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Abstract

We design a semi-transparent metasurface that enables wavefront shaping on reso-

nance in reflection. Supercells of metagratings can be combined in arrays to shape any

desired wide-angle scattering pattern at a specific wavelength range. The spectral re-

sponse in reflection is controlled by manipulating the shape of silicon Mie-like resonators

that exhibit resonant scattering profiles. The directivity and power towards different

diffraction orders is controlled by adjusting the pitch, the position and shape of the

individual gratings. We experimentally demonstrate metasurfaces composed of silicon

nanowires on a sapphire substrate that create a Lambertian scattering profile at λ = 650

nm. The scattering efficiency of the silicon nanowires is enhanced at resonance. Fur-

thermore, the transmission of the supercell is tailored such that the external quantum

efficiency is 80 − 90% over a broad angular range. These geometries can find application

in light trapping layers for thin film solar cells, efficient colorful photovoltaics as well as

spectral splitting layers for perovskite-silicon tandem devices.
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Chapter 1

Introduction

One of the main global challenges is ensuring a smooth and sustainable energy transition.

Where many novel cutting-edge technologies struggle to compete and succeed in industry,

solar energy has expanded vastly in both fundamental research and market production.

Conversion efficiencies are consequently increased and manufacturing costs have been

reduced drastically over the past decades as a result of vast research and development of

photovoltaic (PV) materials and engineering of solar cells [1]. New combinations of solar

architecture are increasingly important in the direction towards a sustainable future.

For transportation, logistical and economical purposes, PV integration into the local

architecture, buildings and rural terrains has become crucial [2]. One of the downsides of

the current commercial solar cells is the dominant blue or black colour, that depreciates

the cordial perception of urban construction.

Coloured PV is arising in households and smart city building integration, where aes-

thetics and architectural beauty play a big role. In order to achieve both functional

beauty and efficiency, the research industry must develop innovative PV solutions us-

ing clever methods for coloured solar cells while preventing high efficiency losses. Over

the last decades, research has not shown many coloured PV applications with complete

angular and spectral control over the reflected light. Interference coatings consisting of

multilayers have been used to modify the reflected spectrum, yet are not cost effective

and have a strong dependency on the angle of reflection [3–5]. Thin-film silicon solar cells

with semitransparent optical properties were utilised in rooftop applications, reflecting in

the red wavelength regime [6]. The polymer encapsulant on top of the solar cell, however,

absorbed a significant proportion of the incoming light, reducing the efficiency of the cell

exceedingly.
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Chapter 1: Introduction

While coloured PV has shown various concepts for building-integrated applications,

the major issue remains low efficiencies. In this study, Mie-like resonators combined into

metagratings are explored. The excitation of Mie resonances in subwavelength dielectric

nanostructures have been studied extensively in the last decades, due to the tunable

resonances and relatively low absorption compared to metallic particles. It has been

shown that by tailoring the shape and refractive index of dielectric particles, it is possible

to control the resonant reflection and transmission spectra [7]. Mie resonances occur

through excitation of electric and magnetic modes. By altering the interferences between

these specific modes, one can tune the angular distribution of the scattered light [8]. The

use of Mie scatterers on planar substrates has shown tunable spectral light scattering

in various colours [9–13]. Following this research, the creation of green coloured solar

modules has been reported, using resonant scattering from Mie-like silicon nanoparticles

[14]. With subwavelength pitches, the nanostructures of Neder et al. [14] resonantly

scatter light at a tunable wavelength, while maintaining high transmission through the

substrate for current generation in solar cells, losing only 10-11% in short circuit current

and efficiency. Another recent publication presented a metagrating structure that scatters

resonantly to a tailored angular distribution [15]. By arranging silicon Mie resonators in a

periodic array spaced on top of a silver substrate, light is scattered into the first diffraction

order while suppressing the zeroth order reflection. Combining multiple gratings with

varying pitches, it is possible to create a Lambertian scattering profile, where the apparent

brightness of the scattering is the same for an observer in every angle.

Fig. 1.1: Schematic depiction of silicon nanoparticles on a sapphire substrate.

In this thesis, we design a supercell of multiple metagratings consisting of dielec-

tric nanoparticles that resonantly scatter according to the Lambertian cosine law, whilst

transmitting the non-reflected light through a transparent substrate. First, we use Mie-

like resonances in subwavelength silicon nanowires that allow us to gain spectral control

over the reflected light. These resonances are tuned by optimizing the shape and spatial

dimensions of the nanowires such that the scattering profile matches the desired scatter-

ing spectrum. This study realises the resonant scattering peaked around λ = 650 nm,

yielding a “red” scattering profile. Next, the nanowires are placed in multiple gratings

on a sapphire substrate, that scatter light into the diffraction order following the grating

equation. Fig. 1 shows a schematic overview of the metagrating. By tuning the size
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and number of particles in different periodicities, we show that every individual grating

scatters the light to the first diffraction orders. The excitation magnetic modes in silicon

nanowires on a sapphire substrate enhance the scattering to the first diffraction order

and destructively interfere in the specular reflection. As the pitch determines the angle

of diffraction, we design a “supercell” consisting of multiple gratings that each scatter to

different angles. The final design allows control of the angular and spectral response of a

reflecting metasurface, while the remaining incoming spectrum is transmitted efficiently

for suitable integrations in PV applications.
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Chapter 2

Theory: spectral and angular control

of light

2.1 Mie-like resonances

Nanophotonics covers a great variety of recent physics advancements, including the en-

hancement of near field effects by virtue of intermodal interferences between resonant

nanostructures. While plasmonic nanostructures allow the manipulation of light at the

nanoscale, only a few plasmonic applications succeeded in practice [16]. The high losses in

the visible light regime and inconvenient fabrication processes needed in (opto)electronic

devices are limiting the practical realization of plasmonics [17]. Recently, dielectric ma-

terials have shown strong and tunable optical Mie resonances in nanostructures with

a favorable high refractive index and low optical losses, providing new and interesting

opportunities for semiconductor device technologies [18].

In dielectric particles, electric and magnetic resonant modes can be optically excited

with a plane wave or a dipole source. The excitation of electric dipole resonances requires

the material inside the resonator to be collectively polarized by the electric field compo-

nent of the incoming light, generating an electric dipole moment [7]. Magnetic dipoles, on

the other hand, are driven by the coupling between the electric field of incoming light and

the displacement current loops [18]. For spherical particles, these resonances are called

Mie resonances, and occur when the particles diameter d approaches the wavelength λ

adjusted by the materials refractive index n: 2R ≈ λ/n. Increasing the refractive index

also increases the scattering efficiency of resonant multipoles [19–22]. Such resonances
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Chapter 2: Theory: spectral and angular control of light

can be observed in non-spherical particles as well, providing many opportunities for ap-

plication specific designs that require particular spectral characteristic control [23]. The

geometrical parameters of the individual nanoparticles can be altered such that electric

and magnetic resonances can be altered both independently and interchangeably [24, 25].

