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Abstract

The main goal of this thesis is the numerical and experimental verification of the
concept of the structured micro-optical elements fabricated with the modified stack-
and-draw technique. This technology, based on the well-known method of photonic
crystal fibres (PCFs) production, allows the fabrication of nanostructured GRIN mi-
crolenses, form birefringent nanostructured materials and diffractive optical elements
(DOEs). The principle of operation of the nanostructured GRIN (nGRIN) microlenses
as well as the form birefringent nanostructured material can be explained by an effec-
tive medium theory (EMT). Both the approach based on the Maxwell-Garnet formula
used for a description of nanostructured GRIN microlenses and the second-order EMT
needed to account for birefringence properties are introduced. Numerical simulations
of a Gaussian beam focusing and collimation (within GRIN microlenses) are per-
formed using a FDTD method. The modelling results show that nGRIN microlenses
can be described using the notion of the effective permittivity (or the effective refrac-
tive index) also in the case of the Gaussian beam illumination. Futhermore, Gaussian
beam propagation within nGRIN microlenses can be approximately described by the
paraxial scalar theory of the GRIN medium despite a high refractive index gradient.
The concept of a so-called large-diameter nGRIN microlens with a quantised refrac-
tive index profile is introduced. Numerical simulations, performed using fast Fourier
transform beam propagation method (FFT-BPM), show that focusing properties of
the large-diameter quantised nGRIN microlens are similar to the focusing character-
istic of the corresponding ideal continuous GRIN microlens. Both simulation and
experimental results show that the fabricated large-diameter quantised nGRIN mi-
crolens has good chromatic properties in a range 633nm - 850nm. The successful
fabrication of the prototype birefringent nanostructured element and a few diffractive
checkerboards structures with different feature sizes is also reported. Applicability of
the second-order EMT in the case of the fabricated birefringent material is verified
both numerically, using the FDTD method, and experimentally. Diffractive patterns
produced by DOEs are shown.
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Chapter 1

Introduction

The main theme of this thesis is the numerical and experimental verification of the
concept, of the structured micro-optical elements fabricated with the modified stack-
and-draw technique. Most of the work concerns components with the internal sub-
wavelength nanostructure with a feature size in the range of 100—300nm. Additionally
the diffractive optical elements (DOEs), with feature sizes larger than a wavelength,

produced using the same technique, are tested.

The stack-and-draw technique has been widely used for photonic crystal fibres

(PCFs) production and it is now a mature technology.

The novelty of the micro-optical elements, described in this thesis, is about the use
of the slightly modified version of this technique for the fabrication of other optical
elements i.e. nanostructured gradient-index (GRIN) microlenses, form birefringent

nanostructured materials and microstructured DOEs.

The general idea of the considered technology consists in the construction of a
macroscopic preform which is assembled out of glass rods with a diameter of ~ 1mm.
The glass rods of two types (with two different refractive indices) are arranged accord-
ing to a designed pattern. Next, the preform is drawn down using the fibre draw tower
and the cross-section of the structure is scaled down during the drawing. Usually the
drawing is repeated once or twice in order to reach the desired feature size in the final
structure. Finally, unlike in the case of fibre production, the output rod is cut into
slices, which are then polished down to a required thickness. Each slice is a ready
micro-optical element. The fabrication of element arrays is also possible. This fabri-
cation approach has a number of important advantages compared to more traditional

techniques such as an ion exchange method or an electron beam lithography:

e significant freedom of design in terms of the refractive index distribution in
the cross-section of the optical element — possibility of nonsymmetric index

distributions and the high index gradients

e robust and easy to integrate elements with flat facets
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e large number elements produced from a single preform leading to a low cost of

a single element.

The principle of the operation of the nanostructured GRIN microlenses as well
as the nanostructured birefringent material can be explained by an effective medium
theory (EMT). Optical properties of the nanostructured GRIN microlenses are de-
scribed in terms of effective refractive index (or effective permittivity). In the case of
the considered microlenses effective permittivity can be simply approximated by the
volume average of the permittivity in the neighbourhood of a given point. In the case
of the nanostructured birefringent material a desired level of an anisotropy is attained
by a layered nanostructure of the material which consists of many subwavelength (in

thickness) layers made of two different glasses.

Chapter 2 covers a theoretical and a literature background of the thesis subject.
The geometrical optics of the GRIN medium as well as the wave optics description
of the GRIN rod lenses is provided. Next, the effective medium theory (EMT) is
introduced. Both the approach based on the Maxwell-Garnet formula used for de-
scription of nanostructured GRIN microlenses and the second-order EMT, needed to
account for birefringence properties, are explained. Section 2.4 contains a description
of main features of the finite difference time domain method (FDTD) and a descrip-
tion of the fast Fourier transform beam propagation method (FFT-BPM). These two
methods have been used for numerical verification of the optical performance of the
investigated elements. Section 2.5 is devoted to techniques, such us an ion exchange

method, used for fabrication of classical GRIN lenses.

Chapter 3 covers mainly the concept and fabrication of so-called small-diameter
nanostructured GRIN (nGRIN) microlenses. First, a short overview of the nanostruc-
tured GRIN optical elements, proposed in literature, is provided. Next, the concepts
of the small-diameter as well as so-called large-diameter nanostructured GRIN mi-
crolenses, fabricated using the modified stack-and-draw technique, are explained. In
section 3.2.1 the fabrication of the small-diameter nanostructured GRIN microlenses
is described in detail. At the end of the chapter, a numerical optimisation of the
nanorod distribution within the small-diameter nGRIN microlens, based on a simu-

lated annealing (SA) method, is introduced.

In chapter 4 the problem of a Gaussian beam propagation within small-diameter
nGRIN microlenses is investigated numerically using the FDTD method. The Gaus-
sian beam focusing using both nanostructured GRIN microlenses and the correspond-
ing ’classical’ continuous GRIN microlenses has been modelled. The simulations have
been performed in order to verify if the nGRIN microlenses have the same optical
properties as the corresponding classical GRIN microlenses. Moreover, it is investi-

gated how accurate a scalar paraxial GRIN theory is in the case of the Gaussian beam
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propagation within nGRIN microlenses with a high refractive index gradient. Addi-
tionally in section 4.2 the simulation of the Gaussian beam collimation is discussed in

order to show suitability of nGRIN microlenses for collimation of the beam generated
by a VCSEL.

Chapter 5 is devoted to so-called large-diameter quantised nGRIN microlenses.
The diameter of the small-diameter nGRIN microlenses is limited, in practice, to
20-30pum due to a limited number of rods that can be assembled into the initial
preform. Hence, the concepts of nanostructured metarods and quantised refractive
index profile have been introduced to tackle this issue. Section 5.2 covers a detailed
description of the quantised nanostructured microlens fabrication. Simulations (per-
formed using FFT-BPM) show that such quantised microlenses have similar focusing
properties to the corresponding unquantised continuous GRIN microlenses. Addition-
ally the chromatic properties of the fabricated prototype of quantised nanostructured

microlens have been verified both experimentally and numerically.

Chapter 6 covers novel micro and nanostructured elements fabricated using the
modified stack-and-draw technique. A new approach to the fabrication of the bire-
fringent nanostructured materials as well as diffractive optical elements (DOEs) is
introduced. The successful fabrication of the prototype birefringent nanostructured
element and a few DOE checkerboards with different feature sizes is reported. Appli-
cability of the second-order EMT in the case of the fabricated birefringent material
has been verified both numerically, using the FDTD method, and experimentally.
Preliminary measurements of the diffraction pattern given by fabricated DOEs are

described in section 6.2.2.

Chapter 7 is devoted to the thesis conclusions and suggestions for future work.



Chapter 2

GRIN medium: theory, modelling and fabri-

cation

In this chapter geometrical optics and wave optics descriptions of the GRIN medium
are presented. In many cases the principle of operation of the GRIN lenses can
be explained using geometrical optics. Moreover ray optics is a base to describe
Gaussian beam propagation in GRIN lenses as it is shown in section 2.2. Next an
effective medium theory (EMT) is introduced. EMT is essential to understand the
principle of operation of the nanostructured GRIN microlenses and nanostructured
birefringent materials which are the subject of this thesis. Section 2.4 is devoted to
the short description of the two numerical methods which are used for simulation
of light propagation through Gradient-Index and birefringent micro-optical elements
considered in this thesis. In section 2.5 there are presented various methods of classical
GRIN lens fabrication.

2.1 Geometrical optics of the GRIN medium

Approximation of the geometrical optics can be applied for optical systems where
any obstacle which is encountered by the light has dimensions much larger than the
wavelength of light. In geometrical optics the notion of the light rays. A light ray is
a trajectory whose direction in a given location is the same as a direction of the light

propagation in this location.

It is desirable to have an equation which determines ray trajectories in a inhomo-
geneous medium. Such equation can be derived from Fermat’s principle [1, 2|. It is
the variational principle based on the notion of optical path length. For a given path
between two points P; and P, optical path length is defined as

/P2 n(z,y, z)ds (2.1)

Py
where n is the refractive index and ds is the differential element of length along the

considered path. Fermat’s principle states that light ray travelling between two points

4
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P, and P, follows a trajectory such that optical path length is an extremum compared
to other paths in immediate neighbourhood. The extremum is usually a minimum.
The minimisation of the optical path length is equivalent to the minimisation of the

time of travel between two points. Fermat’s principle can be expressed as
Py
/ n(z,y, z) ds = extremum (2.2)
Py

It is convenient to change variable of integration. The differential element ds of length

along the path is equal to

ds = \/da? + dy? + dz? = \/1 4+ @2 + 92 d= (2.3)

where p p
. T . Yy
_ Y 2.4
One can express Eq. (2.2) in the form
P
/ L(z,y, 1,9, z) dz = extremum (2.5)
P

where

L(z,y,@,9,2) = n(z,y, 2)/ 1+ &% + §° (2.6)

The axis Z is usually chosen to coincide with the optical axis of the system. The

solution of the problem (2.5) is given by Euler equations

d oL 0L
&0 or (2.72)
d OL 0L
o P (27b)

After substitution of Eq. (2.6) into Euler equations (2.7) one can obtain

d na _ —on
— || =1+ 2+ PP,
dz | /14 42 + g2 0z

d ny - —on
L | = /14 @2+ 2. 2.8b
dz | \/1+ &% 4 4?2 ] "oy (2.80)

A light ray is described by functions z(z) and y(z) which must satisfy Eq. (2.8). Tt is

(2.8a)

convenient to introduce the direction cosines of the light with respect to X, Y and 7
axes

T

Y

VIt a2+ g%

1

V1+a? + 92

cosa =

cosff =

cosy =
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and also optical direction cosines

P =ncosa, (2.10a)
q = ncosf3, (2.10b)
[ = ncos~. (2.10¢)

Using optical direction cosines one can express Eq. 2.8 as

non
)= —— 2.11
non
] = —— 2.11b
where p denotes the derivative of p with respect to z.
Let us consider following distribution of the permittivity n?
n*(z,y) = ng[l — go(a® +y?)]. (2.12)

It is difficult to find exact solution of the Eq. (2.8). In many practical cases it is
sufficient to use paraxial approximation i.e., to consider only these rays which are
nearly parallel to the optical axis (Z axis). In paraxial approximation Eq. (2.8) can

be simplified to the paraxial ray equations

dii(nx) = g—z, (2.13a)

diz(ny) = g—Z (2.13b)
It is also assumed that rays are in the proximity of the optical axis that

gpola* +y*) < 1 (2.14)

so one can express refractive index distribution to a first order approximation as

n(z,y) = no[l — %g(xQ + 2] (2.15)

Taking into account Eq. 2.15 and condition 2.14 paraxial ray equations are

d
(not) = —nogoa, (2.16a)

dz
d ,
E(noy) = —Npghy- (2.16b)

which can be simplified to

i = —gor, (2.17a)
ij=—g0y. (2.17b)

Since the refractive index distribution is symmetric in z, y and Eqs. (2.17a), (2.17b)
are essentially the same, only Eq. (2.17a) will be considered. Analysis of Eq. (2.17b)

6



Chapter 2. GRIN medium: theory, modelling and fabrication

is analogous. Eq. (2.17a) possesses oscillatory solutions. Any paraxial ray may be
represented as a linear combination of the two particular solutions. First of them, the
axial ray =, = H,(2) is determined by the initial conditions
H,(0) =0, (2.18a)
=1. (2.18b)
And the second particular solution x; = Hy(z) called the field ray satisfies initial
conditions
H(0) =1, (2.19a)
H(0) = 0. (2.19h)

The axial ray and the field ray are given by

Hy(z) = Sin;i’oz), (2.20a)
H¢(z) = cos(goz). (2.20b)

Trajectory of every paraxial ray can be described by linear combination of these two
particular solutions
z(z) = x(0)Hs(2) + ©(0)H,(2) (2.21)

The slope & of the arbitrary paraxial ray is given by
i(2) = 2(0)H;(2) + &(0) Hy(2) (2.22)
One can simplify Eq. (2.10a)
p = nok (2.23)

and hence optical direction cosine can be express in terms of the field and axial ray

p(2) = nox(0)Hs(2) + p(0) Hu(2). (2.24)

Let us consider a rod (cylinder) with length (thickness) L and radius a where permit-
tivity distribution within the rod is given by Eq. (2.12). The rod is surrounded by air.
The considered rod can work as a thick lens and might be used for light focusing. The
schematic of the focusing is shown in Fig. 2.1. One can calculate working distance
V'F" and effective focal length f of the lens using trajectory of the field ray H; and

Snell’s law. The ray trajectory within the lens is given by
Tin(2) = Tin(0)H(2) = xin(0) cos(goz). (2.25)
Hence on the output facet of the lens
Tin(L) = 2,(0) cos(goL). (2.26)

7



Chapter 2. GRIN medium: theory, modelling and fabrication

Figure 2.1 — The schematic of the focusing using GRIN rod lens. V’/F’ - working

distance. f - effective focal length.

Snell’s law related to the refraction occurring on the output facet of the lens can be

expressed as

.i’in(L)n(] = jjout(L)- (227)
where Z,,; denotes the ray slope behind the GRIN lens. This slope is equal to
. ajin(L)
Tout(L) = B (2.28)
From Egs. (2.25) and (2.27) it is easy to calculate that
Tin(L) = —zin(0)go sin(goL), (2.29)
Tout (L) = —noZin(0)go sin(goL). (2.30)
Finally the working distance V'F” is given by
g~ tall) ! (2.31)

Zout(L)  mogotan(goL)’
If the lens length L = Lgp = m/(2¢g0), the working distance V’F” is equal to 0
meaning that the focal point is located on the output facet of the lens. The lens

length Lop = 7/(2¢go) is called the quarter pitch length.

Taking into consideration Fig. 2.1 one can see that

Lin 0 .
J— jg ) = l‘out(L)7 (2.32)
which means that effective focal length f is given by
in 0 1
fo ) _ (2.33)

j:out(L) B goNo sin(goL) '

2.2 Wayve optics of the GRIN medium

GRIN microlenses considered in this thesis are intended for integration with laser
sources. The wave optics and Gaussian beam optics in particular is widely used for

the laser beam description. The wave optics describes interference and diffraction.

8
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2.2.1 Scalar time-dependent wave equation and

scalar Helmholtz equation

The light is described by scalar wave function u(r,t). It can represent any component
of electric or magnetic field vectors. If the relative permittivity n? changes only slightly
over a distance of the wavelength wave function satisfy following wave equation [2]
Pu Pu  Pu  n?d*u
SR LY R Ry
ox?  0y* 0z cg Ot

— 0, (2.34)

where ¢y and n denote the speed of light in vacuum and the refractive index respec-

tively.

It is possible to simplify wave equation when the monochromatic wave is consid-

ered. The real wave function of the monochromatic wave can be expressed as
u(r,t) = A(r) cos(wt + (r)), (2.35)

where

A(r) - real amplitude

w - angular frequency

d(r) - phase

[t is advantageous to introduce a complex wave function U(r, ) of the monochromatic

wave

U(r,t) = A(r) exp(id(r)) exp(iwt). (2.36)

From Eq. (2.36) it is evident that
u(r,t) = Re{U(r,t)}, (2.37)

where Re{U(r,¢)} denotes the real part of U(r,t). Complex wave function U(r, 1)
also satisfies the scalar wave equation (2.34). It is convenient to represent U(r,t) as

a product of the time-independent factor ¢ (r) and the factor exp(iwt)
U(r,t) = ¥(r) exp(iwt). (2.38)

The time-independent factor ¢ (r) is called the complex amplitude. After substituting
formula (2.38) into the scalar wave equation (2.34) one can obtain the scalar Helmholtz
equation [2]
0% 0% 0%
ken*y =0 2.39
8$2+8y2+822+ anvz) ) ( )

where kg = w/cy denotes the wavenumber in the vacuum. Let us consider permittivity

distribution (2.12) which satisfies the condition (2.14). In many practical situations a

beam propagates along the direction which differs only slightly from the optical axis
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Z. In such case the paraxial approximation can be utilised|3, 4]. In order to derive

the paraxial wave equation it is convenient to express complex amplitude (r) as

YP(r) = ¢(r) exp(—ikonoz). (2.40)

¢(r) is called a slowly varying envelope. A change of ¢(r) over a distance of a wave-
length in the Z direction compared to change of the factor exp(—ikongz). Substituting
the formula (2.40) into the Helmoltz equation (2.39) one obtains [5]

0%¢ n 0*¢ 0% 9¢

; 2/, 2 2\
iz T T g~ Phoneg, he(n” =)o = 0. (2.41)

In the paraxial approximation a relation |02¢/02%| < 2kong|0¢/0z| is assumed and
hence 92¢/9z* in Eq. (2.41) can be neglected. The paraxial wave equation is obtained
*¢ 0% 9¢

@ + a—y2 — i2k0n0$ —+ k§<n2 — n3)¢ =0. (2.42)

2.2.2 Gaussian beam propagation in GRIN medium

Keeping assumptions about paraxiality and permittivity distribution (Eq. (2.12) and
the condition (2.14)) let us consider Gaussian beam propagation through a GRIN rod
lens. Orientation of the GRIN lens with respect to Cartesian coordinate system is

shown in Fig. 2.2.

