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1.1 Introduction.

The field of semiconductor nanowires (NWs) has during the last ten years developed very rapidly. Advances in epitaxial growth technology provide possibilities of NW growth with well controlled dimensions, position [1.1] and crystal structure [1.2]. Together with unique properties of NWs, this makes them interesting for many potential applications. In recent years, a number of simple devices has been demonstrated, showing the possibilities that may be available in the future. It was shown that semiconductor NWs can be used in such nanodevices as field-effect transistors (FETs) [1.3 -1.8], solar cells [1.9 -1.12], complementary metal oxide semiconductor (CMOS) [1.13], sensors [1.14, 1.15], superlattices [1.16], lasers [1.17, 1.18], detectors [1.15], [1.19], logic gates, computation circuits and memories [1.20 -1.22]. P-n junctions have been demonstrated both within a single NW [1.5, 1.23, 1.24] and between NWs in contact [1.25].

Memory devices based on NW superlattices, demonstrated enhanced write-speeds compared to conventional flash memory [1.26]. It was shown that NWs can also be used for the piezomechanical applications [1.27 -1.29]. The unique NW feature of polarization anisotropy of absorption and emission is very promising for making polarization-sensitive photo-detectors. NW heterostructures are also promising materials for fabrication of nanolasers, because a NW itself has possibility to be both waveguide and gain media at the same time, while the end facets of the NWs provide natural optical reflectors. In this context NWs have significant advantages of onedimensional geometry, high-quality single-crystalline, high refractive index and strong photon confinement as compared to their thin-film analogues. Optically pumped laser emission from NWs has been reported number of times [1.17, 1.18, 1.30 -1.33]. Another advantage of NWs is the possibility to tune the band gap controlling the NW diameter [1.34, 1.35]. NW based LEDs emitting with different wavelengths have been demonstrated [1.36 -1.38]. Furthermore, III-V

NWs can be grown epitaxially on Si, which enables III-V NW based devices to be integrated with established Si microelectronics technology. All that makes NWs promising building blocks for the future optoelectronic devices at nanoscale. Template-directed NW growth techniques have certain advantages, such as existing lithographic technologies and possibility to be scaled with potential for high throughput, as well as natural integration into existing device structures, but, on the other hand, the resulting structures are necessarily confined to the surface on which they are grown.

The freestanding approach usually suggests the growth from a single nucleation point, with confinement only due to the relative growth rates of the different dimensions. NWs grown with this method have shown exceptional versatility in terms of material options, can be grown on a variety of surfaces (or without a surface at all) and readily transferred to other surfaces/media after the growth, and typically can be produced down to smaller sizes than those grown with template-directed approach.

Roman Anufriev. Optical properties of InAs/InP nanowire heterostructures (2013) Institut national des sciences appliquées de Lyon The main approach in the growth of freestanding NWs is to use small seed particles of a foreign material (Figure 1.2.a). These particles promote the growth, increasing the growth rate in one dimension. This method is the oldest and most studied of the NW fabrication techniques. The foreign metal seed particle (typically Au; often called the catalyst) acts as a collector for the growth species in an MBE or MOVPE system or their derivatives. Growth species are collected in the metal droplet (seed particle) by direct impingement, by diffusion after impingement on the surrounding substrate surface or by diffusion after impingement on the nanowire sidewall surfaces (following initial formation of the NW). Supersaturation of the seed particle by the growth species results in the nucleation and epitaxial growth of NW material under each seed particle [1.41]. The earliest model explaining this phenomenon was named the Vapor-Liquid-Solid (VLS) model [1.42]. Such particle-assisted freestanding NWs can be grown from vapor or solution, with or without a substrate, with a very large range of potential particle materials in liquid or solid state, so the VLS method is used to grow almost all III-V compound semiconductors including phosphides, arsenides, antimonides and even some ternary alloy compounds. Nevertheless, the growth of freestanding NWs does not necessarily require a seed particle (Figure 1.2.b). One of the common techniques of particle-free growth is oxide-assisted growth. In this technique a mobile oxide layer on the surface acts to passivate side facets while enhancing one-dimensional growth [1.43]. Another technique suggests the use of a template to define the nucleation centers, while tailoring growth rates to suppress growth on certain crystalline facets, which form the side facets of the NWs. This technique is optimized to produce highly regular areas of nanowires over large areas [1.44, 1.45].

However, in the present work the particle-assisted approach is used to obtain NW samples.

Particle-assisted methods for growth of freestanding III-V NWs include Metal Organic Chemical 1.5 Energy band structure.

Since semiconductor NWs may be formed in the different crystallographic phases, it is important to note that optoelectronic properties of III-V crystals in the ZB and WZ phase are significantly different [1.92]. Theoretical calculations of the band structure of the most common III-V binary compounds predict the persistence of the direct character of the energy gap situated at the Γ point [1.93]. Scheme of energy band structures of ZB and WZ semiconductors at the Γ points is illustrated in Figure 1.5. At the highly symmetric Γ point, each band has numerous possible symmetries for the wavefunction. Without spin-orbit interaction, the transition from ZB to WZ structure causes the valence band to split at the Γ point, with a crystal-field splitting denoted by Δ cr . When spin-orbit interaction is concerned, the spin-orbit coupling Δ so , results in the splitting of Γ 6v valence band in WZ into a higher (Γ 9v ) energy band (known as A-band) and a lower (Γ 7v ) energy band (known as B-band). Therefore three different transitions (A, B and C) are possible. In general, under the quasicubic approximation, the energy differences between the valence bands induced by spinorbit interaction in the WZ structure are given by [1.92]: This thesis mainly takes place in the frame of the French Agence Nationale pour la Recherche (ANR) "INSCOOP" project. This project proposes an original strategy of compact optical sources integration on Si wafer for on-chip interconnects. The link consists of a Si optical waveguide fabricated from a SOI (Si on insulator) substrate. The compact source will operate in the telecommunication window and will be fabricated directly on the Si waveguide. This source is based on an array of III-V nanowires grown selectively on the Si surface on top of the waveguide (Figure 1.6). The emitter should consist of an InAs or InAsP segment (QRod) embedded in an InP NW. To be able to couple the light emitted by the nanowires into the Si waveguide, the geometry of the NW array must be optimized to obtain a photonic structure with optical modes able to couple with the modes of the Si waveguide. The project aims to demonstrate that under optical pumping, hybrid Bloch modes can be amplified in the III-V NW array and propagate in the passive Si waveguide.

This demonstration will pave the way to fully integrated photonic links on Si chips. As far as the optical spectroscopy is concerned, this work requires a good understanding of the emission properties of InAs(P)/InP NWs.
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InP nanowires.

The first step on the way to InAs/InP NW heterostructures of high quality is to find the optimal conditions for pure WZ InP NW growth. The main problem that one has to solve is the formation of ZB insertions. It is known that the NW crystal structure, grown by the VLS mechanism, is governed by growth parameters such as the growth temperature and group V/III precursor flow ratio [2.1 -2.3]. So to obtain the growth conditions for the growth of pure WZ crystal phase, the effects of the V/III beam equivalent pressure (BEP) ratio has been studied in the first place [2.4]. For this purpose, the first set of NW samples was grown on Si(001) substrate by solid source molecular beam epitaxy (ssMBE) using VSL method. Here and elsewhere Au-In particles obtained by dewetting of an Au-In film at 700° C were used as the catalyst. The growth was carried out for 20 min at temperature of 380° C with an indium BEP of 8•10 -7 torr and with varying V/III BEP ratio: 6, 10, 14 and 19. To control the crystal structure, bright-field scanning transmission electron microscopy (STEM) was carried out on the obtained InP NWs grown with various V/III BEP ratios. To obtain the STEM images, the NWs were removed from the as-grown substrate and transferred onto a Cu grid with a lacey carbon film. Then the NWs were analyzed in a JEOL 2200FS microscope operating at 200 kV and equipped with a spherical aberration corrector for the probe (aberration-corrected STEM). As evidenced by the Fourier transform pattern, the crystal structure of the NWs is dominated by the WZ phase with the [0001] axis along the growth direction. The bright-field STEM images show that the density of ZB segments is strongly reduced for high V/III BEP ratios (Figure 2.1). Therefore, we may conclude that a high V/III BEP ratio (higher than 15) is required to obtain WZ InP NWs. The axial growth rate increases with increase of V/III ratio and consequently decreases the density of ZB segments. Theoretical investigations have shown that the supersaturation of the liquid must be high enough to obtain a WZ phase and not a ZB phase [2.5, 2.6]. Our experimental results can be understood if we assume that the number V element, i.e. the phosphorus, is the key element to achieve a high III-V supersaturation. That is also in agreement with the experimental results of [2.2] where a high flow of the group V creates high supersaturation growth conditions, which can result in WZ growth.

To study the impact of growth temperature to the crystal purity a second set of NW samples has been produced [2.4, 2.7], with a high V/III BEP ratio equal to 19 and varying the growth temperature: 340°C, 380°C, 420°C, 460°C and 500°C. STEM images of the NWs from this second set of samples reveal that the ZB segment density also depends on the growth temperature. The samples grown at 340° C and 460° C demonstrate medium density of ZB segments in the range of 10 -100 μm -1 (Figure 2. Experimental studies performed using MOVPE growth methods have reported a decrease of the number of ZB insertions as temperature is increased [2.2]. This phenomenon is a consequence of the exponentially increasing decomposition of the precursors with growth temperature, which increases the supersaturation for fixed precursor molar fractions [2.2, 2.8].

However, this explanation is irrelevant for MBE growth. From the STEM images and the dependence of the NW axial growth rate shown on Figure 2.2.e, we have to assume that a maximal supersaturation is reached around 400°C. The maximal axial growth rate around 380°C confirms, once again, that increasing axial growth rate decreases ZB segment density. The presence of such optimum for the axial growth rate is in agreement with theoretical works [2.5].

Therefore, we may conclude that the optimal conditions for the pure WZ InP NW growth would be V/III BEP ratio of 19 and growth temperature in the 380 -420° C range. These conditions were used to obtain the samples used in this work: the growth of the InP NW samples used for all the micro-photoluminescence studies in Chapter 4 was carried out for 20 min at temperature of 420° C with fixed indium beam equivalent pressure (BEP) of 8 •10 -7 torr and phosphorus BEP of 1.5•10 -5 torr. HAADF-STEM imaging was carried out on the obtained NWs (Figure 2.6). HAADF-STEM measurements reveal that the NWs have 80 nm diameter, 2 -4 μm length and an hexagonal cross section with mainly {11-20} facets (so called a-plane). It is known that a-and m-planes are stable facets due to their low surface energy. The fact that a-planes are favoured in these core-shell NWs could be a consequence of the strain generated by the radial growth of WZ patterns, the NWs have WZ structure with the [0001] axis along the growth direction for both InP and InAs materials, as often observed for VLS grown III-V NWs [2.1, 2.11, 2.12]. In conclusion, a sufficient procedure of InAs/InP NW growth was found and a sample of radial quantum well InAs/InP NWs (QWell-NWs) was obtained. However, since the radial quantum well is not the main goal of this work, the problem of undesirable radial growth is yet to be solved.

InAs/InP quantum rod nanowires.

As we have seen, the first attempt to grow InP NWs with InAs insertions, such as QRods, led to the formation of undesired InAs radial QWell. Presence of such parasitic heterostructures often observed in MBE growth of NW heterostructures and complicates the optical investigation of the QRods [2.13 -2.15]. Few solutions were proposed to avoid this problem: the use of a post growth heat treatment [2.13], or an increase of the growth temperature [2.14] to favor the axial growth rate over the radial one. However, none of them solved the problem completely. In the present work another approach was developed. As shown in Figure 2.6, due to the diffusion, the formation of the parasitic radial QWell takes place only 50 -80 nm below the QRod. This fact provides an opportunity to prevent appearance of the radial QWell by growing QRods at the very bottom of NWs, so that the atom diffusion would lead to QRod formation only. Moreover, it is known that the rate of radial growth depends on growth temperature and V/III BEP ratio [2.3], so to avoid the radial growth, higher growth temperature and lower V/III BEP ratio should be used.

Scheme of the optimized growth procedure is shown in Figure 2.7. To perform polarization measurements on NW ensembles, QRod-NWs were grown on both ( 001) and ( 111) oriented Si substrates. Figure 2.9 demonstrates that the NWs grown on Si(001) substrate are mainly oriented along X and Y axes, while NWs grown on the Si( 111) substrate are oriented vertically and in three different directions. More details on the orientation of NWs on the substrate will be presented in Chapter 6.

Conclusions.

In conclusion, first growth conditions were optimized to obtain InP NWs of pure WZ crystallographic structure. Then, growth technique has been modified adding growth interruption for flux switching in order to obtain NW heterostructures. Once the proper procedure of growth interruption had been found, growth conditions were optimized so as to obtain QRod-NWs with no parasitic heterostructures, such as radial QWell. 
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Introduction.

Photoluminescence spectroscopy is a powerful method to investigate semiconductor properties. The term photoluminescence (PL) describes a phenomenon of light emission from any form of matter after the absorption of photons. In a typical PL experiment (Figure 3.1), a semiconductor sample is excited with a light source which provides photons with the energy (hν 1 )

higher than the bandgap energy (non-resonant excitation). Once the photons are absorbed (red arrow), electrons and holes are formed with finite momentum in the conduction and valence bands, respectively. Then the carriers are relaxing towards the band gap minimum (dashed arrows). Typical mechanisms of the relaxation are Coulomb scattering and the interaction with phonons. Finally, the electrons recombine with holes (blue arrow) emitting photons with energy (hν 2 ) lower than that of absorbed photons (hν 2 < hν 1 ). 

Photoluminescence technique.

To begin, the standard setup for PL measurements should be introduced. In a typical PL setup, the sample is directly excited by a laser with the energy above the band gap. The emitted photons are collected by the detection system and sent to the monochromator equipped with a photodetector.

In the present work, to perform PL experiments on ensembles of NWs, the PL setup schematically illustrated in the Figure 3.2, was used. 

Micro-Photoluminescence technique.

To study single NWs micro-PL (μPL) technique is widely used. The main difference between the μPL setup and the classical PL setup consists in the presence of an optical objective that is focusing the laser beam in a spot of few μm in diameter. The configuration of the μPL setup used in this work is schematically illustrated in Figure 3.3.

The beam of a laser (typically He-Ne laser 632 nm) is reflected by a dichroic beam splitter (#1), and focused by an optical objective (20x/0.4) on the sample, which can be placed into a continuous flow liquid He cryostat when necessary. The diameter of the laser spot is about of 2 -5 µm. To be able to see the surface of the sample on the monitor, a white lamp coupled with monochromator is used. The use of the monochromator allow us to choose a required wavelength (typically near infrared), so that the camera may detect the reflected light in the range far away from laser wavelength. The emitted light together with the reflected light of the white lamp are passing back through the objective, turning into a parallel beam, and passing through the first beam splitter, reflecting from the second beam splitter toward the infrared camera. So, having the information about the surface and the laser beam position on it, we are able to focus the laser beam at a certain point. After the focusing, the mirror inside the monochromator (dashed line) is switched to the position when the emitted light passes to the detector and the white lamp is turned off. The beam splitter #2 is removed in order to avoid a loss of signal. In this position, the PL emission can be focused at the entrance of the monochromator, inside of which, the diffraction grating splits the beam into a spectrum and reflects it to the liquid nitrogen cooled InGaAs photodiode array detector.

In order to conduct the experiments with various excitation wavelengths, the setup can be modified by replacement of the laser by a second monochromator coupled with a white lamp. In this configuration it is possible to excite the sample using a chosen wavelength.

Here and elsewhere a polarizer for visible range is used to polarize the laser beam, which, however, is not totally non-polarized, and thus angular function of laser intensity is used to correct all polarization dependent results. To analyze polarization of the emitted luminescence a polarizer for infrared range is used.

Summarizing, the μPL technique provides a possibility to study PL emission spectra, their polarization anisotropy and dependence on excitation wavelength and its polarization of single nanoobjects that can be precisely chosen on the sample surface. 

Photoluminescence with integrating sphere.

A standard technique for measuring PL quantum efficiency (QE) involves the use of an integrating sphere [3.1 -3.4]. In the integrating sphere, light is isotropically redistributed over the sphere surface, due to a high reflectance material of the internal surface, so that the possible angular anisotropy of emission does not affect the results. The principal scheme of the PL setup with an integrating sphere is illustrated in Figure 3.4. In the present work a RTC-060-SL integrating sphere from Labsphere is used. The high reflectance material "Spectralon" (99 % reflectance in the 0.8 -1.9 eV range) is mounted on the internal surface of the integrating sphere. The laser beam (λ = 671 nm), passing through the neutral density filters, is directly introduced into the integrating sphere and aimed to the sample.

The scattered laser light and emission of the sample are collected through an optical fiber, plugged to the sphere. To prevent the luminescence from reaching the optical fiber entrance hole directly, diffusely reflecting baffles are installed in the sphere. The collected photons are sent to the monochromator equipped with a nitrogen cooled InGaAs photodiode array detector. To prevent the laser light from reaching the detector a long-pass filter can be installed at the entrance of the monochromator if necessary.

Typically, for the PL QE measurements the method based on that developed by de Mello et al [3.2] is used. In this case, experiments in three different configurations are required (Figure 3.5). However, the signal obtained from the detector does not represent the real amount of counts as a function of wavelength. Therefore all the results obtained using the PL setups described above should be corrected by so called transmission functions of each component of the collection system (filters, lenses, monochromator etc). The transmission functions have been measured using a calibrated white lamp, which has been measured through the collection system of each setup.
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In the case of quantum efficiency measurements, when proper correction plays a crucial role, the collected spectra have been corrected by the spectral response of both the detection system (optical fiber, filters, monochromator and detector) and the integrating sphere, using commercial tungsten white lamp with well known spectral dependence of intensity.