In this research project, we analyse rectangular wires of height h and width w, as-

suming an infinite length (Fig. 2a). In order to probe the resonant behaviour of such

particles, we simulate silicon nanoparticles using finite difference time domain (FDTD)

simulations to optimize high scattering efficiencies for a specific wavelength range [18].

Silicon particles has been studied in many previous research developments [20, 26, 27]

and are chosen here because of its high refractive index with relatively low absorption

losses in the visible and infrared spectrum. We simulate the particle by illuminating it

with a plane wave at zero incidence angle with the electric field component oscillating

in plane as transverse electric (TE). As the 3D projection of the rectangle is assumed to

be infinite, the electric modes cannot be excited and the resonances that occur in the

concerning particles are purely magnetic.

TE1

TE1

|Hz|
2

0

Maxa) b)

Fig. 2.1: a) Scattering efficiency of a silicon particle of height 175 nm and width 110 nm. b)
Electric field lines and magnetic field strength of the resonance peak TE1.

The scattering efficiency Qscat is given by the ratio between the scattering cross section

σscat and the geometrical cross section σgeo [28]:

Qscat =
σscat
σgeo

(2.1)

The scattering cross section is determined by the polarizability of the particle [7]. We

identify the different modes by studying the displacement current loops and the corre-
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2.2 Diffraction grating

sponding field profiles in the particle in Figure 2.1. The scattering efficiency as a function

of wavelength is shown in Figure 2.1a, as well as the electric field lines (colormap is the

magnetic field that is directed out of plane) of a silicon particle with a height of 175 nm

and a width of 110 nm on top of a Al2O3 substrate (Figure 2.1b). Since the electric field

is oscillating in plane of the 2D simulation, the vectors of the electric field can only be

directed in plane. Therefore, only the current loops of the electric field can be created,

allowing only the magnetic modes to be excited. Conversely, as the magnetic field lines

are directed out of plane, no magnetic loops can be created and therefore no electric

modes can be excited in this setup. The light is TE polarized and the electric field profile

of the highest resonance mode is shown in Figure 2.1b. At this resonant wavelength

(λ = 679 nm), the incoming electric field generates a current loop (see electric field lines

in Figure 2.1b). From Maxwell’s equations, it follows that a displacement current loop

in the electric field generates a magnetic dipole moment directed out of plane [7]. The

scattering resulting from these magnetic mode excitation accounts for the spectral reflec-

tion of the corresponding nanowire. In the next section, we discuss the optimization of

the dimensions of these nanowires to attain the desired reflection spectrum.

2.2 Diffraction grating

In electromagnetic physical applications, layers of subwavelength particles or nanowires

are often used to modify the behaviour of electromagnetic waves by introducing periodic

boundary conditions [29, 30]. The sort of layers are referred to as metasurfaces. Meta-

surfaces have attracted considerable attention in the field of nanophotonics, where the

ability to gain control over beam steering has shown promising opportunities [31]. Espe-

cially metasurfaces containing phase gradients have been researched to manipulate the

reflected and transmitted wavefront of electromagnetic waves, resulting in metalenses,

beam steerers, holograms and other optical device applications [32–34]. Fundamentally,

these geometries are governed by the generalized laws of reflection and refraction [35], of

which the reflection and transmission coefficients can be tailored such that the tangential

momentum is acquired in the desired trajectory [36, 37].

In this project, we evaluate Mie-like scatterers in periodic arrays to obtain orders of

diffraction. We design multiple gratings of silicon nanowires to manipulate the wave front

transformation and control the outcoupling of light into the desired diffraction orders. The

nanowires are illuminated with a TE plane wave at normal incidence. The periodicity of

the grating is chosen to be larger than the resonance wavelength of the scattering profile.

When particles are spaced with a periodicity p larger than the wavelength λ, diffraction
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Chapter 2: Theory: spectral and angular control of light

occurs, following the diffraction grating equation

p sin θ =
m

n
λ, (2.2)

where θ is the angle of diffraction, m is the order of diffraction and n is the refractive

index of the material where the diffraction occurs. A schematic overview of the diffraction

within the metasurface is given in Figure 2.2. The grating is designed such that the

reflected wavefronts are at resonance. In this study, we design nanowires on top of a

sapphire substrate that consequently reflect light in air. Therefore, n = 1 and diffraction

occurs when p sin θ = mλ. The first order diffraction channels (m = 1) arise when

p > λ. The metasurface is designed to scatter at a resonance wavelength of λ = 650 nm.

According to the grating equation, first order diffraction occurs for pitches varying for

650 nm< p < 1300 nm. Above p = 1300 nm, the second order diffraction occurs, and

light is reflected in five channels (-2, -1, 0, 1, 2) in stead of three (-1, 0, 1). For a fixed

λ and n, the pitch determines the outgoing angle of diffraction. In the desired range of

pitches, the first order diffraction angles range from (30◦-90◦). Rooftops generally have an

angle of about 40◦. Therefore, the interest of the angular distribution lies in large angle

scattering (30◦-75◦) such that light is reflected correctly to an observer on the street.

Fig. 2.2: Silicon particles spaced a pitch p on a sapphire substrate open up diffraction channels.
Normal incidence TE light reflects into the -1, 0, +1 orders and transmits the remaining light
into the substrate. The zeroth order is reduced while first order is enhanced.

Ultimately, the resonant reflected light should be directed from the rooftop to the

street. In other words, the angular distribution should cover only the large angles (30◦-

75◦). Simultaneously, light should not be reflected in other angles. In the given symmetri-
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2.3 Lambertian scattering

cal design of such gratings, light is reflected into both first diffraction orders as well as the

zeroth order. For preliminary research purposes, the metasurface is designed to scatter

to both diffraction orders (due to symmetry) while reducing the reflection to the zeroth

order. The latter aspect is not a pure optimization but rather a material characteristic

consequence. Whereas the silicon nanowires scatter light into the zeroth order according

to the grating equation, the sapphire substrate reflects a proportion of the incoming light

due to its refractive index. We do not explicitly show this, but we assume that the phase

difference between the sapphire reflection and the scattering of the nanowires accounts

for partly destructive interference in the specular reflection. Therefore, the zeroth order

reflection is reduced significantly, as will be shown in Chapter 3.

