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ABSTRACT

YANZENG LI. Structured Optical Materials Fabricated Using Two-Photon
Polymerization. (Under the direction of DR. TINO HOFMANN)

Arti�cially structured materials, which are treated as macroscopically homogeneous

media, exhibit e�ective optical properties that can be altered by engineering the ma-

terials' intrinsic geometries at a scale much smaller than the probing electromagnetic

radiation at the wavelength of interest. Synthesizing structured optical materials

to gain a variety of desired optical responses have �ourished during the last decade

thanks to the emergence of novel fabrication techniques like two-photon polymer-

ization, for instance. Despite these advancements, there are still knowledge gaps

regarding the optical properties of the polymers compatible with two-photon poly-

merization techniques. Representative examples demonstrating the potential of two-

photon polymerization for the fabrication of all-dielectric optical metamaterials have

not been extensively explored yet.

This dissertation focuses on the development of all-dielectric metamaterials with

structural features at sub-wavelength scales by using two-photon polymerization in

order to engineer the material's dielectric properties at optical frequencies. In order

to understand the optical responses of the all-dielectric metamaterials developed here,

we accurately determined the optical properties of several two-photon polymerized

polymers using spectroscopic ellipsometry over a spectral range from the ultravio-

let to the near-infrared for the �rst time. Two di�erent structured material classes

composed of the investigated polymers were fabricated. These materials were de-

signed to suppress Fresnel re�ection loss or achieve very high re�ection, respectively,

at telecommunication wavelengths.

The two-photo polymerization technique was further used to integrate engineered

optical structures into the fabrication of opto-mechanical components. We established
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a protocol for the rapid prototyping of functional opto-mechanical components. As

an example, microlenses with anti-re�ective structures conformally coated on concave

lens interfaces and opto-mechanical components with critical features from the nm-

to the mm-range have been fabricated in order to demonstrate our approach.
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CHAPTER 1: INTRODUCTION

1.1 Overview

The nature of all optical materials and devices originates from light-matter inter-

actions. As light interacts with various materials, numerous optical phenomena are

observed, depending on the materials' inherent properties and intrinsic geometries.

Based on this, many scientists and researchers have dedicated their e�orts to devel-

oping optical components either by selecting materials with speci�c characteristics

or by engineering the optical structures with currently available materials. A high

volume of studies on the synthesis of novel materials reveal fundamental restrictions

on the diversity of optical functionalities, which is limited by the optical properties

of naturally occurring materials. Therefore, the realization of extraordinary optical

properties, such as negative index with low loss [1, 2], for instance, is impossible by

using materials occurring in nature.

Fortunately, the dependence of the optical response on the geometries of sub-

wavelength-sized constituents of a metamaterial o�ers another opportunity that can

be leveraged to manipulate the light-matter interaction. In this sense, without chang-

ing materials themselves, their properties, as an e�ective medium, can be engineered

by rearranging their constituent structures in di�erent geometries. Such arti�cially

introduced geometries are typically in sub-wavelength sized dimensions, meaning that

they are smaller than the wavelength of the interacting light, but still large relative to

the atomic level of the constituent materials. The macroscopically averaged optical

response can be rendered as the one resulting from a homogenized and e�ective mate-

rial [3]. Therefore, designing optical structures at scales smaller than the wavelength

of interest is an appropriate method to engineer the e�ective optical properties such
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that unusual optical features can be obtained. The development of such arti�cially

structured materials is the theme of this dissertation.

The fabrication of designed optical materials is therefore a central question that

we need to address in this dissertation. Fabricating optical structures is challenging,

particularly for the creation of the materials operating in the near-infrared (NIR)

and visible (VIS) spectral range. Unlike structured materials designed for microwave

frequencies, whose dimensions are large enough that they can be often achieved with

standard fabrication tools, the structures designed for optical frequencies require

the size of unit block at a deep sub-wavelength scale (from tens to a few hundreds

nanometers). Therefore, the fabrication of such optical metamaterials requires nano-

lithographic instruments.

In past decades, a number of advanced nano-fabrication techniques have been devel-

oped. These techniques are now employed for applications in electro-optics [4], solar

energy conversion [5], photonic metasurfaces [6], plasmonics [7], etc. For instance,

electron beam lithography and focused-ion beam milling are frequently used in lab-

environments for the realization of functional surfaces with dielctric/metal unit cell

arranged in a certain lattice pattern [8, 9]. Interference lithography on the other hand

has been widely applied for the fabrication of gratings and holographic optics [10, 11].