Moreover, the transmission function also depends on the polarization of the light. To obtain the polarization response function, the measurements with the white lamp have been performed with both vertical (φ = 0°) and horizontal (φ = 90°) positions of the polarizer at the collection. Then, since it is known that the maximum of polarization anisotropy is in 90° position, we may obtain transmission function for any angle of polarization of collection using a simple formula:

2 2
T( ) T(0 ) cos ( ) T(90 ) sin ( )

       (3.3)
To obtain polarization anisotropy of the lasers we used an InAs QWell as a sample assuming that the light emitted by this QWell is non-polarized. Therefore, using no polarization selection at the collection, but changing the polarization of excitation, we may obtain the ratio of the emission intensities in cases of vertically and horizontally polarized excitation. This ratio was used to correct results of measurements when the polarization of excitation is concerned. 

Nanowire transfer and sample preparation.

To perform μPL measurements, a sample with a low density of NWs on the surface is required, in order to focus the laser beam spot (d = 5 μm) at only one single NW. There are few ways to transfer NWs from an as-grown substrate onto another surface (host-substrate). At the beginning of the present work a mechanical transfer was used. In this approach, a piece of clean paper is used to tip on the surface of the as-grown sample. Then, being attached to this paper, the NWs can be transferred by touching a host-substrate [3.5 -3.7]. This method has been found to be rather rough, because of the high probability of breaking the NWs in half. Moreover, the NWs tend to get stuck together (Figure 3.6.a) and may be mistaken for a single NW using optical microscopy, while lonely lying NWs are rarely observed after such transfer. To improve the NW dispersion and their quality after the transfer, another approach has been used. This method suggests that NWs are delivered onto the host-substrate in a droplet of liquid (water, methanol or isopropanol), which may thereafter be dried out [3.8]. This method is notable for well randomization and separation of NWs (Figure 3.6.b). There are at least two ways to transfer the NWs into the liquid from as-grown substrate. In the first of them, the as-grown substrate is immersed into a vial with isopropanol, and transferred to liquid nitrogen, where the NWs break from the base, due to the difference in thermal expansion coefficients of NWs and the substrate. Then, melting the isopropanol, a vial containing a solution with NWs may be obtained [3.9]. The second approach suggests that an as-grown substrate is immersed inside a cuvette with liquid (water, ethanol, methanol), where the NWs are dispersed by ultra-sonification [3.10, 3.11].

This, second method with ethanol as a transfer media was used in the present work in case of liquid transfer. The samples for quantum efficiency measurements required specific preparation. To calculate the quantum efficiency, it is important to know the absorption of the incident laser beam by the sample. In this case, the as-grown substrate or the host-substrate will pose a problem of undesirable absorption. Moreover, the presence of a substrate may affect the absorption in NWs [3.12]. To avoid these problems, the NWs were transferred onto a sticky tape, transparent for both laser light and NW emission, and emitting no light in considered range of wavelengths. To transfer NWs, the sticky tape was put upon the as-grown substrate and then lifted up. Figure 3.7

shows NWs on as-grown substrate and NWs transferred onto sticky tape. As it can be seen, careful transfer provides a possibility to obtain similar density and orientation of NWs on the tape.
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Introduction.

We begin the experimental investigation of optical properties of NWs with a study of InP NWs. In recent years, optical properties of InP NWs have been studied in a number of works [4.1 -4.10]. As we have learned from the preceding chapters, InP NWs may grow in ZB and WZ forms, or contain insertions of one phase in another. In this context, the optical emission of the different crystallographic phases became one of the most important issues in the recent works on the matter. Low temperature emission energy of pure ZB and WZ InP NWs is reported to be in 1.41 -1.42 eV and 1.48 -1.5 eV range, respectively [4.1 -4.4, 4.7, 4.9, 4.10]. The situation is more complex when these two crystallographic phases exist in one NW. In such case, the band alignment between the WZ and ZB phases is usually a type II alignment. The scheme of this mechanism is illustrated in Figure 4.1, where we assume a ZB insertion in a WZ NW. In this case, carriers of one sign located in WZ segment are thought to be able to recombine with the carriers of the opposite sign located in ZB segment, so that the energy of emitted photons turns out to be lower that the band gap of WZ material. As far as InP NWs are concerned, this phenomenon results in additional PL emission peaks in the 1.41 -1.5 eV range [4.3 -4.5, 4.10]. In this case the holes are confined in WZ material, while the electrons are confined in ZB segments, resulting in significantly longer recombination lifetimes for the lowest-lying electron and hole states which are spatially separated [4.10, 4.11].

In the literature the lifetimes in 0.12 -7.5 ns range have been reported for WZ InP NWs at low temperature [4.6, 4.10, 4.12, 4.13]. The fact that the nonradiative recombination rate depends both on the quality of the surface (i.e. the surface recombination velocity) and the diameter of NWs [4.14] could explain the discrepancy in the measured values. The PL emission of InP NWs is often, at least partially, attributed to excitonic recombination [4.1, 4.4, 4.12, 4.13, 4.15] with exciton binding energy of ≈ 5 meV [4.1].

Emission energy of WZ NWs varies not only from one work to another but may be different on different NWs on the same substrate [4.9]. Moreover, despite that no shift of emission energy is observed in PL measurements on as-grown samples as the excitation power is increased [4.10, 4.12, 4.15], a blueshift [4.2, 4.9, 4.15] and redshift [4.13] [4.4, 4.6, 4.13].

Possible integration of NWs in electronic, photonic or electromechanical systems at nanoscale requires detailed knowledge of their electronic and optical properties as well as possible impacts of the surface on these properties. Despite its importance, only few works have been published on the optical properties of mechanically strained NWs, though strain effects can play an important role in electronic and optical characteristics. In this context we study the basic optical properties of InP NWs and possible impacts of the surface of host-substrate on these properties. The beginning of the present chapter is devoted to the origin of PL emission from WZ InP NWs, grown at different temperatures, and its basic characteristics (emission energy and FWHM). Next, we aim to demonstrate the possible impacts of the host-substrate on these basic characteristic, both by substrate-induced strain and by presence of surface charges. In the literature, this peak is usually attributed either to the type II recombination at the interface between WZ and ZB segments [4.5, 4.18] or to impurity-related emission [4.17]. In the present case, the presence of ZB segments is confirmed by STEM images, and thus, the peak at lower energy is interpreted as the type II recombination. This assumption is also confirmed by the blueshift of emission energy as the excitation power is increased, in agreement with the type II alignment, and longer lifetime as compared to the lifetime measured for the WZ peak [4.10]. As far as the sample grown at 500° C is concerned, due to the high density of ZB insertion, the WZ peak is very weak as compared to the emission of type II recombination around 1.46 eV. meV) [4.4, 4.6], despite the fact, that in our experiment the PL spectra were recorded on a population of NWs. Indeed, from 3•10 4 to 3•10 5 NWs were excited depending on the studied sample (assuming a spot size of 0.2 mm), which means that the FWHM could be broader than that of a single NW, due to the superposition of emission from many different NWs. To precise the value of FWHM, the NWs grown at 420° C were removed from the asgrown substrate and transferred onto a clean Si host-substrate as described in Chapter 3.6. Then the setup described in Chapter 3.3 was used to perform μPL spectroscopy measurements on single InP NWs. Figure 4.3 shows the μPL spectrum of a single NW at low excitation power and PL spectrum of the as-grown sample. The WZ peak of the NW is observed at 1.49 eV with a FWHM of about 6 meV in both cases, which confirms that the inhomogeneous broadening is negligible as compared to the homogeneous broadening in our sample. This result can be explained by the fact that diameter of the NWs at the base is in 60 -80 nm range which is 6 -8

times bigger than the Bohr radius in bulk InP (~ 9 nm). In this case the quantum confinement effect is not expected and so is the inhomogeneous broadening.

On top of that, a clear difference of 4 meV in emission energy of PL and micro-PL spectra has been observed (Figure 4.3). The amplitude of this shift differs from one NW to another, but very few of them demonstrate no shift at all. Since all the NWs on the as-grown sample seem to emit at the same energy (1.494 eV), as evidenced by FWHM of emission, we may conclude that the shift is a consequence of the transfer to the host-substrate. In the following investigation we will try to demonstrate how the surface of host-substrates may affect the optical properties on NWs. In general, NW transfer on a host-substrate is a common approach to obtain low density NW samples where a laser beam may be focused on a single NW. For this purpose, materials such as quartz [4.19, 4.8], silicon [4.1, 4.2, 4.12, 4.20, 4.21] silicon oxide [4.9] and few others [4.15, 4.17, 4.22, 4.23] are typically used as the host-substrate. Typical transfer procedures are described in Chapter 3.6. Despite of the numerous advantages of this approach, a potential problem was reported few years ago by J. B. Schlager et.al. [4.24]. It was noticed that a tensile strain could be induced on GaN NWs dispersed and bonded to a quartz substrate which led to a redshift of the PL emission peak at low temperature ( The following study will be focused on the detailed investigation of this phenomenon and the role of a host-substrate in the optical properties of InP NWs. Our aim is to demonstrate that the NW PL emission energy can be related to the choice of the host-substrate, and from this point of view, some results of the recently published works can be explained. 4.4 Theory of substrate-induced strain and its impact on the optical properties.

Basically, the possibility to strain a NW by a host-substrate is related to the static friction per unit area: the shear strength. The maximum axial strain that a NW can accommodate is equal to [4.25]:

0 0 max wL L 2EA 3 3Ew      (4.1)
where A = 3√3w /2 is the cross sectional area of a hexagonal NW, L 0 is its length, w is the contact width between the NW and the substrate, τ is the shear force and E is the Young's modulus. Despite the fact that the Young's modulus depends on the NW diameter, for the diameters in the 60 -100 nm range the value is expected to be close to that of bulk material [4.26]. Approximating the value of Young's modulus for bulk WZ InP with that for ZB InP [START_REF] Law | Nanowire dye-sensitized solar cells[END_REF], which is equal to 112.7 GPa [4.27], using a typical value of the shear force for NWs on the substrate (1 -5 MPa) [4.28], and the dimensions of our NWs (w = 30 nm, L = 4 µm), we can estimate the maximum strain, which can be applied to a NW by the substrate, in the 10 -4 -10 -3

range. Here it is important to note that this phenomenon is a direct consequence of the one dimensional nature of the NWs: without this anisotropic shape, the maximal strain would be in the order of τ / E, that is in the order of 10 -5 .

Let us now consider the impact of the strain on the emission energy of a NW lying on a substrate. Using the temperature dependences of LTECs, represented by α(T), the fractional length changes expected with a temperature change may be calculated. Then, assuming a perfect bond (possibly due to van der Waals force) between the substrate and the NWs, the strain can be calculated as follows [4.24]:

    cryo cryo RT RT c zz NF Wz Sub T T T dT T dT        (4.2.a)     cryo cryo RT RT a xx NF Wz Sub T T T dT T dT        (4.2.b)
where T cryo and RT are temperature of the cryostat and room temperature, respectively. Indexes "a" and "c" represent crystallographic axes of WZ material. The strain along the y-axis is 

C C C C       (4.3)
where, C 12 , C 11 and C 13 are the elastic constants of WZ InP.

We will consider now the band gap of strained WZ materials. Due to the small value of the substrate induced strain, only terms of the first order in the strain are taken into account [4.29]. So the strain dependence of the A exciton energy (E) is given by:

    0 1 zz 2 xx yy 3 zz 4 xx yy E E a a D D              (4.4)
where E 0 is the unstrained band gap, a 1 , a 2 are the hydrostatic interband deformation potentials and D 3 , D 4 are the valence band deformation potentials of the WZ material. Unfortunately, the elastic constants and deformation potentials of the WZ crystal phase of InP material are not well known. So for the following calculation we will use average values of the elastic constants calculated from constants obtained in [4.30] and values calculated in quasi cubic approximation [4.31, 4.32]: C 11 = 125.7 GPa, C 12 = 51.8 GPa and C 13 = 39.6 GPa. Moreover, when the quasi cubic approximation is used, we have the following relations: [4.33, 4.34]), so the Eq. 4.2 may simplified as:

    0 1 zz 1 xx E E 0.68 a 7.3 0.68 a 2.5        (4.5)
Therefore, the band gap of NWs may be affected by the strain, and a shift of emission energy, depending of the sign of the strain, should be observed. To study this effect experimentally, InP NWs were transferred onto few host-substrates made of different materials. The identical procedures of the liquid transfer were used to transfer the InP NWs from the as-growth substrate onto clean Si, InP and SrTiO 3 (STO) substrates and onto a copper TEM grid. The choice of the substrates is explained by their LTECs and illustrated in Figure 4.5. While Si has a low LTEC and consequently the NWs should be under a tensile strain on this substrate, the SrTiO 3 substrate and the copper TEM grid have LTECs higher than that of InP, so the NWs are expected to be under a compressive strain [4.35, 4.36]. On the other hand, the NWs transferred on the InP substrate are assumed to be nearly unstrained due to an expected similarity of the LTEC of WZ and ZB InP. On top of that, the as-grown sample, where

NWs are free standing and unstrained, will be used as a reference. To begin, we measured the room temperature micro-PL spectra of the NWs on different host-substrates. Figure 4.6 demonstrates that the typical spectra at room temperature contain two peaks at 1.44 eV and 1.47 eV. Since the energy distance between the peaks is about 30 meV, we attribute these peaks to the A and B bands of WZ InP. This value is in agreement with that calculated from Eq. 1.1. These room temperature measurements aim to show that no difference in A-band emission energy on different host-substrates has been observer at room temperature. This fact is in agreement with hypothesis of temperature dependent substrate-induced strain. Then the samples were placed in the cryostat and studied at low temperature. Si substrate, and the blueshift (shift to higher energies), observed for the NWs transferred on the SrTiO 3 substrate, are in agreement with the sign of the expected strain induced by the hostsubstrates. On the other hand, the WZ InP NWs transferred on ZB InP substrate have nearly the same emission energy as the as-grown sample (dashed line), which leads to the expected conclusion that NWs on this substrate are nearly unstrained. Specifically, this means that α and α are either close to α or compensate each other, because the WZ coefficients, as compared to corresponding coefficient of ZB materials, can be lower and higher, respectively [4.37]. To make the matter certain, a dozen of NWs was studied on each substrate and few on the TEM grid. Wide distribution over 10 meV is observed on both Si and SrTiO 3 substrates, whereas the distribution is much narrower on the InP substrate, where more than 75% of the studied NWs emit at the same energy. Thus, we assume that the observed distribution is a consequence of the strain and that the NWs transferred on a given substrate are not all strained identically. This can be explained by the fact that different NWs may have different values of |ε max | due to difference in the NW morphology (length, diameter) or due to different shear strength values from one NW to another [4.28]. We also observe that the maximum PL emission redshift on the Si substrate is comparable to the blueshift observed on the SrTiO 3 substrate. This result contradicts the fact, that due to the significant difference in the thermal expansion coefficients [4.34 -4.36], the PL blueshift on the SrTiO 3 substrate should be much more significant than the PL redshift on Si. This discrepancy may be resolved within the assumption that the force created by the strain becomes stronger than the bonding force, at some points, and that the NWs can not be strained anymore. Such maximal strain is comparable to the strain expected on a NW on a Si substrate from Eq. 4.1, but is smaller than that expected on the SrTiO 3 substrate. Consequently, the strain on the SrTiO 3 substrate is assumed to be partly relaxed down to the maximum affordable strain, leading to an energy shift of the same order of magnitude as the shift on Si substrate.

To improve our understanding of the substrate-induced strain phenomenon, NWs transferred onto the SrTiO 3 substrate have also been investigated by cathodoluminescence (CL) microscopy at 10 K. These measurements have been performed using the cathodoluminescence The CL setup, allows to measure the length of the investigated NWs. Such strong fluctuation has already been reported for InAs NWs on Si 3 N 4 [4.38].

To confirm the impact of the sample cooling on the substrate-induced strain, the temperature dependence of the phenomenon has been studied. For this purpose, the emission energy of NWs transferred on InP host-substrate was compared to that of NWs transferred on the SrTiO 3 substrate . The PL setup is used for this experiment, so the emission of many NWs was detected. Figure 4.10 demonstrates nearly no shift at room temperature, in agreement with hypothesis of substrate-induced strain. As temperature is decreased, the value of blueshift is increasing. At 125K the blueshift seems to reach a limit and stays relatively constant below that temperature. This can be explained by the assumption that the NWs reached the maximum strain they can accommodate (ε max ) at this temperature. The measurements of the optical emission as a function of the strain can be used to estimate deformation potentials of the WZ InP. For instance, the hydrostatic interband deformation potential a 1 can be estimated assuming that the NWs on Si substrate with the biggest redshift are strained completely. In this case, the expected emission peak shift between NWs transferred on Si and on InP substrates is calculated from Eq. 4.2 to discard the unknown LTECs of WZ InP:
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Using the LTECs from [4.35] and [4.29], integrated from 10 K (temperature of the cryostat) to 300 K, the value of 12.7 eV is estimated for a 1 , which is twice as much as the hydrostatic potential of ZB InP [4.33].
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Impact of surface charges.

It is known, that strain applied to a WZ material may cause a piezoelectric field that would bend the energy bands and affect the optical properties [4.39, 4.40]. In order to check the impact of this phenomenon, the µPL emission of different samples has also been studied as a function of the excitation power. Although on some NWs a blueshift is observed as the excitation power is increased, its magnitude differs from one host-substrate to another, and is not consistent with the piezoelectric field caused by the strain, because the blueshift is observed even on the unstrained InP NWs.