2.3 Lambertian scattering

A complete system of photometric quantities and principles was established by Johann

Heinrich Lambert in 1779, which were generally used to determine illumination intensities

and to quantify features of human vision. Lambert had been interested in optical prop-

erties of light for a long time. He looked at three qualitative observational statements

about light intensity and transformed them into independent quantitative laws that he

could use to set up a brightness scale. The third law states: “Intensity of light varies as

the cosine of the angle of incidence of light upon the object viewed” [38]. In other words,

for the human eye, the surface has the same apparent brightness when viewed from any

angle. As the emitted radiation I from a certain area dA is reduced by the cosine of the

outgoing angle dθ, the solid angle dΩ, subtended by the visible surface of the observer, is

reduced by the same amount (Figure 2.3). Therefore, the radiance in every angle is the

same. The goal of our design is to reach such a Lambertian scattering profile, because an

observer can then perceive the colour of the potential solar cell the same in every angle.

Fig. 2.3: Lambertian cosine law; the
intensity I of an area dA into every
solid angle dΩ follows the cosθ.
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Chapter 3

Optimization and design

3.1 Time-domain modeling by FDTD

3.1.1 Setup and analysis

In this chapter, the optimization steps through numerical simulations in Lumerical are

discussed thoroughly. For all simulations, the Finite-difference time-domain (FDTD)

method has been used in a 2 dimensional (2D) grid. In this method, time is discretized

in steps, allowing a plane wave to start at an initial time and the solutions of the physical

problem are computed iteratively. The optical response in the frequency domain is then

found through the Fourier transformation of the time domain solution.

The simulation setup is as follows: a single 2D silicon nanoparticle is placed on an

infinite sapphire substrate in a Perfectly Matched Layer (PML) setup. For illumination,

a plane wave source is used, with the electric field component oscillating parallel to the

width or the particle. A frequency domain field and power monitor is placed around

the particle to obtain the spatial and temporal electric and magnetic field components

of the incoming and scattered wavefront, along with the scattering cross section. It

has been shown that the electric and magnetic fields that arise at the given resonance

frequencies can be correlated to the excitation of specific modes inside the particle [7]. The

excitation of such a mode allows the incoming light to be scattered resonantly according

to the scattering profile of the corresponding mode. The Mie-like resonances depend

on the dimensions of the nanoparticles and on the refractive index of the particle and

the substrate. This study involved a high index material (Si) to obtain high resonance

scattering profiles and a low index substrate (Al2O3) to allow light to pass through the
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Chapter 3: Optimization and design

material such that the transmitted light can be collected in the solar cell underneath the

fabricated layer. The optical constants of the silicon and sapphire materials used in these

simulations are taken from Palik [39].

The dimensions of the particle, height and width, are optimized to scatter light at a

resonance wavelength of λ = 650 nm to obtain a “red” scattering profile. We simulate the

same particle in periodic boundary conditions with a chosen pitch p (determined below).

By performing multiple simulations while varying the height and the width of the particle,

the reflection into the diffraction orders is collected by a grating transmission monitor.

The percentage of the incoming power that is reflected to the +1 and -1 orders is given

in Figure 3.1a, for height h = 175 nm and pitch p = 1100 nm. Varying the width changes

the resonances in the particle. A clear trend can be observed in the higher wavelength

range from 500 to 800 nm, where a greater width results in a higher resonance wavelength.

As the dimensions of the particle increase, the displacement current loops that shape the

magnetic resonance increase as well, resulting in a higher resonance wavelength. For even

higher widths, the higher order resonance modes can be excited as well, yielding the high

first order reflection in the 400 to 600 nm wavelength range.

a) b)

Fig. 3.1: a) Total reflection to the +1 and -1 order for varying width and wavelength; increasing
the width of the particle increases the resonance wavelength. b) Total reflection (blue), enhanced
reflection to the +1 and -1 order (orange) and reduced reflection to the 0 order (green) for
w = 110 nm.

The total reflection to the first order is highest at around 650 nm, at a width of 120

nm. Figure 3.1b shows the reflection spectrum to the first order (orange curve) for a

particle with dimensions width w = 120 nm, height h = 175 nm and pitch p = 1100

nm. The first order reflection is enhanced compared to the zeroth order reflection (green

curve). The major portion of the reflection in the green and blue part of the visible

spectrum is a consequence of the direct reflection of the sapphire substrate, which is

12



3.2 Large angle scattering

around 8% for the given wavelength range. A clear peak at 410 nm is observed. This is

a resonance peak occurring from a higher order mode excitation. The high peak in the

first order reflection is the result of the high resonant scattering at the red part of the

visible range. The majority of the reflected light is scattered into the first order (∼26%)

and while the reflection is reduced in the zeroth order (∼4%). Therefore, in a grating

with particles spaced p = 1100 nm apart, the diffraction of the array of particles steers

the reflected light to the +1 and -1 order. According to the grating equation

p sin θ =
m

n
λ (3.1)

it follows that for a pitch of p = 1100 and a wavelength of λ = 650 nm, the outgoing angle

of the first diffraction order is ±36◦. In the next section, we discuss this optimization for

multiple pitches.

3.2 Large angle scattering

3.2.1 Single particle in periodic boundary conditions

The goal of these FDTD optimizations is to determine the wavelength bandwidth that

should be reflected into the desired reflected angles. This process of optimizing the res-

onance wavelength of a specific grating can be done for multiple gratings as the pitch

is varied. For a given wavelength λ, fixed refractive index n and at normal incidence,

the first order diffraction angle is determined by solely the pitch. The bandwidth should

ideally be narrow for high external quantum efficiencies in the solar cell. However, the

human eye retrieves light as information through specific cones. These cones have wave-

length dependent sensitivities with a peak wavelength range of around 20 nm [40]. In

order to take this sensitivity into account, we broaden the peak range and optimize the

reflection for a bandwidth of 630-670 nm. In the simulation, we keep the height con-

stant (h = 175 nm) for the ease of fabrication purposes. Next, we vary the width of

the particles as well as the pitch by simulating a single particle of width w in a FDTD

simulation with periodic boundary conditions of period p. We excite the particle with a

plane wave source and monitor the reflection to the diffraction orders (-1,0,1). From the

grating equation, it follows that in this setup, the pitch determines the outgoing angle

of diffraction. The motivation of this design was to obtain large angle scattering from

30-75◦. For a wavelength of λ = 650 nm, this results in a range of pitches from 1300 nm

(30◦) to 675 nm (75◦). Therefore, the width is varied from 70 nm to 200 nm and the

pitch is varied from 675 to 1300 nm.
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Chapter 3: Optimization and design

a) b)

Fig. 3.2: Reflection to the +1 order, averaged over wavelengths 630-670 nm with a) varying
width and pitch b) varying width and outgoing angle.

