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Cover picture: The left panel show GaP nanopillars in a square array, fabricated by e-beam lithography 

and dry etching, and the corresponding second-harmonic generation light at 415 nm from individual 

nanopillars. The images on the right panel are related to self-organized InP nanopillars developed for 

photovoltaic applications. The top image shows a visual comparison of an unprocessed 2″ InP wafer 

together with another one (black) with InP nanopillars. The bottom image shows the cross-section of the 

self-organized InP nanopillars (SEM image). 
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Abstract 

 

Optical properties of semiconductor nanowires (NWs)/nanopillars (NPs), as individual or ensemble, 

have attracted significant research interest in recent years. Their potential applications range from 

solid-state lighting, photovoltaics, lasing and nonlinear optics to sensing and life sciences. Many of 

III-V NWs/NPs are particularly interesting for optoelectronic and photovoltaic applications, because 

of their direct band gap, high refractive index and superior electrical properties. These properties are 

beneficial for use in next generation solar cells by reducing the active cell thickness, while maintaining 

high efficiency. Furthermore, high second order nonlinearity coefficients of many III-V materials, for 

example GaAs and GaP, enhanced electric fields and tight confinement of optical modes make 

nanowaveguide geometries ideal for nonlinear effects.  

The focus of this thesis is on the fabrication of III-V NPs, their optical properties and applications. 

Different methods for fabrication of NPs (top-down approach) are proposed. The fabricated NPs show 

a broadband suppression of reflectance, which is particularly an interesting feature for photovoltaic 

applications. The effect of the shape and geometry of GaAs NPs on their reflectance spectra is 

investigated and the experimental data show a very good agreement with the simulations. In order to 

decrease surface recombination in the fabricated GaAs NPs, a sulfur-based chemical passivation 

method was used, resulting in the recovery of photoluminescence (PL) linewidth and enhancing the 

PL intensity for more than an order of magnitude. Moreover, a unique wafer-scale self-organization 

process for generation of InP NPs is demonstrated. As a proof of concept, the self-organized InP NPs 

were used to fabricate solar cell devices. For fabrication of InP NP solar cells, epitaxial overgrowth of 

NPs arrays was used to realize p-n junctions. A significant increase in the open circuit voltage (0.13 

V) of the NP solar cell was obtained after surface passivation.  

Second-harmonic generation (SHG) was experimentally observed from GaP NP waveguides (single 

and in arrays) with vertical geometry. The generated second- harmonic light was analyzed with respect 

to the size of the NP waveguides and the corresponding effects of surface and bulk nonlinearities. In 

case of individual NPs, SHG was analyzed considering different modal excitations in GaP NPs. It was 

demonstrated that by varying the NP diameter and changing the pump polarization, it is possible to 

alter the field distribution of the radiated SHG light. The importance of tight confinement of the pump 

in the NP waveguides and consequently the longitudinal component of the electric field in this 

geometry is shown. A method was proposed to distinguish between surface and bulk contributions in 

SHG, which also addressed how to employ surface SHG to enhance the generated light. The proposed 

method was used to estimate the nonlinear coefficient and the effective thickness of the nonlinear 

region at the surface of GaP NP waveguides. Based on these findings, the corresponding nonlinear 

coefficient at the surface is estimated to be approximately 15 times higher, compared to the bulk. 

These findings, suggest that NPs/NWs (in this case GaP NPs) are potential alternatives for future 

nonlinear nanophotonic devices. Additionally, the SHG light from single GaP NPs are promising 

candidates for ultrafast light sources at nanoscopic scale, with potential applications in sensing, bio 

and single cell/ molecular imaging. 

Keywords: nanopillar, nanowires, nanophotonics, nanofabrication, III-V semiconductors, 

photovoltaics, second-harmonic generation, top-down approach, colloidal lithography, antireflection, 

modal dispersion, polarization, nanowaveguide, indium phosphide, gallium arsenide, gallium 

phosphide
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 Introduction 1

 

The technological and scientific advancements in recent years have enabled us to move 

towards devices with very small footprints and in this regard, nano-structures are envisioned 

as the future building blocks. In addition to the nanoscale dimensions, nanostructures because 

of their very small sizes have special properties (for instance, quantum mechanical effects 

become relevant). In the field of semiconductors, considerable progress has been made 

towards realization of nanostructures such as quantum wires and quantum dots, also referred 

to as low-dimensional systems. These efforts have resulted in new insights into properties of 

nanostructures, their applications in devices, and development of nano-fabrication methods. 

More recently, nanostructured semiconductor materials have been developed for their specific 

optical properties. In this context, semiconductor nanowires (NW)/nanopillars(NP), as 

individual or ensemble, have attracted significant research interest for their potential 

applications [1–4]. In this thesis, we use the term NPs as a general term for nanostructures 

with diameters in the subwavelength regime, up to few hundred nanometers for visible and 

near-infrared (NIR) light, and aspect ratios of ~2 or larger. Semiconductor NW/NP 

waveguides can generate and/or manipulate light at the nanoscale and show great promise for 

applications such as solid−state lighting [5–7], photovoltaics [8–10], lasing [11–13], nonlinear 

optics  [14–17],  and life sciences  [18]. Moreover, NWs/NPs have a high surface area to 

volume ratio which makes them ideal for sensing applications [14,19,20]. However, the 

enhanced surface area means higher surface recombination, which has a negative impact on 

the behavior of many semiconductor devices. Therefore, it is crucial to address this issue in 

NW/NP geometry with proper surface passivation methods.      

 

Among semiconductors, III-V NWs/NPs are particularly interesting for optoelectronic as well 

as photovoltaic (PV) applications due to their direct band gap, high refractive index and  

superior electrical properties [21,22]. These properties are beneficial for next generation of 

solar cells by reducing active cell thickness while maintaining high efficiency. Furthermore, 

high second order nonlinearity coefficients of many III-V materials, for example GaAs and 

GaP, enhanced electric fields and tight confinement of optical modes make nanowaveguides 

ideal for nonlinear effects [23,24].  
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Both top-down and bottom-up approaches are used for fabrication of NWs/NPs. Each method 

has its own benefits and shortcomings. In top-down approaches, there is more control on the 

shape, size and doping (carrier concentration) of the fabricated structures. Top-down 

approaches also offer a great advantage for integration as well as addressability of individual 

components.  However, top-down approaches suffer from a number of limitations such as 

appropriate choices for etch mask materials, etching selectivity or possibility to obtain NWs 

that are very long (more than few micrometers length), and/or having very small diameters (< 

10 nm). On the other hand, in bottom-up approaches, III-V NWs mostly grow in the [111]B 

direction and therefore it is very difficult to obtain vertically aligned epitaxially grown NWs 

on substrates with certain crystallographic orientation (e.g. III-V NWs on (100) 

substrates [25]). Epitaxially grown III-V NWs, also form certain facets depending on the 

growth condition  [25] that makes it impossible to grow them with circular cross sections. One 

main advantage of bottom-up approaches is the possibility to grow NWs on various host 

substrates that are not lattice matched to the NW material in the bulk form. Additionally, it is 

also possible to grow complex structures and topologies such as hierarchical branched 

NWs [26–28].  Despite significant advancement on the NW growth  [29–31], precise control 

of certain parameters has not been achieved yet. Therefore, both methods, top-down and 

bottom-up approaches, are equally important and a combination of both methods can cover a 

wide range of applications  [27]. 

 

The central theme of this thesis is on the fabrication of III-V NPs, their optical properties and 

applications. Broadly speaking, the thesis studies the behavior of light in NPs, both in 

individual and ensemble geometries and investigates how these structures can be beneficial 

for applications such as photovoltaics and second-harmonic generation. 

 Nanopillars for Photovoltaic Applications 1.1

 

The current trend in research for the next generation of PV devices is to use different 

approaches to reduce the solar cell cost while maintaining a high level of efficiency. Although 

a challenging task, one approach, which has been pursued in recent years, is to reduce the 

active cell thickness while maintaining light absorption as high as possible  [10,32,33]. Using 

III-V semiconductors, especially InP and GaAs in the form of NWs/NPs, is a promising 

alternative to achieve these goals. NP/NW solar cells exhibit high absorption of light, due to 

their light trapping geometry, compared to their bulk counterpart  [34]. Moreover, NP/NW 
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solar cells with radial junctions, can offer a more effective carrier collection at the junction 

area, because of the enhanced surface to volume ratio [35].       

In this thesis, different aspects of fabrication methods and materials properties (Papers I - 

IV), optical properties of InP (Paper III) and GaAs NPs (Paper II) for photovoltaic 

applications are discussed. Also the effect of shape and geometry in optical absorption (Paper 

II), and the importance of surface passivation for higher performance in devices are 

investigated (Papers II and IV). Finally, as a proof of principle, an InP NP solar cell, 

fabricated by a novel mask-less method is demonstrated (Paper IV). 

 Nanopillars for Nonlinear Optical Applications  1.2

 

Nonlinear optical properties of semiconductor NWs/NPs, have recently attracted a lot of 

research interest  [14,36,37]. The main applications are envisioned to be for nonlinear 

elements in future nanophotonic devices with smaller footprints [38,39]; and also for novel 

applications using the distinctive optical properties of these nanostructures  [14,40,41]. 

Second-harmonic generation (SHG) is the simplest form of frequency conversion among 

nonlinear optical phenomena, where two photons at a fundamental angular frequency (ω) 

convert into one photon with an angular frequency 2ω. SHG is widely used for many 

applications such as generation of visible coherent light sources, [14] probing 

surfaces, [42,43] and nonlinear microscopy [44].  III-V NWs/NPs, due to their large surface to 

volume ratios, relatively high dielectric constants and typically large second-order nonlinear 

coefficients (e.g. GaP and GaAs) are excellent candidates for SHG.  

 

In this thesis, SHG from vertical GaP NPs (both in arrays and single pillars), fabricated by a 

top-down approach, is investigated. In this respect, surface and bulk contributions to SHG for 

pillars with different diameters are analyzed. In order to distinguish between the surface and 

bulk contribution, polarization measurement of SHG is used (Paper V); and accordingly a 

method is suggested to experimentally quantify the surface contribution to SHG (Paper VII).  

The importance of the longitudinal component of the nonlinear polarization density is 

demonstrated by modal analysis for the SHG process in the NPs (Paper VI). Moreover, 

polarization beam shaping and modification of the electric field distribution of the SHG light 

is achieved in single GaP NPs, by tuning the pillar diameter and the linear pump polarization 

(Paper VI). 
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 Outline of the Thesis 1.3

The thesis is organized as follows. Chapter 2 gives a theoretical summary of the most relevant 

concepts, essential to the thesis. Chapter 3 presents different fabrication processes used to 

make the pillars. Chapter 4 describes the part of the thesis related to application of NPs for 

photovoltaics. Chapter 5 describes nonlinear optical properties of NPs, esp. the second-

harmonic generation (SHG) in GaP NPs and effect of surface and bulk nonlinearity on the 

generated light. In this chapter, we also discuss modal engineering of SHG in single GaP NPs.  

Chapter 6 gives the summary of thesis findings and an outlook for the future continuation of 

this work. A list of the appended papers with a short summary of each is provided in the last 

chapter. 
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 Background and Theory 2

 

 III-V Semiconductors and Nanopillars 2.1

 

III-V semiconductors are a class of semiconductor compounds consisting of atoms from 

group III and group V of the periodic table. III-V semiconductors have crucial importance in 

many optoelectronic applications. Many III-Vs have a direct electronic bandgap, which makes 

them efficient absorbers and emitters, properties that are very important for PV and light 

emission (LED and lasers) applications. Moreover, it is possible to form different 

combination of alloys in these material systems that enables “bandgap engineering” across 

broad range of energies.  

In this thesis, we investigate the optical properties of three III-V binary semiconductors, 

namely InP, GaAs and GaP. All these materials have a zinc-blende crystal structure. InP and 

GaAs are both direct bandgap materials and their bandgaps are well matched to the solar 

spectrum. Therefore, they are potentially very good candidates for photovoltaic applications. 

Moreover both InP and GaAs also have relatively high carrier mobility [45,46]. Of the two, 

GaAs has a very high surface recombination velocity (10
5
-10

6
 cm/s) [47]. For improved 

performance of the fabricated devices, effective surface passivation is required in order to 

minimize carrier loss in the process of non-radiative surface recombination [48].   