Moreover, in contrast to the blueshift recorded in case of single NWs, a small redshift is observed on the as-grown sample. These results lead to the conclusion that though the magnitude of the blueshift does not depend on the strain, yet it may be related to the presence of the host-substrate material. Moreover, we observed that for a given host-substrate at high excitation power the NWs, presenting the blueshift, have emission energy close to that of the NWs that are not blueshifting (for instance as shown in Figure 4.11 for SrTiO 3 and InP substrates). From these results, we make the assumption that the blueshift could be the consequence of surface effects, such as surface charges at the host-substrate generating a band bending [4.41]. Indeed, under the low excitation power, the created charge carriers will be separated in space so that one type of the carriers will be confined at the interface, while the other type will be accumulated away from the surface. In this case, the recombination between these carriers may take place at the energy lower than the band gap. As the excitation power is increased, more charge carriers are generated, reducing the band bending due to a partial or complete screening, so the emission energy is increased. This assumption would also explain the difference in the shifts observed on different substrates and in different days, suggesting different conditions on the surface. Next, the impact of the host-substrate on the optical properties was studied. It was shown that the influence of a host-substrate could have a significant impact on the optical properties of NWs. Namely, the optical properties may be affected by the substrate-induced strain created by the difference in the LTECs of the NWs and the host-substrate, and by some other surface effects.

More specifically, the energy of µPL emission can be changed depending on the host-substrate material, while its shift as a function of excitation power and its FWHM can be related to the surface charges affecting the band bending and be different as from one host-substrate to another as from one day to another. Accordingly, consideration of these effects can serve for better understanding of some recently published results and should be taken into account whenever µPL results on transferred NWs are considered. For instance, in [4.12] and [4.9] the position of the µPL emission peak of InP NWs transferred on Si substrate has been found to be red-shifted from expected value or from value of PL emission of the as-grown sample. This shift could be explained, taking into account that the LTEC of InP NWs is higher than that of the Si substrate and consequently, at low temperature, the NWs may be under a tensile strain which decreases the band gap. In addition, small differences in the positions of the peaks of different NWs [4.1, 4.2, 4.9] can be related to a difference in magnitude of the strain from one NW to another. Moreover, blueshift of µPL emission energy as the excitation power is increased is typically observed on single InP NWs [4.2, 4.9, 4.15] and sometimes attributed to the band filling effect [4.9]. It was shown that this blueshift may be a consequence of the transfer on a host-substrate and not an intrinsic property of NWs.

Chapter V

Spectroscopy of NW heterostructures 5.1 Introduction.

5.2

Spectroscopy of QWell-NWs.

5.3

Simulation of QWell-NWs.

5.4

Spectroscopy of QRod-NWs.

5.5

Simulation of QRod-NWs.

5.6 Conclusions. In this chapter, we present experimental and theoretical studies of the optical properties of InP/InAs/InP QWell-NWs and InAs/InP QRod-NWs grown on Si substrates. We aim to demonstrate that emission of radial QWell structures is controlled by thickness of the QWell. By the example of QRod-NWs we will demonstrate the impact of length and diameter of the QRod on the energy level structure. Finally, we hope to demonstrate that InAs/InP NW heterostructures can serve as efficient emitters with telecommunication wavelength at room temperature.

5.7

Spectroscopy of QWell-NWs.

We begin the present chapter with a study of the optical properties of the QWell-NWs grown on Si(001) substrate as described in Chapter 2. First, PL spectroscopy with excitation The multiple peaks at low temperature may be attributed either to the state filling [5.7] or to ML fluctuation of thickness of the radial InAs QWell [5.12], as often observed in two dimensional InAs/InP QWells [5. 16, 5.17]. In our case, positions of the peaks differs one from another by relatively large values of energy while the PL intensity as a function of the excitation power reveal linear dependences for all peaks. These facts left only the assumption of thickness fluctuations to consideration. Indeed, at low temperature thinner segments of a QWell cause stronger quantum confinement so the emission energy of these segments is higher as compared to that of thicker segments, as illustrated in Figure 5.2.a. In the work of Pal et al [5.12], the peaks of PL emission at 1.07, 1.17 and 1.32 eV were observed for the very similar InAs/InP QWell-NW structure at low temperature. These peaks were attributed to 3, 2 and 1 ML thicknesses of the radial QWell. Spectrum of our QWell-NWs contains similar peaks but shifted to lower energies More details on the recombination processes in QWell-NWs will be presented in Chapter 8.

To improve our understanding of the optical properties, low temperature μPL experiments were conducted on single InP/InAs/InP QWell-NWs, transferred from Si [START_REF] Law | Nanowire dye-sensitized solar cells[END_REF] substrate onto a silicon host-substrate. Figure 5.4 shows μPL spectra of different single NWs on Si host-substrate and the PL spectrum of the NWs on the as-grown substrate. The peak observed at 1.1 eV in the μPL spectra is attributed to the silicon host-substrate. We assume that this peak is not observed in the PL spectra due to the high density of the NWs. The μPL spectra of the single NWs are complex: several peaks or groups of peaks are observed for each single NW. For instance, groups of peaks located around 0.88 eV, 0.92 eV, 0.98 eV and 1.05 eV are observed for NW2. The energies of these peaks are close to the energy positions of the PL peaks and shoulders associated to the monolayer (ML) fluctuations, and the one at 1.05 is also close to that observed in [5.12] and attributed to 3 ML InAs QWell. So each group of peaks can be associated with specific thickness of the radial QWell, as it is often concluded in literature [5.11 -5.13]. 

Simulation of QWell-NWs.

To confirm the assumption about the peaks in PL spectra of the QWell-NWs the simulation of segments of QWell-NWs has been conducted. Here and elsewhere, simulation is performed with 3D nano device simulator "Nextnano 3 " [5.22]. The effective mass approximation model is used in the simulation process, taking into account strain, induced by substrate mismatch as well as effects of quantum confinement and piezoelectricity, unless otherwise is noted. Simulation of the electronic structure of WZ materials requires knowledge of many parameters such as lattice constants, effective masses, deformation potentials, and many others.

Currently, not all the parameters of WZ InAs and InP are well known. For this reason our set of parameters contains values measured experimentally as well as those calculated theoretically or estimated from their ZB analogs. The elastic parameters were taken from [5.23] rather than from [5.24] in order to compare the results afterwards. As far as the band offset between WZ InAs and WZ InP materials is concerned, the following method has been used: we started from the band offset between the InAs and InP material in the ZB phase as given by "Nextnano 3 " software and used few theoretical works investigating the band alignment between two polytypes of the same semiconductor material The measured decay time consists of the radiative and non-radiative recombination rates. To separate these two contributions, we use a standard approach assuming that the recombination is purely radiative at low temperature. Thus, we can write:
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From Figure 5.9, using the measured lifetime (τ) we can calculate the room temperature radiative lifetime:

      rad 0 RT RT I 22 ns I RT    
and the nonradiative lifetime:

      1 nrad rad 1 1 RT 11 ns RT RT               
These long lifetimes at room temperature confirm the quality of the heterostructure. 
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where u is related to the lattice constants by u = (a / c) 2 and takes the value of 3/8 for an ideal WZ structure as assumed here. Using values of Δ so = 0.379 eV and Δ cr = 0.195 eV calculated in To demonstrate the energy level structure of the QRod we present the low temperature measurements on single QRod-NWs. significantly increase the energy of the ground state. However, it is not enough for an 8 nm diameter InAs WZ QRod to reach energies higher than 0.85 eV. It was shown in Chapter 4, that strain applied to a semiconductor material may affect the ground state energy casing the shift of emission energy. In case of InAs/InP heterostructures we are concerned with a material pair of large lattice mismatch which is known to cause the strain fields in this kind of NW heterostructures [5.23]. As a consequence, this strain leads to increase of the emission energy, that may reach 0.88 eV in case of WZ InAs QRod of 8 nm in diameter embedded in WZ InP NW.

We will return to the detailed study of the strain and stain-induced piezoelectricity in Chapter 7.

Next, we study the quantum states in WZ InAs QRod embedded in WZ InP NW of the diameter significantly larger than that of QRod (Figure 5.14). For the sake of simplicity, piezoelectric effects are not included in the calculation and will be considered in Chapter 7. It is important to note that InAs QRod is strained by the lattice mismatch and this strain affects the wavefunctions of the carriers. This strain impact is illustrated in Figure 5. [START_REF] Cha | Fabrication and characterization of pre-aligned gallium nitride nanowire field-effect transistors[END_REF] excited state to first and so on), while probability of non-symmetrical transitions are either zero of very small (dark states). In the case of the A-band all the spatial overlap matrix elements are relatively small due to the carrier localization. Therefore, in the case of the A-band, it is highly uncertain, which transitions are responsible for the peaks in the PL spectra. However, for the sake of simplicity, in the following calculation the symmetrical transitions (i.e. ground state to ground state, first excited state to first and so on) will be used as if they were most probable. First we keep the length of the QRod constant (40 nm) and vary the diameter. Figure 5.17

shows the simulation results for the energies difference between excited states in conduction and valence bands (i.e. expected emission energies). 

Chapter VI

Polarization properties of nanowires 6.1 Introduction.

6.2

State of the art.

6.3

Mechanisms responsible for polarization anisotropy.

6.4

Polarization properties of InP nanowires.

6.5

Polarization properties of QWell nanowires.

6.6

Polarization properties of single QRod nanowires.

6.7

Polarization anisotropy of nanowire ensembles.

6.8

Ensemble polarization model.

6.9

Wavelength and temperature dependences of polarization anisotropy.

6.10 Conclusions.

6.11

References. Polarization anisotropy of both emission and absorption is one of the unique features of semiconductor NWs. In the present chapter, the mechanisms responsible for this polarization anisotropy will be considered theoretically and studied experimentally. We will begin the investigation with polarization properties of single InP NWs to understand the mechanisms responsible for the polarization of emission. Then we will continue with the polarization properties of NW heterostructures: InAs/InP QWell-NWs and QRod-NWs. We aim to demonstrate the factors that affect the degree of linear polarization (DLP) in case of both absorption and emission. Once the situation is clear for single NWs, we will try to demonstrate the polarization anisotropy of NW ensembles. For this purpose we will study polarization of QRod-NWs on as-grown substrates of different types (Si(001) and Si [START_REF] Law | Nanowire dye-sensitized solar cells[END_REF]) by means of PL spectroscopy. We aim to demonstrate that the polarization properties on single NWs and NW ensembles may be correlated via a proposed model, so that knowing all necessary parameters, the polarization anisotropy of NWs may be studied on NW ensembles. Similar idea has already been used in the works of A. Balocchi et al. [6.1] and Yu. I. Mazur et al. [6.2], where a population of vertically standing NWs and an ordered array of quantum dots were used for polarization measurements. This approach may provide certain convenience. As an example, we will show how excitation wavelength and temperature dependences of DLP can be measured on NW ensemble using the proposed method. The obtained results will be compared to the predictions of existing models so that the conclusions about the efficiency of this approach can be drawn. Since the possible fabrication of polarization sensitive devices based on NW ensembles (randomly oriented or not) has been demonstrated [6.2, 6.3], the knowledge of the polarization properties of NW ensembles may have a potential application.

Roman

Chapter VI. Polarization properties of nanowires. Polarization properties of semiconductor NWs, have been studied experimentally in a number of works for many years. The polarization anisotropy is usually studied on a single NW, that is transferred onto a clean host-substrate and then the PL emission from the NW is analyzed with various angles of polarizer, which may be placed in front of the monochromator [6.4 -6.7],

laser [6.4, 6.5] or even both [6.8]. In particular, several works were published on polarization properties of InP NWs [6.7, 6.9 -6.11]. As far as NW heterostructures are concerned, only few works were published on polarization anisotropy of core-shell (QWell) [6.5, 6.6, 6.12], quantum dot (QDot) [6.13, 6.14] and QRod [6.15] NWs.

The commonly used value reflecting the polarization anisotropy is the degree of linear polarization (DLP). DLP of emission (DLP e ) is defined as The main results obtained on InP NWs are summarized in Table 6.1. In the literature ZB InP NWs were found to be strongly polarized parallel to NW axis, with DLP e in 0.7 -0.92 range [6.7, 6.9, 6.10]. This anisotropy is generally attributed to dielectric confinement effect. On the other hand negative values of -0.42 and -0.49 of DLP e were observed on WZ InP NWs [6.7, 6.11] and were attributed to the selection rule of WZ material.

Chapter VI. Polarization properties of nanowires. In general, there are three major mechanisms responsible for the phenomenon of polarization anisotropy in both emission and absorption.

Selection rule

The first mechanism is known as the "selection rule" of WZ material [6.7, 6.17 -6.19].

According to this rule in NWs with WZ type of crystallographic structure the emission from recombination of electrons in the conduction band with holes from A-band is expected to be polarized perpendicularly to the NW axis, whereas both perpendicular and horizontal polarizations are allowed for the recombination with holes from B and C bands. This selection rule has been experimentally demonstrated, for the A-band, in a number of works on NWs of large diameter (> 80nm) [6.7, 6.17, 6.19, 6.20]. Chuang and Chang [6.21] developed a model to obtain the momentum-matrix elements for the optical transition from the conduction band edge to the three valence-subband edges of WZ material, when the optical polarization is parallel or perpendicular to the c-axis (Table 6.3).

Table 6.3: Interband momentum-matrix elements for polarizations along the c-axis and perpendicular to the c-axis. Here, P 1 and P 2 are the Kane's parameters, and a and b are parameters depending on Δ 1, Δ 2 and Δ 3 (see [6.21] for more details)

ê || c axis ê  c axis E 1 (A-band) 0 2 2 2 0 2 m P / 2 E 2 (B-band) 2 2 2 2 0 1 b m P / 2 2 2 2 0 2 a m P / 2 E 3 (C-band) 2 2 2 2 0 1 a m P / 2 2 2 2 0 2 b m P / 2
According to this model, in WZ NWs we may expect only perpendicular polarization from Aband and both polarizations from B and C-bands. However, it is important to note that the polarization ratio can be significantly changed by strain. More details on the selection rule and energy band structure can be found in Chapter 1.

Quantum confinement

The second mechanism takes place in case of strong quantum confinement regime, when the size of 1D structure is smaller than the exciton Bohr radius. A giant anisotropy of the optical polarization was predicted in very thin InP NWs on the basis of a tight-binding model [6.22]. It was shown that the optical absorption or luminescent emission will be 100% polarized along the NW. Such a high degree of polarization is in contrast to the results of a simple k•p model of Sercel and Vahala [6.23], which predicts a much more modest value of anisotropy. However, this result was obtained by considering only the heavy and light hole couplings in a typical ZB semiconductor such as GaAs. Maslov et al [6.24] tried to resolve this discrepancy between the tight-binding and envelope function theories by including band mixing into k•p calculation.

Strong diameter dependence of polarization anisotropy in this case was shown, demonstrating smooth transition between two regimes: that of moderately thin quantum wires, in which only the heavy and light holes are sufficient to describe the band-edge properties [6.23] and that of extremely thin nanowires, for which a tight-binding model has been applied [6.22].

Dielectric confinement

On the other hand, in NWs of the diameter larger than Bohr radius, the third mechanism is often dominating [6.8, 6.9]. In this case, known as dielectric confinement, the polarization anisotropy is caused by dielectric mismatch between NW and its environment. This difference in dielectric constants favors the parallel component of the electric field causing anisotropy of the electric field distribution [6.13, 6.25, 6.26]. Usually, to estimate the polarization anisotropy cased by this effect, a simple case of infinite cylinder is considered. According to Landau theory of dielectric media [6.27], when the incident field (E e ) is polarized parallel to the cylinder, the electric field inside the cylinder is not reduced. But when polarized perpendicular to the cylinder, the electric field amplitude (E  ) is attenuated according to To clarify this mechanism H. Ruda and A. Shik [6.25,6.26] suggested a theoretical model, which explains the dependence of the polarization ratio on D / λ ratio for both absorption and emission.

This model has been used in the [6.8] to fit the diameter dependents of polarization ratio illustrated in Figure 6.1. It is important to mention that in the work of H. Ruda and A. Shik [6.26] a limiting case of a non-absorbing (or weakly absorbing) NW was considered, while in the work of J. Giblin et al. [6.28,6.29] the complex, frequency dependent NW dielectric constant is used to consider the case of a strongly absorbing NW. In this model, named local field approximation (LFA) model, the parallel/perpendicular polarization energy absorption rates may be obtained for cylindrical NWs as follows:

2 2 a * * 0 n n n n a I E Re i ( ) c J (ka)J (ka) Z                (6.4.a) 2 2 a * * 0 n n n n a I E Re i ( ) d J (ka)J (ka) Z                  (6.4.b)
where H n (ka) are complementary Hankel functions of the first kind, k = 2π ε (ω) /λ is the wavenumber in the surrounding medium, a is the NW radius and coefficients c n and d n are
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This last LFA model will be used to fit the experimental results of the present chapter.

Experimental conditions

Moreover, the experimental conditions can have an impact on the measured value of the polarization anisotropy. One key parameter is the numerical aperture (NA) of the microscope objective [6.30], as shown in Figure 6.2. We see that the ratio γ (θ 0 ) = I  / I || is NA dependent: the ratio is nearly constant for θ ≤ 40°, and then increases for higher values of NA. This is explained by the fact that the approximations I  ≈ W x→ • n x and I || ≈ W y→|| • n y (where W is the energy absorption rate and n in number of photons) are valid only for relatively small NA.

Since the polarization anisotropy is also dependent on dielectric constant of the media, it is important to mention that polarization ratio measured on NWs transferred onto a host-substrate may be affected by the refractive index of the substrate [6.13]. However, rather similar polarization results are observed on NWs transferred on the host-substrates of different materials [6.7], [6.11], so we suppose that the host-substrate has minor impact on the polarization properties.
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Polarization properties of InP nanowires.