Figure 3.2 shows the result of varying the mentioned parameters, where every pixel

shows the reflection to the first order averaged over the wavelength bandwidth of 630-670

nm. In the simulation result, we observe that the first order reflection decreases with the

increasing pitch. As the pitch increases, the outgoing angle decreases and the scattered

light is going more into the zeroth order, therefore reducing the first order reflection. We

can optimize the design by choosing the width of the particle for each pitch, according

to the highest reflection percentage to the first order. In this way, we obtain values

for the width and first order reflection at every pitch. Since different widths are used

to optimize the first order reflection, the resonances are slightly different, resulting in a

broader resonance peak (see Figure 3.4b).

3.2.2 Designing the unit cell

Subsequently, the design is made by placing multiple gratings next to each other, creating

a varying periodic array of silicon nanowires. The design is created according to the

Lambertian cosine law in 2D (see Section 2.4), where the scattered light into every angle

follows the cos θ as follows:
nipiRi

n0p0R0

= cos θ (3.2)

where ni is the number of particles in grating i, pi is the pitch in grating i, Ri is the

first order reflection in grating i and n0, p0, R0 are the number of particles, pitch and first

order reflection in the first grating with the lowest pitch respectively. An arbitrary total

number of 25 gratings was chosen such that each subsequent grating scatters to at least

one degree higher. As a result, the scattering angles originating from the varying pitches

range from 30-75◦. From Figure 3.2 we observe the the reflection decreases for higher
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3.2 Large angle scattering

pitches. Therefore, in order to scatter according to the Lambertian cosine law, the number

of particles in high pitch gratings needs to be increased. Consequently, for fabrication

purposes, the design was made such that for higher pitches, the subsequent gratings

scatter with more than one degree difference (see Appendix A for design parameters).

Each grating contains ni particles with a pitch pi, resulting in an area of Ai = ni ∗ pi.
The total area of the unit cell is the sum of all grating areas Ai, and adds up to 223 µm

for this large angle scattering design. A schematic overview of the design, resulting in

unit cell that scatters from 30-75◦, is presented in Figure 3.3. It was chosen to design

the unit cell with a gradually increasing pitch, to obtain a clear structure and noticeable

design. However, since the neighbouring gratings in this case scatter to almost the same

angle, the interference is relatively large between gratings. Therefore, it would be better

for future applications to place the large pitch gratings next to small pitch gratings.

Fig. 3.3: Unit cell of the design containing 25 different gratings with varying pitches from 675
nm (75◦) to 1300 nm (30◦). The number of particles in each grating is purely schematic here;
see Appendix A for actual number of particles per grating. This results in a total area of 223
µm.

3.2.3 Spectral response of the unit cell

Following the parameter optimization, we have obtained the unit cell design and can

now simulate and evaluate the optical response. First, we analyse the spectral first

order reflection for each specific grating with periodic boundary conditions. An FDTD

simulation with a single silicon particle is again placed on a sapphire substrate with a

pitch of pi. A reflection monitor is used to obtain the reflected spectrum into the first

order and is presented in Figure 3.4a for pitches 700-1300 nm. We observe a broad peak

from 600-800 nm for almost all pitches. This is a result of the Mie-like resonances inside

the particle that scatter into the diffraction order following the grating equation. We

designed the broad peak to be at resonance around λ = 650 nm to obtain a “reddish”

scattering profile. For lower wavelengths, the first order reflection is close to zero. There

are two peaks occurring at around 530 nm and 420 nm. These peaks correspond to the
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Chapter 3: Optimization and design

scattering of higher order mode resonances inside the particle (see Fig. 2.1). Another

feature that we have seen and explained before, is the decrease in reflection for increasing

pitch. The redshift in the reflection peak for higher pitches is due to the broadening

of the excited resonance modes. Therefore, we obtain reflection percentages from 4%

(p = 1300) to 11% (p = 700). The final feature shows zero reflection for certain pitches

at high wavelengths. When the wavelength exceeds the pitch, the grating equation does

not hold anymore, and no diffraction can physically take place. Therefore, the reflection

to the first order is zero for every λ > pi. Since the total response of the unit cell is of our

interest, we take the weighted average of all gratings, taking into account the relative area

per grating. This averaged reflection to the first order is shown in Figure 3.4b. A clear

enhanced broad peak is observed at 600-800 nm, yielding 8% reflection in this wavelength

range.

a) b)

c) d)

Fig. 3.4: a) Reflection to the +1 order for varying pitch b) Reflection to the +1 order, averaged
over all gratings c) Reflection to the 0 order for varying pitch b) Reflection to the 0 order,
averaged over all gratings.

A similar analysis is shown for the zeroth order reflection in Figure 3.4c. In the

wavelength range where the first order reflection is peaked, the zeroth order reflection

is reduced to almost zero. The particles were designed to scatter most of the light into
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3.2 Large angle scattering

the first diffraction order while cancelling the zeroth order in a desired wavelength range.

This is what we observe in Figure 3.4c. In the lower wavelength range, the reflection to

the zeroth order is around 8-10%, which is mainly a result of the characteristic reflection

spectrum of the sapphire substrate. Again, the two peaks at 530 nm and 420 nm are

a result of the higher order modes scattering into both the zeroth and the first order

diffraction channels. Furthermore, the reflection to the zeroth order is averaged similarly

as in Figure 3.4b. Comparing the averaged first order reflection to the averaged zeroth

order reflection, it is clearly observed that the peak in the first order coincides spectrally

with the dip in the zeroth order, confirming the desired scattering profile.

3.2.4 Angular response of the unit cell

The reflection that is shown in Figure 3b is the total reflection of the first order averaged

over all angles. In order to reveal the angular distribution of this reflection spectrum, we

simulate the full unit cell in an FDTD simulation with PMLs. A plane wave source is

used to excited the unit cell and a grating monitor is used to calculate the reflection of

the unit cell per angle. Over a wavelength range of 560-700 nm, the angular distribution

of the relative reflection per degree is shown in Figure 3.5a. Ultimately, the angular

distribution should look Lambertian. That is, the intensity per angle should follow the

cosine of that angle. The unit cell is designed to scatter light in the diffraction angles

from 30-75◦. Although the first order diffraction is scattering to these angles, light is not

completely cancelled in the zeroth order. Consequently, Figure 3.5a shows a high relative

reflection per degree at 0 degrees, as in every grating a small percentage of the incoming

light is reflected into the zeroth order. The design was optimized to have diffraction into

the desired angles at a wavelength of 650 nm. Correspondingly, the reflection is zero for

all angles other than 0◦ and 30-75◦. For lower wavelengths, the grating equation opens

up higher order diffraction channels that scatter to higher angles. This can be seen in

the high absolute angles in this figure, where a second order diffraction appears below

λ = 650 nm. Another slightly noticeable feature reveals a gradient where for higher

wavelengths, the reflection goes to higher angles. Similarly, this can be explained by the

grating equation p sin θ = m
n
λ. For an equal pitch p, diffraction order m and refractive

index n, increasing the wavelength scales increasingly with sin(θ).