Although these nano-fabrication approaches have been demonstrated to be suitable

for the fabrication of two-dimensional patterns, three-dimensional optical structures

with spatially arbitrary parameters are di�cult to achieve..

Three-dimensional direct laser writing (3D-DWL), is an alternative approach which

utilizes two-photon polymerization in order to fabricate three-dimensional structures

with dimensions on the sub-micrometer scale. 3D-DWL was most prominently uti-

lized in 2004 when the �rst photonic crystal was fabricated using this technique [12].

Compared to the other contemporary nano-lithography techniques, the major advan-

tage of the 3D-DWL is its capability of constructing virtually arbitrary 3D geometries
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with critical feature dimensions beyond di�raction limit of light in NIR region. There-

fore, 3D-DLW is a versatile platform to support the development of NIR functional

materials with engineered optical material properties.

In addition to the fabrication and characterization of structured optical materi-

als, we have accurately characterized the optical properties of the metamaterial con-

stituents for the �rst time. The precise knowledge of the optical properties of the

constituent materials is essential in order to reliably estimate the optical response

from the e�ective medium composed of them, using either analytical or numerical

calculation approaches. Here, spectroscopic ellipsometry is used for the accurate

measurement of the dielectric function of a number of photo-resists (IP-Dip, IP-L,

and IP-S) compatible with 3D-DLW techniques and employed here as the constituent

materials of the investigated optical structures. Parameterized dielectric function

models were developed for these polymers in the near-infrared to UV spectral region

for the �rst time.

Combined with the �nite element method (FEM) based numerical modeling tool

(COMSOL), several multi-functional, structured optical materials have been theo-

retically studied and prototyped using 3D-DLW. Along with the exploration of the

optical materials studied here, this dissertation emphasizes two aspects: 1) expand

the range of the optical responses from dielectrics by engineering the constituent

geometries and 2) accomplish critical optical functionalities with simple structural

con�gurations that could bene�t industrial applications. Based on this logic, this dis-

sertation is structured as follows. The �rst chapter gives a brief introduction to the

fundamental physics behind the techniques that we used throughout this dissertation.

The ellipsometric measurements of the optical properties of the basic constituent ma-

terials, i.e., the 3D-DLW based photo-resists, are discussed in detail in chapter 2.

Based on the determined parameters of the photo-resists, anti-re�ective structured

surfaces (ARSS) designed for the reduction of undesired Fresnel losses in optical
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�ber communication systems are investigated in chapter 3. As direct applications

of ARSS, conformal ARSS treated microlenses incorporated in 3D-DLW-fabricated

�ber interconnects with multi-scale features are described in chapters 4 and 5, re-

spectively. These results impressively demonstrate that two-photon polymerization

is a promising nano-fabrication strategy that allows for a rapid prototyping of optical

�ber components. Opposite to the suppression re�ection at the telecommunication

wavelength of 1.55 µm, a highly re�ective photonic crystal was developed using 3D-

DLW-compatible photoresists. A geometry which had not been explored using 3D-

DLW before was implemented to achieve record re�ectance values comparable to gold

reference standards. The development of the photonic crystal is detailed in chapter 6.

Chapter 7 summarizes the dissertation in general and indicates possible avenues for

future work.

The theoretical concepts applied in this dissertation derive from linear optics, where

it is assumed that the optical properties of materials (i.e., refractive index n and

absorption α or extinction coe�cient κ) are independent of the amplitude of the

externally applied electromagnetic �eld E. Therefore, linear optical interactions are

brie�y introduced below. In section 1.2, the physical mechanism of two-photon-

polymerization-based lithography that is based on a non-linear optical process is

introduced. Spectroscopic ellipsometry and e�ective medium theory, on the basis of

the linear optical theory, are described in detail in sections 1.3 and 1.4, respectively.

Considering linear light-matter interaction, the optical properties of materials are

characterized by the complex relative dielectric function εr, which is derived from the

polarization P of a medium through the electric displacement �eld D:
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D = ε0E + P (1.1)

= ε0E + ε0χE

= ε0εrE,

where ε0 and χ denote the vacuum permittivity and electric susceptibility, respec-

tively. Then, the relative dielectric function εr is expressed as:

εr = 1 + χ. (1.2)