On the other hand, GaP is an indirect bandgap semiconductor. But it has a high second order 

nonlinear coefficient, high thermal conductivity and a broad transparency range, which makes 

it an excellent candidate for nonlinear optical applications  [49]. Yet, GaNP alloys, which can 

be obtained by replacement of phosphorus by nitrogen, can change the indirect bandgap of 

GaP to a quasi-direct bandgap  [50,51]. While today, GaNP alloys are mainly used in yellow 

LEDs for white lighting  [50], they can also be lattice-matched to Si, which is advantageous 

for future integrated photonics on Si platform [52].  

In this thesis, for the reasons mentioned above, GaAs and InP were the materials of choice for 

investigation of optical properties of NPs for photovoltaic applications; and GaP was chosen 

for nonlinear optical experiments for its high second order nonlinear coefficient and broad 

transparency range . While many “material specific” optical properties of top-down fabricated 

NPs are not very different from their bulk counterpart, one should note the fundamental 
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differences in the behavior of light in the two cases. In a bulk sample, the propagation of light 

can be explained in the form of geometrical optics. One should consider more complications 

when dealing with structures that have features on the scale of the wavelength of light. To 

capture an accurate account of light behavior in NPs, one should use the electromagnetic 

theory of light. Moreover, NPs depending on their geometry and shape, exhibit resonance 

features due to coupling of the incident light to optical modes  [47,53]. Throughout the years, 

different methods have been developed in order to numerically solve Maxwell’s equations for 

different geometries and configurations. The most common computational methods, 

applicable for vertical NPs in individual or array geometries are the finite element method 

(FEM) and the finite difference time domain method (FDTD). In this thesis, we used 

Lumerical’s FDTD solutions software package for the simulation of the reflection in NW 

arrays (applicable for photovoltaics) described in Paper II. In Paper V, VI and VII we 

calculated the electric field mode profiles in the NPs using COMSOL. In the following 

section, a brief description of light-matter interactions and optical phenomena relevant to the 

main body of the thesis work are given.  

 Interaction of Electromagnetic Waves with Matter 2.2

 

Maxwell’s equations are the fundamental description of the behavior of electromagnetic 

waves in free space and inside matter. Their solution in free space gives transverse undamped 

waves with perpendicular oscillating electric and magnetic fields with the free space 

propagation speed of light. The behavior of electromagnetic waves in solids and their 

interaction with matter is quite different, where the waves are damped and give energy to the 

solids. The speed of the wave depends on the frequency and also on the properties of the solid 

(i.e. the refractive index of the material). The refractive index is a complex number with real 

and imaginary parts. The imaginary part of the refractive index is called the extinction 

coefficient, and is responsible for absorption of the electromagnetic wave along the 

propagation direction.  

 

2.2.1 Reflectance, Transmittance and Absorbance 

 

It is well known that, at the interface of two dielectrics, the incident wave is split into two 

waves, one part is reflected and the other passes through (is transmitted). The behavior of the 
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wave at the interface is determined by the boundary conditions. The reflection and 

transmission depends on the angle of incidence.  

 

The relations between the reflected, the transmitted, and the incident waves are given by the 

Fresnel formulas. The Fresnel coefficients for reflectance and transmittance, which are 

derived by fulfilling the boundary conditions that follow Maxwell’s equations, are as follows:  
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                                                       (2.1) 

Where Ei, Er and Et are the electric field amplitude of the incident, reflected and transmitted 

waves, respectively and n'1 and n'2   are the complex refractive indices of the two media. In 

actual measurements, the intensity of the reflected or transmitted wave is measured (denoted 

as R and T, respectively). If the first medium is air, i.e. n'1=1, n'2= n + ik, then the reflectance 

R is given by:  
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                                                   (2.2) 

As an example , the real (n) and imaginary part (k) of the refractive index of InP and its 

surface reflectance (R), are shown in Figure 2.1  [54]. This is the simplest case when the 

reflection is only because of the front surface. This might be the only part of the reflected 

wave when the second medium is semi-infinite or when the absorption in the medium is 

sufficiently high enough to consider only the front surface. We will discuss more about the 

relation between absorption and the semiconductor bandgap in the next sections.  

        

            

Fig. 2.1: Complex refractive index (a) and reflectance (b) of InP at normal incidence as a function of photon 

energy. Ref.  [54].  
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As mentioned earlier, the interaction of light with NPs with dimensions smaller or equal to the 

light wavelength is more complicated than for a planar surface and depends on the geometry 

of the NPs, their dimensions, and spatial arrangement.  

2.2.2 Specular and Diffuse Reflectance 

 

The laws of reflection discussed earlier, have been developed for a flat surface (e.g. a polished 

semiconductor), where even on the microscopic scale the surface is quite smooth. This is the 

case for specular reflection [origin from the Latin word specularis meaning ‘of a mirror’, 

from speculum]. When the surface is rough, it leads to another component of reflection called 

diffuse reflection. Figure 2.2 depicts two beams of light and their reflection from a smooth 

and a rough surface. 

 

                
Fig. 2.2: Reflection of a light beam from a smooth (a) and a rough surface (b) 

 

The material property and the texture of the surface together with the wavelength of light 

determine the relative importance of specular and diffuse reflection from each surface. A 

surface that is totally non-specular makes the reflected light to spread over the surrounding 

hemisphere. This reflection is referred to as the hemispherical reflectivity. The roughness or 

smoothness of a surface depends on the wavelength of the light. When the roughness features 

are in the range of the light wavelength, the surface is considered to be rough. In order to 

collect all the reflected light, it is quite common to use an integrating sphere.  Figure 2.3 

shows a schematic of an integrating sphere and its functionality. The integrating sphere is a 

hollow cavity with apertures for optical access; the shape of this cavity is usually (but not 

necessarily) spherical, hence the name. The inside surface of the sphere is covered with a very 

high diffusive reflecting material; usually Spectralon® for visible and near-IR and gold for 

longer wavelengths. The role of this sphere is to make the reflected or transmitted light from 

the surface to stray before it finally reaches the detector. This feature enables the 

measurement of the total reflectance or transmission. It is also possible to separate the 
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diffused part of the light from the specular part by employing a light trap in the direction of 

the specular reflection. Integrating spheres are also widely used to measure the optical flux 

from laser diodes and light emitting diodes (LEDs).  

 

Fig. 2.3: Schematic view of an integrating sphere for measuring the total reflectance. 

 

2.2.3 Suppression of Surface Reflection 

 

Surface reflection is a major problem for many applications (including solar cells), which has 

led to the development of different methods to suppress this effect (Figure 2.4). Reduction of 

the surface reflection is an essential step to improve the performance in photovoltaic 

applications.  For most of the semiconductors, with a high refractive index compared to air (~ 

3), the surface reflection is about 30% - 40 % (Eq. 2.2) in the visible and NIR region. The 

classical approach to overcome this problem is to use homogenous antireflection layers on top 

of the surface. The simplest case is that of a single homogenous layer with a quarter 

wavelength optical thickness, which eliminates the reflection in the corresponding wavelength 

by destructive interference of the light [Figure 2.4(a)]. Step-index multilayers can be 

employed to enhance the performance of the antireflection coating (ARC). Several parameters 

must be taken into account in designing the coatings, including the appropriate thickness, 

choice and availability of the materials and fabrication techniques to meet the requirements 

for the desired wavelengths and angles of incidence. Although this approach has its 

limitations in terms of  omnidirectionality and the bandwidth, it is widely used in many 

optical applications  [55]. The other approach is to use inhomogeneous layers, also called 

graded index layers, to reduce the reflection. In this case, the refractive index of the coating 

varies from air to the substrate as a function of the thickness of the layers in a smooth graded 
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way. The reflection is decreased by the impedance matching of the neighboring layers. By 

implementing this, in principle, a broadband omnidirectional reduction in reflection can be 

achieved. This can be realized by using several inhomogeneous layers, which have this 

property, Figure 2.4(b), or by using structured coatings, Figure 2.4(c). The latter is often 

referred to as subwavelength structured (SWS) surfaces [56]. These structures have been used 

extensively in the microwave regime for designing anechoic chambers. To measure the far 

field parameters of microwave devices in these chambers, conical structures made of 

absorbing materials are used to suppress the reflection. However, fabrication of the graded 

index coatings for the visible optical regime is not as straightforward. The availability of 

materials with low refractive index (for optical films) close to air is limited. Commonly used 

examples include silica (SiO2) and magnesium fluoride (MgF2), which have refractive indices 

of 1.5 and 1.4, respectively. In 2007 Xi et al.  [57] reported a fabricated structure with the 

lowest refractive index achieved so far, with the value of 1.05. They used an oblique angle 

deposition process to fabricate porous SiO2 and TiO2 nanorods on AlN.  

 

Fig.2.4: Schematic illustrations of different schemes for suppression of surface reflection. (a) Anti-reflection 

coating (ARC) based on homogenous single or multilayers with proper thickness. Destructive interference is the 

basis for suppression of the reflection. (b) ARC based on inhomogeneous layers of materials.  (c) ARC based on 

subwavelength structures.   

In nature, the SWS method has evolved in a very inspiring way. Observations made on the 

cornea of moths  [58] reveal regular arrays of nipple-like structures with typical heights and 

spatial separations of 200 nm. This structure is responsible for the antireflection property of 

the insect’s eye and is a result of the graded transition in the refractive index between the air 

and the cornea. This low reflectivity is used both for night camouflage and also to maximize 

the amount of light that enters into the insects’ eyes [58] . Reflection suppression in the 

nanostructured dielectrics may have other explanations besides the effect of the graded 

refractive index. Factors such as absorption and scattering from the nanostructures and 

waveguiding effects should also be considered  [59]. However, under certain conditions, we 
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can treat the nanostructured surface as a homogenized layer with optical properties different 

from the bulk. For instance, for an air/semiconductor interface the refractive index of this 

layer is something between 1 (air) and that of the substrate. This concept is called effective 

medium theory. Structures with conical shapes can be modeled by multilayers with graded 

refractive index, where the refractive index of each layer is the effective refractive index of 

that specific layer  [60]. Homogenization is valid in the domain where the wavelength is much 

larger than the average spatial distance of the nanostructures.  

2.2.4    Interaction of Light with Semiconductor Nanopillars  

 

In this section, we describe the interaction of light with ensemble and individual NPs. 

Because of the small dimensions of NPs compared to the optical wavelengths, the incident 

light can couple to certain supported optical modes. The relative high refractive index of III-V 

semiconductors and the possibility to tune the resonances in NPs, by modifying their 

geometry, enable us to use  III-V NPs as efficient light absorbers. This can potentially be used 

in many applications including, solar cells, sensors and photodetectors.  

Generally, two scenarios can be considered for behavior of light in individual NPs, based on 

the light illumination geometry [61]: (1) NPs lying on a substrate where they are illuminated 

perpendicular to their axis; in this case NPs are treated as Mie scatterers [62,63]. (2) Vertical 

NPs, illuminated parallel to their axis, where waveguiding effects should be taken into 

account  [53,64,65]. For many of the applications mentioned in the first chapter, such as 

sensing and photovoltaics and also to use the NPs as nanoscopic light sources, one could 

benefit from a vertical geometry.  

Below we briefly discuss the case of vertical NPs, which is the most investigated geometry in 

this thesis. Considering a cylindrical cross-section profile for the NPs, we use the 

conventional nomenclature for optical modes in a dielectric waveguide  [66]. Considering a 

vertical semiconductor NP, the light from the normally incident plane wave can only couple 

to the HE1n waveguide modes due to symmetry matching requirements  [67]. The most 

dominant coupling is to the HE11 mode [68], the only mode in a cylindrical dielectric 

waveguide that does not have a cut-off and therefore propagates at any NP diameter. As an 

example, we calculated the electric field profile of a 250 nm GaP NP for the fundamental 

guided mode (HE11) using COMSOL. Figures 2.5 (a) and (b) show the profiles of Ex and 

longitudinal (Ez) components of the electric field, respectively at λ= 830 nm. The general 
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trend is also similar for other semiconductor materials in a NP geometry. The excitation of the 

waveguide modes causes absorption resonances.  The resonance positions with respect to the 

light wavelength can be tuned by changing the NP diameter and geometry [64] . This 

selective resonant absorption occurs in individual NPs and is concentrated in and around 

them. These resonances are not affected by placing NPs in an ensemble or an array, as far as 

the spatial distance between the adjacent NPs is not too close  [67,69]. In the last few years, 

absorption of light in NW/NP arrays for PV applications, has been extensively studied. In this 

context, periodic  [69–71] and random/disordered  [72,73] arrangements of NW/NPs have 

been investigated, where optimization of geometrical parameters to maximize absorption in 

NPs for different configurations has been addressed. 