To begin, we study the polarization anisotropy of emission from WZ InP NWs. To measure DLP e we performed room temperature μPL measurements, using non-polarized excitation, while the polarization of emission is selected with a polarizer at the collection. the NW axis and that the DLP seems to be independent of the emission energy (Figure 6.5). This result confirms the hypothesis of a DLP driven by the NW geometry, so DLP e should depend on the ratio of NW diameter to emission wavelength. In our case, due to the relatively small NW diameter (≈ 80 nm), this ratio is ≪ 1 for the entire QWell emission range (1100 -1500 nm). Using this result we can reconstruct the value of DLP e without the impact of dielectric confinement. So, taking the average measured values of DLP e from 0.5 to 0.7, and assuming that the perpendicular component was attenuated according to Eq. 6.3, we may recover the original intensity of perpendicularly polarized emission from the radial QWell. In this case DLP e will be in the range from -0.88 to -0.68, which is in agreement with the selection rule of WZ material.

However, the complicated spectra of QWell-NWs (see Chapter 5) make it difficult to understand the origins of polarization anisotropy of each peak and explain the difference between them. For this reason we proceed to the sample of heterostructures of simpler type: QRod-NWs.
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In the following section, the polarization anisotropy of QRod-NWs will be studied for both emission and absorption. In the literature, polarization properties of WZ InAsP/InP QDot NWs [6.13] and CdSe/CdS QRod-NWs [6.15] were reported. Despite the selection rule, the QDot-NWs exhibited high values of both DLP a and DLP e in the 0.7 -0.9 range, so the anisotropy was attributed to dielectric confinement. QRod-NWs demonstrated similar behavior showing values of DLP a in the 0.63 -0.82 range depending on the excitation wavelength and value of DLP e about 0.82. We, in our turn, obtained similar results on WZ QRod-NWs. dimensions: a 10 nm height and a 30 nm diameter [6.13]. The DLP a is not surprising. It is known that the efficiency of the NW absorption is favored when the excitation is polarized parallel to the NW axis [6.5, 6.8, 6.13], and may be considered as purely classic phenomenon of dielectric confinement. Indeed, using the LFA model we may obtain DLP a from Eq. 6.2 using Eq. 6.4 and 6.5. For the excitation wavelength of 632 nm and the average diameter of NW (100 nm), for an InP cylinder DLP a = 0.48 is obtained, which is close to the experimental value. Here and elsewhere, since InAs QRods are located at the bottom of NWs, we neglect a possible impact of top tapering part of NWs and assume the diameter to be uniform, or at least consider the average diameter.

The situation is more complex as far as the DLP e is concerned. The valence band ground state of the WZ InAs material is expected to be the A-band, which, according to the selection rule, only allows emission perpendicular to the NW axis [6.7, 6.17]. To explain the polarization anisotropy of emission, we can assume that the ground state of the QRod is not a pure A-band state but a mixing of A and B bands. Similar kind of mixing has already been predicted and observed for WZ nitride QDots [6.33] and for ZB quantum posts or rods (with, in this case, the mixing between the HH and LH bands) [6.34]. Then, we have to take into account the inhibition of the PL emission perpendicular to the NW as a consequence of the small NW diameter as compared to the PL emission wavelength. To describe this situation, we consider a system where the exciton can be polarized parallel to the NW (z-axis) or perpendicular to the NW (x and y axes). The equations to describe such as system are:

  i i s i s j j i dn 2 n n G dt           z y x i , ,  (6.6)
Where G is the photogeneration rate, n z (n x , n y ) is the state population emitting in parallel (perpendicular) to the NW, γ z (γ x , γ y ) is the oscillator strength parallel (perpendicular) to the NW c-axis, and γ s the longitudinal spin relaxation rate between two states. Under a continuous wave excitation, the intensities are equal to: 
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So DLP e may be written as: 
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At room temperature, we can assume that γ ≫ γ and γ ≫ γ , consequently:

z y e z y DLP       
In our case, we have very small ratio D / λ ≈ 0.06 and the inhibition factors are equal to γ  = 4γ  /n(n + 1) and γ || = γ || /n, where γ  (γ || ) is the recombination rate of the dipole perpendicular (parallel) to the NW axis and γ  (γ || ) is the intrinsic recombination rates of the dipole without the NWs [6.35]. Taking into account the refractive index of InP and assuming an isotropic recombination rate, the DLP e may be estimated as:
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This theoretical value is very close to the experimental one and means that the intrinsic QRod dipole is almost isotropic in the NWs, therefore the detected anisotropy is mainly due to the inhibition of the PL emission perpendicular to the NW. To confirm this fact, µPL at low temperature (10 K) has been performed on the same single NWs. As shown in Figure 6.6.c the DLP e remains the same even at low temperature. Moreover, the DLP e is very strong for all the observed lines of the single QRod (ground and excited states) which confirms that the strong polarization anisotropy is not related to a specific selection rule of the ground state.

Moreover, this value of DLP e means a very strong anisotropy in the oscillator strengths γ z /γ y ≈ 30. Using the lifetime measured in Chapter 5, the absolute values of the oscillator strength may be extracted. Now the Eq. 6.6 are used to calculate the theoretical decay rate. Using the relationship γ ≫ γ , the PL intensity collected in a time-resolved PL setup may be represented as: Introducing n  = n x + n y, and using Eq. 6.6 with G = 0, a system of two coupled equations may be obtained:
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This system is equivalent to the coupled equations studied in [6.36]. When the conditions γ ≫ γ and γ ≫ γ are applied, the decay is defined as [6.36]:
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The lifetime of 7.5 ns was measured in Chapter 5. Therefore, from the relations γ z / 2 = 7.5 ns -1 and γ z / γ y ≈ 30, we obtain the oscillator strength values of γ z = 3.75 ns -1 and γ y = 110 ns -1 . The lifetime of 110 ns at room temperature for the polarization perpendicular to the NW confirms the strong inhibition due to the geometry of the NW.

Polarization properties of nanowire ensembles.

Due to the strong polarization anisotropy found on QRod-NWs, it is possible to investigate the optical properties of QRod-NW ensembles on the as-grown substrates. For this purpose two samples with different orientations of NWs on the substrate are used: one with NWs grown on Si(001) substrate and another with NWs grown on Si( 111) substrate. The cross section shows the six peaks can be seen as two tripods shifted by 60° (shown by red and blue colors in Figure 6.7.b). However, this fact does not make difference for the following calculation so we simplify the model assuming NWs to be only each 120°. In addition, another set of spots (see white arrows) are visible at γ = 90° which corresponds to the border of the pole figure and can be attributed to vertical NWs. These results are in agreement with NWs growing in the [START_REF] Law | Nanowire dye-sensitized solar cells[END_REF] directions of the Si(111) substrate. Thereby, using the knowledge of the NW growth directions on a given sample and the parameters of the single NWs, the ensemble may be studied as a well defined system.

The optical experiments are performed on a standard PL setup (see Chapter 3.2) using a non-polarized 20 mW He-Ne laser (632.8 nm) focused on the sample with a spot size of ≈ 0.2 mm, which means that ≈ 15•10 4 and ≈ 3•10 4 QRod-NWs are excited on the (001) and [START_REF] Law | Nanowire dye-sensitized solar cells[END_REF] samples, respectively. Contrary to the single QRod-NW studies, two polarizers are used: one to control the linear polarization of the laser and another to control the polarization of the emission.

So, the intensity was measured as a function of the excitation polarization (φ ex ) for different values of polarization of collection (φ col ). The polarization anisotropy observed on (001) sample is shown in the Figure 6.9.a, where the PL intensity demonstrates oscillations when φ col is either equal to 0° or to 90°, but maintains constant at φ col = 45° and 135°. 

Ensemble polarization model.

Let us now introduce the model that will be used to correlate the polarization properties, particularly DLP, of NW ensembles with the optical properties of single NWs. The emission intensity of a single NW can be represented as a product of absorption (Abs) and emission (Em) functions:

      NW ex col NW ex NW col I , , , C Abs , , Em , ,              (6.7)
where C is a proportional coefficient, φ NW is the azimuthal angle between X axis and projection of the NW on XY plane (see the Figure 6.7.a), φ ex and φ col are the azimuthal angles between X axis and axes of polarizers at excitation and collection, correspondingly. Due to the fact that the NW diameter is much less than the emission wavelength, we assume that we can describe the NWs on the substrate as an assembly of dielectric ellipsoids [6.38]. First, we will consider the absorption function. Assuming that the NW is parallel to X axis (φ NW = 0°) the absorption function can be written as [6.38]:
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where k || (k  ) is the ratio of the longitudinal (transverse) electric field inside to that outside of a NW. Or it can be rewritten as:
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where coefficients a and b are defined as a = k  and a + b = k || . These coefficients can be written as functions of the DLP using the Eq. 6.9 with γ = 0°; φ ex = 0°, 90° and the condition of normalization 2•a + b = 1. Indeed: The same procedure can applied to emission, so the emission function can be written as:
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Knowing the absorption and emission functions of a single NW, the intensity of a NW ensemble (index "*") can be written as a sum of functions for each of n NWs in the ensemble:
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Or for simple cases of ordered ensembles, where only few preferential directions exist:
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where N is the number of opposite directions in a given NW ensemble (i.e. N = 3 for Si [START_REF] Law | Nanowire dye-sensitized solar cells[END_REF], N = 4 for Si(001), N = 1 for a single NW and N → ∞ for a random distribution). 6.16) This fact brings a certain convenience, proposing a way to avoid some technical problems, as we will see further. However, in the reality these DLP* dependences might actually be slightly different, if the amount of NWs in different directions is not the same. Such difference would be indicated by different amplitudes of oscillations and in case of Si( 001) substrate (N = 4) also by the presence of oscillations in case of φ col = 45°. Absence of such oscillations in our results leads us to the conclusion that the amount of NWs oriented along X and Y axes on Si(001) substrate is the same, and consequently DLP* a and DLP* e are equal for this sample. The case of multiple directions (N ≥ 5) shows the same polarization anisotropy for any values of N, including N → ∞, which represents the case of randomly oriented NW. In this case the effect of "polarization memory" [6.25] can be described and one can qualitatively study the polarization properties even on an array or randomly oriented NWs. As for the Si( 111) substrate, the parameter ξ [START_REF] Law | Nanowire dye-sensitized solar cells[END_REF] = N γ=19.5° / N γ=90° was found to be equal to 2 for the best fit (Figure 6.11.b). In fact, the amount of vertically standing NWs is clearly larger than the amount of inclined ones, so ξ [START_REF] Law | Nanowire dye-sensitized solar cells[END_REF] should actually be below 1. This discrepancy can be explained taking into account that vertical NWs absorb light mostly by the upper part while the QRod is situated at the bottom of NWs, therefore these NWs probably almost do not participate in photoluminescence. However, due to the higher quality of the Si(001) sample and the better agreement of the results obtained on it with the theory, we use only this sample for the following investigation.
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As was already mentioned, it had been shown theoretically [6.25, 6.26] that DLP a depends on the ratio of the diameter to the excitation wavelength (D / λ), but only few works were published on the experimental confirmation of this statement [6.8, 6.28, 6.29]. Our approach provides us a possibility to investigate this issue studying the ensemble of NWs under the excitation with various wavelengths. For this purpose the laser in µPL setup has been replaced by a monochromator coupled with a white lamp. The spot size of the light beam was tuned to be as large as the laser spot size in the PL measurements. So, the QRod-NWs on Si(001) were excited by the light polarized parallel to X-axis, while the emission was collected through a polarizer, first parallel and then perpendicular to X-axis, therefore we measured the DLP* e . It is important to note, that though we are interested in the DLP a , in the present experiment it is more convenient to measure the DLP* e , and as it was shown above (Eq. 6.15), they in fact are equal. As a result, measuring the DLP* e = DLP* a on the ensemble of the NWs, we observed a clear increasing trend as the excitation wavelength is increased from 400 nm up to the band gap of InP (Figure 6.12). This result can be explained by the suppression of the perpendicular component of the incident electric field inside the NWs, and its dependence on ratio D / λ ex . Such increasing trend has already been demonstrated in 480 -680 nm range for different types of CdSe based NWs [6.28, 6.29]. To compare this experimental data with a theory describing the electromagnetic field behavior on a dielectric cylinder, the LFA model was used [6.28, 6.29]. Within the bounds of this model the dependence of the DLP a on the excitation wavelength for a single InP NW with a 100nm

diameter was obtained and then introduced in our model, to obtain the same dependence for the NW ensemble. In this calculation we used the DLP e = 0.94 measured experimentally on single QRod-NWs and the parameter ξ (001) = 4 obtained from the fitting in Figure 6.11.b, so we had no degree of freedom to modify the obtained curve. Nevertheless, this curve is in agreement with the experimental data (solid line in Figure 6.11).

Another interesting, but yet not well studied, question is the temperature dependence of DLP. Although the DLP e of the single QRod-NWs at room temperature was found to be the same as at low temperature, there are, however, different temperature dependent mechanisms that may control DLP. For instance the thermal activation of nonradiative defects can take place and play a role in this question as well as temperature dependence of spin relaxation rate. Moreover, dielectric constant of the material changes with temperature, though we can safely assume that this dependence is negligible. In addition, the ratio between recombination rates along different axes can be changed with temperature. In a word, even having the same DLP at room and at low temperatures, it is not absolutely improbable to find a surprising behavior in between. So to check possible impacts of these phenomena, the DLP* a was studied as a function of temperature using PL setup. The ensemble of QRod-NWs, placed into the cryostat, was excited with the laser beam (632nm) polarized parallel to X-axis and then parallel to Y-axis, while only the emission polarized parallel to X-axis was collected.

Surprisingly, increasing temperature, we observed a decrease of DLP* a , but reaching room temperature, we noticed an increase of DLP* a as some time passed. Finally, in few hours, the DLP* a returned to the same value as it was at low temperature (Figure 6.12). Obviously, none of the above mentioned temperature dependent mechanisms could be responsible for such behavior, so we may conclude that DLP itself probably does not depend on temperature. This conclusion is also supported by J. B. Schlager et al [6.39] for GaN NWs, by A.

Balocchi et al. [6.1] for GaN/AlN quantum dot NWs and by theoretical calculations of InAs/InP QDot-NWs when the inhibition of the PL emission perpendicular to the NW is taken into account [6.34]. But observed behavior of DLP* a can probably be explained as a phenomenon of precipitation of molecules onto the surface of NWs as the temperature is increased and following detachment at room temperature and normal pressure. That would cause increase of the diameter of the NWs, and lead to decrease of DLP* a . However, the exact origin of this temperature dependence remains uncertain. ). This value is in agreement with that expected due to the small D/λ ratio, so we conclude that the anisotropy is mainly caused by the inhibition of the PL emission perpendicular to the NW.

Moreover, it was demonstrated that the polarization properties of the single QRod-NWs, being independent on temperature, was in agreement with theoretical predictions and could be correlated with the properties of ensembles of these NWs in the scopes of the proposed model.

Furthermore, using this approach, the polarization anisotropy of the NWs was investigated as a function of excitation wavelength and temperature on the NW ensemble. A clear increase of the polarization ratio is observed as the excitation wavelength is increased in agreement with the theoretical prediction. So it was shown that the NW ensembles may be used to study the polarization properties of NWs.
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Introduction.

Advances in epitaxial growth technology provide possibilities for growth of nanowire (NW) heterostructures with well controlled dimensions, position [7.1] and crystal structure [7.2],

offering various types of piezoelectric structures for piezo-mechanical [7.3, 7.4] and photovoltaic applications [7.5 -7.7]. However, only few works were published on experimental studies of the piezoelectric field influence on the optical properties of InAs/InP NW heterostructures. It is known that the epitaxial NW heterostructures grown of materials with dissimilar lattice constant, acquire the elastic strain fields [7.8]. Such strain fields were demonstrated experimentally and theoretically for WZ InAs/InP NW QDots [7.9]. Under the applied stress certain crystals develop an electric moment whose magnitude is proportional to the stress. This phenomenon is known as direct piezoelectric effect [7.10]. In ZB materials, due to the symmetry of the strain tensor, the piezoelectric effect is negligible, while in the WZ materials strong built-in fields can be generated under applied strain [7.11]. This effect was shown for such WZ semiconductor structures as QWells [7.12], QDots [7.13] and NWs [7.14, 7.15]. This piezoelectric field in its turn can affect the optical properties of the heterostructures grown from piezoelectric materials, as it was experimentally shown for one-dimensional structures such as AlGaAs/GaAs quantum wires [7.16], GaN based axial QWell-NWs [7.17, 7.18] and theoretically demonstrated for InAs/InP core-shell NWs [7.6]. Recently, the elastic and piezoelectric properties of WZ and ZB InAs/InP NW heterostructures have been studied using electroelastically coupled continuum elasticity theory [7.19]. In that work, authors show that the strain-induced piezoelectric field of few mV/nm can appear in InAs QDots of various dimensions, especially in the WZ type. In the present chapter, we describe the experimental confirmation of presence of the piezoelectric field in InAs/InP QRod-NWs and its impact on the optical properties of the structure. To study the NWs by means of µPL, the NWs were ultrasonically removed from the asgrown substrate and transferred onto a TEM copper grid, served as a host-substrate. The sample was mounted in a He-flow cryostat and cooled to 10 K. The excitation was provided by a continuous wave He-Ne laser beam (632.8 nm) focused by a microscope objective to a spot size of ≈ 4 µm.