Ay

Figure 2.2 — GRIN rod lens in the Cartesian coordinate system. Refractive index

gradient is shown by color at the output facet of the lens.

10
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If plane Gaussian illumination with maximum intensity located on Z axis is used

the complex amplitude on the input facet of GRIN lens is described by

U(x,y, 2 =0) =exp (—xz J;yz) (2.43)

Wy
where wq is waist radius of Gaussian beam. This waist is located on the input facet

of the lens. The complex amplitude within GRIN lens is given by

—inmngGy(2)
AoGh(2)

exp|—ikonoz| exp (2% + %) (2.44)

¢($, y? Z) =

Gy(2)

where \g is vacuum wavelength and function G,(2) is expressed using the axial ray
and the field ray (Eqs. (2.20))

Gyl2) = Hy(2) i~ Ti)owg H,(2). (2.45)

A detailed derivation of the formula (2.44) is described in the book [3]. The for-
mula (2.44) can be expressed using the radius of wavefront curvature R(z) and beam

radius w(z)

U(v,y,2) = Gpl(z) exp[—ikonoz] exp {— xw;gzy) ] ex [%&)y)] . (2.46)
where

w?(z) = wi|Gyp(2) [, (2.47)

I ny dw?(z) (2.48)

R(z)  2uw?(z) dz

Substituting (2.20) and (2.45) into (2.47) the formula

w?(z) = w? [cosz(goz) + (L):m%goz)] (2.49)

2
oWy 4o
is obtained.

The quantity

wfmz( a )1/2 (2.50)

TNogo

is the half-width of the fundamental mode of the medium described by permittivity
distribution (2.12) [1, 3|.

Using the half-width of the fundamental mode formula (2.49) can be written as

4
w?(2) = wp [6052(902) + ww—%nsinZ(goz)] (2.51)

It is clearly visible that if wy = wgy, then w(z) is independent of z. Otherwise w(z) is

periodical with the period of 7/gj.

11
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w(z

O/ULZQ‘\H_IQO/

Figure 2.3 — Schematic of the Gaussian beam propagation through the GRIN medium
with permittivity distribution given by Eq. (2.12) when wy > wgy

If wy > wgy w(z) decreases for 0 < z < 7/(2g0) and reaches minimum for z =
7/(2go). This case is illustrated in Fig. 2.3 When wy < wgy, w(z) increases for 0 < z <
7/(2g0) and reaches maximum for z = 7/(2gy). In both of the above-mentioned cases
the flat wavefront (1/R = 0) is obtained for z = 7/(2go). As it was mentioned in the
previous section the GRIN lens characterised by length (thickness) Lop = 7/(2¢0) is
called the quarter-pitch lens.

2.3 Effective medium theory

The main idea of the effective medium theory (EMT) is that it is possible to describe
a nanostructured dielectric material in terms of effective permittivity e.s as long as
the feature size of the nanostructure is sufficiently smaller than the wavelength of the
considered illumination. Nanostructured GRIN microlenses which are subject of this
thesis can be described by an effective medium theory inspired by the basic mixing

rule, so-called Maxwell-Garnet formula. This approach is introduced in section 2.3.1.

Next nanostructured birefringent material is considered in section 2.3.2. Such
material exhibits a phenomenon called form birefringence. It is caused by suit-
able arrangement of alternate, subwavelength in thickness layers of isotropic material
(Fig. 2.4) unlike bulk birefringence which is caused by an anisotropy on the molec-
ular level. Second-order effective medium theory suggested by Richter et al. allows
to describe optical properties of the considered nanostructured birefringent material
using the model of homogenous anisotropic medium characterised by two different
permittivites for TE and TM polarisation (Fig. 2.4) [6, 7.

2.3.1 First-order effective medium theory

A basic mixing rule which is used in an effective medium theory (EMT) is based on
Maxwell-Garnet formula [8]. Originally the Maxwell-Garnet rule has been derived in
the electrostatic case for a dielectric mixture where spherical inclusions of permittivity

¢; are randomly distributed in the host medium of permittivity e.. First, let us

12
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formally define the (relative) effective permittivity e.g of the dielectric mixture. It is
defined by a relation |8, 9|
<D >=¢€g6 < E >, (2.52)

where €; denotes the vacuum permittivity, < E > denotes a volume average of the
electric field E and < D > denotes a volume average of the electric displacement D.

The volume average of the electric field might be written as
<E>=fE;+ (1 - f)E, (2.53)

where f is a inclusion fill factor equal to a fraction of the volume occupied by the
considered spherical inclusions. E; and E, denote the electric field inside and outside
the inclusions respectively. Average electric displacement can be written in analogous

manner.

The Maxwell-Garnet mixing formula can be written as [8]

€; — €e

eff — €e 3 e .
ot = e+ 3 e e — )

(2.54)

When both permittivities are similar to each other one can use an approximation
given by the first order Taylor expansion of formula (2.54). It gives a simple formula

for the effective permittivity
€eff = €.+ f€; — €c) (2.55)

which means that effective permittivity e.¢ is approximated by the volume average of

the permittivity.

Although the Maxwell-Garnet formula (2.54) and also the simplification of it given
by (2.55) has been derived for electrostatic case one can use them for optical fields as
well provided the electromagnetic fields may be treated as quasi-static. It is difficult
to determine a strict limit of the quasi-static approximation. Generally speaking
the quasi-static approximation is valid when the feature size of the nanostructure is

sufficiently subwavelength.

In this work it is proposed to calculate effective permittivity distribution inside
nGRIN microlenses using formula (2.55). The beam propagates nearly in parallel to
the nanorods in the direction of Z axis. The refractive index distribution is indepen-
dent of z. It is worth noticing that the component of wavevector k perpendicular to
the rods is much smaller than (27)/A. It suggests that the effective index approach
can work for larger rod diameter than A/(27). This value is given in handbook [8] as

a estimated limit of the quasi-static approximation.

Within the frame of the project conducted at Heriot-Watt Uniwersity (HWU),
University of Warsaw (UW) and Institute of Electronic Materials Technology (ITME)

13
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it has been shown that in the case of nanostructured GRIN microlenses (fabricated
with the modified stack-and-draw technique) considered in chapters 3 and 4 |10, 11,
12| simple formula (2.55) may be used for calculation of the effective refractive index
as long as diameter of the single nanorod is about of \y/5 or smaller and the difference
between refractive indices of used glasses is not larger than approximately 0.2. Volume
average of the permittivity (or the refractive index) has to be calculated locally for
a given point which means that fill factor f is calculated for the neighbourhood of
the considered point. The size of the neighbourhood is approximately equal to the

wavelength.

2.3.2 Second-order effective medium theory

In this section the concept of the effective medium is extended in order to account for

the form birefringence of the nanostructured material shown in Fig. 2.4. As has been

if TE

Figure 2.4 — Schematic of the nanostructured birefringent material. A direction of
wave vector ko of incident illumination is shown. A direction of electric field E in the

case of TE polarisation is also shown.

mentioned in the introduction of section 2.3, the birefringence of the considered nanos-
tructured material is caused by suitable arrangement of alternate, subwavelength in
thickness layers of two isotropic dielectric materials. Let us represent permittivities
of these isotropic materials by ¢; and €.. The nanostructure is characterised also by
its period A and the volume filling factor f of the dielectric with the permittivity
of €;. Optical properties of the structure can be effectively described in terms of an
anisotropic but continuous and homogenous medium according to the second-order
effective medium theory suggested by Richter et al. [7]. According to this EMT model
the cosidered nonustructured material can be treated as an uniaxial material with dif-
ferent refractive indices (or permittivities) for TE (E || Yaxis) and TM (H || Yaxis)
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polarisations (Fig. 2.4). The effective refractive indices for TE and TM polarisation

niE and nIM respectively are given by |6, 7|

Mo = \/fei + (1= flee + % (f(l_A—Of)M) (€; — €e)?, (2.56)

WIM = \/z+ : (w) (- 1)2 @t (1-De)y  (257)

€; €e

where
€i€e

€= fe 1 (1= e (2.58)

and )y denotes vacuum wavelength.

Richter et al. present in paper |7] results which indicate some inaccuracies of the
second-order EMT regarding phase retardation created within the nanostructured
birefringent material. However, in this thesis a low contrast nanostructure, with the
difference between refractive indices n; = |/¢; and n. = /e, equal to approximately
0.1, is considered and modelling results presented in chapter 6 show the applicability
of the formulae (2.56) and (2.57) in such case.

2.4 Modelling methods

Two modelling methods are utilised in the presented work. One of them is the finite
differences in time domain method (FDTD). It is a fully vectorial method based
directly on the Maxwell equations. This method is very versatile but also it requires

a lot of computer resources.

The fast Fourier transform beam propagation method (FFT-BPM) [5] is the second
simulation technique utilised in the presented work. A scalar implementation of FFT-
BPM is exploited. The method is based on Helmholtz equation. BPM is much less

resource consuming and it can handle much larger structures than FDTD.

In this thesis the FDTD method is used for a verification of the effective medium
theory (EMT) in the case of the nanostructured optical elements fabricated with
the modified stack-and-draw technique. BPM is used, in turn, for a comparison of a
performance of a microlens with a quantised refractive index profile to the performance

of the corresponding unquantised microlens.
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2.4.1 Finite Differences in Time Domain

In this section general concept of FDTD technique is provided. The method is directly

based on two Maxwell equations

VxE—— ‘98—1;1 (2.59)

VxH=0¢E + 688—]? (2.59b)

where E = [E,, E,, E.] is the electric field, H = [H,, H,, H,] is the magnetic field and
€, 4, 0 denotes permittivity, permability and electrical conductivity. FD'TD requires
that initial distribution of the fields is given. This distribution should satisfy two
other Maxwell equations. Using Eqs. (2.59) after discretisation the field evolution in
time is calculated. It is also possible to implement sources within the computational

area. Eqgs. (2.59) might be written in cartesian coordinate system as following

agx _ % (% - 3@%) (2.60a)
% _ % (aa% B 8;;1) (2.60b)
a;tfz _ % (aaE; B %) (2.60c)
aab;x _ % <a£z B aah;y . E) (2.60d)
8;;2 _ % <08fiy _ 5’@% _ 0E2> (2.60f)

FDTD is a finite difference method so the next step is to discretise Eqs (2.60).
Hence computational area has to be discretised first. Rectangular Yee lattice [13, 14],
shown in Fig. 2.5, is the most basic discretisation scheme. Central difference quotients

are used to approximate derivatives.

(1,7, k) denotes (iAz, jAy, kAz), where constants Az, Ay, Az are the edge length
of Yee cell. F"(i,7, k) signifies F(iAx, jAy, kAz, nAt). Function F' might be every
component of the field. Central difference quotients are defined by following formulae

F(i,j k) F"PV2(i5, k) — Frl2(i, 4, k)
ot N At

+ O((At)?) (2.61)

F”(i,j,/{:) B F”(i—i— 1/2,]'7 k:) —F"(i — 1/2,j, k:)
oz a Az

+ O((Ax)?) (2.62)

Using these central difference quotients one might discretise Eqgs. (2.60). The

FDTD method is heavily memory-consuming because a spatial step of discretisation
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Figure 2.5 — A single cell of the Yee lattice [15].

should be A\/10 or smaller. Hence it is difficult to simulate big structures with re-
spect to the wavelength. Additionally a time step At has to satisfy the stability
condition [14]

1 1 1\ V2
o < (75 (g7 * (a7 (269

where v, denotes a maximum phase velocity. The method is very time-consuming
and memory-consuming but on the other hand it very versatile. It results from the
fact that the FDTD is based directly on Maxwell equations and therefore it is possible

to avoid simplifications.

2.4.2 Beam Propagation Method

Considered in this chapter the beam propagation method (BPM) method can be
derived from the scalar Helmholtz equation [5]
0? 02 0?
v oW Y

2.2
0 o + 5.2 + kin“y =0, (2.64)

where ky denotes the wavenumber in vacuum and n(z, y) is the refractive index distri-
bution. A monochromatic wave is considered thus it is assumed that a field component

can be expressed by ¥(x,y, z) exp(iwt).

2.4.2.1 BPM in the free space

First let us consider beam propagation in the free space where n(z,y,2) = ng. An
approach based on the angular spectrum of plane waves (ASPW) is utilised here. One

can express the solution to the Eq. (2.64) in Fourier integral form

(x,y,z / / (U, vy, 2) expli2n (V@ + vyy)|dy, du,. (2.65)
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Expression W (v,, v, z) exp(i2m(v,2 + v, y)) might be interpreted as a plane wave char-
acterised by the spatial frequencies v, and v,. Substitution of Eq. (2.65) into Eq. (2.64)

gives the equation for ¥ (v,, 1, 2)

0*U

57 T B2V (v, vy, 2) = 0, (2.66)
where

B* = king — A (V2 + v)). (2.67)

A solution of Eq. (2.66) can be expressed as

U (v, vy, 2) = VU (Uy, vy, 20) exp[—if(z — 20)]. (2.68)

Let us assume that the field distribution ¢ (x,y, zo) is known at z = zy. One can

calculate the spectrum V¥ (v,, v, 29) using the Fourier transform

U(vy, vy, 20) = F{Y(z,y, 20)} = / / Y(x,y, 20) exp|—i2m (v,x + vyy)|dv, dv,.
(2.69)
Next it is possible to calculate V(v,, v, 2) at any z using Eq. (2.68) and then one
can obtain 1 (z,y, z) by the inverse Fourier transform (2.65). The procedure can be

described by the equation

Uy 2) = F {F{e(x,y, %)} exp[—iB(z — 2)]}, (2.70)

where F{} denotes the Fourier transform and F'{} denotes the inverse Fourier

transform.

2.4.2.2 BPM in the inhomogeneous medium

Let us consider monochromatic beam propagation in the inhomogeneous medium
characterised by the refractive index n(z,y). It is convenient to express complex field
U(z,y,2) as [9]

U(x,y,2) = d(x,y, z) exp(—ikonz) (2.71)
where 1 denotes the averaged refractive index in the cross-section of the computational
volume. Substituting Eq. (2.71) into Eq. (2.64) leads to

Vi — z’2k0ﬁ? + k3(n®* —n*)¢ =0, (2.72)
z
where 52 52 52
Ve — 4+ — + . (2.73)

Assuming a low contrast structure one can approximate (n? — n?) ~ 2n(n — ).

This approximation allows to express Eq. (2.72) as

9o 1 o
5, = —z%oﬁv% —iko(n — n)o. (2.74)
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It is important to notice that the first term of the Eq. (2.74) describes a free space
propagation in the medium characterised by refractive index n. Let us express above-

mentioned equation using the operator representation

9¢

— =(A+B 2.
= (A+B)o, (2.75)
where .
_ s 2
A= z%oﬁv , (2.76)
B = —iko(n —n) (2.77)

Formal integration of Eq. (2.75) leads to
¢(2,y, 2+ h) = exp[h(A + B)|o(z, y, 2). (2.78)

Using Barker-Hausdorff theorem [5] and assuming that h is sufficiently small it is

possible to approximate
exp(hA + hB) = exp(hB + hA) =~ exp(hB) exp(hA) (2.79)
Therefore one can express Eq. (2.78) as
o(z,y,z+ h) = exp(hB) exp(hA)d(x, y, 2). (2.80)

The term exp(hA) corresponds to the free space propagation and exp(hB) is a phase
correction term. The second term is related to the medium inhomogeneity. Let us
assume that a distribution of ¢(x,y, z) is known for a particular z. In order to calculate
¢(z,y,z + h) when h is small one can propagate ¢ in the free space by the distance
h and then apply the phase correction term. This procedure can be expressed using

complex field ¢ (z,y, 2).

1. The free space propagation by the small distance h in the homogenous medium
characterised by the refractive index n. It is given by Eq. (2.70) and Eq. (2.67)

Uis(@,y, 2+ h) = FH{F{Y(2,y, 2)} exp(—ifh)}. (2.81)
2. The phase correction related to the medium inhomogeneity.

(x,y, 24h) = exp(hB)ss (2, y, 2+h) = exp[—iko(n—n) ] (2, y, 24+h) (2.82)

One can utilise the described procedure for the numerical computation of the complex
field ¥ (z,y, z) in the subsequent planes perpendicular to Z axis if the initial field for
2z = zp is known. In practice Fourier transforms are realised by the discrete Fourier

transform (DFT) using fast Fourier transform (FFT) algorithm
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Minimum lateral resolution of the simulation is determined by the sampling the-

orem [16]. It is sufficient when lateral steps Az and Ay satisfy the condition
Az < Xo/(2Nmax)s (2.83)

where n., denotes a maximum refractive index in the system and )\ is the vacuum

wavelength. Distance h has to satisfy the condition

Ao
h << ——. 2.84
< 27|n — n (2.84)

2.5 Various methods of the classical GRIN lens fabrication

The concept of the GRIN medium was considered in 1850s when Maxwell designed
lens known as fish eye but practical implementation was limited by lack of fabrication
technologies for many years [3]. In 1905 Wood constructed a GRIN lens [17, 3] made
of gelatin but real development of experimental GRIN optics started in 1970s.

optical axis GRIN cylindri optical axis

(a) GRIN rod lens (b) cylindrical GRIN lens

Figure 2.6 — Two types of GRIN lenses. Refractive index gradient is illustrated with

color.