 

Fig.2.5: Calculated electric field profiles (a) Ex and (b) Ez for fundamental guided mode (HE11) in a GaP 

nanopillar with 250 nm diameter for the wavelength of 830 nm. The intensity of the electric field Ez in panel (b) 

is normalized to the maximum intensity of Ex in panel (a). 

 

2.2.5 Optical Response of Semiconductors 

 

When the electromagnetic radiation interacts with a semiconductor, it affects all the charged 

particles including the electrons and holes in the valence and conduction band as well as the 

impurity atoms. Semiconductors interact with light in a very broad spectral range. The physics 

of this interaction depends on the wavelength of the light and the semiconductor properties. A 

photon can be absorbed by a semiconductor when its energy exceeds the bandgap value, 

exciting the electrons from the valence band to the conduction band. The extra energy is 

transformed into lattice vibrations. However, this is a very simple picture of the interaction. 

The absorption is strongly related to the type of the semiconductor and whether it has a direct 

or indirect bandgap. It can also be affected by other factors, such as impurity levels. For a 

direct bandgap semiconductor the transition of an electron, occurs vertically from the 

maximum of the valence band to the minimum of the conduction band (in the E(K) diagram). 
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For an indirect semiconductor, this transition is phonon assisted. This explains why the 

absorption coefficient for indirect semiconductors is lower. For example the penetration depth 

for the light having a wavelength of 500 nm in Si (indirect bandgap) and GaAs (direct 

bandgap) is 540 nm and 93 nm respectively [74]. This explains the need for much thicker 

cells in Si than GaAs or InP solar cells. Another interesting phenomenon that might happen is 

the transition of the excited electron to a lower energy level. This transition can be radiative or 

non-radiative. If it is radiative, this transition is accompanied by the emission of a photon 

(photoluminescence), whose energy equals the energy difference between the two states.  

 

2.2.6 Solar Spectrum  

 

Photovoltaics (PV) as a rapidly growing source of clean energy, directly depends on 

harnessing the sun’s energy. PV devices convert incident photons of the incident sunlight (the 

ones above the bandgap) directly into electricity. There are other forms of solar energy 

conversion such as solar thermal and photoelectrochemical cells. In solar thermal 

applications, the sunlight is used to heat the driving liquid for a turbine. The 

photoelectrochemical cells, use the sunlight to initiate and drive an electrochemical reaction 

and consequently generate fuel and/or electricity  [75]. Solar energy can also be used in solar 

cells outside the atmosphere as the ones used in satellites. However, for general terrestrial 

employment of PV energy we count on the solar radiation on earth after passing through the 

atmosphere.  As the sunlight passes through the atmosphere, gasses and aerosols absorb and 

scatter the photons. Ozone, carbon dioxide and water vapor are the most important sources of 

absorption. When one looks at the spectrum of AM1.5 sunlight, which is the standardized 

spectrum for characterizing terrestrial solar cells, the corresponding absorption dips can be 

seen (Figure 2.6). In PV industry, crystalline silicon is by far the most popular material of 

choice (90% of the market) [76]. However, semiconductors such as GaAs, in the form of 

single junction or tandem solar cells, offer a much higher efficiency [77]. The main burden in 

expansion of the market for other materials such as GaAs or InP, although they can reach 

higher efficiencies compared to Si, is the cost. Ideally, it would be possible to decrease the 

active cell thickness in these materials, while maintaining the high efficiency and hence 

reducing the overall cost  [78]. Utilizing III-V based materials, in the form of NW/NP solar 

cells, is currently envisioned for next-generation PV devices to tackle this issue  [22]. In 
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Chapter 4, we discuss the obtained results on employment of III-V NPs, based on InP and 

GaAs, for photovoltaics applications. 

 

 

Fig.2.6: The AM1.5 spectrum of sunlight intensity. The absorption dips in the spectra are due to different gases 

in the atmosphere. Ref.  [79]. 

 

 Nonlinear Optical Properties of Materials 2.3

 

So far, we have assumed that properties such as the refractive index, reflectivity and 

absorption coefficient of materials do not depend on the optical power. In a classical view, we 

assume that a light wave at optical frequencies mostly interacts with the bound electrons in 

the atoms, while we consider atoms as oscillating dipoles. In this regime, the light wave 

induces a displacement (proportional to the strength of the light field) on the bound electrons. 

However, if the field of the incident light wave is strong enough, the displacement may not 

have a linear response. In this sense, the optical response of a material has a nonlinear relation 

to the applied field. In the nonlinear regime, the oscillation of the induced dipoles contains the 

frequency of the incident light and also higher frequencies. Nonlinear frequency conversion 

can be employed to generate novel coherent light sources for different applications in science 

and technology. Generally, only laser light is intense enough to induce nonlinear effects. In 

linear optics, the induced polarization P depends only linearly on the strength of the electric 

field  𝑃 = 𝜖0𝜒𝐸 , where E is the electric field of the light field, 𝜒 is the electric susceptibility 
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and 𝜖0 is the permittivity of the space. In nonlinear optics, we can generalize this equation by 

describing the polarization as a power series of the electric field [80,81] : 

𝑃 = 𝜖0[𝜒
(1)𝐸 + 𝜒(2)𝐸2 + 𝜒(3)𝐸3 + ⋯] ≡ 𝑃(1)+𝑃(2) + 𝑃(3) + ⋯                  (2.3) 

 

Where 𝜒(2) and 𝜒(3) are the second-order and third-order nonlinear optical susceptibilities. 

The crystallographic axes of the crystalline material and the direction of the applied field 

dictate the nonlinear response. Therefore, the nonlinear response of the materials should be 

described by a tensor relationship. 

 

2.3.1 Optical Second-Harmonic Generation (SHG) 

 

In the SHG process, the lowest order of nonlinear optical phenomena, the intensity of the 

generated second- harmonic light increases as the square of the intensity of the incident laser 

light. Figure 2.7 shows the schematic illustration of the SHG process and conservation of 

energy diagram. 

 
 
Fig.2.7: (a) Schematic illustration of SHG process where the fundamental beam has a frequency ω and the 

generated second-harmonic light has 2ω  (b) Diagram of conservation of energy in SHG. 
 

 

For SHG, the components of the second-order nonlinear polarization can be written as 

follows:  

 

 

                                              𝑃𝑖
(2)

= 𝜖0 ∑ 𝜒𝑖𝑗𝑘
(2)

𝑗,𝑘=𝑥,𝑦,𝑧 𝐸𝑗𝐸𝑘  (2.4) 
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Where 𝜒𝑖𝑗𝑘
(2)

  is the second-order nonlinear susceptibility and the subscripts denote the 

coordinates along x, y and z axes. In order to describe the nonlinear polarization along all 

directions, 𝜒𝑖𝑗𝑘
(2)

 can be written as a tensor with 27 components. However, this number can 

actually be reduced to 18 and we can rewrite the tensor in a more simplified fashion by using 

the nonlinear optical coefficient tensor dij (equation 2.5) for SHG process  [81].  

 

                     [
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     (2.5) 

 

 

In most crystals, due to symmetry this tensor would be further simplified: many of the 

components are zero, while others are equal. This is because the physical properties of a 

crystal must be invariant under symmetry operations. In this thesis, the investigated material 

system for SHG is zincblende GaP. In bulk GaP, the only non-zero components are 𝑑14 =

𝑑25 = 𝑑36 = 𝑑.  

 

 

Table 2.1: Relevant properties for nonlinear optical processes in different semiconductors. 𝑑𝑖𝑗 = 𝑑36 for GaAs 

and GaP and 𝑑33 for LiNbO3.The nonlinear values are from Ref. [49] [82]. 

 
 𝑑𝑖𝑗 @ 1064 nm 

 

Transparency 

(µm) 

Refractive 

index @1.5 

µm 

Thermal 

conductivity  

[W/mK] 

Birefringent 

GaP 70 [pm/V]𝜖0 ~ 0.5-11 3.1 110 No 

GaAs 170 [pm/V]𝜖0 ~ 0.9-17 3.4 50 No 

Si 0 ~ 1.1-5 3.5 150 No 

LiNbO3 25 [pm/V]𝜖0 ~ 0.4-4.5 2.2 5 Yes 
 

 

 

We should note that SHG does not occur in the bulk form in centro-symmetric crystals such 

as Si. For comparison, related parameters of other materials, for nonlinear optical interactions, 

are also listed in Table 2.1. The second-order nonlinear optical coefficients are given for a 

wavelength of 1064 nm, which is in the transparency window of all the listed nonlinear 
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materials in the table. The refractive indices are at 1.5 µm because of the relevance for 

telecom applications. In this thesis, we use a laser pump with a wavelength of 830 nm or 840 

nm for SHG from GaP NP. The second-order nonlinear optical coefficient is even higher for 

GaP at the used wavelengths (159 pm/V for GaP while 25 pm/V for LiNbO3, both at@ λ=852 

nm)  [49]. 

 

In a bulk GaP crystal, the second-order nonlinear polarization along different crystallographic 

axes are as follows: 

 

𝑃𝑥
(2)

= 2𝑑𝐸𝑦 . 𝐸𝑧 

                                                       𝑃𝑦
(2)

= 2𝑑𝐸𝑥. 𝐸𝑧 (2.6) 

𝑃𝑧
(2)

= 2𝑑𝐸𝑥. 𝐸𝑦 
 

We note that the electric field of the generated second-harmonic light from a bulk GaP crystal 

is orthogonal to the incident light electric field. One should also recognize that apart from the 

bulk SHG, second-order nonlinearity also exists at the surfaces. Both electric dipole and 

electric quadrupole (due to the electric field discontinuity at the surface) contribute to surface 

SHG. We will discuss the surface SHG in GaP NPs in more detail in chapter 5. In general, if 

specific measures are not taken, there is a phase mismatch between the fundamental beam 

(pump) and SHG. The phase difference ∆𝜑 between the two waves at a distance z into the 

crystal would be ∆𝜑 = (𝑘2𝜔 − 2𝑘𝜔)𝑧, where 𝑘𝜔(𝑘2𝜔) is the wave vector at frequency ω 

(2ω). The length, for which the phase difference between the waves becomes 2π, is called the 

coherence length (beat length).  The coherence length lc can be calculated as follows: 

                                                   𝑙𝑐 =
𝜆

2[𝑛2𝜔−𝑛𝜔]
 (2.7) 

 

Where λ is the wavelength of the pump in the free space, and 𝑛𝜔  and 𝑛2𝜔, are the refractive 

indices at the pump and second-harmonic frequencies, respectively. This means that after 

propagation of the pump and the second-harmonic light in the nonlinear crystal, over a half 

beat length, the two waves will be totally out of phase. Therefore, in normal conditions, the 

SHG intensity will not proportionally grow as it propagates. One can look at this scenario as if 

the generated second-harmonic waves would only add together coherently for a short distance 

(coherence length). Looking at equation 2.7, one can see that if 𝑛2𝜔 = 𝑛𝜔, all the second-

harmonic waves generated throughout the crystal would add up coherently. This is called the 
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phase matching condition. There are different methods to achieve efficient SHG at the 

macroscopic scale using different methods of phase matching  [23,83–86]. Today, the most 

common anisotropic crystals used for nonlinear optics, are birefringent (e.g. LiNbO3). In these 

crystals, by propagating the beams at different frequencies as ordinary or extraordinary rays 

the phase matching condition is satisfied. This method is called birefringence phase matching 

(BPM). We should note that it is possible to form birefringence in materials, which do not 

inherently possess this property; for example through selective oxidation of AlAs layers in 

GaAs/AlAs multilayered waveguides  [87].  Other common techniques for phase matching are   

quasi-phase-matching (QPM) and modal phase matching (MPM)  [80,86].  

 

QPM is obtained by periodic modulation of the nonlinear coefficient [88]. In QPM, the signs 

of the contributions from different sections of the nonlinear crystal are reversed in a spatially 

regular pattern (e.g. by periodic poling). As a result, the total amplitude of the generated light 

can grow while propagating. In QPM, compared to a perfectly phase matched structure (e.g. 

BPM), the conversion efficiency is lower but it is possible to use the same polarization 

direction for all the beams. This is particularly important, as it allows using the strongest 

elements in the nonlinear tensor for nonlinear generation of light.  

 

Finally, modal phase matching (MPM) is another method to obtain phase matching in a 

waveguide geometry and is based on modal dispersion engineering of different interacting 

modes in a nonlinear process  [83,89,90]. In this case, each of the modes supported by the 

waveguide, has a different effective refractive index (neff). One can employ the lower effective 

index in higher-order modes and satisfy the phase matching condition by propagating the 

second-harmonic light in a higher–order mode than the pump. A proper design of the 

waveguide geometry and the overlap integral between the modes are crucial in MPM. 