A dozen of single InAs/InP QRod-NWs was studied. µPL emission of each NW was measured as a function of laser power. Typical evolution of spectrum with the excitation power is shown in Figure 7.2.a. The analysis of the µPL emission peak position and its FWHM as a function of excitation power clearly revealed two types of dependences. significant blueshift as the laser power is increased. The blueshift and narrowing of the PL emission with the excitation power increase are typically related to an electric field screening and explained in terms of quantum confinement Stark effect (QCSE). In the present case, due to the lattice mismatch between InAs and InP materials, the InAs QRods are strained, so the straininduced piezoelectric polarization inducing an electric field may indeed be expected. Therefore, the QCSE, caused by this piezoelectric field, can affect the optical properties. It is known, that the piezoelectric field depends on dimensions of the structure [7.25 -7.27], so the value of the piezoelectric field can vary from one NW to another, depending on the size of QRod. So assuming a weak piezoelectric field (or absence of the field) for NW-A, but strong for NW-B, the results on NW-B can be explained in terms of the QCSE. Indeed, at low excitation power the energy of µPL emission is decreased due to the carrier separation, but increasing the laser power the piezoelectric field can be screened by photogenerated carriers, so the QCSE is getting weaker as the laser power is increased leading to the blueshift of µPL emission (Figure 7.3.b). As the excitation power is reaching 0.2 mW the piezoelectric field is completely screened, and the following increase of the power is leading to the standard readshift. On the other hand, the QCSE causes broadening of the peak. Since the increase of the excitation power reduces the QCSE, the FWHM is decreasing too as the laser power is increased (Figure 7.3.d). When the piezoelectric field is screened at 2 mW, the FWHM starts to increase with laser power due to the band filling effect, coming to agreement with the normal peak broadening of NW-A in the absence of the field (Figure 7.3.c). Similar piezoelectric effects have already been observed in QWell [7.20] and quantum wire [7.16, 7.21] structures.

Experimental results: impact of temperature.

To check the impact of temperature on the piezoelectric field, the measurements were repeated at different temperatures. NW-B, on the contrary, demonstrates as broader peak as lower is the excitation power, at low temperature, but as the temperature is increased up to 75 K, this excitation power dependence vanishes (Figure 7.4.a). At this temperature the carriers are thermally activated so that their energy is ≈ kT = 6.5 meV, which presumably overcomes the energy of the piezoelectric field and the field effect is diminished. Homogeneous broadening of the FWHM with temperature, when the piezoelectric field is screened, can be explained by LO phonon scattering. The red curves in Moreover, the blueshift of µPL emission, observed on NW-B at low temperature, is also decreasing with temperature due to the thermal carrier activation, and vanishes at 75 K (Figure 7.4.c). At this temperature the carriers obtain enough energy to overcome the field, so they can recombine with the energy of the band gap. In the other words, the probability of recombination is highest in the place where overlap of their wavefunctions is the most, which corresponds to the case of direct transitions, if the carriers are not separated by an electric field.

On the other hand, in case of carrier separation (i.e. at low temperature and weak excitation power) the overlap of the carrier wavefunctions, separated by the electric field, is decreased. The overlap decrease means low probability of recombination and consequently low intensity of the emission. This effect is demonstrated in Figure 7.4.d. At relatively high temperature (150 K) the piezoelectric field can not separate carriers and we see nearly linear dependence of the intensity, while at low temperature, the dependence is linear only above 0.2 mW, where the piezoelectric field is screened. Below this value, the field is not screened and the carriers are separated, as it was concluded above, so we see faster decrease of intensity with laser power as compared to the case of high temperature.

Simulation of piezoelectric field in nanowire heterostructures.

To fully understand the piezoelectric phenomena taking place in the QRods and to check the impact of the QRod geometry on the field, we present the calculation of the expected piezoelectric field inside our QRod-NWs. Recently, simulation results on piezoelectric effects in WZ InAs/InP NW heterostructures have been published by F. Boxberg et al [7.19]. It was shown that a significant electric field may be induced in WZ InAs/InP QDot-NWs due to the lattice mismatch. If the strain profile is not difficult to approximate (lattice parameters and elastic coefficients are known), the situation is different for the calculation of the piezoelectric field.

The piezoelectric polarization (P piezo ) is proportional to the strain tensor (ε jk ) as P piezo = e ijk ε jk, where e ijk is a tensor of piezoelectric constants. In WZ material there are only three non-zero components: e 31 , e 33 and e 15 . However, the piezoelectric coefficients and the spontaneous polarization are not well known for the InAs and InP in WZ crystallographic phase. A first strategy to estimate the piezoelectric coefficients would be to use the quasi cubic approximation which allows us to calculate the WZ piezo constants from the piezo coefficient e 14 of the ZB phase [7.22]: More recently, the coefficients have been calculated by first-principle calculations [7.23]. As shown in Table 7.1, the obtained values differ strongly from those estimated using the quasicubic approximation. We have decided to choose the values given by the first-principle calculations (taken from [7.19]) for our simulations. superlattices [7.24] or InAs/InP NWs [7.19]. The spontaneous polarization is assumed to be rather small for WZ InP: the value is expected to be weaker than that of InN (-0.03 C/m²) [7.24].

Thus, we will neglect the spontaneous polarization in the calculation.

To check the validity of the "Nextnano 3 " software, calculations are first performed using the same material parameters and NW geometry as in [7.19]. In the present calculation, by contrast with the simulation in Chapter 5, the piezoelectricity of the materials is included. For the sake of comparison we assume the round shape of NWs (instead of hexagonal). First, we compare the strain distribution in a WZ InP NW (18 nm in diameter) containing a cylindrical InAs QDot of 8 nm in diameter and in height. Figure 7.5 shows calculated strain distribution in WZ InAs/InP QDot-NWs. In case of diagonal strain components, nearly 2% strain is induced by the lattice mismatch, whereas no strain is observed for xz or yz components. These results are in good agreement with the strain distribution calculated by F. Boxberg et al [7.19] (Figures 7.5.a and 7.5.b). This strain applied to piezoelectric material leads to the carrier separation along Z axis and the resulted potential in Roman Anufriev. Optical properties of InAs/InP nanowire heterostructures (2013) Institut national des sciences appliquées de Lyon
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QDot is shown in Figure 7.6. The potential obtained in our simulation is slightly lower than that obtained in [7.19], but in general the shapes of the potentials are very close. It was also shown by Boxberg et al [7.19] that the piezoelectric field strongly depends on the dimensions of the QDot. To confirm this dependence we simulated QDots of various dimensions, so that the radius (r 1 ) and height (h) of the InAs QDot were varied in 4 -16 nm range. The electric field is defined by the potential difference between the bottom and the top of the QDot divided by the distance between these points. Once the simulation is verified we may proceed to the investigation of the electric field in our QRod-NWs. In this case, height of QRod is much larger than the radius, the ratio of r 1 / r 2 is small and the hexagonal cross section in accordance with a wurtzite NW grown along the [0001] axis is assumed. Figure 7.8 shows the simulated geometry of a WZ InAs/InP QRod-NW and the calculated strain distribution in it. Despite the difference in geometry the strain distribution remains nearly the same as in case of QDot-NWs described previously. However, the spatial potential distribution caused by this strain, is slightly different from that in QDot-NWs (Figure 7.9.a). The minimum and maximum of the potential are localized along the z-axis, close to the InAs/InP interfaces. Contrary to the result obtained in [7.19], the potential profile is not a linear slope inside the QRod. This is a consequence of the big length of the QRod as compared to its diameter. An averaged electric field can be calculated using the potential difference between the two QRod extremities and a field of 40 kV/cm is obtained. The impact of the QRod length and diameter on the electric field is shown in Figure 7.9.b. The average electric field is increasing as the diameter is increased and the length is decreased. This fact is very important for understanding of the existence of the two types of QRod-NWs.
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Indeed, NWs containing QRods of smaller radius and/or larger length must have smaller piezoelectric field and as a consequence smaller PL emission shift due to the QCSE. On the other hand, it is known that QCSE itself depends on the quantum confinement and becomes negligible for QDots of a small radius [7.25 -7.27]. In any event, PL emission shift caused by the piezoelectric field may be radius dependent one way or the other. This explanation is confirmed by our experimental results. Several QRods have been investigated and the linewidth narrowing (measured between 0.002 mW and 0.2 mW) is reported in Figure 7.10 as a function of the QRod emission energy. The FWHM narrowing, which is directly related to the presence of a piezoelectric field, is mainly observed for QRod emitting below 0.87 eV. In these NW heterostructures, the QRod diameter is smaller than the QRod length which means that the emission of the ground state in controlled by the QRod diameter. Therefore, the correlation observed between the linewidth narrowing and the emission energy means that the piezoelectric field is mainly driven by the diameter and increases for bigger diameters. This observation is in agreement with the fact that the QCSE itself depends on the size of a structure and becomes negligible for QDs of a small diameter. It is however not clear which of the two effects is responsible for this phenomenon, strain dependence on radius, QCSE dependence or both.

The second key result is the difference between the theoretical electric field and the measured blueshift of PL emission. Although the measured value is not directly related to the electric field, but controlled by QCSE, its value however is much smaller than expected for such field. This result can be explained assuming that the electric field is already partly screened when we start to see PL emission. Indeed, when the electric field is unscreened, the carriers should be strongly separated along the length of the QRod and, as a consequence, no PL emission is expected. To provide a qualitative explanation of the screening phenomena, we should consider the electric field in a QRod. The spatial distribution of the electric field along the QRod axis in the absence of excitation is illustrated in Figure 7.11.a. When the laser excitation is provided, the electrons and holes are separated in space, and will induce a partial screening of the piezoelectric field. In the following part, we will describe this laser induced electron-hole pair as a dipole where charges are located at the boundaries of the QRod. According to the principle of superposition, the electric field of a dipole is E dipole = E + + E -, where E + and E -are the electric fields of charges q and -q. So according to Coulomb's law the electric field of a dipole can be calculated as:

dipole 0 InAs 1 q q E E E 4 (z h / 2) z h / 2 (z h / 2) z h / 2                       
where z is the coordinate along z axis and h is distance between the charges (i.e. QRod length in our case). The electric field of an electric dipole (h = 40 nm) in shown in Fugure 7.11.b. However, these simulation results only aim to explain the phenomenon of screening qualitatively. Here, we have considered only the electric field in the center of QRods, though the matter may be more complicated since the field is not uniform and the values of potential at the edges of QRods may differ from the values in the center.

Conclusions.

We report on the evidences of the strain-induced piezoelectric field in WZ InAs/InP QRod-NWs. This electric field caused by the lattice mismatch between the InAs and InP results in a QCSE and, as a consequence, affects the optical properties of the structure. Namely, PL emission blueshift and peak narrowing are observed in one group of NWs as the excitation power is increased, in contrast to the other group where no such effects were observed. It was shown that this piezoelectric field could be screened by photogenerated carriers or its impact could be removed by increasing temperature. In this case, above certain values of the excitation power or temperature PL peak position and FWHM were showing the dependences indistinguishable from those of NWs showing no piezoelectric field.

Moreover, the piezoelectric effect was theoretically demonstrated in WZ InAs/InP QRod(QDot)-NW structures and was shown to be in good agreement with the similar results in the literature [7.19]. Summarizing, it is shown that lattice mismatch between NW and QRod materials leads to a considerable strain, which generates a piezoelectric field and carrier separations along the QRod. In this case, the potential depends on the dimensions of the QRod, especially the radius, so that the PL emission shift may be radius dependent. This assumption was confirmed by statistical analysis of the experimental results. It was shown that the NWs exhibiting the piezoelectric field emit at lower energy than those showing no signs of piezoelectric field, so the existence of two groups of NWs may be attributed to the difference in radius of QRods.

In conclusion, it was shown that piezoelectric effect in WZ NW heterostructures could affect the optical properties, decreasing the intensity of PL emission and broadening the emission peak. This effect however can if needed be avoided by designing NW heterostructures with QRods (QDots) of lower dimensions. On the contrary, if the effect is desirable for carrier separation in photovoltaic applications [7.6] the design of heterostructures should suggest the larger possible strain between the components.

Chapter VIII

Quantum efficiency of nanowire heterostructures Semiconductor NW heterostructures are potential building blocks for nanoscale electronics and optoelectronic devices. In recent years, the increasing interest in the use of NW heterostructures for solar cell applications and photonics has been observed [8.1, 8.2]. For these potential applications understanding of recombination processes and the knowledge of such important parameter as the quantum efficiency (QE) are required. Recently some successful results on the former issue were reported [8.3, 8.4]. However, only few works have been published so far on the NW QE. Studies of PL QE of ZnO NWs demonstrated value of the QE in 10 -20% range [8.5, 8.6]. Initial studies on individual CdSe NWs reveal values of emission QE on the order of 0.1% (d = 10 nm, I exc = 150 W/cm 2 ) [8.7]. Occasionally, values up to 20% are reported (d = 7 nm, I exc = 25 W/cm 2 ) [8.8]. This suggests a wide variability of CdSe NW QEs.

Generally, though the values QE are small, their magnitude can be attributed to the numerous defects that NWs possess on their surface. As a point of comparison, CdSe quantum belts, with well-defined surfaces, exhibit the QE up to 30% [8.9]. Moreover, it was demonstrated that QE depends of the NW environment and may be affected by the substrate [8.10]. However, no studies of QE of NW heterostructures were published so far. In this context we study the QE of InAs/InP QWell and QRod NWs grown on Si substrates. In this chapter we present the comparative study where QE and internal QE (IQE) of these NW heterostructures will be investigated at various values of excitation power and compared to the QE of planar analogues.

Sample description.

In 

Experimental method.

In this section we briefly remind the experimental technique for PL QE measurements that was explained in Chapter 3 in details. The PL QE (η) is defined as the ratio of the number of emitted photons to the number of absorbed photons. A standard technique for measuring PL QE involves the use of an integrating sphere [8.6, 8.11 -8.14], where the light is isotropically redistributed over the sphere surface, due to the high reflectance material of the internal surface, so that the possible angular anisotropy of emission [8.15] does not affect the results.

To calculate the QE, it is important to know the absorption of the incident laser beam by the sample. Measurements on NWs freestanding on their as-grown substrate pose a problem of undesirable absorption by the Si substrate. Moreover presence of the substrate may affect the absorption in NWs [8.10]. To avoid these problems, the NWs were transferred onto a sticky tape, transparent for both laser light and near infrared emission of the NWs, and emitting no light in considered range of wavelengths (see Chapter 3.6). As explained in Chapter 3.4, the method similar the one developed by de Mello et al [8.12] is used for the PL QE measurements. In this case experiments in three different configurations, illustrated in Figure 8.2, are required. where the absorption coefficient is now defined as A = 1 -L c / L a . For all the samples the condition of zero-overlap between absorption and emission spectra is satisfied, since the laser light is absorbed in the InP layers, while InAs active regions are emitting in the 0.8 -1.1 eV range. On this account we can neglect the effects of reabsorption and reemission [8.16, 8.17]. In both cases emission intensity of planar samples is much higher than that of NW samples. On the other hand this high intensity is certainly related to a much stronger absorption in these samples. To calculate the QE of the samples, it is necessary to measure the area under the laser profiles (L a and L c ) and PL profile (P c ). The values of absorption and QE calculated from Eq. 8.2

Roman

are presented in the Table 1. It is difficult to assess the scale of any systematic errors, so to estimate the error we used the difference between the results obtained on different spots of the samples. The values of absorption (A) demonstrate a remarkable similarity among both NW samples (A = 0. 34 -0.35) and planar structure samples (A = 0.71 -0.72). This is not surprising, taking into account that the outer structure, responsible for the absorption, is the same for both samples of each class.

Moreover, the absorption values of 0.71 -0.72 is in good agreement with the fact that a 31% reflection can be estimated for a normal laser beam at the air/InP interface. Both QWell-NWs and QRod-NWs are based on WZ InP NWs while QWell and QDash samples are both covered by ZB InP capping layers. The values of η show that QWell-NWs have QE comparable to that of the planar QWell (0.8 -0.9%). The QRod-NWs, however, demonstrate significantly lower QE (0.2%), while the QDash sample has the highest QE of all investigated samples (5.3%).

In order to explain these values, the PL spectroscopy has been conducted at various values of excitation power and temperatures. Figure 8.5 shows PL intensity and QE of the samples as a function of the excitation power, while the ratio of the PL intensity at low temperature (10 K) to intensity at room temperature is reported in Table 8.2 for above (671 nm laser) and below (1064 nm laser) InP band gap excitation. These values may be considered as parameter reflecting the quality of the active regions. The small difference between the values in the Table 8.2 and those obtained in Chapter 5 is explained by the difference in power and wavelength of the used lasers. For the QWell sample the slope of the PL intensity dependence on the excitation power is close to 2 (Figure 8.5.a). This value means that the nature of the PL recombination in this QWell is dominated by nonradiative recombination of uncorrelated electron-hole pairs [8.18]. This is in agreement with the small value (as compared to kT) of the exciton binding energy, which is around 1 meV in bulk InAs and thus in the 1 -4 meV range for an InAs QWell [8.19]. In case of QWell-NWs, the slope is closer to one and, as a consequence, should be related to radiative recombination of uncorrelated electron-hole pairs. However, when the sample is excited below the WZ InP band gap, a strong decrease of the PL intensity with increase of temperature (I 10K / I 300K = 50) is observed (Table 8.2) and we have to conclude that, at room temperature, the emission is dominated by nonradiative processes related to excitonic recombination. The difference between the values for below and above InP band gap excitation is explained by weaker excitation density in the former case, so we assume that in the case of the QWell-NWs not all the defect states are saturated at below band gap excitation.