We know that the complex dielectric function εr is a function of the frequency

ω of applied electric �eld E. In order to describe the behavior of εr as a function

of the frequency ω, a simple physical model can be established by considering a

medium wherein the bond electrons with a resonance frequency ω0 are driven by the

sinusoidal electric �eld E of the electromagnetic wave. In this simple, classical model,

the electron, under the in�uence of the electric �eld induced driving force, oscillates

harmonically around the nucleus, while it is reasonable to ignore the motion of the

nucleus in that nuclear mass mn is much heavier compared to the mass of electrons

me (i.e., mn ≫ me). Introducing the displacement of the electron x and using the

harmonic oscillator model, the motion of the electron can be expressed as a classical

equation of motion:

me

d2x

dt2
+meΓ

dx

dt
+meω

2
0x = −eE, (1.3)

where Γ is the damping rate. A non-vanishing Γ results in the lowering and broad-

ening dielectric function described in detail in section 1.3. The electron charge is

represented by e. The terms, on the left side of the equation from the left to the
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right, are interpreted as the electron's acceleration, damping, and restoring force, re-

spectively. The term on the right-hand side represents the driving force, wherein the

electric �eld is de�ned as sinusoidal function with respect to time t:

E(t) =
1

2
E0[exp(iωt) + exp(−iωt)], (1.4)

where E0 and ω denote the amplitude and frequency of the electric �eld, respectively.

It is noteworthy to mention that the propagation associated phase term ϕ is omitted

intentionally for simpli�cation, while the omission does not impact the accuracy of the

formulas. Substituting the electric �eld into Eqn. (1.3), the solution of the di�erential

equation yields the following expression for the displacement x, wherein c.c. indicates

the complex conjugate:

x = −eE0

me

exp(−iωt)
ω2
0 − ω2 − iΓω

+ c.c. (1.5)

The physical interpretation of this solution depicts that the displacement of the elec-

tron induces a sinusoidal oscillation centered at the equilibrium position, thus forming

a time-varying dipole moment p(t) = −ex. Assuming that the number of the atoms

per unit volume is N , then the macroscopic polarization P of the medium can be

expressed in the form of:

P = Np (1.6)

= −Nex

=
Ne2

me

1

ω2
0 − ω2 − iΓω

E0exp(−iωt).

Note that c.c. has been omitted in this equation for brevity. Substituting this ex-

pression of the macroscopic polarization P into Eqn. (1.1), then the complex relative
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dielectric function εr(ω) is obtained:

εr(ω) = 1 + χ (1.7)

= 1 +
Ne2

ε0me

1

ω2
0 − ω2 − iΓω

.

Since the complex refractive index ñ (ñ = n+ iκ) is equal to the square root of the

complex dielectric
√
εr, the refractive index n and extinction coe�cient κ, as the real

and imaginary parts of the complex refractive index ñ, are respectively derived as:

n = Re{ñ} = 1 +
Ne2

ε0me

ω2
0 − ω2

(ω2
0 − ω2)2 + (Γω)2

, (1.8)

κ = Im{ñ} = 1 +
Ne2

ε0me

Γω

(ω2
0 − ω2)2 + (Γω)2

. (1.9)

Concerning the frequency dependence of the extinction coe�cient κ, one can im-

mediately note that the absorption α(ω) (∝ 4πκ(ω)) reaches a maximum as ω = ω0.

This accounts for the linear absorption process of a single-photon, while two-photon

absorption is a nonlinear e�ect, which is elaborated in the next section.

1.2 Two-photon polymerization lithography

Two-photon polymerization, employed as the main nano-fabrication technique here

for the development of optical structures, provides the 3D-DLW a resolution on a

sub-micrometer scale (∼100 nm) [13, 14, 15]. Such a spatial resolution is su�cient

to construct structures that can coherently interact with light at wavelengths in in-

frared spectral range. 3D-DLW has already been established for the fabrication sub-

wavelength-sized arbitrary architectures in free space, which is currently di�cult to

achieve by other conventional lithographic techniques, e.g., nanoimprint, electron-

beam lithography, and photolithography. 3D-DLW is currently employing a linear
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writing process, thus at present this technique is not suitable for commercial fabri-

cation at scale, but it has been demonstrated in many publications of the last two

decades, that this technique has a large potential for lab-based research projects

[16, 17]. To have a better understanding of the capability and �exibility of the two-

photon polymerization technique, particularly in the research environment, a general

introduction to its operation mechanism from theoretical perspective is given in this

section.