 

2.3.2 Surface Contribution to SHG 

 

So far, we have considered SHG from bulk materials that have second-order nonlinearity. The 

first observation of SHG was from crystalline quartz and reported in 1961  [91]. 

Subsequently, surface induced second order optical nonlinearity was first reported in 

calcite  [92], and in other different material systems shortly afterwards  [93–95]. Because of 

the broken symmetry at the surface of materials (interface between two media),  one should 
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distinguish between the bulk and surface nonlinearity  [43]. The rapid variation of the electric 

field across an interface results in a strong gradient of electric field (electric quadruple). This 

effect is especially important in semiconductors with typically high refractive indices. 

Additionally, the structural discontinuity at the interface also causes an electric-dipole 

contribution to the surface nonlinearity. Because of the different nature of the surface 

nonlinearity compared to the bulk one, the former also occurs at the surface of centro-

symmetric materials such as silicon  [96].  

 
Fig. 2.8: Schematic illustration of SHG at the surface (interface): (a) SHG in a material with second-order 

nonlinear optical nonlinearity (𝜒(2)) and corresponding surface and bulk contribution to the SHG. (b) Surface 

SHG at the interface of a material with inversion symmetry in the bulk. An effective thickness for surface 

nonlinearity  δ is also indicated on the figure. Ref.  [80].  

 

 

In order to investigate the effect of surface SHG, one can treat the surface as a thin layer with 

optical constants different from the bulk (Figure 2.8)  [43,96].   Surface SHG has been used to 

probe for mono layers of molecules at the surface  [42]. NW/ NP have a large surface to 

volume ratio and the relative contribution of the bulk and surface nonlinearity depends on 

pillar diameter. While surface nonlinearity can be used to enhance the net SHG from NPs 

with bulk material nonlinearity, it is the only mechanism to generate second-harmonic light 

from NPs of centro-symmetric materials [97].   
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 Fabrication of III-V Nanopillars 3

 

 Different Methods of Fabrication of Nanopillars 3.1

 

Semiconductor nanostructures in the form of wires, tubes, rods and pillars have been widely 

investigated in the recent years due to their unique optical, electronic, thermal and mechanical 

properties  [27].  III-V NWs/NPs are particularly interesting for their sub-wavelength optical 

properties [1]. For fabrication of NWs/NPs, both bottom-up and top-down approaches have 

been used. There are several different methods in the bottom-up approach category and a lot 

of effort has been devoted to precisely control the crystal structure, dimension, composition 

and doping of NWs  [4,29,31,52,98–102]. One of the most common and well-established 

methods to grow III-V NWs is the vapor-liquid-solid (VLS) method. VLS for NW growth has 

three main stages, namely: alloying, nucleation and growth. While usually in the VLS 

method, a metal-catalyst particle (e.g. Au particle) is required, other catalyst-free growth 

processes have also been reported [103–106]. III-V NWs often exhibit randomly distributed 

crystallographic defects such as zincblende/wurtzite polytypism and twin defects. Recently 

there has been a significant improvement in controlling the crystal phase switching while 

growing NWs [31,100,102,104,107–110]. One main advantage of bottom-up approaches is 

the possibility to grow NWs on various host substrates that are not lattice matched to the NW 

material in the bulk form. Additionally, by using the VLS method, it is also possible to grow 

complex structures such as hierarchical branched NWs [27].  

On the other hand, top-down approaches for fabrication of NWs/NPs are based on different 

lithography (patterning) techniques and subsequent transfer of the desired pattern to the 

semiconductor, using appropriate anisotropic etching techniques. Top-down approaches offer 

mature processing methods, which have been developed in the last few decades. Due to 

advancements in patterning at tens of nanometers scale, NWs/NPs can be realized in different 

semiconductor materials. Top-down methods take advantage of wafer-scale single crystalline 

semiconductor materials and the mature epitaxial growth of hetrostructures (e.g. QWs). 

Simplicity and cost-effectiveness are the main two issues, which are pursued in novel 

methods for patterning.  
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 Top-down Fabrication Methods 3.2

 

In this thesis, three different techniques were used to fabricate NPs in different III-V 

materials. The details of each method will follow through this chapter.  

I. Colloidal lithography and dry etching were used to fabricate individual NPs and arrays 

of NPs in InP, GaAs and GaP. For this purpose, we used self-assembled colloidal 

silica (SiO2) particles with 0.5 µm and 1 µm diameters. GaP NPs fabricated with this 

method were used for SHG measurements. InP and GaAs NPs were used for 

investigations of the optical properties relevant to photovoltaics. We also developed 

two different processing chemistries to realize GaAs NPs with different geometries 

(conical, frustum, cylindrical and inverted conical). The developed processes are also 

applicable to other III-V materials such as InP and GaP.  

II. E-beam lithography and dry etching were used to fabricate GaP NPs in arrays with 

large spatial distance and controlled diameters. Individual GaP NPs fabricated with 

this method were used for SHG measurements. 

III. A novel mask-less method for wafer-scale fabrication of InP NPs is developed. For 

this purpose, we use ion beam etching (IBE) of InP with optimized parameters to 

fabricate NPs with vertical and tilted orientations. We also demonstrate a solar cell 

based on the fabricated InP NPs with an epitaxially over-grown layer to form the p-n 

junction. 

3.2.1 Colloidal Lithography 

 

Colloidal lithography is a relatively new method for large-area nanopatterning and is based on 

using self-assembled colloidal particles as etch masks (Figure 3.1) [111–113]. This method is 

both simple and cost-effective. After the formation of a mask layer, an appropriate anisotropic 

etching technique is used to transfer the pattern to the underlying substrate. In order to obtain 

a monolayer coverage of the colloidal particles, suitable deposition methods can be used, 

which result in a hexagonally closed packed arrangement of the particles (Figure 3.2 a). While 

the size of the particles defines the spatial distance between the final fabricated structures, the 

size of the deposited particles can be reduced by reactive ion etching (RIE) to obtain a smaller 

feature size (Figure 3.2 b).  Therefore, colloidal lithography offers a certain degree of 
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flexibility to vary both the spatial density and the diameter of the etched NPs. Moreover, the 

initial size of the particles and etching conditions can also be changed to modify the size, 

shape, and geometry of the NPs. Figure 3.1 shows a schematic illustration of the NP 

fabrication steps using this method. The details of the fabrication of NPs are given below. 

 

 

Fig. 3.1: Schematic illustration of  the nanopillar fabrication process steps using colloidal lithography and dry 

etching. (a) Size reduction of colloidal particles dispersed on a semiconductor surface. (b) Fabrication of 

nanopillars by anisotropic dry etching using silica particles as masks. (c) Removal of the remaining silica mask 

by wet chemical etching (HF for silica particles).  

 

We used the following steps in order to fabricate NPs using colloidal lithography: 

The desired substrate (InP, GaP, GaAs) was cleaned using a standard procedure. Silica 

particles with 500 nm and 1000 nm diameter in aqueous suspension, from Sigma Aldrich, 

were dispersed on the oxygen plasma treated substrates by spin coating. The spin coating was 

done in different steps to obtain a monolayer coverage. This procedure results in patches with 

typically a few mm
2
 area consisting of hexagonally close-packed monolayer of silica 

particles. The particles form a hexagonal closely packed structure because of the Van der 

Waals force (Figure 3.2 a and 3.3 a). In other areas on the sample, smaller patches as well as 

isolated dispersed particles can be found.  For the size reduction of the silica particles (Figure 

3.2 b), we used RIE operating at 40 mTorr with a CHF3 flow of 20 sccm and Ar flow of 10 

sccm. By using different etching times, the particle size can be tuned. The transfer of the 

pattern to the substrate was carried out by a suitable dry etching method. The NPs used in this 

thesis were made by different dry etching techniques and chemistries; for example, Ar/Cl2 

chemistry in chemically assisted ion beam etching (CAIBE), and inductively coupled plasma 

reactive ion etching (ICP-RIE) with CH4/H2/Cl2 and Ar/Cl2 chemistries. After etching, HF 
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was used to remove the remaining silica particles from the NPs. (Figure 3.3b) We should 

mention that in principle the coverage area of the particles can further be increased to wafer-

scale [114]. 

 

 
 

Fig. 3.2: (a) SEM image (top view) showing a close-packed monolayer of silica particles on the semiconductor 

substrate. (b) silica particles after a controlled size reduction step by dry etching.  

 

 

 

Fig. 3.3: (a) AFM image of hexagonally close packed silica particles dispersed on a semiconductor surface. (b) 

SEM image (tilted view) of fabricated nanopillars (here GaP nanopillars) with 500 nm period after removal of 

the silica particles by HF. 

 

3.2.2 E-beam Lithography 

 

In this thesis, e-beam lithography (EBL) was primarily used to fabricate GaP NPs for SHG 

measurements (Paper VI). SiO2 was used as the etch mask to obtain GaP NPs. The 

fabrication process is schematically presented in Figure 3.4. SiO2 (300 nm thick) was 

deposited on a double side polished undoped (1 0 0) GaP substrate by plasma-enhanced 

chemical vapor deposition (PECVD) as the final etch mask. This step was followed by spin 

coating of negative tone e-beam resist, ma-N 2403, at the speed of 6000 rpm, which results in  



25 
 

 

Fig. 3.4: Schematic illustration of the nanopillar fabrication process steps using e-beam lithography. 

 

a ∼200 nm thick resist film. The resist was prebaked for 1 min at 90 °C.  Different patterns 

(e.g. NPs with different diameters and arrays of NPs) were written by a Raith 150 EBL 

system. We used an acceleration voltage, aperture size and dose of 25 kV, 7.5 µm and 100 

µA/cm
2
, respectively. The exposed sample was developed with ma-D 532 for 2 min, followed 

by rinsing in deionized (DI) water and carefully blow dried with N2 (step 1 Figure 3.4). 

Afterwards, the pattern was transferred to the SiO2 layer by reactive ion etching (RIE), using 

CHF3 (step 2). We used inductively coupled plasma reactive ion etching (ICP-RIE) to transfer 

the pattern into GaP (step 3).  Cl2/H2/CH4 chemistry with gas flows of 14, 10, and 5.5 sccm, 

respectively, and an operating pressure of 4 mTorr were used. The ICP and RF powers were 

1000 and 60 W, respectively. The process parameters represent optimized values to obtain 

near-cylindrical GaP NPs. The residual masks on top of the NPs were removed by HF.   

 

 

 

Fig. 3.5: Representative SEM images of GaP nanopillars fabricated by e-beam lithography and ICP-RIE. Paper 

VI. 
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3.2.3 Different Plasma Etching Tools 

 

I. Inductively coupled plasma reactive ion etching (ICP-RIE) 
 

ICP-RIE is a plasma-etching technique that is widely used for etching semiconductors.  The 

existence of two different RF sources, one for plasma generation and the other to control the 

bias between the plasma and the sample, allows controlling the ion density in the plasma 

independent of the ion energy. This feature is very useful and enables a greater control over 

chemical and physical etching processes. In this thesis, we used an Oxford Plasmalab 100 ICP 

380 for the fabrication of GaAs, GaP and InP NPs (Papers I, II, III, VI and VII).  

Detailed investigations of two etch chemistries, namely, CH4/H2/Cl2 and Ar/Cl2, for the 

fabrication of GaAs NPs, were carried out (Paper I). Chlorine is commonly used in dry 

etching of most III-V semiconductors. Chlorine chemistries, due to the presence of reactive 

chlorine radicals have high etch rates but at the same time suffer from side wall roughness. In 

this paper, we optimized the process chemistry, which in combination with methane resulted 

in GaAs NPs with smooth surfaces.  

 

Fig. 3.6: Etch characteristics of GaAs NPs and the dependence on RF power in the Cl2-H2-CH4 chemistry: The 

lines are drawn to guide the eye. (Paper I). 

 

Hydrogen is primarily used to minimize polymerization of hydrocarbons. The effect of 

different etching parameters such as RF power, ICP power and pressure on the shape and 

geometry of NPs were investigated.  Figure 3.6 demonstrates the effect of RF power where 

the following parameters were constant: Cl2:H2:CH4 (14:5.5:7.5 sccm); pressure: 4 mTorr; 

and ICP: 1000W. At higher RF powers, ions with higher velocities interact with the surface, 

which consequently results in higher etch rate [Figure 3.6(a)]. However, by increasing the RF 

power, the mask is also sputtered away faster due to the dominance of physical etching, which 
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leads to reduction of the mask selectivity [Figure 3.6(b)]. In the same manner, by increasing 

the RF power the side wall angle increases due to mask erosion. By optimizing the etch 

parameters, different shapes and geometries can be obtained for NPs (Figure 3.7).  