There are a few possible geometries of GRIN lenses. GRIN rod lenses and cylin-
drical GRIN lenses are the popular types of GRIN lenses. These two types are shown
in Fig. 2.6. Within the GRIN rod lenses refractive index distribution is symmetrical
with respect to rotations about an optical axis. Surfaces of constant refractive index
are cylinders which have an axis identical with an optical axis [18, 19]. Cylindrical
GRIN lens is a glass slab with nearly parabolic distribution in the direction perpen-
dicular to the optical axis. The refractive index is invariant in the direction of the

optical axis [20].
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2.5.1 Ion exchange technique

The ion exchange technique is the most popular method of GRIN lenses fabrication.
It is due to its procedural simplicity [19, 18, 21, 22|. The ion exchange method
consists in dipping a piece of glass in molten salt bath. The ion exchange occurs
at the glass surface which is cation selective interface. The process happens at high
temperature (e.g. 370°C [19]) which is close to transition temperature. Exchanged at
the glass surface ions diffuse within the glass. This phenomenon results in different
concentration of the exchanged ions at points which are located at different distances
from the glass surface. The ion exchange reaction rate depends on the factors such
as electrochemical activities between the exchanged ions, strength of bonds of the
alkali ions in the used glass and the ion mobility within the glass [19]. Tt means that
the glass composition has to be carefully chosen. The concentration of the ions is
directly connected with refractive index. If one can control concentration distribution
one can control refractive index distribution within the glass piece. Electromigration
is an important modification of the ion exchange technique. In the process of the
electromigration the ions are accelerated by the applied electric field. It reduces
time of the fabrication and makes the ion exchange technique more cost-effective [23].
Obviously the refractive index distribution depends on the shape of the glass piece.
There are a several typical geometries which can be fabricated with the ion exchange
technique. One might consider a GRIN cylindrical lens (Fig. 2.6(b)). Such lens
is a glass slab with nearly parabolic distribution in the direction perpendicular to
the optical axis. The refractive index is invariant in the direction of the optical
axis [20]. Utilizing a cylindrical GRIN lens one might transform strongly divergent
and asymmetric beam into collimated beam and therefore cylindrical GRIN lenses are

used for coupling between laser diodes and optical fibers [20].

It is also possible to fabricate in planar substrate so-called planar GRIN mi-
crolenses which have radially symmetrical distribution of the refractive index. Such
lenses are described in handbook [23]. The idea of the planar lens fabrication is shown
in Fig. 2.7. Radially symmetrical distribution of refractive index is obtained if cir-
cular openings in the metal mask are used. Typical maximum penetration depth of
the ions within the substrate is of the order of 100um. When elliptical openings are
used it is possible to fabricate astigmatic lenses [24]. Astigmatic planar GRIN lenses
are used for transforming an astigmatic and elliptical beam into a nonastigmatic and
spherical beam. It is worth noticing that in planar substrate whole 2D array of pla-
nar GRIN lenses can be fabricated so such lenses might be easily utilised for optical

interconnections [23].

The ion exchange technique is also used for fabrication of GRIN rod microlenses

(Fig. 2.6(a)). GRIN rod lenses have a variety of applications. They are utilised for

21



Chapter 2. GRIN medium: theory, modelling and fabrication

molten salt metal mask
containing A*ions

|

/ \

/ \

Substrate containing B*ions LTI

Figure 2.7 — Planar GRIN microlenses fabrication with the ion exchange technique [23].
Typically AT = Ag® T1", KT and BT = Na* [23, 24].

fiber coupling and also in copiers, fax machines and compact disc lenses |23, 19]. The
example of the GRIN rod fabrication is described in paper [19]. Base glass contains
SiO,, Aly O3, TiO9, NasO, LisO. Two types of glass NG3A2 and NG3B2 were melted.
They are slightly different in composition. After melting, casting, and annealing glass
were shaped into glass rods which are 6mm in diameter and 15 to 20mm in length.
Then annealing was carried out in order to removal of stresses caused by shaping. Next
the rods were dipped into salt bath containing NaNOj3. The temperature of molten
salt bath was 370°C in case of NG3A2 glass and 400°C in case of NG3B2 glass. Li"
ions were being exchanged for Na™ ions from molten salt in order to obtain a negative
refractive index profile. It means that there is the highest refractive index in the
center of the rod cross-section. After thermal ion exchange process rods were cooled
slowly to room temperature. Parameters of the fabrication procedure are shown in

Tab. 2.1. Refractive index profiles are presented in Fig. 2.8.

Glazs No. Exchange duration Exchange temp.
MG3A-50] 50k 3T0=C
MGIAR-502 100 h 3T0°C
MG3A-503 150 h 3T0=C
MG3IB2-501 S50k 400+C
MG3IB2-502 100 h 400°C
NGIB2-503 150 h 400°C

Table 2.1 — Ion exchange parameters [19].
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Figure 2.8 — Refractive index profiles within fabricated GRIN rod lenses [19]

2.5.2 Chemical vapor deposition

Chemical vapor deposition (CVD) is another technique used for fabrication of GRIN
lenses [18]. This technique is also widely used for fabrication of GRIN fibers. The
method consist in deposition layers of glass materials inside or outside a tube. Every
glass material has a slightly different composition and refractive index. Some step
refractive index profile is created inside or outside the glass tube and this tube is the
preform for fiber drawing. Next the preform is drawn in order to obtain a target
diameter of the fabricated fiber. The preform diameter is of the order of 1cm and the
final fiber diameter is of the order of 100um. Thickness of single glass layer becomes
subwavelength and refractive index profile appears to be continuous. Fiber might be
cut into short pieces which can act as GRIN rod lenses. CVD technique is limited
to the fabrication of the GRIN lenses with refractive index distribution symmetrical

with respect to the rotation about the optical axis.

In paper |25] microprobes for low-coherence interferometry are presented. A simple
microprobe consists of single mod fiber (SMF) and GRIN fiber lens fabricated with
modified chemical vapor deposition (MCVD). Fusion splicing of these two elements
provides automatic alignment. Described GRIN fiber lenses have nearly parabolic
negative refractive index profile and they have an outer diameter in the range 100 —
130pum and a GRIN fibre core diameter of 70 — 125um. The magnitude of refractive
index change An is of the order of 0.015. Small An results in relatively long GRIN fibre
lenses. The small diameter of the GRIN fiber lenses is important when microprobe is
used for invasive imaging within solid tissue. Reported microprobes were utilised for

measuring microscopic brain motions with low-coherence interferometry.
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2.5.3 Direct writing in a diffusion-driven photopolymer

In paper [26] Ye and McLeod presented a new method of polymer GRIN lens fabrica-
tion. The method consist in exposing photopolymer to a low-power CW laser. Direct

writing fabrication set-up is shown in Fig. 2.9. A photopolymer sample is 1 mm

Defocus distance

- |

Frequency doubled Shutter Photopolymer sample
Nd:YAG @ 532 nm mounted on high
precision 3D stage

Figure 2.9 — Direct writing setup for GRIN lens fabrication presented in paper [26].

thick photopolymer layer located between two glass slides. The sample is mounted on
the precise 3D translation stage. The writing beam size at the sample can be easily
changed by moving the sample in the direction of the optical axis. Illumination results
in polymerisation and monomer diffusion to the exposed region. This in turn causes
increase in refractive index. Desired refractive index profile is created by changing
the size and power of the writing beam and also exposure time. Approximately index
change is proportional to I*t where [ is intensity , ¢ is exposure time and « depends
on the composition of the photopolymer. After direct writing with the laser beam the
sample is exposed to uniform light. It makes the lens insensitive to light. An example
of the fabricated refractive index profile is shown in Fig. 2.10 It is possible to produce
GRIN lens which are 40 to 1000um in diameter. The magnitude of refractive index
change is of the order of 0.001. The method is suitable for fabrication lenslet arrays

and might be used for cheap and fast prototyping.

(a) Index change profile (b)

eOlxy'y = uv

e =~ M v s

y direction (um) 0o xdirection (um) o @00 200 100 0 100 200 300 400
it x direction (jtm)

Figure 2.10 — Refractive index profile of the fabricated lens presented in paper [26].
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2.5.4 Copolymerisation

It is also possible to fabricate very large GRIN lenses which are promising candidate
for eyeglasses lenses |27]. Copolymerisation technique is utilised in order to obtain
such lenses. This technique is based on the fact that refractive index of the copolymer
depends on the volume fraction of each monomer. Change in copolymer composition
means change in refractive index. In paper [27] Wu et. al. reported fabrication of
lenses which are 70mm in diameter and have magnitude of refractive index change
An greater then 0.02.

There are also other fabrication techniques such as neutron irradiation, ion stuffing

and crystal growing [3, 18].
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Chapter 3

Nanostructured GRIN microlenses:

concept and fabrication

Some concepts of the nanostructured GRIN optical elements proposed by other re-
search groups are described in section 3.1. Next the novel concept of nanostructured

GRIN microlenses fabricated with a modified stack-and-draw technique is presented.

The present chapter concerns mainly so-called small-diameter nanostructured GRIN
microlenses. An array of such small-diameter nGRIN microlenses consists of assem-
blies of parallel subwavelength diameter glass rods. [10, 12, 11] There are two types of
these glass nanorods, each of them charactarised by a different refractive index. A sin-
gle nGRIN microlens is shown in Fig. 3.2. The nanorods are strongly subwavelength,
hence the principle of operation of nGRIN microlenses may be explained by effective
medium theory (EMT) [8]. This approach is discussed in details in section 2.3.1 of
chapter 2 and also it is applied in section 3.2.2. The idea of so-called large-diameter
quantised nanostructured GRIN microlenses is mentioned in section 3.2 but the de-
tailed description of the large-diameter nanostructured microlenses fabricated with

the modified stack-and-draw technique is provided in chapter 5

3.1 Nanostructured GRIN optical elements described in liter-

ature by other research groups

Elements described in this section are nanostructured optical elements proposed from
the literature which can act as GRIN lenses [28, 29, 30]. Nonuniform 2D photonic
crystals are an example of such structures. The concept of nonuniform photonic
crystals refers to the ordinary photonic crystals (PhCs) [31] but in the nonuniform
photonic crystals some PhC parameter e.g. lattice period or filling factor is varied. To
describe such structures the name graded (index) photonic crystal was introduced by
E. Centeno and D. Cassagne in 2005 [28]. These structures, when the lattice period

is sufficiently subwavelength, can be described by the effective medium theory and
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effective refractive index distribution. The light focusing ability of the graded index
photonic crystals (GRIN PhCs) is shown in papers |29, 30|. H. Kurt et. al. proposed
GRIN photonic crystal with varied lattice period [29].There is no fundamental length
scale in the Maxwell’s equations and one can say that Maxwell’s equations are scale
invariant [31]. That is why it is possible to use the microwave regime for investigation
of optical phenomena. Taking advantage of this fact H. Kurt et. al. implemented the
proposed GRIN PhC for the experiment in the microwave regime. Additionally the
finite difference time domain method (FDTD) has been utilised for a simulation of
the focusing phenomenon The structure consists of aluminium rods, which are sub-
wavelength in diameter, placed in an air background. Aluminium can be considered a
dielectric material in the microwave regime. The filling factor is highest at the centre
of the element (Fig. 3.1a). Such a GRIN PC is able to focus a wide Gaussian beam
as is shown in Fig. 3.1b. The focusing occurring in the GRIN photonic crystal can
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Figure 3.1 — Schematic of the GRIN PhC [29](a). Focusing of the Gaussian beam by
GRIN PhC [29]. Electric field distribution obtained with FDTD method is shown (b).

be explained by the effective medium theory and the notion of the effective refractive

index which is higher in the center of the structure than at the sides.

A different approach to obtaining a gradient of the effective refractive index in the
GRIN PhC has been presented by C. Tan et. al. in the paper [30]. The described
GRIN PhC lens can be fabricated using laser interference lithography (LIL). The
structure consists of rods which are arranged in a square array. The rods have varied
diameters from 228nm in the centre to 70nm at the sides. During the fabrication four
laser beams are utilised. These beams create interference pattern in the recording

material. After the lithographic procedure there is a different refractive index in the
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spots where the interference intensity is higher than a certain threshold of the material
compared to the refractive index in the volume of the material where the recording

interference intensity is lower than the threshold.

GRIN PhCs can be made using semiconductor fabrication technologies. These
techniques allow the creation of very fine features with a critical dimension of a few
tens of nanometres. This is important when one wants to produce effective medium
materials with subwavelength feature sizes. An example of such a technique is a direct-

write electron-beam lithography combined with dry reactive-ion plasma etching [32].

3.2 Nanostructured GRIN microlenses fabricated with the stack-

and-draw technique

In this work a new concept of the nanostructured GRIN (nGRIN) microlenses is dis-
cussed [10, 12, 11]. The concept is based on the standard stack-and-draw technique
widely used for photonic crystal fibre development [33, 34, 35]. These nanostructured
microlenses, whose operation can be explained by the effective medium theory (8],
consist of many subwavelength diameter nanorods. The nanorods are arranged par-
allel to each other. Each nanostructured nGRIN microlens is composed of two types
of nanorods characterised by different refractive indices and similar mechanical and
thermal properties. An illustrative scheme of the spatial nanostructure of the nGRIN
microlens and refractive index distribution in the cross-section of the typical nGRIN

microlens are presented in Fig. 3.2. The individual glass rods in the fabricated mi-
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Figure 3.2 — An illustrative scheme of the spacial nanostructure of the nGRIN microlens

and refractive index distribution in the cross-section of the typical nGRIN microlens

crolenses have diameters (typically 100-200nm) much less than the wavelength of the
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incident light and can therefore be described using an effective medium theory aver-
aged refractive index distribution (see section 2.3.1). In order to obtain the effective
refractive index at a given point within the microlens, assuming no absorption by the
constituent glasses, one simply calculates a volume average of the refractive index
within the immediate neighbourhood of that point. The diameter of this neighbour-
hood is typically around one wavelength and the experimental and modelling results
presented in [10, 12, 11] show that this approximation is valid for the nanorod diam-

eters under consideration here.

Described in this work nGRIN microlenses have a few attractive advantages com-
pared to the GRIN microlenses fabricated with the traditional techniques mentioned
in section 2.5. It is possible to obtain a very high (up to An = 0.1 per 5um) gra-
dient of the effective refractive index compared to that attained by standard GRIN
fabrication techniques (An ~ 0.1 per 250um) [36]. This large gradient value led to
the successful fabrication of nanostructured microlenses with f-numbers equal to one.
The stack-and-draw technology allows the straightforward creation of 2D arrays of
nanostructured microlenses with, for example, a pitch compatible with the standard
pitch of 2D Vertical Cavity Surface Emitting Laser (VCSEL) arrays. Moreover the
nanostructuring technology makes possible the fabrication of aspheric and other more

exotic refractive index distributions.
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Figure 3.3 — Cross-section of the large diameter nanostructured microlens with the
quantised gradient index profile. The colourbar describes the effective refractive index

for vacuum wavelength 1pm.

The basic concept of the nGRIN microlens illustrated in Fig. 3.2 limits in practice
a diameter of the nGRIN microlenses to 20 — 30um. This is due to difficulties in
stacking the preform which consists of more than 10000 rods. The fabrication proce-
dure is explained in detail in subsection 3.2.1. The need to make also larger diameter
microlenses with the stack-and-draw technique was the inspiration for modifying the

original concept of the nGRIN microlens. The modified concept allows fabrication
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(d) (e)

Figure 3.4 — Cross-sections of different nanostructured metarods characterised by dif-
ferent effective refractive indices. Red color and blue color denote high and low refractive

index glass respectively.

of large diameter nanostructured microlenses characterised by a quantised gradient
index profile (Fig. 3.3) [37]. The idea of these large-diameter microlenses is based
on nanostructured metarods which are shown in Fig. 3.4. Each type of metarod is
utilised to create one level of the effective refractive index in the quantised gradient
index profile of the considered microlenses. It has been experimentally shown in [37]
that it is possible to attain the microlens diameter of 100um for optical wavelength.

Further information about these large-diameter microlenses can be found in chapter 5.

3.2.1 Fabrication of small-diameter nGRIN microlenses

The nGRIN microlens array fabrication process exploits the well-known stack-and-
draw method (38, 39, 40, 33].

The standard stack-and-draw technique is widely used for fabrication of photonic
crystal fibres (PCFs). Many PCFs belong to one of two broad categories - holey fibres
(HF) and all-solid fibres [39]. Holey fibres are usually made of a single material (e.g.
glass) and they have a regular pattern of holes in their cross-section. (Effectively one
obtains an air-glass PCF.) This approach has a few important advantages. It naturally

provides relatively high refractive index contrast which is convenient when a photonic
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Figure 3.5 — Schematic of the procedure allowing the fabrication of small-diameter

nGRIN microlens arrays.

bandgap is desired [38]. Moreover the problems concerning chemical, mechanical and
thermal matching of materials are eliminated due to the fact that only one material is
utilised. On the other hand there is also some cost of such a solution. It is much more
difficult to avoid distortions when holey structures are fabricated. One has to control
the air pressure inside the holes during the drawing process, also surface tension can

cause problems.

The drawing process in case of the all-solid structure is much easier to realise pro-
vided the utilised pair of glasses are properly matched in terms of chemical, mechanical
and thermal properties. For a proper pair of glasses there has to a temperature such
that the viscosities of both glasses are similar. Choice of a suitable pair of glasses is

discussed further in section 3.2.1.3.

Fabrication of the nGRIN microlenses and fabrication of the microstructured fibers
are based on the same principle however there are a few significant differences. First
of all, the final feature size of the structure is much smaller in the case of nGRIN
microlenses compared to a typical PCF. Another difference is the relatively small
refractive index contrast between the utilised materials. The diameter of the small-
diameter nGRIN microlenses is smaller than 30um, hence a large refractive index
contrast is not needed. For these reasons nGRIN microlenses presented in this thesis
are all-solid elements [10, 41, 11, 12]|. The third difference between nGRIN microlenses
and PCF fabrication is that the nGRIN microlens fabrication requires much more rods
(up to 10 thousand) to be stacked together in order to form an initial preform. The

last difference is quite obvious - after final drawing the obtained rod is cut into thin
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slices. Each slice contains a single nGRIN microlens or an array of such microlenses.