Two-photon polymerization is a photochemical process where the light-matter in-

teraction occurs as a nonlinear optical e�ect. A common photo-polymerization pro-

cess is subject to three sequential parts: 1) photo-initiators become excited by concur-

rently absorbing two photons and then decompose into radicals; 2) radicals incorpo-

rate with monomers to generate monomer radicals; and 3) polymers are formed at the

�nal stage via the combination of the monomer radicals [18, 15]. Additional details

about the chemical reaction have been omitted in this section since it falls outside of

this dissertation. The interested reader is referred to the relevant literature [18, 19].

The objective here is to give a general introduction into the two-photon absorption

process to allow for a better understanding of the two-photon polymerization from

optics perspective.

Generally, the two-photon absorption takes place as optical �elds interact with

molecules in a dissipative way, which stimulates an energy exchange between the

optical �elds and molecules through absorption. The exchanged energy, per unit

time and volume, can be expressed as the time-averaged product of applied electric

�eld E and induced polarization P [19]:

dW

dt
= ⟨E · P ⟩, (1.10)

where the brackets indicate a time average over several cycles of the �eld.

In the previous section regarding linear optics, the relationship between the electric
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�eld E and polarization P is linear. This can be seen in Eqn. (1.1), wherein the

optical properties of materials (complex dielectric function εr or susceptibility χ), are

independent of the intensity of the electric �eld E. Particularly, the imaginary part of

the complex dielectric function εr, which corresponds to the absorption and therefore

accounts for the energy transformation from the light �eld to the material medium,

is independent of the intensity of E, as shown in Eqn. (1.9). However, this linear

treatment is only valid at low power levels. For high intensities that can be achieved

by high-power lasers, the optical properties including the absorbing characteristic

become power-dependent, i.e., nonlinear optical interaction takes place. In order to

take the nonlinear e�ect into account, it is necessary to remodel the electron motion,

where the harmonic oscillation equation shown in Eqn. (1.3) has to be modi�ed by

introducing anharmonic terms, as follows:

me

d2x

dt2
+meΓ

dx

dt
+meω

2
0x+me(C1x

2 + C2x
3 + · · · ) = −eE, (1.11)

where the anharmonic terms in increasing orders are summarized inside the paren-

theses. Assuming that the anharmonicity is small in comparison to the harmonic

contribution (i.e., ω2
0 ≫ C1x ≫ C2x

2 · · · ), it makes sense to approximate the solu-

tion with a power series expansion in the electric �eld E. Equivalently, the nonlinear

polarization PNL is written as a power expansion as follows:

PNL = P (1) + P (2) + P (3) + · · · (1.12)

= ε0χ
(1)E + ε0χ

(2)E2 + ε0χ
(3)E3 + · · · ,

where the superscripts (n) represent the nth-orders. In analogy to Eqn. (1.2), the

nonlinear complex dielectric function εNL is obtained:
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εNLr = 1 + χNL (1.13)

= 1 + χ(1) + χ(2)E + χ(3)E2 + · · · ,

where the 1st-order χ(1) is the linear susceptibility as the one shown in Eqn. (1.2).

While the remaining terms are the nth-order nonlinear susceptibility χ(n). In this

expression, the dielectric function depends on the electric �eld E through the non-

linear susceptibilities. Likewise, the associated properties (i.e., refractive index and

absorption) of materials varies as a function of the strength of the applied electric

�eld E.

The terms χ(2)E and χ(3)E2 in the above expression, refer to the second-order

and third-order nonlinearities and contribute to the majority of nonlinear phenom-

ena. For instance, the second-order term χ(2)E usually accounts for sum-frequency

generation (χ(2)(ω1, ω2, ω3) and ω3 = ω1 + ω2), but only takes e�ect for materials

without inversion symmetry. In contrast, the third-order term χ(3)E2 plays an impor-

tant role in isotropic media, particularly corresponding to the four-frequency mixing

process χ(3)(ω1, ω2, ω3, ω4), where the four di�erent frequencies satisfy the relation:

ω1 + ω2 + ω3 + ω4 = 0. Herein, the two-photon absorption belongs to a special type

of the four-frequency mixing processes, in which the four frequencies degenerate into

an identical frequency from a single input laser beam. With ω1 = ω2 = +ω and

ω3 = ω4 = −ω, a charge carrier in molecular system is stimulated and kept at the

excited state for producing the radicals as mentioned above. The two-photon absorp-

tion is di�erent from the sum-frequency generation in the degenerate case because

the end product of the sum-frequency generation is an emission of a photon with the

sum frequency instead of maintaining the stimulated charge carriers at the excited

state.
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The two-photon absorption rate of energy is dominated by the imaginary part of