 

 

Fig. 3.7: SEM images of the fabricated GaAs nanopillars using colloidal lithography and dry etching (ICP-RIE). 

Different shapes and geometries are obtained by tuning the etching parameters and chemistry. Scale bars 

correspond to 200 nm. Details of this investigation are discussed in Paper I. 

 

In Paper III, InP NP arrays were fabricated using colloidal lithography and ICP-RIE. A 

stamping technique has also been developed, which enables transfer of the NPs, with arbitrary 

densities, to other substrates. It would also be possible to obtain substrate-free NP arrays 

embedded in a flexible material for next generation nanostructured solar cells  [115]. The 

fabricated NPs show very high optical quality as confirmed by PL measurements.  

 

 

Fig. 3.8: (a) Representative SEM image of a fabricated InP nanopillar array using colloidal lithography and dry 

etching (ICP-RIE). An InGaAs layer, which acts as a sacrificial layer for transferring the nanopillars to another 

host substrate is indicated. (b) SEM image of single InP nanopillars transferred to a Si substrate by removing the 

sacrificial layer (selective etching) and subsequent stamping (Paper III). 
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II. Ion beam etching (IBE) 

 

In IBE systems the plasma source is combined with a set of grids, which enable the extraction 

of a stream of ions, at a pre-determined energy, to the sample (target). IBE is the general term 

used to denote etching techniques that use a collimated ion beam and can be classified as 

follows: 

 Ion milling or sputtering: uses a highly directional ion beam of inert gas-ions and 

physically mills the material. 

 Reactive ion beam etching (RIBE): reactive gases are introduced into the plasma in 

addition to the inert gas (es). Here, the etching process is both physical and chemical. 

 Chemically assisted ion beam etching (CAIBE): In CAIBE the reactive gas(es) are 

introduced near the sample and the energetic inert gas ions are extracted from the 

plasma. Thus, in this technique the physical and chemical components of the etch 

process can be controlled independently. 

IBE offers several unique advantages in etching semiconductors such as the possibility to 

rotate and tilt the sample with respect to the ions and direct heating of the sample up to 300 ° 

C (an important parameter in etching some materials such as InP). A schematic illustration of 

a typical IBE system is shown in Figure 3.9.  

 

In this thesis, we used a Nordiko 3000 system in CAIBE mode (Ar/Cl2 chemistry) for etching 

GaP NPs (Paper V) and an Ionfab300Plus ion beam etching system from Oxford Instruments 

to fabricate self-organized InP NPs. (Paper IV). The above choice of the IBE tools is merely 

circumstantial and not application specific. 

 

Fig. 3.9: Schematic view of an IBE system. The generated ions in the plasma are extracted through the grids and 

impinge on the sample. 



29 
 

3.2.4 Self-Organization  

 

In Paper IV, we demonstrated a unique wafer scale self-organization process for generation 

of InP NPs, using ion beam etching (by nitrogen ions). The formation of the InP NPs is via a 

maskless and self-organized process, due to the preferential sputtering of phosphorous leading 

to indium enrichment at the surface. The excess indium diffuses on the surface and forms 

clusters, which act as masks leading to the formation of the InP pillars. Figure 3.10 shows the 

schematic illustration of InP NP formation, where the excess indium formation at the top 

serves as a mask. During etching, constant diffusion of indium atoms to the top of the NPs 

continues. This mechanism leads to formation of pure crystalline InP only at the core of the 

NPs. At the same time the sidewalls of the NP consist of amorphous InP (P-rich), which can 

be removed by HF [Figure 3.10 (a)]. Formation of InP NPs starts with the highly enriched 

indium cluster. Indeed, TEM images from single InP NPs reveal this; and Energy Dispersive 

X-ray (EDX) analysis confirms the material content in each segment of NPs [Figure 3.10(b)]. 

Previous reports on formation of nanostructures by ion beam etching have used heavier ions 

and higher ion energies; therefore the optical properties of the materials have been greatly 

degraded [116–120].  

 

 

Fig. 3.10: (a) Schematic illustration of the InP nanopillars formation process. The arrows show the energetic 

nitrogen ions. Indium clusters at the top serve as a masks for further etching. The indium-rich top and the 

amorphous parts at the surface can be removed by HF.(b) TEM image of a single InP nanopillar. Representative 

EDX spectra at different locations of the pillar are also presented. The top segment of the nanopillar shows a 

very strong indium peak. The area within the white dashed lines indicate crystalline InP, which remains after HF 

treatment of the sample. Paper IV 
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Fig. 3.11: Fabrication of self-organized InP nanopillars using ion beam etching. (a-d) SEM images of InP 

nanopillars for different etching times. Scale bars represent 200 nm. (d) 40° orientation angle between the ion 

beams and the normal direction to the sample surface results in tilted nanopillars. Paper IV 

 

 

Figure 3.11 (a) shows the SEM image of an InP sample after 30 s etching. At this stage, one 

can see the formation of indium cluster on the sample surface. Figure 3.11(b) and (c) show 

representative SEM images of InP NPs after 10 min and 5 min of etching, respectively. It is 

also possible to fabricate NPs with tilted orientation (Figure 3.11d), by tilting the platen at a 

desired angle. Details of the fabrication process are discussed in Paper IV. 

 

In summary, we developed different top-down methods to fabricate NPs in various III-V 

materials. The developed top-down methods offer the possibility to take advantage of wafer- 

scale semiconductor materials with single crystalline quality and the possibility to have 

embedded hetero-structures within (e.g. QWs). We used self-assembled colloidal silica 

particles or e-beam lithography for patterning InP, GaAs and GaP. Accordingly, we 

developed appropriate dry etching chemistries to realize NPs with different geometries and 

smooth sidewalls. Moreover, a unique wafer scale process for generation of InP NPs, using 

ion beam etching via a maskless and self-organized process was developed. In the next 

chapter, we demonstrate a solar cell device based on the self-organized InP NPs. 
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 III-V Nanopillars for Photovoltaic 4
Applications 

 

 Broadband Suppression of Reflectance 4.1

 

As discussed in the earlier chapters, NP solar cells can benefit from the suppression of 

reflection and light trapping due to the pillars’ geometry. Additionally, in NP solar cells, 

because of the enhanced surface to volume ratio at the junction area, carrier collection can be 

more effective. This is especially true for NP solar cells with radial junctions [9]. In this 

regard, it is important to investigate the optimized geometry and size of the NPs for a 

maximum absorption of sunlight [53,64]. To have quantitative criteria for the reflectance from 

NPs, the total reflectance (diffuse and specular) from NP arrays is determined. We measured 

the total reflectance from different NP arrays using an integrating sphere; the results are 

discussed in the appended papers (Paper I, II, III and IV). Figure 4.1 (a,b) shows an example 

of the fabricated self-organized InP NPs and panel (c) shows the corresponding measured 

total reflectance spectra. For comparison, the data for an InP bare substrate is also included 

 

Fig. 4.1: (a) Photograph of full 2″ InP wafers, the left wafer is a bare substrate and the right one (black wafer) is 

with self-organized InP nanopillars. (b) SEM image of the self-organized InP NPs etched for 10 min.(c) Total 

reflectance (specular + diffuse) of the InP NPs and that of the bare InP substrate.(d) and (e) show a comparison 

between InP bare substrate and NPs in terms of hydrophobicity. The large wetting angle in the case of NPs, 128° 

compared to 45° for the bare substrate, exhibits a very high hydrophobic surface. Paper IV 
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(Paper IV). As can be seen, InP NPs show a broadband suppression of reflectance. 

Additionally, the tapered profiles of these NPs could offer certain benefits such as 

omnidirectional suppression of reflectance (from incidence angles of 0 to above 60°) [34], 

which is superior to conventional ARCs. Here, as a side note we should mention another  

interesting feature of many nanostructured surfaces that is superhydrophobicity [121,122]. 

The potential applications of this property are self-cleaning, antifogging and humidity control 

of electronic devices [121]. Figure 4.1 (d, e) shows a comparison between an InP bare 

substrate and InP NPs in terms of hydrophobicity. The large wetting angle in the case of NPs 

stems from a very hydrophobic surface. While this feature is useful for many applications, it 

would make post-processing steps on the surface of NPs challenging. 

Considering the advantages of tapered NPs for photovoltaic applications [34] , in Paper II, 

we investigated the effect of shape and geometry of GaAs NPs, fabricated by colloidal 

lithography and dry etching, on their reflectance spectra. Tapered NPs, due to their graded 

change of refractive index, show dramatic suppression of reflectance. 3D FDTD simulations 

were used to obtain a better understanding of the light-matter interaction in these NP arrays. 

 

Fig. 4.2: Reflectance spectra of two GaAs NP array samples with 500 nm period and different geometries 

(conical and frustum). (a) Measured reflectance (b) 3D FDTD simulated data. (c,d) Representative SEM images 

of the fabricated GaAs NPs with frustum (c) and conical (d) shapes. Scale bars represent 200 nm. Paper II 
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Figure 4.2 (a) shows the measured reflectance spectra of two different tapered geometries 

(frustum and conical shape) of GaAs NPs, where both have very low reflectance. Our 

simulation results, obtained using Lumerical FDTD, show a good agreement with the 

measurements. A pronounced dip can be seen for the frustum NP array sample around λ=550 

nm, which is due to the coupling of light into the NP waveguide. Because of the improved 

refractive index matching between the NPs and air, less pronounced dips and peaks are 

present in the reflectance spectra of the conical NPs. 

 Optical Quality of Nanopillars and Surface Passivation 4.2

 

For a solar cell material, it is important to be both a good light absorber and a good 

radiator [78]. Therefore, an efficient external luminescence is a necessity for approaching the 

Shockley–Queisser (SQ) efficiency limit [45]. In this respect, photoluminescence (PL) 

spectroscopy is a non-destructive and effective method to assess the optical quality of 

materials.  In this thesis, PL yield (intensity) and PL linewidths were used as quality monitors 

for the fabrication process of NPs. For this purpose, we used μ-PL measurements using an 

Ar+ (514.5 nm) laser and a 50× objective. In Paper III, we showed that high optical quality 

InP NPs can be obtained using a top-down approach (colloidal lithography and dry etching). 

Figure 4.3(a) shows a representative high-resolution TEM image of an InP NP with a 

GaInAsP quantum well (QW) where the high crystalline quality of the NP is evident. 

Interestingly, the PL spectra of single NPs, transferred to a Si substrate, show a PL linewidth 

similar to the epi-grown QW [Figure 4.3(b)] and a detectable PL signal even at room 

temperature [Figure 4.3(c)]. The high optical quality of the fabricated NPs is an important 

factor in employing the NPs for different optoelectronic applications including solar cells. 

 

 

Fig. 4.3: (a) High-resolution TEM image of the InP/GaInAsP/InP QW nanopillars. The dashed line indicates the 

interface between the GaInAsP QW and InP (b) Normalized PL spectra (at 77 K) of as-grown InP/GaInAsP/InP 

QW wafer and a single InP nanopillar with QW . Similar linewidth of the PL spectra is an indication of the high-

optical quality of the fabricated NPs (c) Room temperature PL spectra of single nanopillars with QW (∼150 nm 

diameter). The inset shows an SEM image of the transferred single nanopillars on Si. Paper III 
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One very important issue to consider for many III-V semiconductor devices is the presence of 

surface states [47,123,124]. Carrier traps on the surfaces, are a  major source of carrier loss 

and a limiting factor for many optoelectronic devices [78]. Therefore, methods to reduce the 

surface recombination rate by surface passivation are critical. In this regard, GaAs with a high 

surface recombination velocity is a particularly difficult material with respect to surface sates. 

Additionally, NPs due to the large surface area to volume ratio and the induced surface 

defects during the fabrication have a high density of dangling bonds and nonradiative 

recombination centers. Two methods can be applied to passivate GaAs NWs/NPs: (1) using a 

suitable passivating chemical  [125], and (2) using a core-shell structure, where the shell is a 

high band gap material (e.g. AlInP) [126]. In Paper II, we show an effective chemical 

passivation method, which dramatically decreases surface recombination in GaAs NPs and 

increases the PL intensity (12 fold increase). The passivation method consists of  an initial 

very slow etching (~15.3 nm/min) step by citric acid and hydrogen peroxide solution for 20s; 

followed by passivation with a sulfur-based solution [74]. Figures 4.4(a) and (b) show a 

comparison of the measured PL spectra of the as-etched and passivated NPs. It is evident that 

sulfur passivation largely enhances the PL from NPs. The highest PL intensity and the 

narrowest PL linewidth are obtained when both wet-etching and sulfur passivation steps were 

applied. We should highlight the importance of both the recovery of the PL linewidth and the 

increase of the PL yield, as indicators of high optical quality. The passivation effect is mainly 

attributed to bonding of sulfur at the surface of NPs. 