In order to analyse whether the angular distribution follows the desired cosine law,

the relative reflection per degree is plotted for a single wavelength λ = 650 nm in Figure

3.5b. The blue part of the reflection represents the zeroth order reflection and goes out

of scale. The real value of the zeroth order reflection is 0.65% per degree. The grey

dashed line shows the cos(θ) distribution in this angle range. Accordingly, the results
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a) b)

Fig. 3.5: a) Relative reflection per degree in the wavelength range 550-700 nm and angular
range −90◦ to 90◦. b) Relative reflection per degree for λ = 650 nm and angular range −90◦ to
90◦. Zeroth order reflection goes out of scale (blue), other angles of reflection (red) are plotted
against cos θ (grey dashed).

(red) follow the cosine law (grey) significantly in the range of 30◦−75◦. There is an outlier

at ±45◦, which was only later identified as a calculation error. In designing the unit cell,

a miscalculation in the number of particles amounted to a higher reflection percentage in

this grating. In simultaneous simulation and fabrication, the calculation process was not

repeated to eliminate this error. As we will see in Section 5.2, fabrication yields the same

calculation error as in the simulation. This design is therefore the full unit cell design

that will further be used for fabrication and measurements in the succeeding sections.
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Chapter 4

Fabrication

4.1 Fabrication steps of the supercell

Following the optimization and final design of the previous section, the next step is to

fabricate the desired unit cell. Before fabricating the unit cell, we make a “supercell”

design consisting of six unit cells in order to obtain a field that extends the spot size of the

laser used in experiments (see Section 5.1). The length of the “supercell” is then designed

to an area of 1.34 x 1.5 mm and is fabricated accordingly. The fabrication process of the

“supercell” is given in Figure 4.1.

Fig. 4.1: Fabrication steps: 1. Silicon thinning using reactive ion etching (RIE) 2. Spincoating
negative resist (HSQ) 3. Electron beam lithography (EBL) 4. Development of resist 5. RIE.

Initially, we start with 1x1 cm silicon-on-sapphire substrates (500nm c-Si on 0.46mm

R-plane sapphire, MTI Corporation). The silicon is etched down to a thickness of 175 nm

using reactive ion etching (RIE) in a HBr2 (48.5 sccm) and O2 (1.5 sccm) plasma (see
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RIE etch recipes in Appendix A). Next, the wafer was spin-coated at 4000 rpm for 45

seconds with HSQ, a high resolution negative resist, and baked for 150 seconds at 180◦C.

The resist layer had a thickness of 50-60 nm. After cooling down the HSQ, Electra 92

(AR-PC-5091) was spin-coated at 2500 rpm for 45 seconds and baked at 120 seconds

at 90◦C to obtain better conductivity of the sample. The substrate is then exposed by

electron beam lithography (EBL) using a dose of 2400 µC/cm2. After patterning the

sample, it is rinsed in water for 30 seconds to remove the Electra and then developed in

TMAH for 75 seconds at 50◦, rinsed in water for 15 seconds and finally rinsed in IPA for

15 seconds. The patterned sample is then etched using RIE in two subsequent etching

runs (Fig 4.2ab). In the first run, a chlorine (Cl2) step for 20 seconds at 60◦ is used to

etch away the native oxide layer. In the second step, the sample is etched in a HBr2 (48.6

sccm) and O2 (1.4 sccm) plasma at 60◦ for 27 seconds. In order to precisely etch down

the silicon, the etch steps were divided into two steps for silicon. The second etch time

was 5 seconds to etch away the remaining silicon layer (57 nm). After these fabrication

steps, the sample consists of silicon nanowires with a remaining HSQ layer on top, on a

sapphire substrate. The HSQ is not removed as this process involves chemical reactions

that also react with the sapphire substrate. It is not expected to have a great influence in

the spectral response, but it could account for the dissimilarities in the results (Chapter

5).

Fig. 4.2: a) Cl2 recipe parameters b) HBr + O2 recipe parameters.
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4.2 SEM images of the fabricated supercell

4.2 SEM images of the fabricated supercell

A top image and tilted top image of the sample is taken by a scanning electron microscope

(SEM), and are shown in Figure 4.3ab. The pictured line is a nanowire in the grating

with pitch 700 which was simulated to have a width of 120 nm. We observe fairly straight

nanowires of the correct height (175 nm) and width (120 nm). Sapphire is a transparent

substrate with very low conductivity. Therefore, a layer of Electra 92 is spincoated on top

of the sample to increase conductivity needed for imaging in the SEM. The roughness on

the side of the nanowires is due to this additional layer and was only placed for imaging.

In the experiments there was no Electra 92 on top. Figure 4.3c shows a top view of an

individual grating consisting of 16 nanowires each spaced a pitch of 1200 nm apart. The

SEM image shows fairly straight lines with pitches exactly as simulated.

Fig. 4.3: SEM images of the fabricated sample. a) Top view of a single nanowire of w = 120
nm b) Tilted image of a single nanowire (tilt angle is 40◦ c) Top view of a grating consisting of
16 particles with a pitch of 1200 nm.
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Figure 4.4 shows a full unit cell, depicted by the red dashed line. Starting with a

high pitch grating on the left part of the SEM image, the subsequent gratings gradually

change with decreasing pitch to the right part of the image. To the right of the red dashed

line, a new unit cell starts, and a clear difference in pitch can be observed. In general,

the nanowires are fairly straight and the pitch of the nanowires is very accurate. The

main challenges of this fabrication procedure were fine tuning the etching rates of sili-

con on sapphire and determining the right combination of the resist and the dose for EBL.

Fig. 4.4: SEM of the full unit cell (dashed red line) containing all gratings with varying pitch.
Stitching of the unit cells can be seen on the right hand side of the SEM image.

22



Chapter 5

Optical measurements of large angle

scattering

In this section, we experimentally demonstrate the spectral and angular response of the

fabricated cell. First, we analyse the reflection spectrum to observe the total first and

zeroth order response of the scattering. Correspondingly, the transmission spectrum is

measured to illustrate the applicable use of a transmissive substrate in future solar cells.