The process of nGRIN microlenses fabrication is comprised of the following steps [10,
11]. Firstly two types of glass, characterised by different refractive indices and sim-
ilar mechanical and thermal properties, are cast as long rectangular bars which are
then cut, ground and polished to obtain rods with a round or rectangular cross-
section. These rods are then scaled down, using a fibre drawing tower, to a diameter
of 0.6 — Imm. Several thousand of these rods are then stacked into an initial preform
according to the designed rod distribution (Fig. 3.5a) and this preform is drawn-down
at a relatively high temperature (600 — 700°C)) (Fig. 3.5b). The drawn-down rods ob-
tained from this stage are cut and re-stacked into an intermediate preform (Fig. 3.5¢)
which is drawn-down again (Fig. 3.5d). The re-stacking and draw-down stages pre-
sented in Fig. 3.5¢ can be repeated multiple times until the desired final nanorod
diameter is achieved. Each draw-down stage scales the cross-section diameter of the
structure down by a factor of 10-30. Finally, once the individual nanorod diameter is
in the 100-200nm range, the fabricated nanostructured rod is cut into slices, typically
about 100um thick, each of which contains an identical array of nGRIN microlenses.
The slices are very thin, hence it is feasible to produce thousands of microlens arrays
based on the same initial preform. It should be noted that it is possible to fabricate
both rectangular- and hexagonal-packed arrays of microlenses by a suitable choice of

rod cross-sectional shape during the initial preform assembly.

3.2.1.1 Description of the draw tower

The draw tower is an essential piece of equipment for the fabrication of the nanos-
tructured GRIN microlenses. It is needed in order to realise the drawing process. A
photograph of the draw tower is shown in Fig 3.6. The main part of the tower is
the furnace (Fig. 3.7b) where the diameter of the drawn preform is reduced at high
temperature. A preform is placed in a shaft inside the furnace. The volume of the
shaft can be heated up to 1000°C and the temperature is measured by the thermo-
couple. The draw tower has to provide a very accurate control over the preform feed
rate (Fig. 3.7a) and also the speed of the output rod pulling by the tractor assembly
(Fig. 3.7c). There are three main parameters of the drawing process which can be
controlled by means of the draw tower. These are the temperature of the furnace, the
preform feed rate and the pulling speed. These three parameters have to be carefully
set in order to obtain the desired diameter of the output rod. This diameter is mea-
sured in real time by a laser micrometer (Fig. 3.7b). The further details concerning

control over the drawing process are presented in section 3.2.1.3
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furnace

laser micrometer

tractor assembly

Figure 3.6 — Photo of the draw tower at Heriot-Watt University

Figure 3.7 — Main parts of the draw tower. Preform feed assembly (a), furnace and

laser micrometer (b) and tractor assembly (c)

3.2.1.2 Preform assembly

Assembly of the preform, especially the initial preform, is a critical stage in the
fabrication of the nanostructured GRIN microlenses. Stacking the initial preform is
also the most labour intensive stage of the fabrication. A few thousands glass rods
have to be stacked together according to the designed pattern (Fig. 3.5a). Currently
this task is realised manually, although an automatic stacking system has been shown

to be possible. A special stacking holder is utilised for assembling the preform. Such
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holder is shown in Fig. 3.8.

Figure 3.8 — Schematic of a stacking holder.

One of the main challenges faced during assembly of the preform is to build a
regular structure out of glass rods despite the fact that in practice these rods are not
perfectly uniform and identical in terms of their diameter. Another difficulty is to bind
together the rods once they are stacked. It is possible to use a fire-proof adhesive but
only at the end of the preform which is above the usable part of this preform during
the drawing process. This constraint is related to the fact that impurities are sucked
upward inside the shaft of the furnace. The other end of the preform has to be bound
without the use of any adhesive. Usually a metal clamp is used for this purpose. The

clamp has to be well-fitting in order to provide a rigid assembly.

3.2.1.3 Drawing process

In the introduction to this section (3.2.1) it has been explained why nGRIN mi-
crolenses are all-solid structures. Appropriate choice of a pair glasses is a necessary

condition for a successful drawing.

When the temperature of the glass is gradually increased it also gradually softens.
Dependence of the viscosity on temperature is a key relation if one wants to choose a
pair of glasses which can be drawn together. For a proper pair of glasses there has to
a temperature such that the viscosities of both glasses are similar. The glass viscosity
at such a working temperature needs to be low enough to enable drawing without
breaking of the glass structure but at the same time it has to be high enough to pre-

serve a pattern of the structure without significant distortions. Adjusting the furnace
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temperature which provides optimal viscosity in terms of sustaining a drawing process
and preservation of the glass structure is a critical task during nGRIN microlenses
fabrication. Microlenses described in this thesis are made of so-called soft multicom-
ponent glasses. F2 glass made by Schott AG and NC21A glass made by Institute
of Electronic Materials Technology (ITME) are examples of such materials. Their
working temperatures are around 700°C. The drawing process, after some period of
parameter adjustment should be as stable as possible — a steady state process is the
ideal case. This is important if repeatability is to be achieved. As was mentioned in
section 3.2.1.1, the furnace temperature, the preform feed rate and the pulling speed
are the main parameters adjusted during drawing. The relation between the feed
rate and the pulling speed determines the scaling factor of the drawing process. The

scaling factor, in turn, determines the diameter of the output rod.

To summarise — the two main challenges in the realisation of the drawing is to
obtain the desired diameter of the output rod (structure) and also to avoid distortions
in the obtained structure. Example photos of the intermediate structures, which still

need to be scaled down, are shown in Fig. 3.9.

Figure 3.9 — Example photos of intermediate structures. An intermediate structure
obtained by initial preform drawing is shown in (a). Photo (b) presents successive,
intermediate structure obtained after restacking and another drawing. It corresponds to
an array of microlenses. The structures were made in Institute of Electronic Materials
Technology (ITME) by Dariusz Pysz and his team.

3.2.2 Design of the nanorod distribution

A nanostructured GRIN microlens consists of many subwavelength (in diameter) glass
nanorods. As has been described previously, the rods are parallel to each other and

there are two types of these rods. Each type of rod has a different refractive index.
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If the rod diameter is sufficiently small in comparison to the wavelength, the optical
properties of such a nanostructured lens can be explained by the effective medium
theory (EMT) presented in section 2.3.1. Introduced in the EMT concepts of the
effective permittivity and the effective refractive index have been explained in the
previous chapter. The aim of the design procedure is to find an arrangement of rods
which gives the desired continuous distribution of the effective refractive index. Then
the nanostructured lens works like a classical GRIN lens which has continuous refrac-
tive index distribution. In the following analysis simple averaging of the permittivity
in the neighbourhood area is used for calculating the effective permittivity. The ef-
fective refractive index neg is given, in turn, by the relation n.g = /eer, Where eqq

denotes effective permittivity.

3.2.2.1 Description of the design algorithm

Direct analytical or numerical calculation of the rod arrangement corresponding to the
desired distribution of the effective refractive index is not possible, hence a stochastic
optimization method called simulated annealing (SA) is utilised [42]. The SA method
belongs to the family of Monte Carlo methods. This class of algorithms is useful
when there is an optimisation problem with a large number of degrees of freedom.
In the case of the nanostructured microlens the refractive index of each rod may
be thought of as one degree of freedom. The inspiration for simulated annealing
in the field of numerical algorithms comes from metallurgy. In metallurgy, metals
are treated with subsequent heating and cooling in order to eliminate defects in a
crystal structure of the material. When a material is heated atoms in dislocations
gain sufficient energy to change position. This can lead to elimination of the defects
during subsequent cooling. In the field of numerical algorithms, it corresponds to
the problem when a global minimum of some energy function (also known as a cost
function) has to be found. Some energy value E is assigned to the each state S of the
system. In this manner some function £ = H(S) is defined for a particular problem.
Function H(S) is called the energy function or the cost function. Generally the cost
function might have some local minima apart from the global minimum. Theoretically
simulated annealing algorithm is able to find a global minimum of the cost function
for a given finite problem but infinite time is required. In practice, obviously, time is
always limited and there is no guarantee to find a global minimum in the strict sense.
However one can hope for a good approximation of the optimal solution provided
an efficient cooling protocol is chosen. The flowchart describing the SA method is
presented in Fig. 3.10. First some initial state S of the system is chosen. It can be
random. Next a random trial state S’ is generated. If H(S") < H(S) the trial state S’

is accepted as a subsequent state (S :=S’). Otherwise probability of the acceptance
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Figure 3.10 — The flowchart describing simulated annealing method.

is given by transition rate w(S — S’) which was proposed by Metropolis et. al. [43]

—(H(5) — H(S))
kT ’

w(S — S") =exp (3.1)

where £ is constant and parameter T corresponds to the temperature. Then a new
trial state is generated randomly and the step described above is repeated. During the

procedure parameter 7' is decreased gradually according to a chosen cooling protocol.

The cost function H(S) corresponds to the energy and the parameter 7" to the
temperature. If T" > 0 a trial state with higher energy than the last state of the
sequence may be accepted with probability w(S — S’). This fact prevents the system
from stopping in a local minimum of the cost function. If the constant 7" is used, the
probability that state S occurs as the m-th element of the sequence (when m — o0)

is given by Boltzmann distribution [42]

Pa(S) = Jim Pa() = oo (T 32

It is easy to see that the lower is energy H(S) the higher is probability P,,(S). The
idea of the SA method is to approach equilibrium of the system for lower and lower
temperature 7. An intuitive interpretation of the simulated annealing is that a rough
search at the beginning (high T') is followed by a fine search at the end of the procedure
(T — 0).

The simulated annealing method is used for optimisation of the rod arrangement
in the nanostructured microlens. A value of the refractive index within the lens is
independent of the z coordinate and therefore the design problem is limited to the

cross-section of the lens. The cross-section is the XY plane perpendicular to the rods.
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A particular nanorods arrangement might be treated as a single state S of the system.
There are two types of nanorods characterised by two different refractive indices. A

new trial state S’ is generated by changing a refractive index of the random rod.

Every possible rod arrangement gives a certain profile of the effective refractive
index. A cost function H(S) is introduced in order to measure difference between the
effective refractive index distribution and the ideal (target) refractive index distribu-

tion. A following cost function is proposed

H(S) = e (i, ;) — Nideal (1, ;)| (3.3)

1,J
In the sum (3.3) terms related to all pixels (rods) are included. The goal of the op-
timisation algorithm is to minimise the cost function H(S) given by formula (3.3).
It is easy to see that if the value of H(S) is close to 0, then the effective refrac-

tive distribution neg(x,y) is similar to the ideal (target) refractive index distribution
Nideal (ZE, y)

The method starts with certain 77 > 0 and a large number of steps (~ 100000) is
performed for this temperature. Next a lower temperature T, < T} is set and a large
number of steps are performed again. This procedure is repeated for over a hundred
decreasing values of temperature. Finally the temperature is set to be 0 and also a

large number of transitions are performed.

An example of a target (ideal) refractive index distribution is shown in Fig. 3.11.
The corresponding optimised distribution of nanorods inside the nGRIN microlens
and the resulting effective refractive index distribution is presented in Fig. 3.12. One
might see that the presented nanorods distribution is a square-lattice array of 50 by 50
nanorods. Such a number of nanorods is a practical minimum for decent performance
of the lens. Obviously the more rods the better a distribution of effective refractive
index is possible. In practice it is feasible to stack manually a structure consisting of
100x100 rods.

3.2.2.2 Exploitation of the design algorithm

The optimisation algorithm, based on the simulated annealing (SA) method, has been
used for designing of the small-diameter nanostructured GRIN microlenses which are

investigated numerically in chapter 4.

Additionally, the same agorithm has been utilised for designing of nanorod ar-
rangements within metarods. As it is described in detail in chapter 5, the metarods
are used for constructing large-diameter quantised nGRIN microlenses. In the case of
such quantised microlenses, the effective refractive index distribution within a single

metarod is optimised to be uniform (see section 5.2).
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Figure 3.11 — Example of an ideal (target) refractive index distribution in the cross-

section of the GRIN microlens.
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Figure 3.12 — Example of nanorods arrangement inside nGRIN microlens (a) and the

corresponding effective refractive index distribution (b).
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Chapter 4

Propagation of Gaussian beam

in small-diameter nGRIN microlenses

In this chapter the propagation of Gaussian beam through small-diameter nGRIN
microlenses is investigated. The consideration of this problem is motivated by the
fact that a Gaussian beam profile is a good approximation to the beams generated by
the most lasers. An understanding of the phenomenon of Gaussian beam propagation

through the nGRIN microlenses allows to make practical devices using lasers.

The phenomena of Gaussian beam focusing and collimation are discussed in sec-
tions 4.1 and 4.2. The results described in section 4.1 have been published in pa-
pers [11, 41].

The concept and fabrication of the small-diameter nanostructured GRIN (nGRIN)
microlenses has been presented in section 3.2 of chapter 3. nGRIN microlenses are
fabricated with a modified stack-and-draw technique. It is possible to obtain a very
high (up to An ~ 0.1 per 5um) gradient of the effective refractive index compared to
that attained by standard GRIN fabrication techniques (An ~ 0.1 per 250um) |36].
This large gradient value has made it possible to successfully fabricate nanostructured
microlenses with f-numbers equal to one. The stack-and-draw technology allows the
straightforward creation of 2D arrays of nGRIN microlenses with, for example, a
pitch compatible with the standard pitch of 2D Vertical Cavity Surface Emitting
Laser (VCSEL) arrays. Integration with other optical components is facilitated due
to flat input and output facets of the nGRIN microlens array and also due to its small
thickness (about 100um) Moreover the nanostructuring technology makes possible the

fabrication of aspheric and other more exotic refractive index distributions [11].
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4.1 Nanostructured GRIN microlenses for Gaussian beam

focusing

In this section Gaussian beam propagation through nanostructured GRIN microlenses
is investigated numerically and the concept of the nanostructured GRIN microlens
is successfully tested in the case of the Gaussian beam illumination [41, 11]. The
finite difference time domain (FDTD) method [13, 14| (see section 2.4.1 in chapter 2)
implemented in the MEEP package [44] has been utilised for this purpose. The
focusing properties of the nanostructured GRIN lens have been compared for Gaussian
illumination with the focusing properties of the corresponding continuous GRIN lens.
The accuracy of the scalar paraxial GRIN theory in the case of GRIN microlenses

characterised by a high refractive index gradient is also investigated.

4.1.1 Description of the simulated problem

The theoretical description of Gaussian beam propagation through the GRIN rod
lens based on the scalar and paraxial approximations has been presented in details in
section 2.2 of chapter 2. Key formulae and features resulting from this approximation

for planar Gaussian illumination are repeated here for a reader’s convenience.

The GRIN rod lens is assumed to have an optical axis oriented along Z (Fig. 2.2).

The refractive index distribution within the lens is given by [3]

e9) = ol — D (a2 4 47) (1)

where ng denotes refractive index in the centre of the lens cross-section and gg denotes
the gradient parameter. Real lenses have a finite diameter d and a minimum refractive

index nni,. The above mentioned parameters are related to each other by

2 8(”0 - nmzn)
9o = n0d2

Eq. (4.2) is derived from Eq. (4.1) assuming that 2% +y* = (d/2)? and n(z,y) = nmn.

(4.2)

If the planar Gaussian illumination with maximum intensity located on the Z axis

is used, the complex amplitude at the input face of the GRIN lens is described by

Y(z,y,z=0) =exp (_m +2y ) (4.3)

Wy

where wy is the waist radius of the Gaussian beam in free space. This waist is located
at the input facet of the lens. The complex amplitude within the GRIN lens can
be expressed using the radius of wavefront curvature R(z), beam radius w(z) and
function G,(z) (given by Eq. (2.45)) [3]

U(z,y, 2) =

M} ex {—_”(IQ + yz)} L (a4

a0) exp|—ikonoz| exp [— " WIIE)
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where
w?(z) = wilGp(2)]%, (4.5)

I ny dw?(z)
R(z)  2uw%(z) dz (4.6)

Following formula (4.5) the dependence of the square of the beam radius on the

propagation distance z within the GRIN lens can be written as

4
w?(2) = wy |cos*(goz) + ww—?sm2(goz) (4.7)

where quantity wg, is given by Eq. (2.50). One can easily see that if wy = wpy
then w(z) is independent of z. Otherwise w(z) is periodical with period 7/go. If
Wy > Wey w(z) decreases for 0 < z < 7/(2¢o) and reaches minimum for z = 7/(2gy).
In the FDTD simulation presented in this chapter properties of quarter-pitch nGRIN
microlenses are investigated. As has been mentioned in chapter 2, the quarter-pitch
GRIN lens is the lens characterised by length (thickness) Lop = 7/(2¢0)-

Focusing of a Gaussian beam occurs when wy > wy,. The focus is located on the
output facet of the quarter-pitch GRIN lens. Simulations of Gaussian beam focusing
discussed in the next section has been performed according to the schematic presented
in Fig. 4.1. The theoretical value of the beam radius (beam half-width) wy, at the
output facet of the quarter-pitch GRIN lens is given by

2
o Wiy

Wmin =

(4.8)

wo.

1

[ |

m/(29,)

PSSP P ~

_________________________________________

input plane output plane

Figure 4.1 — Schematic of the performed FDTD simulations of Gaussian beam focusing.
On-axis propagation of the Gaussian beam through GRIN microlens. Z x X section is

shown.
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4.1.2 Comparison of focusing properties of continuous and

nanostructured GRIN lenses

Let us consider a quarter pitch GRIN microlens illuminated with a planar Gaussian
beam [41, 11]. Both the continuous and the corresponding nanostructured GRIN
microlenses have been simulated with the FDTD technique [13, 14| using the freely
available software package Meep [44]. Schematic of the simulations has been shown in
the previous section in Fig. 4.1. In the simulations microlenses are enclosed in glass in
order to avoid the back reflection from the lens facets, and thus to facilitate an inves-
tigation of the Gaussian beam propagation in GRIN medium. 3D simulations have
been done for three different gradients of refractive index. The focusing properties of
continuous and nanostructured microlens are compared. Strictly speaking the time
averaged Z component of the Poynting vector in the longitudinal section of the lens
and the beam profile at the output facet of the lens are compared. The curvature of
the wavefronts within both considered microlenses are also investigated. Additionally
values of the output beam half-width obtained in the FD'TD simulations are compared

with predictions of the paraxial scalar GRIN theory [3]| given by formula (4.8).