 

Fig. 4.4: Comparison of the room temperature (a) PL intensity and (b) normalized PL intensity of GaAs NP 

array samples before and after different types of post-treatments: Paper II 
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 Solar Cell Based on Self-organized InP Nanopillars 4.3

 

In Paper IV, as a proof of concept, we demonstrated the feasibility of employing the 

fabricated self-organized InP NPs in solar cell devices. A schematic illustration of the 

fabricated InP NP solar cell is depicted in Figure 4.5.   For the fabrication of the InP NP solar 

cell, we used a specifically designed epi-grown InP substrate.  The InP epi-layer was grown 

with the following structure: one micrometer of  InP (p:10
17 

cm
-3

) was grown on an InP 

(p+:10
18 

cm
-3

) substrate. NPs with 800 nm to 900 nm height were subsequently fabricated. We 

optimized the etching process in order to obtain NPs with the desired shapes that demonstrate 

very low total reflectance (Figure 4.1c).  

 

Formation of radial p-n junction (in the presented context) is an important step to realize a 

solar cell device. There are different approaches in order to form a junction, such as ion 

implantation  [128] or surface doping  [129].  Here we used epitaxial overgrowth of NP arrays 

with n+ doping, to realize a radial p-n junction. The epitaxial overgrowth was carried out by 

metalorganic vapor phase epitaxy (MOVPE).  The overgrowth step was optimized for 

controlled lateral growth and doping levels. The optimum growth condition was achieved 

with the following parameter values: the temperature was 650 
o
C, the nominal V/III ratio 

during the growth was ~236 and the growth time was 100 s (growth rate of ~0.3 nm/s).  

 

Fig. 4.5: Schematic illustration of the fabricated InP nanopillar solar cell. For I-V measurements, silver grids 

were deposited on top of the nanopillars. Paper IV 

 

At this step, the back contact was deposited (Au/Zn/Au: 10 nm/30 nm/200 nm). The front 

contact can be made by depositing a conformal transparent conductive aluminum doped zinc 
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oxide (AZO) layer on the overgrown sample. Figure 4.6(a) and (b) show representative SEM 

images of the fabricated NPs before and after overgrowth respectively. Figure 4.6(c,d) show 

InP NPs after AZO deposition.  

 

 

Fig. 4.6: SEM images of self-organized InP nanopillars at different steps in the fabrication of a solar cell. (a) As-

etched fabricated nanopillars. (b) Overgrowth of InP at 650 °C after HF treatment of the as-etch nanopillars.  

(c,d) SEM images of the InP nanopillars with overgrown epi layer and AZO deposited on top.(c) cross-section 

and (d) tilted SEM images. Scale bars represent 200 nm. Paper IV 

 

The current-voltage (I-V) characteristics of the InP NP solar cell is plotted in Figure 4.7(a). 

Figure 4.7(b) shows a comparison between the passivated and un-passivated NP solar cell. 

The details of the passivation method can be found in Ref. [127]. The significant increase in 

the open circuit voltage from 0.58 V to 0.71 V (0.13 V increase) is an indication of the effect 

of the surface passivation of the NP solar cell. The overall change in efficiency of the NP 

solar cell is from 4.1% to 5.4 %. The passivation effect can also be noted by PL 

measurements, detailed in Figure 4.8(a). However, the current density level of the fabricated  

NP solar cells is lower than expected (~ 10 mA.cm
-2

). That can be attributed to the effect of 

the non-conformal deposited AZO on the NPs. The reflectance data in Figure 4.8(b) shows 

that the deposition of AZO degrades the antireflection property of the NPs. It is expected that 



37 
 

by optimizing the AZO deposition with a more conformal coverage, the extracted current 

would be higher.  

 

Fig. 4.7: (a) I-V characteristics under dark and 1-sun illumination for InP nanopillars solar cell. The inset shows 

the fabricated cell. (b) I-V characteristics under 1-sun illumination of fabricated InP nanopillar after and before 

sulfur passivation. The open circuit voltage improves by about 0.13 V. The passivation effect can also be 

observed by the higher photoluminescence intensity (Fig. 4.8a). Paper IV 

 

 

Fig. 4.8: (a) Comparison of room temperature PL intensity of as-etched InP NPs before and after sulfur 

passivation. The passivation effect can be seen by the higher PL yield, which is about two times. (b) Effect of 

AZO layer (120 nm thickness) on total reflectance of InP substrate and nanopillars. As evident from the graph, 

the reflectance is lower for the substrate for a substantial range of energies above the bandgap. The reflectance 

spectrum for NPs before AZO deposition is also plotted. This would cause the overall current density of the 

fabricated InP nanopillar solar cells to be lower, compared to that of the planar InP solar cell. Paper IV 

 

 Conclusion 4.4

 

In conclusion, we have proposed different methods to fabricate III-V NPs, with various top-

down approaches. The fabricated NPs show a broadband suppression of reflectance, which is 
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advantageous for solar cell applications (Papers I, II, III, IV). NPs, individual or in array, 

show a strong PL signal, which is an indication of the high optical quality (Paper II and 

III).We have investigated the effect of the shape and geometry of GaAs NPs on their 

reflectance spectra, which fit very well with the simulations based on the 3D FDTD method 

(Paper II). An effective chemical passivation method was developed that considerably 

decreases the surface recombination in GaAs NPs and increases the PL intensity (Paper II). 

As a proof of concept, we demonstrated the feasibility of employing the fabricated self-

organized InP NPs in solar cell devices (Paper IV). For the fabrication of the InP NP solar 

cell, we used epitaxial overgrowth of NP arrays, by MOVPE, to realize radial p-n junctions. A 

dramatic increase in the open circuit voltage (0.13 V) of the NP solar cell was obtained by 

surface passivation of the NP solar cell.  
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 Nonlinear Optical Properties of GaP 5
Nanopillars 

 

Nonlinear optical properties of NWs/NPs are determined by both their crystal symmetry and 

geometry. In NWs/NPs, the large surface to volume ratio can provide an added benefit 

compared to their bulk counterpart. In this regard, second-harmonic generation (SHG) from 

NWs/NPs, as the lowest order of nonlinear interaction, can arise both from bulk and surface 

nonlinearities  [80]. While in previous works, the bulk contribution to the SHG in NWs has 

been extensively studied  [14,130,131], there are few reports on surface SHG  [132,133]. 

Intriguingly, surface SHG can also be observed from  centro-symmetric materials, such as Si 

NWs  [97].  

 SHG from GaP Nanopillars 5.1

 

In Papers V, VI and VII, we investigated different aspects of SHG in GaP NPs. In this 

chapter, we discuss the main findings reported in these papers. The investigated GaP NPs, 

individual or in an array, were fabricated by a top-down approach on a (100) undoped GaP 

substrate. For the SHG measurements, we used a Ti:sapphire laser operating at 830 nm 

(Paper VI and VII) or 840 nm (Paper V) wavelength with a pulse duration of 100 fs at 82 

MHz repetition rate. The generated light was subsequently collected and passed through a 

monochromator to a single photon detector (Si avalanche photodetector). In Paper V, the 

effect of the pillar diameter on the SHG intensity and the corresponding contribution of the 

surface and bulk nonlinearity to the generated light is discussed. Figure 5.1(a) shows the 

schematics of the optical set-up used for the measurement of the SHG intensity from GaP NPs 

(both individual and in arrays). As expected, the measured SHG light intensity shows a 

quadratic response as a function of the input pump power [straight line with a slope of two on 

a log-log scale, Figure 5.1(b)]. In order to further analyze the contribution of the bulk and the 

surface to SHG, using COMSOL, we calculated the electric field mode profile in NPs with 

different diameters for the pump and the SHG light. Figure 5.2(a) shows the calculated 

coupling efficiency and the normalized mode size as a function of NP diameter. From this 

plot, one can see that in general more light can couple into NPs with larger diameters. 

However, NPs with smaller diameters have a larger normalized mode size. Thus, from the 

discussion above we can conclude that by optimization of the pillar diameter, one can tailor 
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the coupling efficiency of the pump to the NP and the corresponding SHG intensity. Figure 

5.2(b) shows the measured and simulated data for  the SHG intensity from GaP NPs as a 

function of pillar diameter. The surface and bulk contribution from the calculated data are also 

plotted. The simulations show a good agreement with the measured SHG data from the 

pillars. From the presented data, we can see that by tuning the pillar diameter, it is possible to 

use the surface contribution to increase the SHG light output. In Paper V and VII, we also 

demonstrate an experimental method, based on determination of the polarization of the SHG 

light, to distinguish between the surface and bulk contributions. Later on, as discussed in 

Paper VII, we will show how to use SHG polarization measurements from different NP 

diameters to obtain an estimated value for the surface second-order nonlinearity in GaP NPs. 

 

Fig.5.1: (a) Schematics of the optical set-up used for SHG intensity measurements from single pillars and arrays.  

In this experiment, the wavelength of the pump was 840 nm. (b) SHG intensity from GaP NP array 

(measurements) as a function of the input pump power. The plot shows a quadratic response (straight line with a 

slope of two on a log-log scale), which confirms the SHG process. Paper V 

 

 

Fig. 5.2: (a) Calculated coupling efficiency of the pump (840 nm wavelength) and the normalized mode size for 

different pillar diameters. The solid lines indicate the trend. (b) SHG intensity in GaP nanopillars as a function of 

pillar diameter.  Measured and calculated (surface and bulk contribution) SHG intensities are indicated on the 

figure. Paper V 
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 Surface Phonons  5.2

 

As a complementary set of experiments, we performed μ-Raman spectroscopy measurements 

on GaP NPs with different diameters. For this purpose, we used the 514 nm line of an Ar
+
 

laser and a 50× objective with NA = 0.4 in back scattering geometry. In GaP NPs, apart from 

the longitudinal optical (LO) and transverse optical (TO) phonon peaks, which are also visible 

in GaP bulk samples, we observed a third peak on the lower frequency side of the LO peak 

(between LO and TO peaks). This extra peak is related to the surface optical phonons [134–

136]. Figure 5.3(a) shows the comparison between the Raman spectra from a sample with 

GaP NPs and a (100) GaP substrate. Interestingly we also observed a clear dependence of the 

surface phonon peak intensity on the NP diameter (Figure 5.3b). The intensity of the Raman 

signal, similar to the intensity of surface SHG, depends on the electric field intensity of the 

excitation light at the edges of the NPs. The measured intensity of surface phonons peak and 

the corresponding simulated electric field intensities at the edge of the NPs with varying 

diameters are also plotted in Figure 5.3b. As the pillar diameter reduces the surface phonon 

intensity increases. We should mention that the results are for the wavelength of 514 nm and 

the intensity of surface phonons drops again for very small diameters. Therefore, here we 

show another surface-related optical phenomenon that strongly depends on the NP diameter.  

 

 

 

 

Fig. 5.3: (a) Comparison between the Raman spectra from bulk GaP and from GaP nanopillars. Different optical 

phonon modes are also indicated on the graph:   Longitudinal (LO), transverse (TO) and surface optical phonons. 