The observation of an excitonic recombination at room temperature could be explained if the recombination process take place in localized states of the radial QWell [8.20] where the exciton binding energy would be bigger. If 100% internal quantum efficiency (IQE) is assumed at 10 K, the 50-fold decrease of the PL intensity with temperature means that the maximum IQE at room temperature is 2%. Thus, the measured QE of the QWell-NWs (0.9% at room temperature) is limited by the low value of the IQE. Indeed, as was demonstrated earlier in Chapter 5, the thickness of a radial QWell is not uniform, but may vary from the bottom to the top, or depending on the facet. When the NWs are removed from the Si substrate, the bottom section of the QWell is directly in contact with the bottom interface. This bottom part is probably where the thickness of the QWell is the biggest because the probability for the adatoms to reach the catalyst during the growth is weaker. Thus, we can assume that a part of the registered emission takes place very close to the surface and are impacted by nonradiative processes. Therefore, the PL emission at room temperature is mainly related to nonradiative excitonic recombination, process which is compatible with a slope equal to one [8.18]. On the contrary, the low QE of the QWell sample is explained by the relatively low excitation power: an increase of the excitation power will favor the radiative bimolecular recombination over the nonradiative processes and increase the QE as observed in Figure 8.5.b. As far as the QDash and QRod-NW samples are concerned, the situation is different. Both samples show a linear dependence of the PL intensity with the excitation power (Figure 8.5.a).

Moreover these samples reveal good optical properties at room temperature. For above band gap excitation, the ratio I 10K / I 300K was found to be equal to 2.6 and 3.7 for the QDash and QRod-NW samples, correspondingly. These values are close to the best reported values for InAs(P)/InP quantum dots and dashes [8.21, 8.22]. Below InP band-gap excitation confirms the good quality of these emitters: nearly no PL decrease is recorded for the QDash sample and a 2.2 ratio is obtained for the QRod-NW sample. Thus, the strong difference of QE between these two samples 

General conclusions

In this general conclusion we will briefly summarize the main results presented in this thesis. In the beginning we described the optimization of the growth conditions in order to obtain InP NWs with a pure WZ crystallographic structure. After that, growth technique was modified.

Adding growth interruption to allow a flux switching, we obtained a procedure to grow NW heterostructures. Then the growth conditions were optimized to obtain QRod-NWs without parasitic heterostructures, such as radial QWell. Finally, three types of WZ NW samples were obtained: pure InP NWs, InAs/InP radial QWell-NWs and InAs/InP QRod-NWs.

The investigation of the optical properties was started with low temperature PL spectroscopy of WZ InP NWs grown at various temperatures. Most of the samples showed clear signs of type II recombination at the WZ/ZB interface, while only NWs grown at 420° C demonstrated a single peak attributed to WZ InP, which confirmed quality of this sample.

FWHM of this peak was found to be relatively close to the best values reported on single InP

NWs at low temperature. The value of FWHM = 6 meV was also confirmed by μPL study on single InP NWs.

The next part of Chapter IV was mostly devoted to a study of the impact of the hostsubstrate on the optical properties of InP NWs. It was shown that the influence of a host-substrate could have significant impacts on the optical properties of NWs, due to the strain, created by the difference in the thermal expansion coefficients of the NWs and the host-substrate, and due to some other surface effects. More specifically, the µPL emission energy may be changed depending on the host-substrate material, while the shift of the emission energy as a function of excitation power and its FWHM may be related to the surface charges affecting the band bending and be different from one substrate to another and from one day to another. Accordingly, consideration of these effects may serve for a better understanding of some recently published results and should be taken into account whenever µPL results on transferred NWs are considered.

Chapter V is focused on the optical properties of NW heterostructures studied by means of PL spectroscopy and simulated theoretically. PL spectra of WZ InAs/InP QWell-NWs revealed multiple peaks, each of which was attributed to a specific thickness of the radial QWell, while μPL spectra showed groups of peaks which could be associated with the peaks and shoulders in the PL spectra. This attribution was confirmed by theoretical calculations, where the QWell emission energy was simulated as a function of the QWell thickness.

As far as QRod-NW heterostructures are concerned, it was demonstrated that intensity of room temperature PL emission remains as high as 30% of its value at 14 K. μPL measurements revealed the presence of two peaks which were attributed to A and B-band emission energies, in agreement with the band splitting calculation. Low temperature spectra demonstrated that each band is composed of several peaks. It was theoretically shown that the energy difference between these states, observed at low temperature, depends on the length of the QRod. On the other hand, the diameter of QRods, was demonstrated to be the main factor that controls the energy of PL emission and the splitting between A and B bands. The calculated energy of the QRod ground state was found to be in agreement with the experimental value. Finally, both QWell-NWs and QRod-NWs were demonstrated to be particularly interesting for III-V emitters on silicon due to their ability to reach 1.3 and 1.55 µm emission wavelengths.

The polarization properties of single InP NWs, InAs/InP QWell-NWs, InAs/InP QRod-NWs and ensembles of the InAs/InP QRod-NWs were studied by means of PL spectroscopy in Chapter VI. Polarization anisotropy of absorption was attributed to the dielectric confinement that results in the inhibition of the perpendicular component of PL emission. This assumption was found to be in agreement with theoretical calculation which demonstrated that DLP a , estimated from LFA model, is in agreement with that obtained from experiments on InAs/InP QRod-NWs.

On the contrary, the polarization of emission was shown to be determined mostly by selection rule of WZ material for InP NWs. On the other hand, it does not seem to be the case for NW heterostructures. QWell-NWs demonstrated maximum emission polarized parallel to the NW axis with DLP e in 0.4 -0.8 range, while QRod-NWs demonstrated very strong polarization anisotropy of emission (DLP e = 0.94). Due to the small "NW diameter / Emission wavelength" ratio of the InAs/InP heterostructure NWs, we concluded that the anisotropy was mainly caused by the inhibition of the PL emission perpendicular to the NW axis. Moreover, it was demonstrated that the polarization properties of the single QRod-NWs can be studied directly on a NW ensemble still on its as-grown substrate. Polarization anisotropy of the NW ensembles was in agreement with theoretical predictions and could be correlated with the properties of single NWs in the scope of the proposed model. Furthermore, using this approach, the polarization anisotropy of the NWs was investigated as a function of excitation wavelength and temperature. A clear increase of the polarization ratio was observed as the excitation wavelength was increased in agreement with the theoretical prediction. So it was shown that the NW ensembles may be used to study the polarization properties of NWs.

The next chapter was devoted to the experimental observation of strain-induced piezoelectric field in WZ InAs/InP QRod-NWs, and theoretical calculations confirming this assumption. The piezoelectric field, caused by the strain due to the lattice mismatch between A. où τ est la force de friction, E le module d'Young, L 0 la longueur du nanofil et w la largeur de contact entre le nanofil et le substrat. Dans le cas d'une nanostructure de géométrie isotrope, la déformation maximale serait de l'ordre du ratio τ / E soit de l'ordre de 10 -5 . Mais dans le cas des nanofils ce ratio doit être multiplié par le rapport L 0 /w qui est de l'ordre de 100 pour nos nanofils InP. On peut donc supposer que nos nanofils sont capables d'accommoder des déformations de l'ordre de 10 -4 à 10 -3 , valeurs suffisamment grandes pour être détectables en µPL.

Nous avons décidé de faire une étude plus approfondie de ce problème en essayant de contrainte en tension mais aussi en compression des nanofils InP. Nous avons transféré des nanofils d'InP provenant d'une même épitaxie sur trois substrats différents :

-Un substrat silicium, substrat assez standard dans la littérature pour le transfert de nanofils, dont le coefficient d'expansion thermique à 300 K est de 2,6•10 -6 °C-1 .

-Un substrat InP en phase cubique dont le coefficient d'expansion à 300 K est de 4,6•10 - 6 °C-1 . En raison de la différence de gap de l'ordre de 70 meV entre la phase hexagonale est la phase cubique, il n'y a pas de risque que la PL du substrat ne recouvre le signal provenant des nanofils.

-Un substrat SrTiO 3 (STO) dont le coefficient d'expansion à 300 K est de 9,4•10 -6 . Ce 
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 11 Figure 1.1: Template-directed NW growth techniques. (a) Nanowire growth directed by a template. (b) V-groove template-directed growth.
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 12 Figure 1.2: Freestanding NW growth techniques. (a) Particle-assisted freestanding nanowire growth. (b) Particle-free (self-assembled) freestanding nanowire growth.
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 15 Figure 1.5: Scheme of energy band structures of ZB and WZ semiconductors.
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 16 Figure 1.6: Scheme of the compact NW light source able to emit photons in the Si waveguide.
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 21 Figure 2.1: Bright-field STEM images of InP NWs grown with a V/III BEP ratio of 6 (a), 10 (b), 14 (c) and 19 (d).

  2.a), while the samples grown at 380° C and 420° C have very low density in the range of 0 -5 μm -1 (Figure 2.2.b). The sample grown at 500° C has the highest density of ZB segments in the 150 -500 μm -1 range (Figure 2.2.c). The density of ZB segments as a function of the growth temperature is shown in Figure 2.2.d.
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 22 Figure 2.2: Bright-field STEM images of InP NWs grown at 340° C (a), 380° C (b) and 500° C (c). (d) ZB segment density and (e) axial growth rate as a function of the growth temperature.
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 2323 Figure 2.3: Transmission electron microscopy (STEM) (a) and scanning electron microscopy (SEM) (b) images of InP NWs.
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 24 Figure 2.4: Schemes of the growth procedures without (a) and with (b) In flux interruption.
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 25 Figure 2.5: SEM images of InAs/InP NWs grown without (a) and with (b) interruption of indium flux.
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 26 Figure 2.6: HAADF-STEM image of an InAs/InP NW containing an InAs insertion (solid arrow) and an InAs radial QWell (dashed arrow). Inset: close-up view of the InAs segment.
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 27 Figure 2.7: Scheme of the InAs/InP QRod-NW growth procedure.
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 28 Figure 2.8: (a) HAADF-STEM images of an InAs/InP QRod-NW showing an InAs QRod at the bottom part of the NW (the images are upside-down). (b) Close-up view of the InAs QRod.

Figure 2 .

 2 Figure 2.8 shows HAADF-STEM images of obtained QRod-NWs. The diameter and the length of the InAs QRod, measured by HAADF-STEM imaging on a dozen of different NWs, range from 8 to 11 nm and from 40 to 135 nm, respectively, while the diameter and the length of the QRod-NWs range from 60 to 100 nm and from 2 to 4 μm, respectively, depending on the diameter of the catalyst droplet. As it is evidenced by the selected area electron diffraction (SAED) patterns, the NWs have the usual WZ structure with the [0001] axis along the NW growth direction for both InP and InAs materials. Due to the high V/III BEP ratio used for the InP growth, no stacking faults or cubic segments are observed in the NWs.
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 29 Figure 2.9: SEM images of the QR-NWs grown on (001) (a) and (111) (b) oriented Si substrates.
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 210 Figure 2.10: Schemes of the obtained samples. Pure WZ InP NWs (a), WZ InAs/InP radial QWell-NWs (b) and WZ InAs/InP QRod-NWs (c).

Figure 3 . 1 :

 31 Figure 3.1: Scheme of the photoluminescence phenomenon.
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 32 Figure 3.2: Scheme of the PL setup.

Figure 3 . 3 :

 33 Figure 3.3: Scheme of the μPL setup.
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 34 Figure 3.4: Scheme of PL setup for quantum efficiency measurements.
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 443535 Figure 3.5: Schemes illustrating three configurations of the sphere typically used for the QE measurement: (a) empty sphere: (b) laser beam is focused on a wall and the sample is excited indirectly; (c) the sample is excited directly.
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 36 Figure 3.6: SEM images of NWs stuck together after the mechanical transfer (a) and NWs spread on the surface after the liquid transfer (b).
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 37 Figure 3.7: Optical microscopy image of NWs on as-grown substrate (a) and NWs transferred onto a sticky tape (b) with the similar density and orientation.
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 41 Figure 4.1: Principle scheme of type II recombination mechanism.
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 42 Figure 4.2: Bright-field STEM images of InP NWs grown at 340° (a), 380° (b), 420° (c) and 460° C (c). (d) PL spectra of these NWs. Excitation power is 5 mW and temperature is 14 K.
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 43 Figure 4.3: PL spectrum of NWs grown at 420° C and a micro-PL spectrum on of single NW from this sample.
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 4 4.a). This tensile strain was interpreted as a consequence of the difference in the linear thermal expansion coefficients (LTEC) of the substrate and the NW. That is being relaxed at room temperature, the NWs are strained during the cooling of the sample (Figure 4.4.b).
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 44 Figure 4.4: Images from [4.24]. (a) Low-temperature PL spectrum of a GaN nanowire (12.7 μm length and 425 nm diameter) dispersed on a fused silica substrate. The vertical dashed line indicates the strain-free position of the peak. (b) The emission energies as a function of temperature. Triangles and circles represent strained and strain-free NWs, respectively.
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  -1.732 • d = 8.7 eV (where d is the shear deformation potential of ZB InP

Figure 4 . 5 :

 45 Figure 4.5: Scheme of the substrate-induce strain. A NW unstrained at room temperature, becomes either stretched or squeezed, depending on the substrate, silicon (Si) or SrTiO 3 (STO), as temperature is decreased.
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 46 Figure 4.6: Room temperature µPL emission of the NWs transferred on different substrates.
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 47 the typical low temperature (10 K) µPL emission spectra of InP NWs transferred on different host-substrates. This experimental result appears to be in agreement with the theory explained above. The redshift (shift to lower energies), observed for the NWs transferred on the
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 47 Figure 4.7: Low temperature (10K) µPL emission peak shift for the NWs transferred on different substrates (excitation power ≈ 5mW).
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 4 8 shows the statistical distribution of the peak position in the spectra of all the measured NWs. The dashed line represents the emission energy of the as-grown sample.
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 48 Figure 4.8: Statistical distribution of the µPL emission peak position of InP NWs on different substrates at low temperature (10 K).

  setup from Attolight AG. 27 NWs have been investigated by CL. The investigation was focused only on NWs that are not in contact with other NWs to avoid any unexpected interaction. The obtained distribution is shown in Figure 4.9.a. A blueshift of the CL emission energy is observed on the majority of NWs emitting in the 1.495 -1.505 eV range, which confirms the result obtained previously.
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 49 Figure 4.9: Results of CL measurements. (a) Statistical distribution of the emission energy for NWs transferred on the SrTiO 3 substrate. (b) Emission energy of these NWs as a function of their length. The red line is a guide for the eyes.

  Figure 4.9.b shows the CL peak position of the NWs as a function of their length. A trend seems to emerge between the emission energy and the length of the NW in agreement with Eq. 4.1: longer NW can accommodate a bigger strain. However, few long NWs (length between 4 and 6 µm) are not strained despite the fact they seem to lie directly on the substrate. This may be explained if we assume a strong fluctuation of the shear strength from one NW to another regardless the size.
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 63410 Figure 4.10: PL emission blueshift for NWs transferred on the SrTiO 3 host-substrate as compared to NWs transferred on the InP host-substrate as a function of temperature.

Figure 4 .

 4 11 shows typical excitation power dependences of the emission energy from various NWs measured on different substrates and the as-grown sample in different days (solid or dashed lines). Each line represents the behavior of several similar NWs.
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 411 Figure 4.11: Energy of µPL emission as a function of the excitation power (100% = 5 mW).Solid and dashed lines hold for records performed on different days.
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 412 Figure 4.12: Correlation between the magnitude of the blueshift as the excitation power is increased and FWHM of PL emission peak at high excitation power. Shaded and open symbols represent data recorded on different days.

Figure 4 .

 4 Figure 4.13 reflects our interpretation of this correlation. At low excitation power, the emission of a NW is redshifted (i.e. takes place at lower energy) as compared to the band gap.
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 41347 Figure 4.13: Scheme of the band bending at the NW/Substrate interface depending on the density of the surface carriers. Figures (a) and (b) represent the case of relatively low excitation power. The case of high excitation power is shown in figures (c) and (d).
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 731 Introduction.In recent years semiconductor NW heterostructures have attracted considerable interest.Number of reports were published on fabrication and characterization of such types of heterostructures as QDot-NWs [5.1 -5.4], 5.6] and QWell-NWs usually referred as core-shell [5.7 -5.10] and core-multishell [5.11 -5.14] NWs. Optical properties of these heterostructures are often studied by means of (μ)PL spectroscopy. Core-shell structures usually exhibit relatively broad emission peaks or sometimes demonstrate multiple peaks of emission, attributed to the variations of the shell thickness [5.8, 5.11, 5.12]. As far as QDot-like structures are concerned, single sharp peaks with values of FWHM as small as 0.12 meV [5.4], 0.2 meV [5.1], and 0.05 -0.2 meV [5.2] are typically reported for PL emission at low temperature and the peak is usually attributed to excitonic emission.

  Figure 5.1. The low temperature spectrum consists of multiple peaks in the 0.8 -1.3 eV range, whereas the room temperature spectrum demonstrates a single broad peak of emission.
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 51 Figure 5.1: Changes in the PL spectrum of the QWell-NWs on Si(001) substrate with temperature.

  by 20 -30 meV, which might be explained by differences in strain due to the different core size and different temperature of the measurements. Increase of the temperature results in carrier transfer to the thicker segments (Figure5.2.b), so only low energy peaks are observed at room temperature. The emission of InAs QRod insertion is assumed to be negligible as compared to the emission of radial QWell, due to the huge difference in length.

Figure 5 . 2 :

 52 Figure 5.2: Schemes of carrier recombination in QWell-NWs at room and low temperatures.

Figure 5 . 3 :

 53 Figure 5.3: The Arrhenius plot of the integrated PL intensity of the whole emission band. Dots are the experimental points and the solid line is the corresponding fit.

Figure 5 . 4 :

 54 Figure 5.4: Low temperature μPL spectra of several NWs (P ex = 150 µW) compared to PL spectrum of the NWs on the as-grown Si (111) substrate.