Eqn. (1.10) and can be expressed as [19]:

dW

dt
=

8π2ω

n2c2
I2Im(χ(3)), (1.14)

where I is the intensity of exiting light, being de�ned as I = |E|2nc/8π, wherein

n and c denote the medium refractive index and the speed of light in free space,

respectively. Compared to the linear absorption for single-photon processes, the two-

photon absorption rate in this expression is quadratically dependent on the light

intensity. In addition, the scaling, in particular, between the �rst- and third-orders

of susceptibility (i.e., χ(1)/χ3) is on the order of the 'characteristic atomic �eld` E0

(∼ 2.5 × 1012 Vm−1) [20]. This implies that it requires much higher light intensities

to trigger two-photo absorptions at a level compatible to single-photon absorption.

For this reason, a ultra-short pulse laser with a very high intensity on the order of

TW/cm2 is required for 3D-DLW. The 3D-DLW system used in this dissertation is

equipped with a femtosecond laser at center wavelength of 780 nm with pulse duration

of 100 fs, the peak power of which can reach 25 kW.

Based on the above mechanism of the two-photon polymerization process, the ad-

vantages can be summarized as follows: A polymerization process which takes ad-

vantage of two-photon absorption requires the absorption of two photons in a short

period of time in the order of a few hundred femtoseconds. Typically, the frequency

of the exciting photons is only half of the ones used for the single-photon polymer-

ization, such that each single photon does not have enough energy to activate the

polymerization along its pathway propagating inside the unpolymerized resin. Com-

bining a femtosecond laser source and focusing optics, the polymerization process can

only occur at the focal point where the energy is above the polymerization threshold

of the photo-resists by a spatial collection of half-frequency photons in the short time

interval. This distinguishes the two-photon from single-photon polymerization and
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allows the synthesis of three-dimensional geometries with critical features in the µm-

and nm-range.

In contrast to traditional single-photon lithography techniques, two-photon poly-

merization enables the fabrication of structures with a spatial resolution beyond

di�raction limit of the wavelength of the light source used in the process. This is due

to the cross-section of the light beam at the focal point and the programmable absorp-

tion rate which can be addressed using the laser power and exposure time. The fact

that the pro�le of the focused laser beam used for e�ectively generating two-photon

polymerization has a compact beam waist, compared to that used for single-photon

polymerization, is understandable through Eqn. (1.14). The two-photon absorption is

determined by the squared beam intensity I2, instead of I as for single-photon poly-

merization. The pro�le of I2 is narrower than that of I, meaning that the extension of

the polymerized volume is expected to be smaller with respect to the di�raction limit.

In addition, the polymerized volume can be further reduced either by the decreasing

the light intensity or the exposure time, as long as the polymerization threshold is ex-

ceeded. Note that the approach of reducing the laser power or/and exposure time for

achieving a beyond-di�raction-limit dimension is at the expense of the polymerization

strength that may cause undesirable adhesion issues. More details on the in�uence

of the laser power and exposure time on the polymerization strength will discussed

in the following chapters. As for some of the other elements, including the optical

system and precision mechanical components, that contribute to the performance of

3D-DLW systems, the interested reader is referred to the literature [15].

1.3 Spectroscopic ellipsometry

In the previous section we have introduced the general concept of 3D-DLW using

two-photon polymerization. This chapter will focus on the accurate measurement of

the optical properties of a number of photo-resists compatible with two-photon poly-

merization. Precise knowledge of the optical material properties is crucial for the opti-
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cal design and fabrication of structured optical components. Knowledge of the optical

properties of the polymers is particularly important as the dielectric function is an

input parameter required for numerical simulations or analytical calculations needed

to predict the optical performance of the designed metamaterials and thereby serve

as a guide for the experiment. To acquire precise complex dielectric function data,

spectroscopic ellipsometry is employed here to investigate a number of photo-resists

compatible with two-photon polymerization. In the following, the fundamentals of

spectroscopic ellipsometry data acquisition and analysis are brie�y reviewed.

1.3.1 Jones matrix based ellipsometry for isotropic materials

Spectroscopic ellipsometry is a precision optical measurement technique that is

employed to characterize materials through the assessment of the changes in both

polarization states and phase of a probing beam re�ected of (or transmitted through)

a sample.