Next, we measure the reflection in every angle to confirm the desired scattering profile at

the resonance wavelength. As the simulations were performed in two dimensions using

a plane wave excitation with an oscillating electric field perpendicular to the nanowires,

the experimental setup has to account for this. Therefore, we use a polarizer in all

setups and position the sample such that the incoming light also has the electric field

oscillating perpendicular to the long axis of the nanowires. It is important to note that

this setup contains polarized light, in contrary to the possible solar cell application, where

the illumination is unpolarized sunlight (see Chapter 6 for discussion).

5.1 Spectral response: integrating sphere

The spectral response of the sample is measured using an integrating sphere (Figure 5.1).

There are two methods of measurements; a reflection spectrum with a non tilted and a

tilted sample. In the former method (“Setup 1”), the sample is placed perpendicular to

the incoming light at the back of the integrating sphere (Figure 5.1a). The incoming white

light is then reflected and transmitted by the sample. Since the sample is perpendicular
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Fig. 5.1: Integrating sphere setup with normal incidence light on a a) non tilted sample; zeroth
order reflection not detected b) tilted sample; zeroth and first order reflection detected.

to the incoming light, the specular reflection exits the integrating sphere at the location

where it entered, and is therefore not collected in the measurement. All the remaining

reflected light is scattered within the sphere until it is collected at the photodetector.

Note that the detector is actually on top of the integrating sphere, only pictured here

on the side. The diffraction occurs in the plane perpendicular to the nanowires and is

therefore always indirectly detected through the scattering in the integrating sphere.

The second method (“Setup 2”) involves a tilted sample at the back of the sphere,

where ultimately the specular reflection is also collected by the detector (Figure 5.1b).

For this reason, the second method includes both the first and zeroth order diffraction,

while the first method only measures the first order diffraction. The difference between

the two measurements therefore yields solely the zeroth order reflection.

As the white light laser has a specific spectrum intensity, the total white light reflection

is measured as the reference. Furthermore, the measurement includes optical intensity

noise that needs to be accounted for. First, the nanowires are fabricated on a transmissive

substrate, allowing light to partially enter the sphere through the back of the substrate.

Secondly, the detection precision is not perfect and also encounters some intensity noise.

This background noise is also taken into account in the measurements.

5.1.1 First and zeroth order reflection

To demonstrate the similarities between the optimized simulations and the measurements

of the fabricated sample, Figure 5.2 shows both first and zeroth order reflection spectra

for simulations and measurements. As we mentioned before, the reflection percentages
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5.1 Spectral response: integrating sphere

are referenced by the white light of the laser and the background is subtracted. In Setup

1, the reflection spectrum of the sample is measured without the zeroth order reflection.

As a result, only the first order reflection of the whole sample is measured and presented

in Figure 5.2b. The broad banded peak in the first order reflection is centered at a

wavelength of λ = 614 nm and yields 9.9% reflection. The bandwidth of this spectrum

is around 200 nm, which is in accordance with the simulation bandwidth represented in

Figure 5.2a. The spectral response is slightly higher (∼ 2%) over the whole wavelength

range. One explanation for this artifact is the presence of the negative resist HSQ that is

still on top of the silicon nanowires. Therefore, it is important in future research that this

is explored further with and without resist. In the higher wavelength range, above 750

nm, the reflection to the first order is higher than in simulations. Furthermore, the edges

of the broad peak are not as steep as in simulation. This is mainly due to fabrication

imperfections. As the nanowires are not perfectly straight in fabrication, the resonances

are not as specific and enhanced as in simulation, yielding a more gradual increasing and

decreasing peak.

a) b)

c) d)

Simulations Measurements

Fig. 5.2: a) Simulated reflection spectrum to the first order b) Measured reflection spectrum
to the first order c) Simulated reflection spectrum to the zeroth order a) Measured reflection
spectrum to the zeroth order.
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Next, we analyse the zeroth order reflection, given in Figure 5.2cd. The zeroth order

reflection is calculated by taking the reflection spectrum of Setup 2 and subtracting the

reflection spectrum in Setup 1. Experimentally, we show that at the broad resonance

around λ = 614 nm, the zeroth order reflection is reduced. Similarly to the simulation

results, the zeroth order reflection is around 8% in the lower wavelength range and de-

creases to 2% at the resonance. Additionally, the reflection at wavelengths above the

resonance is decreasing slightly, similar to the simulation. Given the minor differences in

simulation and experimental results, we can say that the fabricated sample well represents

the expected reflection spectra, both for the zeroth and first order reflection.

5.2 Angular response: rotating stage

In the previous section, we experimentally demonstrated the spectral response confirming

the theoretical expectations. The next challenge was to show that the designed grating

of nanowires has an angular distribution that follows the cosine law. For this experiment,

a rotating stage is used to measure the angular response of the “supercell’. The setup

is given in Figure 5.3. In the center of the setup, there is a sample holder which can

be rotated separately. The outer ring of the setup holds a power meter, which can be

rotated on the ring per one degree. The sample is illuminated by a monochromated

supercontinuum laser, where each measurement is performed for a specific wavelength.

The detector on the rotation stage is a power meter that collects the intensity of the

reflected light with an aperture of one degree. The path of the source is coming in from

slightly upwards, such that the sample reflects the zeroth order to the power meter as

well. This slight tilt suggests that the incoming light is not at normal incidence. However,

the sample consists of nanowires that are illuminated through the polarizer where the

electric field is oscillating perpendicular to the particle. Therefore, the incoming angle is

still at normal incidence in the plane perpendicular to the sample. The measurements are

performed such that at every wavelength, the detector measures the reflected intensity

at every angle from −90◦ to 90◦.

5.2.1 Reflection to every angle

In Section 3.2.4 we theoretically simulated the “supercell’ and showed the angular re-

sponse for a wavelength range from 550-700 nm. For comparison, the same results are

shown in Figure 5.4ac. The measurements were performed in the same wavelength range

with steps of 10 nm. Figure 5.4b shows the relative reflection per degree for the desired

wavelengths. There are a number of features in the experimental results that confirm
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5.2 Angular response: rotating stage

Fig. 5.3: Rotating stage setup: monochromated light is incoming at normal incidence, the power
meter rotates around sample to collect the reflected intensity at every one degree. (Re-adopted
from Neder et al. [15]).

the theoretical predictions. First of all, it is apparent that the sample does not scatter

to angles below 30◦ and above 75◦. Therefore, all gratings within the sample scatter to

the designed diffraction orders conveniently. Secondly, as the design was optimized to

only have a first diffraction order for a wavelength of λ = 650 nm or higher, the mea-

surements realize this goal. Below λ = 650, a clear second order of diffraction appears

correspondingly with the simulations. Furthermore, a slight gradient is observed where

for an increasing wavelength, the light is reflected to higher angles. This, again, coincides

with the grating equation p sin θ = m
n
λ. For an equal pitch p, diffraction order m and

refractive index n, increasing the wavelength scales increasingly with sin θ.