The refractive index distribution within a continuous GRIN microlens is described
by Eq. (4.1). Firstly the refractive index distribution characterised by a gradient
parameter gy = 45mm~! and on-axis refractive index ng = 1.619 is investigated. The
diameter d of the microlens is 10um leading to a minimum refractive index n,,;, of
1.578. The above-mentioned parameters are related to each other by Eq. (4.2) and
in this case the quarter-pitch value predicted by the paraxial scalar GRIN theory is
34.9pum.

The refractive index distribution in cross-section of the continuous GRIN microlens
and the corresponding nanostructured GRIN microlens are presented in Fig. 4.2. The
nanostructured microlens consists of 2500 nanorods ordered in a square lattice. They
are 0.2um x 0.2um in cross-section. One type of nanorod is made of F2 glass and
has refractive index 1.619 and the other type of nanorod is made of the concept glass

characterised by a refractive index 1.578.

Both the continuous and nanostructured GRIN microlens are illuminated with a
planar Gaussian beam polarised linearly along the Y axis and characterised by a beam
half-width wy = bpm. Vacuum wavelength Ay is 1um. The size of the computational

. . . )\ o .
cell is 18pum x 18um x 42um. Spatial step Az is equal to 5§ = 50nm. Time step At

is set to ensure numerical stability |14].

According to the previous section a schematic of both simulations is presented in
Fig. 4.1. The intensity distribution within the continuous GRIN microlens is presented

in Fig. 4.3 and the corresponding intensity distribution within the nanostructured
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Figure 4.2 — Cross-section of the refractive index distribution in continuous GRIN mi-
crolens (a) and corresponding nanostructured GRIN microlenses (b). On-axis refractive

index ng is 1.619 and minimum refractive index np;, is 1.578.

GRIN microlens is shown in Fig 4.4. Intensity is represented by the Z component of

the time averaged Poynting vector S..

Figs. 4.3 and 4.4 show the intensity distribution in longitudinal sections of the
considered microlenses. A cross-section at the quarter-pitch plane is presented in
Fig. 4.5a and Fig. 4.5b for continuous and nanostructured GRIN microlenses respec-
tively. The curvature of the wavefronts within the continuous and the corresponding
nanostructured GRIN microlens is presented in Figs. 4.6-4.8. The presented inten-
sity and phase distributions show similar performance in the both cases. The visible
pixellation of the phase distributions is caused by the discrete nature of the FDTD

method, which is a finite difference numerical technique.

The wavefront curvature 1/R as a function of propagation distance z has been
analysed in case of both microlenses. R denotes the radius of the wavefront curvature.
This dependence is presented in Fig. 4.9. It is easy to determine the quarter pitch
length based on FDTD simulation and the condition 1/R(z) = 0. One can see that
in the case of both the continuous and nanostructured GRIN microlenses the quarter
pitch value obtained with FDTD technique is about 35um The value of the quarter
pitch predicted by the paraxial scalar GRIN theory is equal to 34.9um which is roughly
consistent with FDTD modelling results. The difference between the paraxial scalar
GRIN theory and modelling results is more significant for higher gradient of effective

refractive index. This issue is discussed later in this section.

Next the beam profiles at the output plane of the continuous and the nanostruc-
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average S, distribution for the continuous GRIN lens
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0.4

0.2

0.0
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z | pml|

Figure 4.3 — Intensity distribution for the continuous GRIN microlens obtained in the
FDTD modelling. On-axis propagation of the Gaussian beam through GRIN microlens
with continuous refractive index profile. The Z component of the averaged in time
Poynting vector in the X x Z section is shown. Dash line denotes a contour of the

quarter-pitch microlens.

tured GRIN microlens are compared with each other and also with the theoretical
model given by scalar paraxial theory (Eq. (4.8)). The comparison has been done for
three different gradients of refractive index. The above-mentioned beam profiles are
shown in Figs. 4.10-4.12. The FDTD outputs have been approximated to Gaussian
profiles and good fits have been obtained. The goodness of these fits is estimated by

a normalised root mean square error o defined as

f: (o(xi&—fm)y
_ 1.9
O N b ( )

where o(z;) denotes the FDTD output, f(x;) denotes the fitted Gaussian profile and

Max means a maximum value of the FDTD output.

For three pairs of continuous and nanostructured GRIN microlenses values pre-
sented in Tab. 4.1 have been obtained with FDTD technique. wy,;, denotes the beam
half-width at the predicted focal plane.

It is clear that the intensity distributions within both the continuous and nanos-
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average S, distribution for the nanostructured GRIN lens
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Figure 4.4 — Intensity distribution for the nanostructured GRIN microlens obtained in

the FDTD modelling. On-axis propagation of the Gaussian beam through nanostruc-

tured GRIN microlens. The Z component of the averaged in time Poynting vector in

the X x Z section is shown. Dash line denotes a contour of the quarter-pitch microlens.
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Figure 4.5 — Intensity distribution of a focused Gaussian beam at the quarter pitch

plane for the continuous (a) and nanostructured (b) GRIN microlens — a cross-section

in the XY plane of 3D FDTD simulations
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(a) Continuous GRIN microlens. (b) Nanostructured GRIN microlens.

Figure 4.6 — The phase distribution in the area close to input lens facet within the

continuous and the nanostructured GRIN lens is presented (area A in Fig. 4.1).
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Figure 4.7 — The phase distribution within the continuous and the nanostructured

GRIN lens is presented (area B in Fig. 4.1).
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Figure 4.8 — The phase distribution in the area close to output lens facet within the

continuous and the nanostructured GRIN lens is presented (area C Fig. 4.1).

tructured GRIN microlenses are very similar for all three gradient parameter values.
The small side lobes in Fig. 4.10(b) obtained for the nGRIN microlens with gradient

1

parameter go = 67mm™" are the only significant difference. The occurrence of side

lobes is related to the large gradient parameter.

It has been demonstrated that, in terms of Gaussian beam propagation, the contin-
uous GRIN microlens and corresponding nanostructured GRIN microlens are equiva-
lent. The paraxial GRIN lens theory gives an approximate prediction of the half-width

of the output beam, although gradients of the effective refractive index in the inves-
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(a) Continuous GRIN microlens.
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(b) Nanostructured GRIN microlens.

Figure 4.9 — Wavefront curvature 1/R as a function of the propagation distance for the

continuous GRIN microlens (a) and the nanostructured GRIN microlens (b). Gradient

parameter gg = 4bmm™-.

1

gradient parameter | scalar paraxial continuous nanostructured
90 theory GRIN microlens GRIN microlens
go = 67mm ™! Wipin = 0.59um Win = 0.80pum Win = 0.80um
o =0.0078 o =0.0126
go = 45mm~1 Win = 0.87pum Wppin = 1.15um Wpin = 1.15um
o =0.0105 o =0.0103
go = 21mm~! Wpin = 1.86pum Wipin = 2.30um Wipin = 2.25um
o = 0.0054 o = 0.0100

Table 4.1 — Beam half-widths wy, at the predicted focal plane according to the scalar
paraxial GRIN theory and FDTD modelling given for three pairs of continuous and

nanostructured GRIN microlenses. o is defined in by formula (4.9).

tigated GRIN microlenses are very high with respect to standard GRIN microlenses
(go ~ mm™') [36]. The dependence of the difference between the scalar paraxial
GRIN theory and FDTD simulations of the nGRIN microlens focusing on the index

gradient go has been also investigated. The measure D of this relative difference is

defined as
’UJFDTD __ ., theory
D= min min
u)FDTD )

min

where wIPTP denotes the FDTD obtained half-width of the beam at the predicted

min

(4.10)

focal plane of the nanostructured microlens and w'***™ denotes the theoretical value

of the beam half-width in the predicted focal plane. The theoretical value is given
by formula (4.8). The dependence of the relative difference D on the quarter-pitch
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Figure 4.10 — Time averaged Poynting vector intensity (solid — FDTD; dash — Gaussian
fit to FDTD; dot-dash — scalar paraxial theory) at the predicted focal plane (z = 23.4um)

of the continuous (a) (o = 0.0078) and the nanostructured (b) (o = 0.0126) GRIN lenses
1

for gradient parameter go = 67mm™".
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(a) Continuous GRIN microlens.
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Figure 4.11 - Time averaged Poynting vector intensity (solid - FDTD; dash — Gaussian
fit to FDTD; dot-dash — scalar paraxial theory) at the predicted focal plane (z = 34.9um)
of the continuous (a) (¢ = 0.0105) and the nanostructured (b) (¢ = 0.0103) GRIN lenses

for gradient parameter go = 45mm™1.

length Lqgp = 7/(2¢o) is shown in Fig. 4.13. One can see that in the range between

go = 2lmm™! (corresponding to Lqp = 74pum) and gy = 80mm™*

(correspoding to
Lqgp = 20pm) the relative difference D increases as a function of gradient go. This
increase can be explained by the fact that the scalar and paraxial approximations
are less precise for larger gradients of refractive index. The dependence of relative

difference D on quarter-pitch length Lqp has regular character, provided Lqp is not
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Figure 4.12 — Time averaged Poynting vector intensity (solid — FDTD; dash — Gaussian
fit to FDTD; dot-dash — scalar paraxial theory) at the predicted focal plane (z = 74.5um)
of the continuous (a) (o = 0.0054) and the nanostructured (b) (o = 0.0100) GRIN lenses

for gradient parameter gy = 21lmm™".

extremely short i.e. gradient parameter gy is not extremely large (see Fig. 4.13).
A full-vectorial approach is necessary in the case of extremely high refractive index

gradients.
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Figure 4.13 — Relative difference D between the scalar paraxial GRIN theory and
FDTD simulations as a function of quarter-pitch length Lqp.
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4.2 Collimation of VCSEL beam using a nGRIN microlens

Collimation of a laser beam is another important phenomenon utilised in photonic
devices. Let us consider Vertical Cavity Surface Emitting Lasers (VCSELSs), which
generally generate high divergence single-mode Gaussian beam profiles. Such lasers
can be fabricated in high density 2D arrays [45]. The combination of a GRIN mi-
crolens array and an identical pitch VCSEL array would allow the creation of low di-
vergence structured light sources for optical interconnects, printers and scanners [46].
The nanostructured GRIN microlenses might be characterised by very high refractive
index gradients (up to An = 0.1 per 5um) and high numerical aperture. Moreover
the microlenses can be arranged into 2D arrays with a filling factor close to 100%.
The nGRIN microlens arrays are very thin (about 100 pum thick) with flat input and
output facets. These features make it straightforward to integrate such microlens
array with a high density 2D VCSEL array in order to collimate the beams generated
by the VCSELs. The concept of the system is shown in Fig. 4.14 and in this section
FDTD simulation results for a single microlens integrated with a VOSEL laser are

presented.

[

\
\

light beam
VCSEL array microlens array

Figure 4.14 — Collimation of the array of VCSEL beams.
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4.2.1 FDTD simulation of the VCSEL beam collimation

The goal of the Finite Difference Time Domain (FDTD) simulations [13]| (performed
using the MEEP package [44]) is to show that a nanostructured GRIN rod microlens
can collimate a VCSEL beam with its optical axis oriented along the z-axis. A single
mode VCSEL beam can be approximated by a planar Gaussian beam described by

the complex amplitude

v +y2> (4.11)

?ﬂ(%yazzo) erXp <_ w2

0
where wy = 1.53um is the half-width of the beam. The VCSEL is assumed to be
monochromatic with a vacuum wavelength of 850nm. The above-mentioned param-
eters of the source correspond to the VCSEL described in [47|. The spatial step of
the FDTD simulation is equal to 25 nm and the time step is set to ensure numerical
stability [13]. To achieve collimation of such a beam a GRIN lens with a diameter
of 10.24pm and an effective focal length of about 30um might be used. The desired
target effective refractive index distribution is given by
2

n(z,y) = no[l — %0(952 + %)) (4.12)
where ng = 1.619 denotes the refractive index in the centre of the microlens cross-
section and gy = 22mm ™! denotes the gradient parameter (for theoretical description
of lenses with such refractive index distribution see section 2.2 of chapter 2). The
microlens consists of two types of glass rods laid parallel to each other with refractive
indices of 1.6190 and 1.6088. Each individual glass rod has a square cross-section of
0.16pm x 0.16um and the total microlens diameter is 10.24um. The refractive index
distribution in the cross-section of the modelled microlens is shown in Fig. 4.15. A
schematic of the FDTD simulation of the VCSEL beam collimation is presented in
Fig. 4.16. The VCSEL source and the input facet of the microlens are located in the

plane zp = 0. The quarter pitch lens, which has a length of L, = 5*-, is optimal for

290
the VCSEL beam collimation [3|. The output plane Z, in the following simulations is

located at z, = 2y + L, corresponding to the quarter pitch length of the GRIN lens.

A plot of the intensity distribution along the propagation direction is presented in
Fig. 4.17. A plot of the wavefront curvature as a function of the propagation distance
is shown in Fig. 4.18. One can see that the wavefront is flat (with a curvature of zero)
for a propagation distance of z = 70um. In practice, the quarter pitch plane Z, is
located at the distance where the wavefront is flat and for the lens considered here the
quarter pitch length is L, = 70um. This value is very close to the theoretical value

of quarter pitch length given by the expression 2”% = 71.8um

The intensity distribution in the input plane z = 0 and the output plane Z, is
shown in Fig. 4.19. The intensity profile obtained in the output plane Z, is close to
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Figure 4.15 — The refractive index distribution in the cross-section of the nanostruc-

tured GRIN microlens

GRIN rod lens
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input plane . d Z
L, - quarter pitch length

Figure 4.16 — Schematic of the FDTD simulation of the VCSEL beam collimation

a Gaussian profile (Fig. 4.20) and the beam profiles in both the input and output

planes have an M? of 1.
At the output plane Z,, the beam half-width is wg, = 4.7um and the wavefront is
completely flat. In order to calculate the far field divergence half-angle 6 one can use

Ao

TWo

= (4.13)

where 6 denotes the divergence half-angle and \y = 850nm is the vacuum wavelength.
The results of the FDTD simulations show a reduction in the VCSEL far field diver-
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Figure 4.17 — The intensity distribution in the longitudinal section of the FDTD simu-
lation area. The z component of the time averaged Poynting vector in the Z x X section

is shown.
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Figure 4.18 — Wavefront curvature as a function of the propagation distance.

gence half-angle from 10.1° to 3.3° due to the presence of the nanostructured GRIN

microlens.

4.2.1.1 Polarisation properties

It has been observed that the behaviour of the nanostructured material has a strong
dependence on the polarisation of the incident light. This implies that the nanos-
tructured lens performance should be affected by the input polarisation. The FDTD
simulation of the nGRIN microlens maintains the linear polarisation of the incident

illumination. In the simulation, the VCSEL source has a linear polarisation (E,)
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Figure 4.19 - The intensity distribution in the input plane z = 0 (a) and output plane

Zy (b) . The z component of the time averaged Poynting vector is shown.
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Figure 4.20 — The intensity profile in the output plane Z,. (solid - FDTD output; dash
- Gaussian fit to FDTD output)

and the beam in the output plane Z, has the same linear polarisation (E,). The

amplitudes of the electric field components E, and E, are presented in Fig. 4.21

4.2.1.2 Tolerance of the microlens length

The smallest divergence of the output beam is obtained when a quarter pitch microlens
is utilised, which for the considered lens design corresponds to a nGRIN lens length
of L, = 70pum. In practice, the microlens polishing process has a limited accuracy.
The change in the beam divergence for a lens length error of +10% shorter can be

determined by calculating the wavefront curvature and the beam half-width in the
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Figure 4.21 — Amplitudes of the electric field components in the output plane Z,.
Component F, (a) and component E, (b)

proximity planes Z,, and Z; (Fig. 4.16) . The first proximity plane Z,, corresponds to
a microlens length of L, = 63um and the second proximity plane Z; corresponds to

a microlens length of L; = 77um.

The beam in the proximity plane Z,, corresponding to a shorter nGRIN lens,
can be approximated by a Gaussian beam with a wavefront curvature of 1/R, =
0.0050um ! and beam half-width of w, = 4.7um. Propagating this Gaussian beam
in air allows the calculation of the beam waist wy, and, hence, the far-field divergence
half angle 6,,.

6, = 0 (4.14)

TWon

Assuming propagation in air, the inverse of the complex radius of curvature ¢, is given
by [4]
— = — —i— (4.15)

and the variation of the complex radius ¢(z) is given by the simple formula
q(2) =qn +2— 2, (4.16)

and therefore the imaginary part of ¢(z) is constant. Moreover the complex radius

Gon for the beam waist is purely imaginary and can be written as

where Jm(gq,) denotes the imaginary part of ¢,. On the other hand

1 . Ao

- 2
don 7.‘—u}(]n

(4.18)
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where wy, is the waist half-width of the Gaussian beam. Using equations (4.17) and
(4.18) we obtain

e (4.19)
Jm(q,) Twg,
and hence \
j n
w, = 20Imlan) (4.20)

™

For the shorter lens length, this gives a waist half-width of wg, = 4.36pm and from
equation (4.14) a far field divergence half-angle of 0,, = 3.6°. The same derivation can
be applied to the longer microlens, giving a beam waist half-width of wy; = 4.29um

and a far field divergence half-angle of 6y = 3.6°.

4.3 Conclusions

It has been demonstrated that, in terms of Gaussian beam propagation, the continuous
GRIN microlens and corresponding nanostructured GRIN microlens are equivalent. It
has also been shown that standard paraxial GRIN theory gives a fairly good approxi-
mation of the Gaussian beam propagation in the high contrast nanostructured GRIN
rod microlenses. One can calculate effective parameters of nanostructured GRIN mi-
crolenses using standard formulae from the scalar paraxial GRIN theory in order to
fabricate nanostructured GRIN microlenses and use them in real systems with laser
beam [11, 41].