(b) Dependence of the measured intensity of the surface optical phonon peak on the nanopillar diameter. The 

calculated electric field intensity at the edge of the nanopillars is also plotted for different diameters. Here the 

excitation wavelength is 514 nm. The solid line indicates the trend. Paper V 
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 Modal Analysis of SHG  5.3

 

In this section, we use modal analysis to describe the effect of different guided optical modes 

for the pump and SHG in GaP NPs. The discussions on mode analysis and modal dispersion 

engineering of the SHG are presented in Paper VI. For a focused pump with normal 

incidence with respect to the GaP NP waveguide axis, the fundamental mode (HE11) is 

considered for guiding of the pump. In chapter 2, Figure 2.5, the transverse and longitudinal 

component of the electric field for a pump with 830 nm wavelength in a 250 nm GaP NP is 

shown.  The electric field for the guided pump in a single GaP NP can be written as follows: 

�⃗� = 𝐸𝑇 . 𝑒 𝑇 + 𝐸𝑧 . 𝑒 𝑧 where 𝑒 𝑇 and 𝑒 𝑧 are the transverse (x-y plane) and longitudinal (z- axis) 

unit vectors, respectively, and 𝐸𝑇 and 𝐸𝑧 are the corresponding electric field components. 𝐸𝑇 

can be decomposed to the electric fields along the crystallographic axes of GaP: Ex and Ey, 

where, 𝐸𝑥 = 𝐸𝑇 . 𝑐𝑜𝑠𝜃 and 𝐸𝑦 = 𝐸𝑇 . 𝑠𝑖𝑛𝜃.  For GaP, which has crystal point group 4̅3m, the 

only non-zero components of bulk second-order nonlinear susceptibility tensor are d14= d25= 

d36=d. Accordingly, we can write the second order nonlinear polarizations for GaP:  

𝑃𝑥
(2)

= 2𝑑𝐸𝑦. 𝐸𝑧 = 2𝑑𝐸𝑇 . 𝐸𝑧𝑠𝑖𝑛𝜃 

                                           𝑃𝑦
(2)

= 2𝑑𝐸𝑥. 𝐸𝑧 = 2𝑑𝐸𝑇 . 𝐸𝑧𝑐𝑜𝑠𝜃     (5.1)                            

𝑃𝑧
(2)

= 2𝑑𝐸𝑥. 𝐸𝑦 = 𝑑(𝐸𝑇)2𝑠𝑖𝑛2𝜃 

 
Considering the crystallographic axes for the GaP NPs and the symmetry of the electric field 

components for the guided pump, we should take into account four guided modes of the SHG 

light. Figure 5.4 shows the transverse and longitudinal components of these modes. The  

 
 
Fig. 5.4: Electric field profile for second order guided modes in a 250 nm diameter GaP nanopillar at the SHG 

wavelength of 415 nm. In all the figures, arrow plots and 2D surface plots show the transverse and longitudinal 

components of the electric field, respectively.  Papers VI 

 

excited modes at the SHG wavelength are TE01, the two degenerate modes of HE21(HE'21 

and HE''21) and TM01.  Due to the NP waveguide geometry and also the crystal symmetry, 

we can consider the superposition of TE01 +HE21 or TM01 +HE21 for the guiding of the SHG 
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light [Figure 5.5(a, b)]. Depending on the pump linear polarization, different SHG modes can 

be excited.   For the pump polarization at θ =45° with respect to the crystallographic x-axis, 

the longitudinal nonlinear polarization 𝑃𝑧
(2)

 also contributes to the SHG process. In this case, 

the longitudinal electric field component of TM01 (Figure 5.5c), has a similar symmetry as the 

longitudinal nonlinear polarization and therefore is excited. We note that to define the final 

polarization of the second-harmonic light at the end of the NP, we should consider the overlap 

of electric fields, modal dispersion and absorption.  

 
 
Fig. 5.5: Electric field profiles of various guided modes for SHG wavelength (415 nm) in a GaP nanopillar with 

250 nm diameter. The crystallographic axes of GaP are indicated by x, y and z.  (a) and (b) show the electric field 

profiles of  the superposition of TM01+ HE21 modes and of TE01+HE21 modes, respectively. The final polarization 

in (a) and (b) is indicated by white arrows. (c) Shows the longitudinal component Ez of TM01 mode. Paper VI 

 

Depending on the pump polarization, we can excite different modes at the second-harmonic 

wavelength. In Paper VI, we show that by using far-field images of SHG from single GaP, 

the excitation of these modes can be visualized. Figure 5.5a shows an SEM image of a GaP   

 

Fig. 5.6: (a) SEM image (tilted view) of a fabricated single GaP nanopillar. (b) and (c) Recorded far-field  

images of radiated SHG light from a single nanopillar for two different pump polarizations. (b) Excitation of a 

two-lobe pattern of TE01+HE21 mode for the pump polarization along the crystallographic x axis. (c) Excitation 

of a doughnut-shaped profile for radiated SHG light corresponding to excitation of TM01 +HE21, together with 

TM01. Paper VI 

  

NP with diameter of ∼250 nm. In panel (b) of Figure 5.5, we can observe the excitation of 

TE01+HE21 mode (two-lobe pattern) for the pump polarization along x crystallographic axis. 

When the pump polarization is at θ=0°, the SHG light couples into the superposition of these 

modes, as illustrated in Figure 5.6b. Figure 5.6c shows the case for the pump polarization at θ 

=45°, where a doughnut-shaped profile corresponding to the excitation of TM01 +HE21, 
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together with TM01 is observed. These results show the possibility to modify the field 

distribution and beam shaping of the generated second-harmonic light at nanometer scale. 

In paper VI, we also show the mapping and analysis of the polarization of the SHG light 

from single GaP NPs with varying diameters. There are different methods for imaging the 

polarization of light  [137,138]. Here, we apply different pump polarizations from the back 

side of the substrate in a transmission geometry. The SHG light from GaP NPs, is 

subsequently passed through a rotatable polarizer to map the relation between different states 

of the pump polarization and the SHG light. A schematic of the optical set-up is shown in 

Figure 5.7. We investigated two polarization configurations: (1) the pump polarization is 

parallel with respect to the polarization of the detection of the SHG light and (2) for the case 

when they are orthogonal with respect to each other.   

 

 

 

Fig. 5.7: Schematic sketch of the optical set-up used for the full mapping of the SHG polarization from single 

GaP nanopillars. Paper VI 

 

 

The results of the SHG polarization measurements, in both configurations, from single GaP 

NPs with varying diameters are plotted in Figure 5.8.  The simulation results are overlaid on 

the same plots and show a good agreement with the measurements. Due to the crystal 

symmetry of GaP, all the graphs show a four-lobe pattern. We can see that for the parallel or 

the orthogonal polarization configurations, the SHG signal maximizes for the pump 

polarization at θ = 45° (with respect to the x-axis) or along x-axis respectively. This is also 
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evident from Eq. 5.1. In the parallel configuration (red circles), a clear relation on the pillar 

diameter is evident. For smaller NP diameters, while detecting the SHG light, the influence of 

surface nonlinearity is visible when the pump polarization is along the x-axis (or the y-axis). 

In the next section, we discuss how this property can be used to estimate the surface optical 

nonlinearity in GaP NPs. 

 
Fig. 5.8: SHG polarization mapping measurements of single GaP NPs with varying diameters. The arrows 

indicated the crystallographic axes.  Open red and solid blue circles represent the results of SHG measurements, 

for parallel and orthogonal configurations respectively. The simulation results are also plotted with solid lines 

and show a good agreement with the measurements. Paper VI 

 

 Surface SHG  5.4

 

Surface SHG occurs at the surface of materials where electrons feel symmetry breaking. In 

this case, the surface region with induced nonlinear polarization is in the order of few atomic 

layers [139] and can be treated as a thin layer with optical constants different from the 

bulk  [43,96]. Using this approach, it is possible to obtain a quantitative estimate of the 

surface nonlinearity and the corresponding thickness of the nonlinear region. However, only 

few works have addressed this issue [140,141]. The effect of surface SHG and having a good 

estimate of surface contribution to nonlinear optical properties could be particularly important 

for future nanophotonic devices with smaller footprints  [142–144]. 

 

In Paper VII, we address this issue and present a method to estimate the surface second-order 

nonlinearity in GaP NPs. In a bulk GaP crystal, which has the zincblende structure, the 

second-order nonlinear optical tensor, in contracted notation [80], has only three non-zero 

elements: d14= d25= d36. However, new components appear in the nonlinear optical tensor at 

the surface [93,94,145]. In GaP (crystal point group 4̅3m), if the x-axis is normal to the 

surface of the crystal with, the only non-zero nonlinear coefficients at the surface are: 
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𝑑11
𝑠 , 𝑑12

𝑠 , 𝑑13
𝑠 , 𝑑14

𝑠 , 𝑑25
𝑠 , 𝑑26

𝑠 , 𝑑35
𝑠  and 𝑑36

𝑠 . Due to the crystal symmetry at the surface, the 

following relations hold: 𝑑12
𝑠 = 𝑑13

𝑠 , 𝑑25
𝑠 = 𝑑36

𝑠  and 𝑑26
𝑠 = 𝑑35

𝑠 . We can express the second 

order of nonlinear polarization P
(2)

 generated at the surface as follows:    

 

                         [

𝑃𝑥
(2)

𝑃𝑦
(2)

𝑃𝑧
(2)

] = [
𝑑11

𝑠 𝑑12
𝑠 𝑑13

𝑠

. . .

. . .
     

𝑑14
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. 𝑑25
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𝑠

. 𝑑35
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𝑠
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2𝐸𝑥𝐸𝑦]
 
 
 
 
 
 

                                 (5.2) 

 

For the bulk contribution to the SHG, the second order nonlinear polarization has the 

following form: 

 

                                         𝑃𝑦
(2)

= 2 𝑑25𝐸𝑥(𝑥, 𝑦)𝐸𝑧(𝑥, 𝑦)𝑒2𝑖(𝜔𝑡−𝛽𝜔𝑧)                                     (5.3) 

 

Where  is the propagation constant of the mode at the pump frequency (also illustrated in 

Figure 5.9a). For the surface contribution to the SHG, the second order nonlinear polarization 

reads: 

                                         𝑃⊥
(2)

= 𝑑11
𝑠 (𝐸𝑥(𝑥, 𝑦) ∙ 𝒆𝑥 ∙ 𝒆⊥)2𝑒2𝑖(𝜔𝑡−𝛽𝜔𝑧)                                   (5.4) 

 

Where ex is the unit vector along x axis and e is a unit vector normal to the NP sidewall. In 

this case, the ratio between 𝑑11
𝑠 and d25 can be simplified to the following form: 

 

𝑑11
𝑠

𝑑25
≈ √

𝐼𝑥
(2𝜔)

𝐼𝑦
(2𝜔)

4∬|𝐸𝑥𝐸𝑧|
2
𝑑𝑥𝑑𝑦

∬ (
 

∆𝒔
|𝐸𝑥|2∙(𝐞𝑥∙𝐞⊥)3)2𝑑𝑥𝑑𝑦

                 (5.5) 

 

 

As it can be seen, in order to determine𝑑11
𝑠 , the intensity ratio of the surface to the bulk SHG, 

for NPs with at least two different diameters is required. Here, we consider an effective 

thickness of the surface nonlinearity region δ in the NPs, as indicated in Figure 5.9a. For our 

experiments, we used transmission geometry for launching the pump into single NPs (Figure 

5.9b).  
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Figure 5.9: (a) The geometry for launching the pump into the nanopillar indicating the polarization of the 

electric field for the guided pump, the generated second harmonic and the thickness “δ” of the surface nonlinear 

region. (b) Schematics of the optical set-up for the polarization measurement of  the SHG light from single GaP 

nanopillars. Paper VII 

 

In Figure 5.10, the polarization measurements of the SHG light from single GaP NPs for a 

fixed pump polarization along the x-axis is shown. As discussed earlier, for larger diameters 

(250 nm diameter) it is mainly the bulk nonlinearity which contributes to the SHG; the 

measurements also confirm that the polarization of SHG light is predominantly orthogonal to 

that of the pump [Iy
(2)

]. On the other hand, for smaller diameters (150 nm diameter), where 

the surface contribution becomes significant, the polarization of the SHG signal is 

predominantly parallel to the pump [Ix
(2)

].  

Using the measured values for Ix
(2)

/Iy
(2)

 and Eq. 5.5, the ratio of nonlinear coefficients = 

𝑑11
𝑠 /d25 at the interface of GaP can be determined. The ratio as a function of the effective 

thickness of the nonlinear region is plotted in Figure 5.11. The  and values are determined 

from the crossing point of the three curves. Thus the investigated GaP NPs have a nonlinear 

coefficient at the surface that is approximately 15 times higher compared to the bulk value. 

This value corresponds to an effective thickness = (15 to 20) nm. The relatively large value 

for  in the investigated GaP NPs can be attributed to the irregularities in the shapes and 

diameters of the NPs along their lengths. We should point out that the obtained strength of 

nonlinearity represents a lower limit. The presented method can also be used to investigate the 

nonlinear region at the surface of other materials that lack bulk second-order nonlinearity. 
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However, due to the absence of a reference SHG signal, measurements of the total intensity of 

SHG light from various NP diameters are required. 

 

 

Fig. 5.10: Polarization measurements of the SHG light for single GaP nanopillars with different diameters. The 

pump polarization (830 nm wavelength) is indicated as an arrow along the x- axis. Paper VII 

 

 

 

 
 

Fig. 5.11: The ratio of the nonlinear coefficient at the surface 𝑑11 
𝑠 and in the bulk d25 as a function of the 

effective thickness of the nonlinear region at the interface GaP/air for three different nanopillar diameters. 