Figure 5.4d shows a cross section of Figure 5.4b, with the relative reflection percentage

per degree for λ = 650 nm. The blue part of the reflection curve represents the zeroth

order reflection and goes out of scale. The real relative reflection for this zeroth order

is 1.59% per degree. We observe a broader reflection range for the zeroth order in this

measurement than in the simulation. This is due to the fact that the simulation measured

the angular distribution in 0.18 degrees while the measurement had a 1 degree precision.

The cos θ distribution is presented by the grey dashed line. We show experimentally that

the relative reflection per degree follows the cosine law rather well for the angles 30◦−75◦.

The two high reflection peaks at ±45◦ correspond to the calculation error that is also

present in the simulations. Therefore, we conclude that the experimental results follow

the simulation results accurately and hence the fabrication is well executed.
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a)

b)

Simulations Measurements

Fig. 5.4: Rotating stage simulations (left) versus measurements (right). a) Relative reflection
per degree b) Relative reflection per degree for λ = 650 nm.

5.3 External quantum efficiency

In the previous section we have experimentally confirmed that, with the current design,

it is possible to gain both spectral and angular control over the scattering of light. In

order to construct this design in future applications, we demonstrate the possibility of

attaching the designed sample on top of a solar cell (Figure 5.5).

Silicon solar cells have a specific external quantum efficiency (EQE). This is ratio of

the total number of electrons that can be extracted per incoming photon. An example

of a silicon solar cell is given in Figure 5.6 (blue). As silicon is a semiconductor material,

it has a specific bandgap that limits the possibility of absorbing photons with energies

less than the bandgap. Therefore, the EQE of silicon solar cells is zero below this energy

value or above the corresponding wavelength. High energy photons are absorbed close to

the surface of the material, leading to high surface recombination and reduced EQE in

the low wavelength range.
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5.3 External quantum efficiency

Fig. 5.5: Sample is attached to a bare silicon solar cell using immersion oil. Four colourful
patches show four different “supercells” that were each fabricated with a different dose.

In order to analyse the cell’s efficiency, we place the sample containing the nanowires

on the solar cell using immersion oil. First, the EQE is measured on the bare sapphire

substrate where there are no silicon nanowires (orange). We observe similar effects as

for the bare silicon solar cell, with slightly lower EQE over the whole spectrum. The

reduction in EQE is a result of the typical reflection of the sapphire, which is around 8%

over the visible wavelength range. Next, the EQE is measured on the designed surface

(green). It is apparent that the EQE is lower than the EQE of the sapphire, especially

below λ = 800 nm. Closer analysis show a reduction of the EQE from 600 to 800 nm,

which can be accounted for by the enhanced reflection that the cell was designed for.

In the lower wavelength range, the EQE is reduced due to the higher absorption in the

silicon nanowires. This absorption can be reduced by replacing the silicon with a material

with a lower extinction coefficient in this range.

From the external quantum efficiency, it is possible to calculate the short circuit

current of the cell. We multiply the EQE data with the electric charge q and the incoming

spectrum of the light Φ(λ), given by the number of photons per unit wavelength per unit

area per second. Then we integrate this result over all wavelengths to obtain the short

circuit current:

Jsc = q

∫ λmax

λmin

Φ(λ) · EQE(λ) · dλ (5.1)
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Fig. 5.6: External quantum efficiency (EQE) of a bare silicon solar cell (blue), solar cell +
sapphire substrate (orange), solar cell + sapphire + nanowires (green).

For the bare silicon solar cell, we obtain a short circuit current of Jsc = 38.9 mA/cm2,

while for the sample we obtain a value of Jsc = 34.0 mA/cm2. Therefore, we conclude

that the solar cell including the designed metasurface loses 12% of its efficiency. Current

market viable solar panels have an efficiency of around 20%. Should this design be

ready to scale up for market production, the efficiency of the coloured solar cell would

potentially reach 17.6% efficiency. In relation to various solar panels with extra features

such as colour, this design is promising for future research and rooftop applications.
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Conclusion and outlook

In this work we experimentally demonstrate spectral and angular control of light using

resonant metagratings viable for future applications in photovoltaics. A transparent

layer with nanostructures is designed to reflect a wavelength range around λ = 650 nm

in order to obtain a ’red’ colour in the sample. This layer attached on top of a silicon

solar cell for capturing the majority of the transmitted light and generating a current

necessary for rooftop photovoltaic applications. Through simulation and fabrication of

silicon nanowires on a sapphire substrate, it is possible to tune the spectral response

of Mie-likes resonances that can be excited. First, the spectral response of Mie-like

resonances was simulated using FDTD simulations in Lumerical. Next, the dimensions

of a single nanowire were optimized, such that the resonances coincide with the desired

wavelength range. Plane wave excitation of the magnetic modes within the particle allow

light to be reflected at resonance. As a result, the scattering efficiency is enhanced and the

reflection spectrum peaks at the corresponding wavelength(s). These resonant features

were demonstrated with reflection measurements using an integrating sphere.

In addition to confirming the spectral control of the reflected light, this work also

established angular control of the reflecting surface. Silicon nanowires were placed in

multiple gratings, where each grating characterizes the diffraction to the outgoing angle,

following the grating equation. The ’supercell’ was designed to scatter light to a large

range of angles, from 30◦−75◦. In this way, the light is scattered only in the first diffraction

order, providing full control over the directionality of the reflected light. The zeroth order

diffraction is partially interfered destructively by the phase difference with the plane wave

sapphire reflection. For the cell to have the same apparent brightness in every angle, the

reflection requires the sample to scatter according to the Lambertian cosine law. All
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gratings were placed alongside each other, where the number of particles in each grating

was optimized to follow this cosine law. This study verified the theoretical simulations of

the angular distribution experimentally using a monochromated supercontinuum laser.

Finally, the constructed design was made as an additional layer on top of a silicon solar

cell. The transmissive layer demonstrated both the desired angular and spectral reflection

distribution while maintaining high transmission through the substrate into the solar cell.

External quantum efficiency measurements showed relatively high efficiencies, with short

circuit currents only 12% lower than the bare silicon solar cell. The perceived colour

of the cell appears a dark orange colour, not too dissimilar of a regular rooftile colour,

achieving what was desired for the application. A schematic of the desired reflection

mechanism is given in Figure 6.1.

Fig. 6.1: Schematics of a solar panel with broken symmetry scattering red light downwards only.