Additionaly, in conclusion of the section 4.2, one may say that the FDTD simula-
tion shows that the far field divergence half-angle is reduced by the nGRIN microlens
with the ideal quarter-pitch thickness from 10.1° to 3.3° and that +10% inaccuracy

of the microlens thickness leads to roughly 10% increase in a final far field divergence.
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Chapter 5

Large-diameter quantised nanostructured

GRIN microlenses

In this chapter the new approach to develop large-diameter quantised nanostructured
GRIN microlenses with internal structure is presented. The performance of a quan-
tised nanostructured microlens is compared with performance of an ideal continuous
GRIN microlens. The fabrication method is reported and the focusing properties are
measured for various wavelengths. The results described in this chapter have been

published in paper [37].

5.1 Motivation for development of large-diameter quantised

nGRIN microlenses

In the previous two chapters the concept, the fabrication and the optical proper-
ties of the small-diameter nanostructured GRIN microlenses have been described.
These microlenses are fabricated using a modified stack-and-draw technique, similar
to that commonly used for photonic crystal fiber manufacture. This method allows
the creation of extremely large refractive index gradients (up to An ~ 0.1 per 5um).
The functionality of the nanostructured GRIN lens can be described using standard
gradient index models [11]. It is has been also demonstrated that a more general
(i.e. non-radial) shaping of the refractive index distribution is possible. The success-
ful fabrication of an elliptical nGRIN microlens has been reported in [12|. However
the concept of small-diameter nGRIN microlenses described in chapter 3 is limited
in terms of the microlens diameter. The diameter is limited roughly up to 20-30um
which radically limits the area of application. The small-diameter nGRIN microlenses
are fabricated using a conventional preform assembly technique, where individual rods
(~ 10000 for a 20um lens) of the basis glasses are placed in the appropriate pattern.
Use of this technique to assemble a 100pum diameter lens is currently not feasible, as it

would require the manual placement of about 250, 000 individual glass rods. However,
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the advent of robotic preform assembly methods may make this direct nanostructuring

approach practical in the future.

5.2 Fabrication of large-diameter quantised nGRIN

microlenses

In this section the fabrication procedure of the large-diameter quantised nGRIN mi-
crolenses is described and thereby the concept of such large-diameter nanostructured
microlenses itself is introduced. The concept consists in approximation of the continu-
ous change of the refractive index by the discreet stepped distribution of the refractive
index. The performance of such quantised microlens is similar to the performance of
the corresponding standard continuous GRIN lens provided a sufficient number of
the refractive index levels (steps) is utilised. A discussion of how to determine the

suitable number of refractive index levels is included in the next section.

How does one obtain different and well-defined levels of refractive index? One
can use the same approach as it is used for fabrication of small-diameter nanostruc-
tured microlenses. A desired effective refractive index is attained by a nanostructure
consisting of two types of nanorods where each type of nanorods fills determined per-
centage of the volume. The idea of the large-diameter quantised microlenses is based
on nanostructured metarods. Cross-sections of metarods utilised in the prototypical
large-diameter microlens are shown in Fig. 5.1. Each type of metarod is utilised to
create one level of the effective refractive index in the quantised gradient index profile

of the considered microlenses.

Fabrication of metarods is done with the modified stack-and-draw technique in
analogous manner to a first stage of the small-diameter nGRIN microlens fabrication.
The preform, consisting of two types of glass rods, is stacked. These two types of
rods are made of two different glasses characterised by two different refractive indices
but similar thermal and mechanical properties. Next the preform is drawn in order

to obtain metarods with a diameter of 0.5-0.6mm.

The fabrication of large-diameter quantised nGRIN microlenses is similar to the
fabrication of small-diameter nGRIN microlenses described in chapter 3 in terms of
the preform assembly technique, control of the drawing process and the requirement of
a thermal and mechanical match of the utilised glasses. Assuming that the metarods
have been already made the following steps are needed to fabricate large-diameter
quantised nGRIN microlenses. The scheme described below allows the production of

an array of such large-diameter quantised microlenses with a fill-factor of up to 100%.

1. Metarods are stacked into an initial preform of the large-diameter quantised mi-
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Figure 5.1 — Cross-sections of different nanostructured metarods characterised by dif-
ferent effective refractive indices. Red color and blue color denote high and low refractive

index glass respectively.

(a) (b)

Figure 5.2 — The initial preform of the large-diameter quantised nGRIN microlens. A

schematic (a) and the cross-section (b). Different colours denote different metarods.
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furnace

(a) (b) (c) (d)

Figure 5.3 — Schematic of the fabrication procedure. The schematic, particularly sub-

figures (b), (¢), (d), shows the case of the microlens array production.

60mm 30mm 100um

Figure 5.4 — The photos of the initial preform (a), the intermediate preform (b) and
the final microlens (c). A single 7-level large-diameter quantised nGRIN microlens has

been developed as a proof-of-concept prototype.
crolens. The structure of the initial preform corresponds to the single quantised
microlens (Fig. 5.2).

2. The stacked initial preform is drawn-down in the high temperature (600-700°C)
using the draw tower (Fig. 5.3a and Fig. 3.6).

3. Rods obtained in the previous step are stacked into an intermediate preform.
The outer glass tube and additional filling rods are utilised to construct this

intermediate preform. This step allows the fabrication of microlens arrays
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Glass Weight Composition n for n for
Name Ao = 850nm Mg = 633nm
F2 SiOy — 45.7%, PbO - 45.5%, 1.6068 1.6165

NayO - 3.5%, K20 — 5.0%),
Asy05 — 0.8%
NC21A SiOy — 55.0%, Al,O3 — 1.0%, 1.5212 1.5265
By0O3 — 26.0%, Li;O — 3.0 %,
NayO - 9.5%, Ky0 - 5.5%,
Asy05 — 0.8%

Table 5.1 - Weight composition of the utilised glasses (F2 and NC21A) and their

refractive indices.

(Fig. 5.3b).

4. The intermediate preform is drawn-down in the high temperature (600-700°C)

using the draw tower and one obtains the final output rod (Fig. 5.3c).

5. Final rod is cut into slices (Fig. 5.3d) and then polished. Every slice is a large-

diameter quantised nGRIN microlens array.

These slices, which are microlens arrays, are very thin, hence it is feasible to produce
thousands of microlens arrays based on the same initial preform. The development
approach based on the nanostructured metarods retains advantages of the fabrication
method presented in subsection 3.2.1 of chapter 3 in terms of a potentially arbitrary

non-radial effective refractive index profile and high refractive index gradients.

A single 7-level large-diameter quantised nGRIN microlens has been developed as
a proof-of-concept prototype, although the scheme described above allows the fabri-
cation of microlens arrays. The fabricated microlens is 100um in diameter and 140pum
thick (long). The photos of the initial preform, the intermediate preform and the final
microlens are presented in Fig. 5.4. F2 glass made by Schott AG and NC21A glass
made by Institute of Electronic Materials Technology (ITME) have been utilised as
the fundamental glasses to fabricate metarods and thereby the prototype quantised
nGRIN microlens itself. The weight composition and refractive indices of these glasses

are presented in Tab. 5.1.
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5.3 Number of refractive index levels and the diameter of

the quantised nGRIN microlens

For a given wavelength, the optical performance of a large-diameter quantised nanos-
tructured GRIN microlens depends on the number of the refractive index levels and
the diameter of the microlens. Taking into account the current constraints of the fab-
rication technique, seven levels of refractive index is a practical technological limit for
such a quantised microlens. Let us consider illumination with the vacuum wavelength
of 850nm and the number of the refractive index levels equal to 7. It is expected
that the smaller the diameter of the microlens the better performance of the con-
sidered quantised microlens. The question arises what diameter is sufficiently small
to ensure good optical performance of the quantised nGRIN microlens. A series of
simulations have been performed to answer this question. The performance of the
ideal continuous GRIN microlens is numerically compared with the performance of
the quantised microlens for three different microlens diameters. The simulations have
been done with fast Fourier transform beam propagation method (FFT-BPM) [37].
The refractive index distributions in the cross-section of the ideal continuous GRIN

microlens and the corresponding quantised microlens are shown in Fig. 5.5. Results

(a) (b)

Figure 5.5 — Refractive index distribution in the cross-section of ideal continuous GRIN
microlens (a). Schematic of quantised nanostructured GRIN microlens consisting of
101 x 101 “pixels” with one of 7 discrete effective refractive index level structures formed

by a nanostructured composite of two soft glasses (b).

of these FFT-BPM simulations are presented in Fig. 5.6. Significant improvement
of the focusing performance due to diameter reduction has been observed in case of
quantised microlens. One can conclude that the microlens diameter of the order of

100pm ensures good optical performance of 7-level nanostructured GRIN microlens
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for vacuum wavelength of 850nm.

(d) (f)

Figure 5.6 — Improvement of focusing for 7-level nanostructured GRIN microlens with
reduced diameter of 500um (a), 250um (b), 100um (c). As a reference focusing of
ideal continuous GRIN lens with the diameter of 500um (d), 250pum (e), 100pum (f) is
presented. The wavelength of light is 850 nm.

5.4 Numerical verification of performance of developed lens

In order to numerically investigate the expected focusing properties of the fabricated
prototype of the quantised nanostructured GRIN microlens described at the end of
the section 5.2, the fast Fourier transform beam propagation method (FFT-BPM) has
been utilised. The particular implementation of the FFT-BPM had been developed
in C++ by Andrew J. Waddie.

The ideal continuous GRIN microlens and the corresponding quantised nanostruc-
tured GRIN microlens are shown in Fig. 5.5. Both considered here microlenses are
100pm in diameter. First it is assumed that the vacuum wavelength is 850nm and
microlenses are infinite in thickness (length). The simulations of infinite microlenses
allow the determination of the quarter-pitch length of the fabricated large-diameter
quantised microlens and the corresponding ideal continuous GRIN microlens. Sim-
ulation for a continuous (unquantised) microlens was performed as a reference. In
this case the lens has a quarter pitch equal to 232um (Fig. 5.7a) and a full width
half maximum (FWHM) beam diameter at focus of 0.8um (Fig. 5.7b). The quarter-
pitch of the quantised microlens has been determined to be 225um (Fig. 5.8a) with
a FWHM beam diameter at the focus of 0.7um (Fig. 5.8b). The relatively small dif-
ference between the two lenses shows that we can expect the quantised nGRIN lens

to perform in a similar manner to the ideal lens. It should be noted that the Airy
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rings are less intense in the case of the quantised lens (Fig. 5.8b) with respect to the

ideal one (Fig. 5.7b). This denotes a degradation of the expected performance of the

nanostructured lenses with respect to ideal lenses. In practice, the properties of the

fabricated quantised lens should be better than that observed in the simulations due

to the presence of sharp refractive index differences on the borders between various

quantised levels in the simulations.

In the fabricated structures diffusion processes

between the glasses result in “fuzzy” border transitions [37].
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Figure 5.7 — Propagation of light within the infinite ideal continuous GRIN lens with

the diameter of 100um: the longitudinal section along optical axis (a), the cross-section

at the focus perpendicular to the optical axis (b).

wavelength of 850nm.
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Figure 5.8 — Propagation of light within the infinite quantised nGRIN lens with the
diameter of 100um: the longitudinal section along optical axis (a), the cross-section
at the focus perpendicular to the optical axis (b). Simulations are performed for the

wavelength of 850nm.

The measurements presented in the next section have been performed using a

quantised nanostructured GRIN microlens with a thickness (length) of 140um and
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simulations to identify the working distance for this length of lens are necessary. In
addition, the simulations allow a prediction of the diameter of beam at focus to be
made. The working distance of the nanostructured quantised microlens has been
numerically determined to be 65um (Fig. 5.10a) with a FWHM beam diameter at the
focus of 0.9um (Fig. 5.10b). As a reference, the ideal continuous (unquantised) lens
with similar parameters of diameter and wavelength has a working distance equal to
68um (Fig. 5.9a) and a FWHM beam diameter at focus of 1.0um (Fig. 5.9b). The

above-mentioned modelling results have been obtained for the wavelength of 850nm.
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Figure 5.9 — Propagation of light behind the 140pm thick ideal continuous GRIN lens
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with the diameter of 100um: the longitudinal section along optical axis (a), the cross-
section at the focus perpendicular to the optical axis (b). Simulations are performed for

the wavelength of 850nm.
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Figure 5.10 — Propagation of light behind the 140um thick quantised nGRIN lens with
diameter of 100um: the longitudinal section along optical axis (a), cross-section at focus

perpendicular to the optical axis (b). Simulations are performed for the wavelength of
850nm.

The FFT BPM method has permitted the calculation of the chromatic properties
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of the 140um long (thick) nanostructured microlens with the diameter of 100um to
be made. The simulations for the wavelength of 633nm have been performed. In
the case of the quantised nanostructured microlens the working distance is 60um
(Fig. 5.12a) with a FWHM beam diameter at the focus of 0.6pum (Fig. 5.12b). As a
reference the corresponding ideal continuous (unquantised) microlens has the working
distance equal to 63um (Fig. 5.11a) and the FWHM beam diameter at focus of 0.7um
(Fig. 5.11b).
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Figure 5.11 — Propagation of light behind the 140pm thick ideal continuous GRIN lens
with the diameter of 100um: the longitudinal section along optical axis (a), the cross-
section at the focus perpendicular to the optical axis (b). Simulations are performed for

the wavelength of 633nm.
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Figure 5.12 — Propagation of light behind the 140um thick quantised nGRIN lens with
diameter of 100um: the longitudinal section along optical axis (a), cross-section at focus

perpendicular to the optical axis (b). Simulations are performed for the wavelength of
633nm.

In summary, the simulations show that the fabricated 7-level large-diameter quan-
tised nGRIN microlens, with the diameter of 100pum and the length of 140um, should
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have optical performance similar to that of an unquantised ideal GRIN microlens.
According to the modelling results the working distance lies within 5% of that of the
ideal lens and there is a variation of around 9% over a wavelength range of 200nm
(633nm—-850nm)|37].

5.5 Experimental verification of focusing properties of

developed lens

In order to characterise the focusing properties of the fabricated quantised nGRIN
microlens described in section 5.2, the set-up presented in Fig. 5.13 has been used.
The set-up consists of an infrared diode laser, a multimode fibre (core diameter 50m )
fitted with a collimation package optimised for wavelength 850nm, ND filters, mirrors
and CCD camera COHU (4910 Series) fitted with a tube and microscope objective.
The camera has parameter gamma set to 1 and it works with fixed gain. The camera is
mounted on a computer controlled 2-axis translation stage. A x40 0.65 NA objective is
used. The diode laser wavelength is about 850nm and the beam diameter behind the
collimation package is ~ 10mm. Apart from the 850nm infrared diode laser combined
with the fibre and the collimation package two different lasers have been utilised to
perform measurements i.e. a He-Ne laser with the wavelength of 633nm and a diode
laser with the wavelength 532nm. All measurements have been taken with the same

CCD camera settings and using the same microscope objective.

MR Nanostructured

Microlens

Collimation Package
Fibre Connection Tube — \
Microscope

Infrared Laser Objective

Green Laser C

Redlaser ——— [

;

Filter Holder

Mirrors
4'/

Figure 5.13 — Microlens Characterisation set-up.

We have determined the beam diameter at the focus based on the 2D images
obtained with the CCD camera. We used the criterion of the full width in half maxi-
mum (FWHM) to determine the diameter of a beam. The focal plane of the lens was

determined by scanning with CCD along the optical axis. The computer controlled
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translation stage has a submicron precision and the error for the measurement of the
distance between subsequent steps is below 1pym. The error in the position of the out-
put facet of the microlens, which is used in the determination of the working distance,

is larger and is estimated to be +10um.

5.5.1 Focusing properties measured using diode laser 850nm

For the wavelength of 850nm the maximum intensity has been measured 34um away
from the output facet of the microlens. This distance is the back focal length (working
distance) of the microlens related to the brightest focus. The intensity distribution

in the focal plane is shown in Fig. 5.14. One can see that the focal spot has an

distance 34 pm 225 distance 34 pm 225
200 200
175 1175
150 1150
125 1125
100 100
75 1475
50 150
25 125
’ x fpn] o

(a) (b)

Figure 5.14 — The intensity distribution in the focal plane 34um away from the output
facet of the microlens. A standard colourmap (a) and a colourmap modified to enhance

the diffraction pattern visible around the focal spot (b). Wavelength of 850nm.

approximately elliptical shape. Most likely this is to be due to the phenomenon of
elliptical focusing of a linearly polarised beam [48]. Full Width in Half Maximum
(FWHM) along X axis is 0.9um and FWHM along Y axis is 1.3um. The intensity
profiles in the focal plane along X and Y axes are shown in Fig. 5.15. Intensity
distribution in the planes perpendicular to the optical axis just before and just behind
the focal plane is presented in Fig. 5.16-5.19. One can see that the shape of the
central spot is irregular and different at different planes. Maximum intensity in a given
plane perpendicular to the optical axis as a function of the propagation distance is
shown in Fig. 5.20. In all shown planes perpendicular to the optical axis, the central
spot is surrounded by large number of much weaker spots. One may say that this
is a diffraction pattern. The origin of this diffraction pattern might be related to

the quantisation of the refractive index distribution. This quantisation makes the
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intensity profile along X axis for distance 34pm intensity profile along Y axis for distance 34pm
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Figure 5.15 — The intensity profiles along X axis (a) and Y axis (b) in the focal plane
34pm away from the output facet of the microlens. Wavelength of 850nm.
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Figure 5.16 — The intensity distribution in the plane 30um away from the output facet
of the microlens. A standard colourmap (a) and a colourmap modified to enhance the

diffraction pattern visible around the central spot (b). Wavelength of 850nm.

characterised microlens similar, in a sense, to diffractive optical elements (DOESs)

presented in the last chapter (see section 6.2).