Figure 5 . 5 :

 55 Figure 5.5: Band offset alignment for InAs and InP materials in ZB and WZ forms.

  [5.25, 5.26]. Figure5.5 shows the band offset alignment we have decided to use. In the case of WZ InP, we have assumed the band gap of 1.498 eV: we have observed a PL emission at 1.493 eV and we have added an estimated 5 meV exciton binding energy. The values of the band offset are estimated from[5.27]. In case of WZ InAs, we use the value of 0.481 eV obtained theoretically in [5.25, 5.26]. The values of InAs band offsets were estimated using[5.26]. The set of parameters used in this work is listed in section 5.7 of the present Chapter. Now we proceed to a study of the quantum confinement effect and its role in the obtained experimental results. First we aim to demonstrate the effect of quantum confinement in radial QWell-NWs and how the emission energy depends on the QWell thickness. Figure 5.6 illustrates our assumption of correspondence of different PL emission peaks to different thicknesses of radial QWell. Taking into account PL results on both Si(001) and Si(111) substrates, we may obtain values of emission energy attributed to each number of MLs, though the integer constant n is not certain. Peak attributed to (n + 1) MLs is not present in these spectra, but was observed on other samples.

Figure 5 . 6 :

 56 Figure 5.6: Low temperature PL spectra of QWell-NWs on Si(001) and Si(111) substrates. Dashed lines show the assumed positions of emission energy from segments with different thickness.

Figure 5 . 7 :

 57 Figure 5.7: Scheme of the simulated WZ InAs/InP QWell.

Figure 5 . 8 : 82 5. 4

 58824 Figure 5.8: Peak positions in PL emission spectra of QWell-NWs as a function of assumed thickness of radial QWell. Dots represent experimental points and solid curve shows simulation result for a planar QWell.

Figure 5 . 9 :

 59 Figure 5.9: Changes in the PL spectrum of the QRod-NWs on as-grown substrate with temperature.

Figure 5 . 10 :

 510 Figure 5.10: Lifetime decay curve for the ground state, measured at room temperature.

  Optical properties of InAs/InP nanowire heterostructures (2013) Institut national des sciences appliquées de Lyon 84To study the emission of QRod-NWs in more details the experiments on single NWs transferred on a host-substrate were conducted using the μPL setup. Figure5.11 shows the room temperature µPL spectra of a single InAs/InP QRod-NW for various values of excitation power.

Figure 5 . 11 :

 511 Figure 5.11: Room temperature µPL spectra of a single QRod-NW for various values of excitation power.

  [5.25], this calculation gives a value of ΔE = 105 meV. More recently, different values (Δ so = 0.356 eV and Δ cr = 0.095 eV) have been reported in[5.26], which gives the value of ΔE = 57 meV. The difference between experimental value of ΔE and those calculated from the Eq. 5.1 is not surprising, taking into account the quantum confinement regime and the fact that the InAs QRods are strained in the NWs due to the lattice mismatch between InAs and InP.

Figure 5 . 12 :

 512 Figure 5.12: Low temperature µPL spectra of a single QRod-NW for various values of excitation power.

  Figure5.12 shows low temperature µPL spectra of a single QRod-NW for various values of excitation power. A single peak of the ground state at 0.87 eV is observed at low excitation power. As the excitation power is increased the appearance of excited states is observed. At high excitation power the spectrum also demonstrates the emission of Bband at 0.96 eV, which, as well as A-band, consists of multiple peaks corresponding to different excited states. FWHM of the ground state peak at low temperature was measured on different NWs in 4 -17 meV range. These values are clearly larger than those typically reported for QDot-NWs [5.1, 5.4]. Detailed investigation of the origin of this broadening and its excitation power dependence will be presented in Chapter 7.Roman Anufriev. Optical properties of InAs/InP nanowire heterostructures (2013)Institut national des sciences appliquées de Lyon 865.5 Simulation of QRod-NWs.In order to understand the emission of these QRod-NWs we simulate these heterostructures for different values of length and diameters. To begin, we will consider the emission energy of WZ InAs material. The band gap of WZ InAs is known to be approximately 0.481 eV at low temperature [5.25, 5.26]. Despite this fact, PL experiments demonstrated PL emission energy higher than 0.85 eV at 14 K for both QWell-NWs and QRod-NWs. To explain this difference we consider the impacts of various factors on the emission energy.

Figure 5 . 13 :

 513 Figure 5.13: Calculated energy of the ground state in three cases: bulk WZ InAs material, unstrained WZ InAs QRod of 8 nm diameter and the same QRod under the strain caused by lattice mismatch with WZ InP.

Figure 5 .

 5 Figure 5.13 shows calculated energies of the ground state in three cases: bulk WZ InAs material, unstrained WZ InAs QRod of 8 nm in diameter and the same QRod under the strain caused by lattice mismatch with WZ InP. It is shown that the effect of quantum confinement may

Figure 5 . 14 :

 514 Figure 5.14: Scheme of the simulated QRod-NW.

Figure 5 . 15 :

 515 Figure 5.15: Simulated energy level structure of QRod-NWs.

  , where probability distribution of the carriers at each energy level are shown in vertical slices of the QRod. Carriers of conduction and B bands demonstrate the classical probability distributions, while the heavy holes (A-band), in contrast to unstrained QRod, are localized at the boundaries of the QRod. This localization results in a strong decrease of the electron -heavy hole recombination rate.

Figure 5 . 16 :

 516 Figure 5.16: Probability distribution of carriers in different states at different bands for a strained InAs QRod (d = 8 nm, l = 40 nm) in an InP NW. Figure shows cross sections of the QRod (dashed line) in XZ plane.

Figure 5 . 17 :

 517 Figure 5.17: Energy difference between excited states in conduction and valence bands as a function of QRod diameter.

Figure 5 . 18 :

 518 Figure 5.18: Energy difference between excited states in conduction and valence bands as a function of QRod length.
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  and I  are the emission intensities (index "e") with the polarization parallel and perpendicular to the NW growth axis. On the analogy with DLP of emission, DLP of absorption (index "a") is defined as: and I  are the emission intensities measured when the excitation was parallel and perpendicular to the NW axis, respectively. It is assumed that the number of absorbed photons is proportional to the number of emitted photons, so measuring the PL emission of the sample we can calculate DLP of absorption.

  Optical properties of InAs/InP nanowire heterostructures (2013) Institut national des sciences appliquées de Lyon 103where ε and ε 0 are dielectric constants of the cylinder and vacuum, respectively. However, this is only true for NWs of the diameter much smaller than the wavelength (D/λ ≪ 1) and decrease of polarization ratio with increase of the diameter was clearly demonstrated in[6.8] (Figure6.1).

Figure 6 . 1 :

 61 Figure 6.1: Image from [6.8].The polarization ratio of μPL emission from single GaN nanorods with different diameters.

Figure 6 . 2 :

 62 Figure 6.2: Image from [6.30]. Scheme of a collection system and calculated angular dependence of the ratio of emission intensities (γ).

Figure 6 . 3 :

 63 Figure 6.3: Room temperature µPL spectra of a single InP NW with different polarization of emission.

Figure 6 .

 6 Figure 6.3 shows room temperature µPL spectra of a typical single InP NW for different polarizations of emission. Fitting these spectra with two Gaussians (one for each band), the values of DLP e for A and B bands were found to be -0.62 and 0.11, respectively. The negative value on A-band and low value on B-band shows that in this NW the WZ selection rule seems to be dominating. On the other hand, according to the model ofChuang and Chang [6.21], using the parameters of WZ InP (Δ 1 = 0.144, Δ 2 = Δ 3 = 0.026, m e|| = 0.105, m e = 0.088 and E g = 1.49 eV) and assuming absence of strain in our free standing NWs, the following values of DLP e for the different bands may be obtained from Table6.3: DLP A-band = -1, DLP B-band = -0.74 and DLP C-band = 0.93. So the strong negative values of DLP e for both A and B bands are expected in theory. In practice, different results were obtained on different InP NWs, and even positive DLP values of both A and B bands were observed on some of them. This difference is attributed to variations of NW diameter. The diameter of the InP NWs ranges from 80 to 120 nm. So we assume that the dielectric confinement effect may overcome the impact of the selection rule for NWs of smaller diameter.

Figure 6 . 5 :

 65 Figure 6.5: Degree of linear polarization as a function of the emission energy.

Figure 6 . 6 :

 66 Figure 6.6: µPL spectra of a single InAs/InP QRod-NW for different polarizations of absorption (a) and emission measured at room (b) and low (c) temperatures.

Figure 6 .

 6 Figure 6.6.a shows µPL emission spectra measured using different polarization of excitation at room temperature, while no selection made for collection. The measured DLP avaries from one NW to another, but on the average is equal to 0.5. This distribution can be explained by the difference in diameter from one NW to another. On the contrary, when polarization anisotropy of emission was investigated under non-polarized excitation at room temperature, the DLP e was found to be the same for all measured NWs and equal to 0.94(Figure 4.6.b). This value is similar to that observed for InAsP QDot-NWs with very different QDot

Figure 6 . 7 :

 67 Figure 6.7: Scheme of axes and angles relative to NWs and SEM images of the surface of the as-grown (001) (a) and (111) samples (b).

Figure 6 . 8 :

 68 Figure 6.8: (a) X-ray diffraction pole figure of the NWs on (111) sample. Black and white arrows show the spots located at γ = 19.5° and γ = 90° respectively. (b) Azimuthal cross section of the intensity.

Figure 6 . 9 :

 69 Figure 6.9: Intensity of emission of QRod-NW ensembles as a function of the polarization of the absorption and collection. For (001) sample (a) and (111) sample (b).

Figure 6 .

 6 Figure 6.9.b demonstrates the results of the same experiment but performed on the Si(111) sample. In this geometry, as it was already observed for a "NW tripod"[6.37], the intensity shows oscillations as a function of φ ex at any φ col , having maximums when these angles are equal. Slightly different oscillation amplitudes at different values of φ col and positions of the peaks indicate disproportion in distribution of NWs along different directions and that is one of the reasons why we prefer to focus on the (001) substrate in the following study.

Figure 6 . 10 :

 610 Figure 6.10: Calculated polarization anisotropies of QRod-NW ensembles of different kind.

Figure 6 .Figure 6 . 9 . 118 Figure 6 . 11 :

 669118611 Figure 6.11 represents the agreement of the theory explained above and the data of the Figure6.9. The dots represent the measured values of emission intensity, polarized at φ col = 0° and φ col = 120° for Si(001) and Si[START_REF] Law | Nanowire dye-sensitized solar cells[END_REF] substrates correspondingly, as a function of the polarization of excitation. Solid lines show the result predicted from the model, where the parameters were taken from measurements of single NWs (DLP a = 0.48 and DLP e = 0.94). The parameter ξ (001) = N γ=35°/ N γ=74°, which reflects the ratio between the amounts of NWs inclined at different angles, remains uncertain, and is used as a degree of freedom. To obtain the best fit, ξ (001) = 4 was taken (Figure6.10.a). This value seems to be reasonable being in agreement with SEM images.

Figure 6 . 12 :

 612 Figure 6.12: DLP* e as a function of excitation wavelength. The results from 2 different places on the sample are presented by dots of different shapes. Solid line represents simulation result for a NW with the diameter of 100 nm. The sample was excited by the light with the width of spectral line of about 50 nm, thus each dot should be considered as an average value in ± 25 nm range.

Figure 6 . 12 :

 612 Figure 6.12: Temperature dependence of DLP* a . The increase of the DLP with time is shown at 300K.

Figure 7 . 1 :

 71 Figure 7.1: Scheme of processes leading from lattice mismatch to the PL emission shift.

Figure 7 . 2 :

 72 Figure 7.2: Normalized spectra of µPL emission at different values of excitation power measured on NW-A (a) and NW-B (b) at temperature of 10K. Dashed lines are guides to the eye.

Figure 7 . 3 :

 73 Figure 7.3: Position of the µPL emission peak (a, b) and FWHM (c, d) as functions of excitation power, measured on NW-A and NW-B at temperature of 10 K.
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  Figures 7.4.a and 7.4.b show the evolution of FWHM with temperature. For the NW-A, where no piezoelectric field was observed, the dependence is linear, and the difference between the values of FWHM, measured at different values of excitation power, remains small (Figure 7.4.a).

Figure 7 . 4 :

 74 Figure 7.4: FWHM, measured on NW-A (a) and NW-B (b) at different values excitation power, as a function of temperature. Dashed lines represent theoretical fit. (c) Blueshift of the emission peak of NW-B in 0.005 -0.2 mW range as a function of temperature. The inner plots show the position of the peak dependence on the excitation power at 10 K and 50 K. (d) Normalized integrated µPL intensity as a function of the excitation power. The red line shows the linear dependence proportional to one.

Figures

  Figures 7.4.a and 7.4.b represent the Bose-Einstein statistics:

Figure 7 . 5 :

 75 Figure 7.5: Calculated strain distribution in WZ InAs/InP QDot-NWs. (a) Results from [7.19]. (b) Results obtained in this work. (c) Schematic illustration of QDot-NW geometry.

Figure 7 . 6 :

 76 Figure 7.6: Potential in WZ InAs/InP QDot-NWs calculated in [7.19] (a) and in this work (b).

Figure 7 . 7 :

 77 Figure 7.7: Electric field in a QDot as a function of its dimensions (h is height of QDot, r 1 and r 2 are radiuses of QDot and NW correspondingly).

Figure 7 .

 7 Figure 7.7 shows principal agreement of electric field dependence on the QDot dimensionsbetween that calculated in this work and in[7.19]. So we may conclude that the piezoelectric field, being dependent on the strain, depends on the QDot dimensions as a consequence.
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Figure 7 . 8 :

 78 Figure 7.8: Schematic illustration of QRod-NW geometry and calculated strain distribution in a WZ InAs/InP QRod-NW.

Figure 7 . 9 :

 79 Figure 7.9: (a) Calculated potential in WZ InAs/InP QRod-NW NW along the NW axis and (b) the electric field in a QRod as a function of its dimensions. The blue region shows the range of diameters measured in our QRod-NWs.

Figure 7 . 10 :

 710 Figure 7.10: Narrowing of the PL emission peak as a function of the emission energy for the NWs of the two types.
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Figure 7 . 11 :

 711 Figure 7.11: Calculated electric field profile in WZ InAs/InP QRod-NW (a) and the electric field profile of an electric dipole (b).

Figure 7 . 12 :

 712 Figure 7.12: Electric field screeaning by an electric dipole.

Figure 7 . 13 :

 713 Figure 7.13: Screening of a piezoelectric field by e-h pairs. (a) Spatial distribution of the electric field for different number of e-h pairs in a QRod of 4 nm in radius and (b) electric field in the center of QRods of various radiuses as a function of the number of electron-hole pairs.

  the present chapter we investigate the QE of both QWell and QRod NW heterostructures, studied in preceding chapters. The former consist of an InP core surrounded by a few monolayer InAs shell which is capped by a thick InP shell, while the later contains only a single InAs QRod in each InP NW (see Chapter 2). It is important to remind that HAADF-STEM imaging, carried out on both NW samples, showed that QWell-NWs consisted of a few monolayer thick InAs QWell with an inner 14 nm-thick InP core and an outer 30 nm-thick InP shell formed during the subsequent InP growth (Figure 8.1.a). A QRod-NW contains an InAs QRod of the 8 -11 nm diameter and 45 -135 nm length (Figure 8.1.b).

Figure 8 . 1 :

 81 Figure 8.1: HAADF-STEM images of InAs/InP radial QWell (a) and QRod (b) NWs and corresponding cross-sectional schemes. (c) Schematically illustrated samples of different types.

Figure 8 . 2 :

 82 Figure 8.2: Schemes illustrating three configurations of the sphere typically used for the QE measurement.
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 84 Anufriev. Optical properties of InAs/InP nanowire heterostructures (2013) Institut national des sciences appliquées de Lyon 149 Results and discussion. To illustrate this technique, the PL spectra obtained on QWell and QWell-NWs in A and C configurations are shown in Figure 8.3.

Figure 8 . 3 :

 83 Figure 8.3: Laser lines and emission spectra of QWell (dashed line) and QWell-NWs (solid line) in C configuration and laser line in the A configuration.

Figure 8 . 4 :

 84 Figure 8.4: Laser lines and emission spectra of QRod-NWs (solid line) and QDash (dashed line) samples in C configuration and laser line in the A configuration.

Figure 8 . 5 :

 85 Figure 8.5: PL intensity (a) and PL QE (b) as a function of the excitation power. Dashed lines are guide to the eye.

162 A. 1

 1621 Introduction.Ce travail de thèse porte sur l'étude des propriétés optiques de nanofils InP et d'hétérostructures nanofils InAs/InP épitaxiés sur substrat silicium.Les nanofils de semiconducteurs III-V sont très étudiés depuis quelques années en raison de leur fort potentiel d'applications aussi bien en photonique intégrée, en (opto-) électronique que dans le domaine du photovoltaïque. La possibilité de les épitaxier sur différents types de substrat, et en particulier de pouvoir les intégrer sur substrat de silicium, a motivé l'implication de l'INL dans ce domaine de recherche pour mener une activité sur la croissance par épitaxie par jet moléculaire de nanofils III-V (filière In(As)P et GaAs) sur substrat de silicium par la méthode vapeur-liquide-solide (VLS), dans l'objectif général de l'intégration de fonctions photoniques et optoélectroniques.

Figure A. 1 :

 1 Figure A.1: Schéma de principe de la source III-V sur silicium.

A. 2

 2 Fabrication et propriétés structurales des nanofils. La fabrication des échantillons a été réalisée par l'équipe Hétéroépitaxie et Nanostructures de l'INL. Le principe général de la croissance VLS est détaillé dans la Figure A.2. La croissance débute par le démouillage d'une fine couche d'or ou d'un mélange or-indium sur le substrat de départ (dans notre cas un substrat silicium orienté 001 ou 111).