With the current design, the preliminary results show high potential for future ap-

plications. However, there are a number of challenges still to overcome. First of all, the

nanowires are placed in two dimensional arrays, causing diffraction in one plane only

and is therefore strongly dependent on the polarization of the incoming light. As the

direct sunlight is unpolarized, resonances are different from polarized illumination and

manipulating the desired reflection is more complicated. For future research, it is inter-

esting to analyse the same design under TM polarization instead of TE. One method to

achieve better application properties is to fabricate arrays of three dimensional cylinders.
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Another method might include combining multiple two dimensional arrays in different

orientations to cover more angles of incidence. In some countries, diffuse sunlight governs

most of the incoming light. For diffuse light, it might be favorable to fabricate scatterers

in subwavelength pitches, possibly encompassing the structures with a reflector such as

a Bragg mirror.

Whereas the aim of this study comprised of reflecting light downwards to observers

standing below the solar panels on roofs, the symmetry of the current design produces

diffraction in the +1 and -1 direction. Consequently, one of the orders reflects downwards

as we aspire, while the other order reflects light upwards. This part of the reflection is

considered unnecessary, as not many observers view the roof from above and therefore

this reflected light is mere additional loss of potential current generation. One approach

that could solve this loss is by introducing an asymmetry in the nanostructures. Through

placement of two nanowires with dissimilar dimensions next to each other, one could tune

the interference of the scattering profiles between the particles such that incoming light

will be destructively interfered in one direction while constructively interfering in the

other.

Bringing colour to photovoltaics could significantly change the way we perceive self

sustainable homes, buildings and other areas in the world. The presented methods are

only a few possibilities that could boost future research into providing the photovoltaic

applications essential for integrating visually attractive sustainable energy solutions in

rural architecture and buildings. The ambition of coloured PV in nanophotonics research

lies strongly in designing cost effective and energy efficient applications to ensure the

energy transition goals. This study aspires succeeding research to further optimize such

metasurfaces for viable photovoltaic applications.
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Appendix A

Appendix

A.1 Material Characterization

A considerable part of this study was dedicated to determining the material to work

with. Initially, simulations and fabrication were performed using evaporated silicon on

quartz substrates. However, it is difficult to obtain monocrystalline silicon by evaporation.

Therefore, in the final design, crystalline silicon on sapphire substrates were bought and

used in the fabrication. This section is an additional part demonstrating possible methods

to crystallize silicon.

The silicon was evaporated using electron-beam physical vapor deposition (EBPVD)

at 500◦C. During evaporation at high temperatures, the silicon crystallizes according to

the evaporation rate and temperature. Additional analysis was done in determining the

merit of crystallization of the silicon. After EBPVD at 500◦C, the sample was annealed

using Rapid Thermal Annealing (RTA) at temperatures from 800◦C to 1100◦C. It was

assumed that the silicon crystallizes more at higher temperatures. In order to evaluate

the grade of crystallization, there were two factors to be analyzed: optical constants and

X-ray Diffraction (XRD).

A.1.1 Ellipsometry for determining optical constants

Ellipsometry is a commonly used technique for determining the refractive index of the

material [41]. The optical constants of ellipsometry analysis of annealed and non annealed

silicon (all evaporated at 500◦C) are given in Figure A.1. In order to compare the type

of silicon, Figure A.2 shows the optical constants for amorphous, polycrystalline silicon
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and monocrystalline silicon. The main point of the crystallization is to obtain a material

with the least amount of absorption, such that the reflection and transmission of the

final cell are optimal. We observe in the optical constants data that the refractive index

n decreases slightly with higher annealing temperatures. This is a result of the silicon

crystallizing from amorphous (not annealed) towards polycrystalline silicon (annealed).

Furthermore, the imaginary part of the refractive index κ, or the extinction coefficient,

decreases significantly in the shorter wavelength range. At λ = 400 nm, κ drops below

0.8, which is in accordance of the κ in polycrystalline silicon. We therefore assume that

the high temperature annealed and evaporated silicon is polycrystalline silicon.

Fig. A.1: Optical constants, both n and κ, of evaporated and annealed silicon. All samples
evaporated at 500◦C, one without additional annealing and four samples with high temperature
annealing 800◦C to 1100◦C.

Fig. A.2: Optical constants of amorphous silicon (a-Si), polycrystalline silicon (Poly-Si) and
monocrystalline silicon (Crystalline Si). a) Refractive index n as a function of wavelength b)
Extinction coefficient κ as a function of wavelength. Figures taken from [42].
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A.1.2 X-ray Diffraction to determine grain size of crystalline

silicon

In order to prove this more extensively, X-ray Diffraction was performed (Figure A.3).

The crystalline structure of the material causes a beam of incident X-rays to diffract

into many specific directions. The intensity measured in each direction gives information

about the crystalline structure and grain size of the material. For the silicon that was

not annealed, there is barely any crystalline structure in the material, resulting in a

broad and highly fluctuating angular spectrum (Fig A.3a). The big peak around 2θ = 20

accounts for the reflection of the glass substrate. Therefore, the unannealed silicon is

highly amorphous. For monocrystalline silicon (fully single crystalline silicon sample,

Fig. A.3b), there is only one crystal size in the whole material. This results in all the

X-ray beams being diffracted at one angle (in this case 2θ = 70). For polycrystalline

silicon, the material has multiple crystalline structures and multiple grain sizes, resulting

in multiple diffraction peaks. Figure A.3c shows XRD on the silicon sample that was

annealed to 1000◦C. A clear peak at 2θ = 43 arises and is displayed zoomed in Figure

A.3d.

Fig. A.3: X-ray diffraction shows number of counts in each direction 2θ for a) Amorphous silicon
b) Monocrystalline silicon c) Annealed silicon at 1000◦C d) Zoomed in part of Figure c, showing
the fit of the peak.
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With a fitted Gaussian curve (orange), we can determine the grain size of the material

with the Scherrer equation:

τ =
kλ

β cos θ
(A.1)

where τ is the grain size to be calculated, k is the shape factor, λ is the X-ray wavelength,

β is the full width half maximum (FWHM) of the peak and θ is the Bragg diffraction

angle. The peak in Fig. A.3d is at 2θ = 42.3◦. From the Gaussian fit we obtain a FWHM

of β = 0.000836. The X-ray wavelength is λ = 1.54 Å and the general shape factor is

k = 0.9 for spherical grains (assuming the grains are almost spherical). Then, by filling

in the Scherrer equation, we obtain a grain size of τ = 22.6 nm. The peak at 2θ = 42.3◦ is

the most enhanced peak. There are other peaks in the spectrum of Fig. A.3c, accounting

for other grain sizes, but most grains are of the size τ = 22.6 nm. Consequently, the

material is characterized as polycrystalline silicon, due to the multiple small grain sizes.

For the continuation of the study, this polycrystalline silicon was not used further and

only characterized here.
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