5.5.2 Focusing properties measured using He-Ne laser 633nm

In this section the focusing properties of the microlens Lens2 has been described for
the wavelength of 633nm. The maximum intensity has been measured 40pum away
from the output facet of the microlens. This distance corresponds to the back focal

length (working distance) related to the brightest focus. The focal plane is presented
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distance 32 pm 225 distance 32 pm 225

x [pm]
(a) (b)

Figure 5.17 — The intensity distribution in the plane 32um away from the output facet
of the microlens. A standard colourmap (a) and a colourmap modified to enhance the

diffraction pattern visible around the central spot (b). Wavelength of 850nm.
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Figure 5.18 — The intensity distribution in the plane 36um away from the output facet
of the microlens. A standard colourmap (a) and a colourmap modified to enhance the

diffraction pattern visible around the central spot (b). Wavelength of 850nm.

in Fig. 5.21. One can see that the focal spot has elliptical shape. Full Width in Half
Maximum (FWHM) along the X axis is 0.9um and FWHM along the Y axis is 1.2um.
The intensity profiles in the focal plane along X and Y axes are shown in Fig. 5.22

The intensity distribution in the planes perpendicular to the optical axis just
before and just behind the focal plane is presented in Fig. 5.23-5.26. One can see
that the shape of the central spot is irregular and also there are many spots around

the central spot at every presented plane, which can be thought a diffraction pattern
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distance 38 pm 225 distance 38 pm 225
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(a) (b)

Figure 5.19 — The intensity distribution in the plane 38um away from the output facet
of the microlens. A standard colourmap (a) and a colourmap modified to enhance the

diffraction pattern visible around the central spot (b). Wavelength of 850nm.
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Figure 5.20 — Maximum intensity in a plane as a function of the propagation distance.

Wavelength of 850nm.

as it was mentioned in the previous section. = Maximum intensity in a given plane
perpendicular to the optical axis as a function of the propagation distance is shown

in Fig. 5.27
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Figure 5.21 — The intensity distribution in the focal plane 40pm away from the output
facet of the microlens. A standard colourmap (a) and a colourmap modified to enhance
the diffraction pattern visible around the focal spot (b). Wavelength of 633nm.
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Figure 5.22 — The intensity profiles along X axis (a) and Y axis (b) in the focal plane
40pm away from the output facet of the microlens. Wavelength of 633nm.

5.5.3 Focusing properties measured using diode laser 532nm

Finally the same measurements has been performed for the wavelength of 532nm.
In this case the focusing phenomenon has significantly worse quality i.e. the exact
position of the spot cannot be determined and a central spot is surrounded by a large
number of relatively bright spots, which, most likely, create a diffraction pattern. The
surrounding spots are much brighter for the wavelength of 532nm compared with the

longer wavelengths.
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distance 36 pm 225 _ distance 36 pm 225

y [pm]

X [pm] X [pm]

(a) (b)

Figure 5.23 — The intensity distribution in the plane 36um away from the output facet
of the microlens. A standard colourmap (a) and a colourmap modified to enhance the

diffraction pattern visible around the central spot (b). Wavelength of 633nm.
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Figure 5.24 — The intensity distribution in the plane 38um away from the output facet
of the microlens. A standard colourmap (a) and a colourmap modified to enhance the

diffraction pattern visible around the central spot (b). Wavelength of 633nm.

The maximum intensity has been measured 16um away from the output facet of
the microlens. This distance corresponds to the back focal length (working distance)
related to the brightest focus. The intensity distribution in the focal plane is shown
in Fig. 5.28. The focal spot has elliptical shape. FWHM along X axis and Y axis
are 0.7um and 1.3um respectively. It is easy to see that the contrast between a
central spot and other spots in the focal plane is significantly lower compared to

wavelengths 850nm and 633nm. Maximum intensity in a given plane perpendicular
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Figure 5.25 — The intensity distribution in the plane 42um away from the output facet
of the microlens. A standard colourmap (a) and a colourmap modified to enhance the

diffraction pattern visible around the central spot (b). Wavelength of 633nm.
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Figure 5.26 — The intensity distribution in the plane 44um away from the output facet
of the microlens. A standard colourmap (a) and a colourmap modified to enhance the

diffraction pattern visible around the central spot (b). Wavelength of 633nm.

to the optical axis as a function of the propagation distance is shown in Fig. 5.29.
Focusing performance is relatively low for the wavelength of 532nm meaning that the
focal spot is not ‘clean’ and this fact results in irregularity of the dependence shown in
Fig. 5.29. Clearly the longer wavelength of illumination is utilised the better focusing
performance is obtained. Most likely the focusing performance of the considered
quantised microlens is closely related to the ratio of width of a single value refractive

index zone to the wavelength.
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Figure 5.27 — Maximum intensity in a plane as a function of the propagation distance.
Wavelength of 633nm.
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Figure 5.28 — The intensity distribution in the focal plane 16pum away from the output
facet of the microlens. A standard colourmap (a) and a colourmap modified to enhance

the diffraction pattern visible around the focal spot (b). Wavelength of 532nm.

5.5.4 Summary of the experimental results

The experimental results confirm the expected optical performance of the fabricated
microlens. The focal spot diameter is similar to that predicted for 850nm illumination
and of the same order for 633nm. However for 633nm illumination this is larger than
that predicted by theory . This may be due to the resolution of our optical measure-
ment system with the nanostructured origin of the quantised lens also playing a role.
The slightly elliptical shape of observed focal spots might be due to the linear polari-
sation of the incident light [48]. The observed working distances (back focal lengths)
are approximately 50% smaller that those predicated by theory. This is primarily
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Figure 5.29 — Maximum intensity in a plane as a function of the propagation distance.
Wavelength of 532nm.

due to the accuracy of our measurement system and the difficulties associated with
determining precisely the surface of the microlens. By assuming we have a systematic
error in the measurement of the working distance, the difference in working distances
obtained for both the 850nm and 633nm illumination are in good agreement with

predicted values.

For the wavelength of 532nm quality of focusing is significantly lower compared
to the wavelengths 850nm and 633nm. Most likely it is caused by the fact that the
sizes of the zones characterised by a single value of the refractive index are too large

with respect to the wavelength of 532nm.

5.6 Conclusions

The design and fabrication of nanostructured microlenses, where a quasi-continuous
refractive index gradient is produced by means of a nanometre scale composite of two
mechanically and thermally compatible soft glasses, has been successfully demon-
strated. The quantised approach, where a set of discrete refractive index structures
are created and then combined to create a quantised refractive index profile, has been

used to design and fabricate a 7-level microlens with a diameter of 100um.

The fabricated lens shows good focusing properties with focal spot diameters of
0.9x1.2um at the focus. This is in very good agreement with the simulated results for
similar nanostructured lens designs. The working distance of the lens was observed

to be 34um and is 50% shorter than the working distance predicted by simulation.
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As it has been mentioned in subsection 5.5.4 it is primarily due to the accuracy of
our measurement system and the difficulties associated with determining precisely
the surface of the microlens. The chromatic properties of the lens have also been
verified with the fabricated lens showing good performance at both 850nm and 633nm.
The working distances for 633nm and 850nm were observed to be 40um and 34pum,

respectively, while the focal spot sizes remain unchanged.
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Chapter 6

Novel micro and nanostructured materials

fabricated with stack-and-draw technique

The present chapter is divided into two main sections. Section 6.1 covers the concept
and fabrication of the nanostructured birefringent material made using the modified
stack-and-draw technique. The numerical and experimental verification of its optical
properties has been performed by Andrew Waddie and it is also included here for the
sake of completeness [52, 6, 49].

Section 6.2 is devoted to diffractive optical elements (DOEs) fabricated with the
modified stack-and-draw technique. The fabrication and preliminary optical charac-
terisation are reported [50]. DOEs considered in the section do not have subwave-
length feature sizes but their fabrication is very similar to the fabrication of nGRIN

microlenses and the nanostructured birefringent material.

The conclusions of the both main sections of the chapter are summarised in the

section 6.3.

6.1 Nanostructured birefringent material fabricated with

stack-and-draw technique

Exploitation of the modified stack-and-draw technique for fabrication of the nanos-
tructured microlenses was described in chapters 3 and 5. However, the idea of the
nanostructured optical element fabrication with the stack-and-draw technique can be
extended beyond the microlens manufacture. The important advantage of the inves-
tigated in previous chapters nanostructured microlenses is the fact that their optical
properties can be described within the frame of the effective medium theory (EMT).
The second-order EMT introduced in section 2.3.2 is capable of predicting also the
birefringence of the anisotropic nanostructured material shown in Fig. 6.1 [6, 49].
Such a birefringent nanostructured material can be manufactured using the modified

stack-and-draw technique. The form birefringent material made of subwavelength in
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thickness, alternate layers of two isotropic glasses gives a significant freedom to de-
sign artificial birefringence with needed phase retardation. Fabrication of competing
nanostructured materials based on the same principle of operation generally requires
the use of more expensive techniques i.e. direct electron beam litography [51]. The
single optical element made with the stack-and-draw technology is relatively cheap

because one can obtain thousands of elements out of the single preform.

6.1.1 Concept of the nanostructured birefringent material

As has been mention in section 2.3, birefringence can be caused by suitable arrange-
ment of subwavelength in thickness layers of isotropic dielectric. Such birefringence is
called the form birefringence. In this chapter the nanostructured birefringent material

shown in Fig. 6.1 is considered [6, 49]. The structure consists of alternate, subwave-

if TE

Figure 6.1 — Schematic of the nanostructured birefringent material. A direction of
wave vector kg of incident illumination is shown. A direction of electric field E in the

case of TE polarisation is also shown.

length in thickness layers of two isotropic glasses with refractive indices n; = /¢
and n. = /€. According to the second-order EMT described in section 2.3.2 optical
properties of the considered nanostructured material are the same as the optical prop-
erties of homogenous anisotropic uniaxial medium with different refractive indices (or
permittivities) for TE (E || Yaxis) and TM (H || Yaxis) polarisations |7, 6]. Critical
parameters of such a nanostructured birefringent material, apart from the refractive
indices of the constituent glasses, are the structure period A and the volume filling
factor f of the dielectric with the permittivity of ¢;. Effective refractive indices for
both polarsations are given by formulae (2.56) and (2.57). FDTD simulation results
presented in section 6.1.3 show that these formulae are sufficiently accurate to calcu-

late the phase retardation within the nanostructured birefringent element provided
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the difference between refractive indices of the constituent glasses n; and n. is small
enough. The FDTD modelling has been performed for a F2 i NC21A glasses with

n; — ne ~ 0.1.

6.1.2 Fabrication of the nanostructured birefringent material

The fabrication procedure of the considered nanostructured birefringent material with
the modified stack-and-draw technique is similar to the small-diameter nGRIN mi-
crolens fabrication procedure described in chapter 3. The most significant difference is
related to the fact that the nanostructured birefringent material is periodic (Fig. 6.1).
It is great facilitation in terms of the preform assembly compared to nGRIN mi-

crolenses.

Similarly to nGRIN microlens the birefringent material is an all-glass structure
i.e. there are no air holes within the material. The nanostructured material consists
of two glasses with different refractive indices. One has to choose a pair of glasses
which is matched in terms of thermal and mechanical properties. For a proof-of-
concept fabrication F2 glass made by Schott AG and NC21A glass made by Institute
of Electronic Materials Technology (ITME) have been utilised. Weight composition

and refractive indices of these glasses are given in Tab. 5.1 in chapter 5.

furnace

(a) (b)

Figure 6.2 — Schematic of the fabrication procedure (Part 1).

The fabrication procedure can be summarised in the following steps.
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restacking furnace [

(a) (b)

Figure 6.3 — Schematic of the fabrication procedure (Part 2).

. Two glasses, characterised by different refractive indices and similar mechanical
and thermal properties, are cast as long rectangular bars which are then cut,

ground and polished to obtain rods with a round or rectangular cross-section.

. These rods are then scaled down, using a fibre drawing tower, to a diameter of

approximately 1mm.

. A few hundreds to a few thousands of the rods obtained in the previous step

are stacked together in order to assemble an initial preform (Fig. 6.2a).

. The stacked initial preform is drawn-down in the high temperature (600-700°C)
using the draw tower (Fig. 6.2b and Fig. 3.6).

. Rods obtained in the drawing of the initial preform are stacked into an inter-
mediate preform (restacking — Fig. 6.3a) . Additionally an outer glass tube and

filling rods are utilised for constructing this intermediate preform (Fig. 6.3b).

. The intermediate preform is drawn-down in the high temperature (600-700°C)
using the draw tower (Fig. 6.3b).

. The cross-section of the rod obtained in the drawing of the intermediate pre-
form has to be scaled down further in the drawing process in order to reach

subwavelength thickness of the single glass layer of approximately 300nm.
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8. Final rod is cut into slices and then polished down to the desired thickness (from
a few hundreds of microns to a few millimetres). Every slice is a slab of the

nanostructured artificially birefringent material.

Photos of the intermediate preform and the preform used for final drawing are
shown in Fig.6.4. As has been mentioned before, stacking of the initial and inter-
mediate preforms is simplified compared to the case of nGRIN microlenses due to

periodicity of the nanostructured birefringent material. The fabricated final nanos-

40mm 30mm

(a) (b)

Figure 6.4 — Photos of the intermediate (a) and final (b) preform. The intermediate
preform had been scaled down in the drawing process, and the obtained rod was utilised
for constructing the final preform. This rod, containing the structure, was placed in the
centre of the final preform, and it was surrounded by homogeneous filling rods and the

outer tube. The idea is schematically shown by the blue arrows.

tructure has an active area approximately 35um x 22um in the cross-section with a
single glass layer thickness of 300nm The same drawing tower has been used for the
fabrication of the birefringent material as in the case of the nGRIN microlenses fabri-
cation (see section 3.2.1). The issues related to the control over the drawing process

are similar as well.

6.1.3 FDTD modelling of light propagation within

nanostructured birefringent material

In order to verify applicability of the second order effective medium theory [7| and

formulae (2.56) and (2.57) in the case of the considered nanostructured birefringent
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material FDTD simulations has been performed [52, 6, 49]. The schematic of the
simulated system is shown in Fig. 6.1. The FDTD simulations, presented in this
section, were performed by Andrew Waddie [52] and are included in the thesis for the
sake of completeness. All modelling results have been obtained for nanostructures
made of F2 glass and NC21A glass. This pair of glasses has been utilised for the
fabrication of the prototype birefringent material (Fig. 6.4).

Fig. 6.5 shows a comparison between the effective refractive indices nf and nlM
for both polarisations predicted by the second-order EMT and a fully vectorial FDTD
simulations for a variety of nanostructures with the increasing filling factor f. The
Maxwell-Garnet theory curve lies midway between the transverse electric (TE) and
transverse magnetic (TM) curves and has been omitted for the sake of clarity. There
is a good agreement between modelling results and the theoretical curves given by
formulae (2.56) and (2.57). It is also clear that the largest difference between the
effective refractive indices n " and nZ occurs when f = 0.5. Further results concern
the case with the filling factor f of 0.5 when all nanolayers in the material have the

same thickness.

1.64

1.56

Effective refractive index

2

1.52

1.50

0 20 40 60 80 100
Percentage of high index glass

Figure 6.5 — Variation of effective refractive index for increasing proportion of high
index glass (filling factor f) at wavelength of 1ym. Circle/solid shows the FDTD /second
order effective medium theory results for TE polarisation and the triangle/dashed for
TM polarisation [52, 49].

The next set of simulations has been performed in order to investigate how the
birefringence An (defined as difference between the effective refractive indices n and
niM) depends on the wavelength Ay and the structure period A. The simulations still
concern the arrangement presented in Fig. 6.1. The birefringence An as a function
of the wavelength for an infinite slab of the nanostructured birefringent material with

grating period A of 250nm is presented in Fig. 6.6. The second-order effective medium
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theory (solid blue) shows a good agreement with the fully vectorial results (blue dots).
It is worth mentioning that the general trend of the curve is primarily determined by
the relative differences between the glass dispersion curves (shown by the red line in
Fig. 6.6).
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Figure 6.6 — Dependence of birefringence on wavelength of light for a 250nm structure
period made of F2 and NC21A glasses. The second-order effective medium theory (solid
blue) and the fully vectorial results (blue dots). The general trend matches that of the

refractive index difference between the two constituent glasses (solid red) [52, 6].

Fig. 6.7 shows how the birefringence depends on the ratio A/)\y (grating pe-
riod /wavelength). The scaled birefringence dn is plotted — the birefringence An di-
vided by its peak value (taken from Fig. 6.6) for a given wavelength. FDTD modelling
results are shown for four different wavelengths. It is clear that for a given wavelength,
there is a definite threshold beyond which the expected level of birefringence is signif-
icantly reduced. This reduction in dn is due to the structure ceasing to operate as a
true effective medium and instead beginning to function as a scalar domain diffraction
grating - as shown by the inset figures for an incident wavelength of light of 1um. Tt
can be also seen that the value of the ratio A/ (grating period/wavelength) is not
critical as long as it is approximately 0.5 or smaller. It means that, for a given wave-
length, the birefringence An (defined as difference between the effective refractive
indices nf and nM) is independent of the grating period A as long as A/), (grating

period /wavelength) is approximately 0.5 or smaller.

6.1.4 Experimental verification of nanostructured material

birefringence

Experimental verification of the fabricated prototype nanostructured birefringent ma-

terial has been performed using a set-up similar to the one proposed by Robertson [53].
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Figure 6.7 — FDTD simulations of nanostructured birefringent material for different
wavelengths (500nm: yellow, 1000nm: green, 1500nm: red, 2000nm: blue). Dots show
the numerical data points obtained with FDTD; solid lines were determined by fitting
the sigmoid-like functions to the numerical data points. The scaled birefringence dn is
plotted — the birefringence An divided by its peak value for a given wavelength. Inset
images are electric field magnitudes within the structure for the wavelength of 1000nm

— propagation direction up the page [52, 49].