Figure A. 2 :

 2 Figure A.2: Principales étapes de la croissance VLS.

Figure A. 3 :

 3 Figure A.3: (a) Insertions de plans cubiques dans un nanofil wurtzite. (b) Nanofils purement wurtzite.

Figure A. 4 :

 4 Figure A.4: 1 ère procédure de croissance (a) et procédure de croissance optimisée (b).

  Figure A.5: Images TEM de nanofils (a) 1 ère procédure de croissance et (b) procédure de croissance optimisée.

  type de substrat ne semble pas utilisé dans la littérature pour transférer des nanofils mais son très fort coefficient d'expansion en fait un candidat intéressant pour contraindre le nanofil en compression. La Figure A.6 montre des résultats obtenus en µPL à température ambiante (a) et à basse température (b). A température ambiante les spectres sont similaires. Deux pics sont observés, le pic situé à basse énergie est associé à la recombinaison des porteurs entre le niveau fondamental de la bande de conduction et la bande A (trous lourds) de la bande de valence. Un second niveau est aussi observé qui est associé à la recombinaison entre les électrons de cette même bande de conduction et les trous de la bande B (trous légers). Cette dernière bande a été activée thermiquement. L'écart énergétique entre les deux bandes est en accord avec des résultats expérimentaux complémentaires.

Figure A. 6 :

 6 Figure A.6: Spectres de nanofils InP sur différents substrats mesurés à température ambiante (a) et à basse température (b).

Figure A. 7 :A. 4

 74 Figure A.7: Distribution statistique de l'énergie d'émission des nanofils en fonction du substrat utilisé.

Figure A. 8 :

 8 Figure A.8: Spectres de PL de nanofils (a) et de µPL de nanofils uniques (b) à basse température. Une simulation a été réalisée en utilisant le logiciel Nextnano 3 [A.5, A.6]. Ce logiciel permet de calculer en 3D les champs de contraintes, les répartitions de charges, le diagramme de bandes et les états électroniques dans l'approximation de la masse effective. Les états électroniques présents dans un puits quantique radial inséré dans un nanofil d'InP sont calculés en fonction de l'épaisseur du puits en partant de la géométrie donnée par la Figure A.9.a. Le calcul a été effectué pour deux orientations cristallines différentes.

Figure A. 9 :

 9 Figure A.9: Géométrie modélisée pour le calcul (a). Résultats expérimentaux (points) et calculs théoriques (courbe rouge) (b).

Figure A. 10 :

 10 Figure A.10: Propriétés optiques d'un nanofil unique en fonction de la puissance d'excitation, à température ambiante (a) et à basse température (b).

Figure A. 11 :

 11 Figure A.11: (a) Géométrie utilisée pour les calculs. (b) Evolution théorique des niveaux électroniques en fonction du diamètre.

Figure A. 12 :

 12 Figure A.12: Spectre d'un nanofil en fonction de la polarisation du laser.

Figure A. 15 :A. 6

 156 Figure A.15: (a), (b) Orientation des nanofils en fonction du substrat. Intensité de PL en fonction de la polarisation (b), (c).

Figure A. 16 :

 16 Figure A.16: Spectres de µPL en fonction de la puissance d'excitation pour deux segments différents.

Figure A. 17 :

 17 Figure A.17: Evolution de la largeur à mi-hauteur en fonction de la température pour les nanofils de type A (a) et de type B (b)

Figure A. 18 :

 18 Figure A.18: Structure simulée dans Nextnano 3 et déformations obtenues.

Figure A. 21 :

 21 Figure A.21: Spectres du puits quantique planaire (courbe rouge), du puits quantique radial (bleue) et du laser de pompe (rouge et bleue) obtenus en configuration C. Le spectre « gris » montre le signal laser en configuration A.

  

  

  

7 III-V Nanowires on silicon emitting in telecom wavelength.
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Chapter I. Semiconductor nanowires.
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1.

  InAs QWell into the WZ InP NWs. Due to the high V/III BEP ratio we have used, no stacking faults or cubic segments were observed in the NWs. STEM images demonstrate the formation of a thin radial InAs QWell of few monolayers thick (marked with dashed arrows). This radial QWell is surrounded by an inner 7 nm thick InP core and an outer 30 nm thick InP shell formed during the subsequent InP growth. A similar observation has already been reported byMohan et 

al

[2.10] 

on InP/InAs/InP core-multishell NWs grown by selective area MOVPE on patterned InP

[START_REF] Law | Nanowire dye-sensitized solar cells[END_REF] 

substrates. In addition, due to the axial growth of InAs at the 400° C growth temperature, an inserted InAs segment (marked with a solid arrow) of about 20 nm in length, has been observed. In the InAs segment, the central region has a uniform As content but it gradually drops towards the InP interface. As evidenced by the selected area electron diffraction (SAED)

de Lyon 52 4.2 PL characterization of InP nanowires.

  

	As was demonstrated in Chapter 2, the WZ InP NWs may contain ZB segments of various
	density, which strongly depends on the growth temperature. To understand the impact of these
	segments on the optical properties of the InP NWs, the samples, grown at different temperatures,
	were studied by means of PL spectroscopy. Figure 4.2 shows bright field STEM images of the
	InP NWs grown at different temperatures and corresponding PL spectra of these NWs measured
	on as-grown samples using PL setup, described in Chapter 3.2, at temperature of 14 K [4.12]. All
	the spectra demonstrate a clear peak at 1.494 eV. This peak is generally attributed to emission of
	WZ InP [4.2, 4.16, 4.17]. However, an additional low energy peak was observed on NWs grown
	at 340°, 380°, 460° and 500° C.
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55 4.3 Phenomenon of substrate-induced strain.
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5 Experimental observation of substrate-induced strain.
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  Table of constants for InP and InAs of wurtzite type.
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Table 5 .

 5 

1 shows spatial overlap matrix elements for carriers in different. The B-band recombination takes place mainly in symmetrical levels (i.e. ground state to ground state, first

Table 6 . 1 :

 61 DLP of absorption and emission measured on InP NWs.

	Work	Phase Dimensions	Substrate	λ ex	DLP a	DLP e
	[6.9]	ZB	D ≈ 10 -15nm	Quartz	488/514 nm	0.91	0.91
	[6.10, 6.16]	ZB	D ≈ 30 nm, L ≈ 2 μm	SiO 2 on Si	457.9 nm	0.89	0.73
	[6.10, 6.16]	ZB	D ≈ 30 nm, L ≈ 2 μm	Au on SiO 2	457.9 nm	0.89	0.7
	[6.7]	WZ	Tapered L ≈ 1 μm	Si	780 nm		-0.49
	[6.7]	ZB	D ≈ 80 nm, L ≈ 2 -7 μm	Si	780 nm		0.82
	[6.11]	WZ	D ≈ 100 nm, L ≈ 4 μm	Au on Si	532 nm		-0.42
	Furthermore, few studies of polarization anisotropy of InAs/InP NW heterostructures were
	reported (						

Roman Anufriev. Optical properties of InAs/InP nanowire heterostructures (2013)

Institut national des sciences appliquées de Lyon 100

Table 6 .

 6 2). Emission and absorption of QDot (or axial QWell) NWs were found to be highly polarized parallel to the NW axis, while DLP of type II PL emission from radial QWell-

	NWs was negative.

Table 6 . 2 :

 62 DLP of absorption and emission measured on InAs/InP NW heterostructures.

	Work Phase Type and dimensions	Substrate	λ ex	DLP a DLP e
		WZ	QDot (D ≈ 30 nm, h ≈ 10 nm)	SiO 2 on Si	532 nm 0.78 0.72 (at 980 nm)
	[6.13]		NW (D ≈ 30 nm, L ≈ 3 μm)			
	[6.6]	WZ	QWell (1 & 2 ML thickness)	SiO 2 on Si	532 nm	-0.41 (at 1050 nm)
			NW (D ≈ 140 nm, L ≈ 2 μm)			-0.45 (at 980 nm)
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  In conclusion, polarization properties of single InP NWs, InAs/InP QWell-NWs, InAs/InP QRod-NWs and ensemble of the InAs well ordered NWs have been studied by means of PL spectroscopy. It was shown that polarization anisotropy of absorption may be attributed to the dielectric confinement that results in inhibition of the perpendicular component of PL emission.Theoretical calculation demonstrates that DLP a estimated from LFA model is in agreement with that obtained from the experiments on InAs/InP QRod-NWs. Polarization anisotropy of emission is the matter of higher diversity. For InP NWs the polarization of emission was shown to be determined mostly by selection rule of WZ material. However, it does not seem to be the case for NW heterostructures. QWell-NWs demonstrate maximum emission polarized parallel to the NW axis with DLP in 0.4 -0.8 range. QRod-NWs demonstrate very strong polarization anisotropy of emission (DLP e = 0.94
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Table 7 . 1 :

 71 Piezoelectric constants of InAs and InP materials of WZ type calculated by first-principle calculations. The values estimated from quasi-cubic approximation are given in brackets.

		WZ InP	WZ InAs
	e 33	0.086 ( 0.069 )	-0.028 (-0.057)
	e 31	0.101 (-0.034)	-0.045 ( 0.028 )
	e 15	0.071 (-0.034)	0.040 ( 0.028 )
	As far as the spontaneous polarization is concerned, no specific value has been found in the
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Table 8 . 1 :

 81 Values of absorption (A) and QE (η).

	Sample	A	η
	QWell-NWs	0.35	0.9% ± 0.1%
	QRod-NWs	0.34	0.2% ± 0.06%
	QWell	0.71	0.8% ± 0.6%
	QDash	0.72	5.3% ± 1%

Table 8 . 2 :

 82 Ratios of the PL intensity at 10 K to that at 300 K for different excitation wavelengths.

	Sample	I 10K / I 300K (λ ex =671nm)	I 10K / I 300K (λ ex =1064nm)
	QWell-NWs	15.7 ± 0.5	50 ± 15
	QRod-NWs	3.7 ± 0.7	2.2 ± 0.1
	QWell	2.2 ± 0.5	2.7 ± 0.3
	QDash	2.6 ± 0.6	1 ± 0.1
	InP NWs	22 ± 2.1	-

  be explained by low IQE in the QRod-NWs. The weak QE of the QRod-NWs is probably a consequence of carrier losses in the InP NWs. Indeed, as shown on pure WZ InP NWs without any InAs heterostructures, the PL intensity is strongly decreasing (I 10K / I 300K = 22) as the temperature is changed from 10 to 300 K, which indicates significant amount of defects in these unpassivated NWs. Since the InAs QRods are localized at the bottom part of InP NWs (seeChapter 2), which have a length in the 1 -4 µm range, we assume that only a part of the carriers can reach the active region, which leads to the relatively low QE. Therefore we conclude that reducing the length of the QRod-NWs may increase their QE. In this context, it would be interesting to conduct the QE measurements with 1064 nm laser, to demonstrate the enhanced QE, which we unfortunately were unable to do.

Roman Anufriev. Optical properties of InAs/InP nanowire heterostructures (2013) Institut national des sciences appliquées de Lyon 153 can not 8.5 Conclusions. In conclusion, PL QE of NW heterostructures and their planar analogues are measured by means of a PL setup coupled to an integrating sphere. It is shown that, at relatively low excitation power, the QWell-NWs have a QE comparable to that of the planar QWell. However, it is demonstrated that the QE of QWell-NWs is decreased by the low quality of its active region, as shown by the low IQE. On the other hand, despite the high quality of the active region in QRod-NW, its QE is relatively low because of the low quality of InP NWs themselves. On this account, we may conclude that quality of both InAs insertion and InP NW itself has impact on the QE of NW heterostructures, and thus should be improved to obtain light emitting devices of high efficiency. Roman Anufriev. Optical properties of InAs/InP nanowire heterostructures (2013) Institut national des sciences appliquées de Lyon 156

  InAs and InP, results in a quantum confined Stark effect and affects the optical properties of the structure. Namely, PL emission blueshift and peak narrowing are observed in one group of NWs as the excitation power is increased in contrast to the other group where no such effects were observed. It was shown that this piezoelectric field could be screened by photogenerated carriers or removed by increasing temperature. In this case, above certain values of the excitation power or temperature, PL peak position and FWHM were showing the same dependences as NWs showing no piezoelectric field. Theoretical calculations showed that the piezoelectric field was indeed expected in WZ InAs/InP QRod-NW heterostructures. In was demonstrated that in agreement with theoretical predictions in the literature the significant strain, caused by the lattice mismatch, results in a piezoelectric field. The potential was demonstrated to be strongly dependent on the dimensions of the QRod. On this account we assumed the presence of two groups of NWs (with and without signs of piezoelectric field) may be attributed to the difference in QRod diameter. This assumption was confirmed by the statistical study of all the measured NWs. Indeed, NWs with no signs of the piezoelectric field had higher emission energy (lower diameter of QRod) than those showing clear signs of the piezoelectric field. In conclusion, it was shown that piezoelectric effect in WZ NW heterostructures could affect the optical properties, decreasing the intensity of PL emission and broadening the emission peak. This effect however can, if needed, be avoided by designing NW heterostructures with QRods (QDots) of lower dimensions. On the contrary, if the effect is desirable for carrier separation in photovoltaic applications the design of heterostructures should suggest the larger possible strain between the components.Finally, in Chapter VIII, the PL quantum efficiency (QE) of NW heterostructures and their planar analogues were measured by means of a PL setup coupled to an integrating sphere. It was shown that the QWell-NWs had a QE comparable to that of the planar QWell at relatively low excitation power. In addition, it was demonstrated that the QE of QWell-NWs is decreased by the low quality of its active region, as shown by the low internal quantum efficiency. On the other hand, despite the high quality of the QRod-NW active region, its QE is relatively low because of the low quality of InP NWs themselves. On this account, we concluded that quality of both InAs insertion and InP NW itself has impact on the QE of NW heterostructures, and thus should be improved to obtain light emitting devices of high efficiency.In general, the obtained knowledge of the optical and mechanical properties of pure InP NWs and InAs/InP NW heterostructures will improve understanding of the electrical and mechanical processes taking place in semiconductor NW heterostructures and will serve for the future nanodevice applications.

Roman Anufriev. Optical properties of InAs

/InP nanowire heterostructures (2013) Institut national des sciences appliquées de Lyon 159 Roman Anufriev. Optical properties of nanowire heterostructures (2013) Institut national des sciences appliquées de Lyon

3 Nanofils InP contraints par le substrat.

  Pour réaliser l'étude optique d'un nanofil unique, il est nécessaire de le transférer sur un nouveau substrat. Nous avons décidé d'étudier un phénomène qui avait déjà été observé par J. B.Il faut bien comprendre que les nanofils ne sont pas «collés» sur le substrat mais simplement posés et que le contact entre le substrat et les nanofils transférés doit être lié à la force de van der Waal. Les nanofils sont capables d'accommoder la contrainte induite en raison de leur géométrie 1D. En effet, la déformations que peut accommoder une nanostructure est déterminée par l'équation suivante[A.4]:

	Schlager et.al. [A.3] pour des nanofils GaN: les nanofils reportés sur substrat peuvent être
	légèrement contraints à basse température s'il existe une différence entre les coefficients
	d'expansion thermique du nanofil et du substrat.	
		max		3 3E 	0 w L	(A.1)

  Le tableau suivant résume les résultats obtenus pour nos différents échantillons. En ce qui concerne l'absorption (A), on constate que les structures planaires absorbent d'avantage de signal laser. La valeur d'absorption mesurée, autour 0.71 -0.72, implique une réflexion de 0.28 -0.29 qui est en bon accord avec la valeur théorique pour une couche d'InP excitée à la normale (0.3) Nous obtenons une efficacité quantique à température ambiante de 0,9% pour le puits quantique radial. Cette valeur est comparable à l'efficacité quantique mesurée pour une structure planaire III-V. L'efficacité des segments est plus faible (0,2%) et nous expliquons cette faible valeur par le fait que beaucoup de porteurs générés dans le nanofil InP sont dans l'incapacité de relaxer dans le segment.

	Sample	A	η
	QWell-NWs	0.35	0.9% ± 0.1%
	QRod-NWs	0.34	0.2% ± 0.06%
	QWell	0.71	0.8% ± 0.6%
	QDash	0.72	5.3% ± 1%

Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2013ISAL0133/these.pdf © [R. Anufriev],[2013], INSA de Lyon, tous droits réservés

A B C Energy VB VB Γ 6V Γ 1V Γ 1C Γ 1C Γ 15V Γ 8V Γ 7V Γ 6C

Acknowledgments

 (1.1) CB

Chapter VI. Polarization properties of nanowires.
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We continue with a study of the polarization anisotropy of emission from NW heterostructures. In the literature, the polarization of ZB GaAs/AlGaAs core-shell NWs was found to be strongly parallel to the NW axis [6.5], which is attributed to the dielectric confinement. On the contrary, WZ InP/InAs/InP core-multishell NWs, similar to our WZ InP/InAs/InP QWell NWs, were found to be highly polarized in the direction perpendicular to NW axis with DLP e = -0.48 [6.6]. Despite the similarity of the structure, results obtained on our QWell-NWs are the opposite. (for the peak at 0.94 eV), 0.24 (at 1.06 eV) and 0.3 (at 1.14 eV), whereas the peak from Si hostsubstrate (1.1 eV) remains non-polarized. This result is similar to the DLP e obtained for ZB InAs(P)/InP quantum wires and dashes where emission polarized along the wire/dash axis was reported with DLP in the 0.2 -0.5 range [6.31, 6.32], but is in contradiction with the selection rule for the A-band of the WZ phase. So, we have to assume, that the shape of the NW, has more
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bande A est fortement anisotrope avec une émission principalement perpendiculaire au nanofil.

On obtient des DLP en émission de -0.62 pour l'émission depuis la bande A et 0.11 pour l'émission depuis la bande B.