Paper VII 

 

 Conclusion 5.5

 

In summary, we experimentally observed SHG from vertical GaP NPs (single and arrays), 

fabricated by top-down approach.  The dependence of the SHG light intensity on the NP 

diameter and the influence of surface and bulk nonlinearity were investigated. We calculated 

the electric field profile in NPs and subsequently analyzed the surface and bulk contribution 

to the SHG. In the case of single NPs, we also analyzed the SHG considering different modal 
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excitations. It was demonstrated that by tuning the NP diameter and pump polarization, it is 

possible to modify the field distribution of the radiated SHG light. We also show the 

importance of the tight confinement of the pump in NP waveguides and utilization of the 

longitudinal component of the electric field in this geometry. A method was proposed to 

distinguish between surface and bulk contributions in the SHG process and accordingly how 

to employ surface SHG to enhance the signal. Our proposed method also allows us to estimate 

the nonlinear coefficient and the effective thickness of the nonlinear region at the surface of 

GaP NP waveguides. Based on our findings, the corresponding nonlinear coefficient at the 

surface is approximately 15 times higher compared to the bulk. The findings reported in 

Papers V, VI and VII, suggest that the distinctive optical properties of NPs/NWs (in this case 

GaP NPs), can potentially be promising for the use in future nonlinear nanophotonic devices.  

 

 

Fig. 5.12: Examples of the fabricated GaP nanopillar structures and the observed SHG light at 415 nm. (a) SEM 

image of the KTH logo, which consists of individual GaP nanopillars with diameters of ~ 250 nm. (b) Second- 

harmonic light from the logo, which is radiated from GaP nanopillars. The image is recorded by a CCD camera 

in the far-field. (c) SEM image of fabricated GaP nanopillars in a 2 µm period array and (d) the corresponding 

SHG light from individual nanopillars. The GaP nanopillars are fabricated with e-beam lithography and dry 

etching.  
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 Summary and Outlook 6

 

Semiconductor nanowires (NW)/nanopillars (NP) and their optical properties, have attracted 

significant research interest from the nanoscience community to gain a better understanding 

of the light-matter interaction at the nanoscale and for different potential applications. In this 

thesis, we addressed two important applications of semiconductor NPs with a focus on III-V 

materials: (1) III-V NPs for solar energy conversion in photovoltaic (PV) devices and (2) 

nonlinear optical properties of GaP NPs.  

 

In the thesis, we proposed methods to fabricate III-V NPs using various top-down approaches. 

The fabricated NPs show a broadband suppression of reflectance (up to more than an order of 

magnitude), which is advantageous for solar cell applications. Particularly, we investigated 

the effect of the shape and geometry of GaAs NPs on their reflectance spectra that is 

supported by simulations based on the 3D FDTD method. As an important step towards the 

realization of PV devices with better performance, an effective chemical passivation method, 

based on S- Oleylamine solution was utilized. The passivation method resulted in a 

considerable decrease of the surface recombination in GaAs NPs, and increased the PL 

intensity about one order of magnitude. We demonstrated a novel wafer scale self-

organization process for the generation of InP NPs, using ion beam etching. As a proof of 

concept, we also demonstrated the feasibility of employing the fabricated self-organized InP 

NPs in solar cell devices. A significant increase (0.13 V) in the open circuit voltage of the NP 

solar cell was obtained by surface passivation of the NP solar cell.  

 

We experimentally observed SHG from vertical GaP NPs (single and arrays), fabricated by a 

top-down approach. In the case of single NPs, we also analyzed the SHG considering 

different modal excitations. Moreover, a method was proposed to distinguish between the 

surface and bulk contributions to the SHG. Based on our findings, the corresponding 

nonlinear coefficient at the surface is approximately 15 times higher compared to the bulk. 

The presented works suggest that semiconductor NPs/NWs (in this case GaP NPs) with their 

distinctive optical properties, are potentially promising for future nonlinear nanophotonic 

devices with small footprint. Additionally, the SHG light from single GaP NPs is a promising 

candidate for an ultrafast nanoscopic light source with potential applications in sensing, bio 

and single cell/ molecular imaging.  
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In the area of NP-based solar cells, one important question, which should be addressed, 

concerns the advantages/disadvantages of periodic vs. non-periodic arrangement of NPs in an 

ensemble for enhanced sunlight absorption. The non-periodic arrangement can be a random or 

quasi-periodic assortment of NPs. Research on alternative methods to obtain radial junctions 

in NP geometry, which are both cost-effective and can offer precise doping control, is also of 

critical importance. One very promising application for NP-based solar cells is the possibility 

to use them in flexible host materials and therefore employ them in wearable gadgets/devices 

with self-powering capability.  

 

Considering the nonlinear optical properties of NPs: in this thesis, we focused on the SHG 

process in GaP NPs. One possible follow-up as we proposed in Paper VI, is to further 

increase the SHG signal by satisfying the phase matching condition in arrays of NPs using 

modal phase matching. This can be achieved by tuning the NP array geometry and 

subsequently matching the effective modal index of second- harmonic light and the pump. 

This step would be important in the realization of nonlinear elements in future integrated 

nanophotonic devices with a smaller footprint using semiconductor NPs. The presence of 

SHG in NPs also indicates that the reverse process, spontaneous parametric down-conversion, 

where one photon of the pump is converted to two photons (signal and idler) with lower 

energy, is also possible in these structures. This can be particularly very interesting for 

quantum optics experiments. Further exploration of NP waveguide geometries for other 

nonlinear optical processes is a natural follow-up to the presented work in this thesis. Finally, 

the development of nanowaveguides as nanoscopic light sources for bio applications is 

worthwhile.  
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 Guide to  the Papers 7

 

I. K. M. Awan
†
, R. Sanatinia

†
, and S. Anand, “Nanostructuring of GaAs with 

tailored topologies using colloidal lithography and dry etching”
 
J. Vac. Sci. 

Technol. B 32, 021801, 2014  ( † equal contribution) 

 

This paper presents a detailed investigation on the fabrication of GaAs nanopillars 

with different geometries using colloidal lithography and inductively coupled plasma 

reactive ion etching. Two different etch chemistries, CH4/H2/Cl2 and Ar/Cl2, were 

investigated for the fabrication of GaAs nanopillar arrays. The fabricated nanopillar 

arrays had a typical period of ~500 nm, and their lengths could be as high as 4 µm. 

The effects of different etch parameters on the etch rate, mask selectivity and side wall 

angle were investigated. The dramatic suppression of reflectance in GaAs nanopillar 

arrays compared to planar GaA shows their potential for photovoltaic applications.  

 

Author Contribution: design of the experiments, part in the sample fabrication, 

characterization, data analysis, part in writing of the paper 

 

 

II. R. Sanatinia, K. M. Awan, S. Naureen, N. Anttu, E. Ebraert and S. Anand, 

“GaAs nanopillar arrays with suppressed broadband reflectance and high optical 

quality for photovoltaic applications”, Opt. Mat. Express 2 (11), pp 1671-1679, 

2012 

This paper focuses on the study of optical properties of tapered GaAs nanopillar 

arrays, fabricated by colloidal lithography and dry etching. Due to the advantages of 

tapered nanopillars for photovoltaic applications, we have investigated the effect of 

shape and geometry of nanopillars on their reflectance spectra. FDTD simulation 

results were in good agreement with the reflectance measurements. Moreover, a 

combination of wet chemical etching and sulfur–based passivation was used for 

surface passivation of GaAs nanopillars.  This process resulted in a considerable 

reduction of surface states, which was confirmed by photoluminescence (PL) 

measurements. The presented fabrication and passivation methods are promising for 

the realization of nanopillar solar cells. 

 

Author Contribution: design of the experiments, part of the fabrication, part of the 

simulation, characterization, data analysis, writing the paper 
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III. S. Naureen, R. Sanatinia, N. Shahid and S. Anand, “High Optical Quality InP-

Based Nanopillars Fabricated by a Top-Down Approach”, Nano Lett., 11 (11), pp 

4805–4811, 2011 

 

In this paper, InP-based nanopillar arrays were fabricated by dry etching. The 

nanopillars, single and arrays, show a high optical quality and strong 

photoluminescence (PL). InP nanopillar arrays also exhibit a strong suppression of 

reflectance over a broad wavelength spectrum. The fabricated nanopillars have PL line 

widths comparable to the as-grown wafer. By selectively etching a sacrificial InGaAs 

layer, a stamping technique was developed to transfer substrate-free nanopillars to 

other host substrates such as Si. The results show the potential of using InP NPs, 

fabricated by a top-down approach, for optoelectronic applications. 

 

Author Contribution: part of the characterization, part of the data analysis, part in 

writing of the paper 

 

IV. R. Sanatinia,
 
A. Berrier, V. Dhaka,

 
H. Lipsanen,

 
and  S. Anand,“Wafer-Scale 

Self-Organized InP Nanopillars with controlled orientation for Photovoltaic 

Devices, manuscript    

This paper reports on a unique wafer-scale self-organization process for generation of 

InP nanopillars. The process is based on mask-less ion beam etching of InP. The 

fabricated InP nanopillars exhibit a broad band suppression of reflectance, a property 

useful for solar cells. As a proof of concept, the feasibility of employing the fabricated 

InP NPs in solar cell devices is demonstrated. The formation of radial p-n junction for 

carrier collection, in the fabricated NP solar cells, is carried out by a metalorganic 

vapor phase epitaxy (MOVPE) overgrowth step. The results indicate the feasibility of 

this technology for solar cells. The fabricated nanopillar solar cell, after passivation, 

shows an open-circuit voltage of 0.710 V with an increase of 130 mV compared to the 

un-treated sample. 
 

 

Author Contribution: design of the experiments, sample fabrication, 

characterization, data analysis, writing the paper 

 

V. R. Sanatinia, M. Swillo and S. Anand, “Surface Second-harmonic generation 

from Vertical GaP nanopillars”, Nano Lett., 12 (2), pp 820–826, 2012 

 

The focus of this paper is experimental investigation of second-harmonic generation 

(SHG) from vertical GaP nanopillars fabricated by a top-down approach. The 

dependence of SHG intensity on nanopillar diameters and the influence of surface and 

bulk nonlinearity were investigated. Coupling efficiency of the pump to the 

nanopillars and calculations of the electric field profiles were in good agreement with 
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the experimental data. Complementary measurements, using Raman spectroscopy to 

probe surface optical phonons, followed the calculated field intensities at the surface. 

Measurements of the polarization of the SHG light were used to distinguish between 

the bulk and surface contributions to the generated light. 

 

Author Contribution: initiation of the investigation, sample fabrication, part of 

characterization, part of simulation, part of data analysis, writing the paper 

 

VI. R. Sanatinia, S. Anand, and M. Swillo ,“Modal Engineering of Second-Harmonic 

Generation in Single GaP Nanopillars”, Nano Lett., 14 (9), pp 5376–5381, 2014 

 

This paper reports on second-harmonic generation (SHG) from single GaP nanopillars 

and modal analysis of the pump and SHG light. The nanopillars were fabricated in a 

vertical geometry by a top-down approach. Polarization beam shaping of the radiated 

SHG light (two-lobe and doughnut-shaped patterns) was experimentally achieved by 

varying the pillar diameter and linear pump polarization. Polarization mapping of the 

SHG light from nanopillars with different diameters was carried out. Simulation 

results of optical modal overlap between the pump and SHG from GaP nanopillars 

show a very good agreement with the measurements. The results from this paper can 

be applied to other semiconductor nanowire materials fabricated by other methods and 

are interesting for designing future integrated nanophotonic components 

 

Author Contribution: sample fabrication, part of the characterization, part of the 

simulation, part of the data analysis, writing the paper 

 

VII. R.Sanatinia, S. Anand, and M. Swillo, “Experimental Quantification of Surface 

Optical Nonlinearity in GaP Nanopillar waveguides”, submitted to Opt. Express, 

2014  

This paper reports on surface second-order optical nonlinearity in single GaP 

nanopillars (nanowaveguides). The relative contribution of the optical nonlinearity at 

the surface and the bulk is resolved by mode confinement analysis and polarization 

measurements. By investigating the thickness of the nonlinear region at the surface of 

nanopillars, the nonlinear coefficient was estimated to be ~15 times higher at the 

surface than in the bulk. The presented results are interesting both to gain insights in 

fundamental aspects of light–matter interaction and for future nonlinear nanophotonic 

devices with smaller footprints.   
 

Author Contribution: sample fabrication, part of the characterization, part of the 

simulation, part of the data analysis, writing the paper 
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