A source of light with controlled direction of the linear polarisation, the test sample
followed by a quarter wave plate, an output polariser and power meter are the key
components of the utilised set-up, which is shown in Fig. 6.8. The experiment was
performed by Andrew Waddie [6, 49| and its results are described here for the sake

of completeness.

EXFO
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Input o
polarisation
Input measurement

polarisation
selecton VN

Figure 6.8 — Experimental set-up used for testing the fabricated nanostructured bire-

fringent material [52, 49].

The angle of the test sample was held constant throughout the measurements.

For a given input polarisation and the quarter wave plate angle w one can measure
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output polariser angle 8 giving the minimum reading on the power meter. It is possible
to determine how the angle 6 depends on the he quarter wave plate angle w. This
relation has been numerically calculated using Jones vectors assuming the test sample
properties given by the second-order effective medium theory. Comparison between
numerical results and measured values of # is presented in Fig 6.9. It can be seen
that the measured values of # follow the theoretical curves. The relatively small
discrepancies between the modelled and experimental results for the lower curve are
primarily due to the difference in the relative proportions of the two input polarisations
in the lower experimental curve (210uW:17uW) compared to the relative proportions
in the upper experimental curve (0.84uW:227,W). The larger admixture of the non-
desired polarisation slightly shallows the leading edge while adding a small overall

shift to the minimum angle.
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Figure 6.9 — Comparison between modelled and experimental variation of minimum
intensity polarisation angle 6 with quarter wave plate angle for two approximately or-
thogonal polarisations. Numerical results for these two polarisations are shown by the
dashed and continuous lines. Triangles and circles denote corresponding experimental

data for two polarisations [52, 49].

6.2 Diffractive optics development with stack-and-draw

technique

Traditional diffractive optical elements (DOEs) are fabricated with microlitographic
techniques [23]. With this method diffractive performance is obtained using a surface
relief profile. It is common for some applications to coat this surface relief profile with
additional layers of polymer to obtain a flat top surface. The ion exchange method

has been used for DOE development [54, 55, 56, 57| as well as direct laser writing
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methods [58, 59| In this thesis an alternative approach is explored. DOEs fabricated
with the modified stack-and-draw technique are reported [50]. In the previous chap-
ters the possibility of using this method for the fabrication of nanostructured GRIN
microlenses is presented. Additionally the fabrication of nanostructured birefringent

elements using the modified stack-and-draw technique is reported in section 6.1.

In the DOEs considered in this section, different phase shifts are attained using
different types of glass and hence different refractive indices for different ‘pixels’ of the
diffractive optical element. In the proof of concept trials two types of glass have been
used, although, in principle, it is possible to use a larger number of glass types. The
stack-and-draw technique allows the creation of arbitrary patterns of pixels. Moreover,
such DOE elements have completely flat surfaces and they are robust and easy to
integrate with other optical components. In order to demonstrate the new application
of the modified stack-and-draw technique, periodic checkerboards with square and
hexagonal lattices have been fabricated. Such structures might be used as beam
splitters in the optical fiber systems. In this section, the fabrication technique and

optical characteristics of the tested DOEs are presented.

6.2.1 Fabrication of DOE elements

The fabrication of the considered DOEs is based on the same principles as the fab-
rication of small-diameter nGRIN microlenses (see chapter 3) and the fabrication of
nanostructured birefringent elements described earlier in this chapter. The most sig-
nificant difference between the fabrication of the considered DOEs and the fabrication
of the nanostructured elements investigated earlier in this thesis is the final feature

size which is much larger in the case of DOEs.

The modified stack-and-draw technique consists of a few steps. First two or more
types of glass are melted and then cast in the form of rectangular rods which are
cut and polished. Square or round rods characterised by different refractive indices
are obtained. These rods are about 3-5cm in diameter and it is possible to scale
down their diameter down to about 1mm using a fibre drawing tower. Next, the
scaled down rods are stacked according to the designed pattern into an initial preform
(Fig. 6.10a). Each rod corresponds to one "pixel’ of the DOE. The number of the glass

types corresponds to the number of the phase steps in the final element.

In this case, for the development of checkerboard structures, the in-house syn-
thesised low-index silicate glass, NC21, and the commercially available, high-index
lead-silicate glass, F2 have been used. Both glasses are thermally matched and have
been used successfully for the development of the prototype large-diameter nGRIN

microlerns (see chapter 5) and also a photonic crystal fibre [60].
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Figure 6.10 — Schematic of the fabrication procedure.

The initial preform is drawn using a fibre drawing tower (Fig. 6.10b). During
the drawing the cross-section of the preform is scaled down by a linear factor of 10—
30. The drawing process is performed at a relatively high temperature (600-700°C).
Different glass types are drawn together and therefore it is necessary to utilise glass
types which are thermally matched with each other. The obtained rods might be
cut into slices, ground and polished down to the required thickness which is typically
about 100um (Fig. 6.10c). In this one-step process it is possible to fabricate DOE
with a ’pixel’ (feature) size of 20um-100um. If smaller feature size is needed the
rods obtained during the first drawing can be restacked into an intermediate preform
and then drawn again. This repeated stack-and-draw process allows to obtain feature
sizes of few microns. The limiting factor is the diffusion process between the glasses.

However, this can be taken into account during the design of the DOE.

As a proof of concept, three different checkerboards have been fabricated and
tested. The checkerboards are periodic elements made of two types of glass with
different refractive indexes. Two checkerboards were fabricated with a square lattice
(Fig. 6.11). They have feature sizes of 46um and 8um, respectively and a refractive
index difference of 0.101 for a wavelength of 589nm. The third structure was based
on a hexagonal lattice (Fig. 6.12). For every type of tested DOEs two samples have
been prepared, with thicknesses of 190pm and 270um.

6.2.2 Measurements of diffraction patterns

To verify the performance of the fabricated DOEs, we have observed the far field
diffraction patterns produced when the elements are illuminated with two lasers with

wavelengths of 543.5nm and 632.8nm. The screen was L = 270cm away from DOE for
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Figure 6.11 — Photo of the square checkerboards with feature size of 46um (a) and
8um (b).

.j';1

Figure 6.12 — Photo of the hexagonal checkerboard.

all measurements (Fig. 6.13). Since the thicknesses of the DOEs were not, optimized
for the illumination wavelengths, we can only verify the position of the diffraction

orders not the intensity distribution between the orders.

screen

Figure 6.13 — Schematic of the experimental set-up.

A lattice pitch A and a diagonal lattice pitch A’ are introduced for the square
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checkerboard (Fig. 6.14a). According to this convention the feature size is equal to
A/2. In the case of the square checkerboards a square array of bright spots on the

screen (Fig. 6.14b) is obtained as a result of diffraction.

(a) (b)

Figure 6.14 — Layout of pixels in the square checkerboard (a). Schematic of the central
part of the diffraction pattern for the square checkerboard (b).

The angle 6 and the diagonal lattice pitch A’ are related to the wavelength Ay by
sin(f) A" = Ag. (6.1)
Since the angle € is small it can be assumed that

sinf ~ 60~ d/L. (6.2)

Eq. (6.1) gives a condition for 1% order maximum. Using Egs. (6.1), (6.2) and
relation A = /2 A’ it is possible to calculate the feature size from the diffraction

pattern and then compare the result with a direct measurement.

The phase shift difference Ay, introduced by the different refractive indices of the
pixels in the checkerboard, is related to the refractive indices (n; and ny) and the

checkerboard thickness s by

Ap = (ng — 712)2)\—7.(8. (6.3)

0
The refractive indices of the glasses F2 and NC21 are n; = 1.62 and ny, = 1.52
respectively. In order to use the checkerboard as a 2x2 beam splitter, the desired
Ay must be equal to m. Because of the relatively high refractive index difference
(ny — ng = 0.1) this corresponds to an element thickness which is an odd multiple of
~ 3um for a wavelength of ~ 600nm. It is difficult to control the element thickness to

such a high degree of accuracy due to limitations in the polishing process. The next
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set of test DOEs is planned to be fabricated using a pair of glasses with a much lower
refractive index contrast of An = 0.02, such as the two in-house synthesised silicate
glasses NC25 and NC21 [12].

A regular square array of diffraction fringes has been obtained with the square
checkerboards with feature sizes of 46pm (Figs. 6.15 and 6.16). Using the data from
the measurement of the diffraction pattern (Tab. 6.1) together with Egs. (6.1), (6.2)
and relation A = /2 A’ one can calculate the pitch Aexp = 92pm of the DOE. This is
very close to the value of A = 93um, which has been obtained by direct measurement

of the lattice pitch using an optical microscope.

(b)

Figure 6.15 — Diffraction patterns generated with 543.5nm laser and the square checker-
boards with feature size of 46um and thickness of 190um and 270pm (b).

Figure 6.16 — Diffraction patterns generated with 633nm laser and the square checker-

boards with feature size of 46um and thickness of 190um and 270um (b).
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d|lmm]| d/L 0 |degrees]
Ao = 543.5nm 22.5 0.0083 0.48
thickness 190um
Ao = H43.5nm 22.5 0.0083 0.48
thickness 270pum
Ao = 633nm 26 0.0096 0.55
thickness 190pum
Ao = 633nm 26.5 0.0098 0.56
thickness 270um

Table 6.1 — Parameters of the diffraction pattern obtained for the square checkerboards

with feature size of 46um at the distance of 270cm.

Despite the distortions in the checkerboard structures which are shown in Fig. 6.11b,
a regular square array of diffraction fringes has been obtained for the square checker-
boards with a feature size of 8um (Figs. 6.17 and 6.18). A similar set of measurements
to those performed for the previous square checkerboards, yielded a calculated lat-
tice pitch Aexp = 15um from the measurement of the diffraction pattern (Tab. 6.2).

This result is consistent with value A = 16pum measured directly using an optical

microscope.

Figure 6.17 — Diffraction patterns generated with 543.5nm laser and the square checker-
boards with feature size of 8um and thickness of 190um and 270um (b).

The hexagonal checkerboards have generated a regular hexagonal pattern of diffrac-
tion fringes (Fig. 6.19 and 6.20). Distances d between the 1°* order maximum and the

0 order is given in Tab. 6.3.
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(b)

Figure 6.18 — Diffraction patterns generated with 633nm laser and the square checker-

boards with feature size of 8um and thickness of 190um and 270um (b).

d|mm]| d/L 0 |degrees]
Ao = H43.5nm 135 0.050 2.86
thickness 190pum
Ao = H43.5nm 137.5 0.051 2.92
thickness 270pum
Ao = 633nm 160 0.059 3.39
thickness 190pum
Ao = 633nm 161 0.060 3.41
thickness 270um

Table 6.2 — Parameters of the diffraction pattern obtained for the square checkerboards

with feature size of 8um at the distance of 270cm.

6.3 Conclusions

In this chapter it has been described how to extend the use of the modified stack-
and-draw technique beyond the fabrication of nanostructured microlenses. Success-
ful development of the form birefringent nanostructured material has been reported.
[t has been numerically and experimentally shown that the fabricated birefringent
nanostructured element can be described by the second-order effective medium the-
ory. Applicability of the second-order EMT facilitates a rapid design of such birefrin-
gent components. The presented concept of the nanostructured birefringent material

allows to customise chromatic properties of an birefringent element by choice of a
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Figure 6.19 — Diffraction pattern generated with 543.5nm laser and the hexagonal
checkerboard with thickness of 270um.

Figure 6.20 — Diffraction patterns generated with 633nm laser and the hexagonal
checkerboards with thickness of 190um and 270um (b).

d[mm)] d/L 0 |degrees|
Ao = 543.5nm 127.5 0.047 2.70
thickness 270um
Ao = 633nm 147.5 0.055 3.13
thickness 190pum
Ao = 633nm 148.5 0.055 3.15
thickness 270um

Table 6.3 — Parameters of the diffraction pattern obtained for the hexagonal checker-
boards at the distance of 270cm.
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suitable pair of constituent glasses. For example, it is possible to fabricate an element
which operates as the quarter wave plate for a range of wavelengths |6]. Such an

element can be useful when a tunable or broadband light source is exploited.

It has been also demonstrated that it is possible to fabricate flat, easy to integrate
and robust diffractive optical elements using the modified stack-and-draw technique.
It has been verified that the fabricated checkerboards generate regular diffraction pat-
terns. The location of the diffraction orders is consistent with the values of structure
lattice pitch measured using an optical microscope. When the phase shifts obtained
with such a DOE are precisely controlled, the element can serve as a beam splitter

used for coupling laser beam into a multicore optical fibre.
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Chapter 7

Conclusions and outlook

7.1 Conclusions

As has been mentioned in the introduction (chapter 1), the main theme of the thesis
and thereby its main goal was the numerical and experimental verification of the
concept of the structured micro-optical elements fabricated with the modified stack-

and-draw technique.

In chapter 4, it was demonstrated that, in terms of Gaussian beam propagation,
the continuous GRIN microlens and corresponding nanostructured GRIN microlens
are equivalent. It was also shown that standard paraxial GRIN theory gives a fairly
good approximation of the Gaussian beam propagation in the high contrast nanostruc-
tured GRIN rod microlenses. The clear trend was observed that the accuracy of the
standard paraxial GRIN theory improves with decreasing gradient parameter. One
can calculate effective parameters of nanostructured GRIN microlenses using standard
formulae from the scalar paraxial GRIN theory in order to fabricate nanostructured

GRIN microlenses and use them in real systems with laser beam [11, 41].

Additionaly, in conclusion of the section 4.2, the FDTD simulation of Gaussian
beam collimation shows that the far field divergence half-angle is reduced by the
nGRIN microlens with the ideal quarter-pitch thickness from 10.1° to 3.3° and that
+10% inaccuracy of the microlens thickness leads to roughly 10% increase in a final

far field divergence.

Chapter 5 covers numerical and experimental verification of the large-diameter
quantised nGRIN microlens focusing performance and also the prototype microlens
fabrication is reported. The design and fabrication of nanostructured microlenses,
where a quasi-continuous refractive index gradient is produced by means of a nanome-
tre scale composite of two mechanically and thermally compatible soft glasses, was
successfully demonstrated. The quantised approach, where a set of discrete refractive

index structures are created and then combined to create a quantised refractive index
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profile, was used for the design and fabrication of a 7-level microlens with a diameter
of 100um.

According to FF'T-BPM modelling results significant improvement of the focus-
ing performance due to diameter reduction is observed in the case of the quantised
microlens. One can conclude that the quantised microlens with a diameter of the or-
der of 100pum and a 7-level refractive index profile ensures good optical performance
for vacuum wavelength of 850nm. FF'T-BPM simulations of the fabricated quantised
microlens and its unquantised counterpart showed that the working distance for the
quantised microlens lies within 5% of that of the ideal lens and there is a variation of

around 9% over a wavelength range of 200nm (633nm-850nm)|[37].

The experimental results confirmed the expected optical performance of the fab-
ricated microlens. The fabricated lens shows good focusing properties with focal spot
size of 0.9 x 1.2um at the focus. The focal spot size is similar to that predicted for
850nm illumination and of the same order for 633nm. However for 633nm illumina-
tion this is larger than that predicted by theory . This may be due to the resolution
of our optical measurement system with the nanostructured origin of the quantised
lens also playing a role. The slightly elliptical shape of observed focal spots is likely
to be due to the linear polarisation of the incident light [48]. The working distance
of the lens was observed to be 34um and is 50% shorter than the working distance
predicted by simulation. It is primarily due to the inaccuracy of our measurement
system and the difficulties associated with determining precisely the surface of the
microlens. Assuming we have a systematic error in the measurement of the working
distance, the difference in working distances obtained for both the 850nm and 633nm
illumination are in good agreement with predicted values. The working distances for
633nm and 850nm were observed to be 40pum and 34um, respectively, while the focal

spot sizes remain unchanged [37].

In chapter 6, it was described how to extend the use of the modified stack-and-
draw technique beyond the fabrication of nanostructured microlenses. Successful de-
velopment of the form birefringent nanostructured material was reported. It was nu-
merically and experimentally shown that the fabricated birefringent nanostructured
element can be described by the second-order effective medium theory. Applicabil-
ity of the second-order EMT facilitates a rapid design of such birefringent compo-
nents |6, 49].

It was also demonstrated that it is possible to fabricate flat, easy to integrate and
robust diffractive optical elements using the modified stack-and-draw technique. It
was verified that the fabricated checkerboards generate regular diffraction patterns.
The location of the diffraction orders is consistent with the values of structure lattice

pitch measured using an optical microscope [50].
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7.2 Future work

One of the future challenges, one needs to face in order to break current limitations
of the technology, is related to automation of the preform assembly. A prototype
of an automated rod stacker has been built but the low tolerance to the glass rod
imperfections (such as a diameter spread) still needs to be addressed. However, one
may say that the development of the system for automatic preform assembly is a

matter of time and money.

The possibility of control over chromatic properties of the micro and nanostruc-
tured elements by means of the choice of glass pair with suitable chromatic dispersions
curves can be investigated. Also the feasibility of fabricating achromatic nanostruc-
tured microlenses and wave plates for broadband or tunable light sources is very

appealing to the optical industry.

Nanostructured GRIN microlenses with a non-radial effective refractive index dis-
tribution in the cross-section can be used for edge-emitting laser diode beam shaping.
In particular, an elliptical GRIN microlens is useful for coupling of light generated
by edge-emitting laser diode into a fibre. Such a lens has been already investigated
both numerically and experimentally in paper [12|. The modified stack-and-draw
technique allows to fabricate also nanostructured vortex microlenses. Vortex lenses
are an example of optical elements with a number of applications e.g. in particle
trapping and microscopy. The fabrication method considered in this thesis is suitable
for axicon microlens development. Such nanostructured axicon microlenses have the
potential to be exploited in the field of medical endoscopy because of their large depth
of field. The large depth of field facilitates obtaining sharp images when the control

over camera-object distance is poor.

Another task is to test methods of integration and alignment nanostructured ele-
ments with other photonic components such as lasers and fibres, as almost all real life
applications of the micro-optical elements require stable integration with the larger

optical system.
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