased to 100 meV in QWs [12].

Considering the system adopted in the simulation, the exciton binding energy is about 80 meV. Therefore, the energy of the luminescence emission is 3.44 eV for both the simulated structures. However, structure (1) may be considered as a proper quantum well, while structure (2) can be rather seen as an array of quantum wires. The quantum wire configuration could induce some increase in the exciton binding energy. For comparison, the In order to strictly correlate the optical and morphological properties on the nm scale e have used a new prototype of tomographic atom probe. Such approach open new perspectives to the study of the optical properties of semiconductors and devices. The main advantages are the following:

(1) -PL spectroscopy with a spatial resolution much less than the diffraction limit of a laser (< 100 nm) can be obtained.

(

The in-situ La-APT/ -PL allows directly correlating the PL emission with both morphology and the composition of the specimen.

(3) In the case that compositional biases affect APT analysis, -PL spectroscopy can be used to determine the correct local composition of the specimen.

(4) The method illustrated is based on the evaporation of the radiative centers present in the specimen, layer by layer, atom by atom. In principle, the optical emission of single nano-objects (i.e. a single QD) present in the atom probe tip can be distinguished.

Lastly, it should be reminded that the experimental setup described in the previous paragraphs can be applied in principle to commercial tomographic atom probes with minor changes. The equipment improvement can be in principle assembled in autonomy and it is relatively cheap, as laser already exists in commercial laser-assisted atom probes.

Annexes A. Laser energy/power conversion table

In fig.

A the correspondence between laser pulse energy (Elas) and the laser power P in LaWaTAP is reported. This is derived using the relation:

where f is the laser repetition rate (10 5 Hz in LaWaTAP). The diameter of the laser spot fo = 343 nm (UV) was estimated to 20 µm in LaWaTAP. 

B -Laser energy/energy density conversion table

The correspondence between laser pulse energy (Elas) and laser energy density (D) in LaWaTAP is reported in fig. B. This is derived using the relation:

where S is the surface of the laser spot. This is a circle with a diameter equal to ~50 µm. 

E. Micro-photoluminescence of GaN/AlyGa1-yN AG-2 sample

The Al III-site fraction y of sample AG-as dete i ed stud i g the -PL emission of atom the probe tips before performing La-APT. -PL spectroscopy was carried out afterwards illuminating the tip specimen with a femtosecond 290 nm laser with a repetition rate of 4 MHz, with a power of 150 µW. The specimen temperature was T = 20 K. More detailed about the experimental setup for the -PL spectroscopy are reported in section 5.2. where L = 11.3 cm is the length of flight in the simulated setup. The projection factors are listed in the table E.1 for the different radii adopted in the calculation. Linearly interpolating among these values for the most stable apex radii r0,apex ' we find the most probable values for the projection factor in the range m + 1 = 1.45 ÷1.50, corresponding to the values adopted for the reference reconstruction in section 4.6. 

The
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