In re�ection con�guration, the interaction between a probing light beam and the

surface of an isotropic sample can be written using the Jones vector representa-

tion [21]:

 Erp

Ers

 =

 rpp 0

0 rss


 Eip

Eis

 , (1.15)

where both incident and re�ected electric �elds (Ei and Er) are represented by the

Jones vectors with a pair of orthogonally polarized components denoted by the sub-

scripts s and p. Here, the s and p subscripts denote the polarization direction per-

pendicular to and parallel to the plane of incidence, respectively. The 2×2 Jones

matrix at the right-hand side characterizes the sample, wherein the on-diagonal el-

ements rpp and rss are the complex re�ection coe�cients for p- and s-polarization,

respectively. The o�-diagonal elements, that delineate anisotropic optical responses,

vanish for isotropic materials.
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The ellipsometric parameters (Ψ , ∆), which carry the sample-induced variations in the

p-polarization relative to the s-polarization in terms of the magnitude and phase, can

be de�ned as the ratio of the complex re�ection coe�cients of p- and s-polarizations

for isotropic samples [21]:

tanΨexp(i∆) ≡
Erp/Eip

Ers/Eis

≡
rp
rs
. (1.16)

The re�ection coe�cients can be written as complex numbers:

rp = |rp|exp(iδrp), (1.17)

rs = |rs|exp(iδrs). (1.18)

Substituting these two expressions into Eqn. (1.16), it follows that

tan Ψ =
|rp|
|rs|

, (1.19)

exp(i∆) = exp(iδrp − δrs). (1.20)

Therefore, the ellipsometric parameters Ψ and ∆ can be expressed in terms of the

re�ection coe�cients:

Ψ = tan−1

( |rp|
|rs|

)
, (1.21)

∆ = arg
(
exp(iδrp − δrs)

)
. (1.22)

Thus, the ellipsometric parameters Ψ and ∆ represent the amplitude ratio and phase

di�erence between the re�ected p- and s-polarizations, respectively.
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1.3.2 Mueller matrix based ellipsometry for isotropic materials

So far, we have introduced the Jones matrix formalism used for the characterization

of isotropic materials. The Jones vector is an elegant representation for describing

the probing light beam with full polarization; however, it is not a suitable to express

partial polarization and depolarization. In order to describe unpolarized or partially

polarized light, a generalized ellipsometry formalism based on the Mueller matrix can

be used. The Stokes vector S allows the characterization of arbitrary polarization

states through four real valued Skokes parameters:

S =



S0

S1

S2

S3


=



Ip + Is

Ip − Is

I+45◦ − I−45◦

IR − IL


. (1.23)

Here, S0 denotes the total light intensity and S1 represents the light intensity deter-

mined by subtracting the light intensity of linear polarization in the s-direction Is

from that in the p-direction Ip. S2 denotes the intensity di�erence between the light

linearly polarized at +45◦ (I+45◦) and -45◦ (I−45◦) with respect to the p-direction. S3

is the light intensity is determined by subtracting the light intensity of left-circular

polarization IL from that of right-circular polarization IR.

As both incident and re�ected light are represented by the Stokes vectors, the

Mueller matrix accounts for the optical response of a sample and connects the Stokes

vector of the incident light Sin with the Stokes vector of the light re�ected by the

sample Sref:
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

Sref
0

Sref
1

Sref
2

Sref
3


=



M11 M12 M13 M14

M21 M22 M23 M24

M31 M32 M33 M34

M41 M42 M43 M44





Sin
0

Sin
1

Sin
2

Sin
3


. (1.24)

The Mueller matrix elements Mj,k (j, k = 1, 2, 3, 4) are commonly normalized by the

M11 element such that all elements have values in a range from -1 to 1. Typically,

Mueller matrix ellipsometry is employed to examine samples that are either optically

anisotropic or depolarizing or both. Here, Mueller matrix ellipsometry was used to

account for possible depolarization e�ects in the visible spectral range. It is interesting

to note that if the sample is isotropic and if depolarization is excluded, the Mueller

matrix can be written as:

MM iso =



1 −cos2Ψ 0 0

−cos2Ψ 1 0 0

0 0 sin2Ψcos∆ sin2Ψsin∆

0 0 −sin2Ψsin∆ sin2Ψcos∆


. (1.25)

It can be seen from this representation of the Mueller matrix, that isotropic materials

have nonzero valued block-on-diagonal elements (M11,M12,M21,M22,M33,M34,M43,

andM44), while the block-o�-diagonal elements (M13, M14, M23, M24, M31, M32, M41,

and M42) are equal to zero. The Mueller matrix for an isotropic sample is symmetric,

i.e.,M12 andM21 are symmetric whileM34 andM43 are anti-symmetric. All the e�ects

described above apply to the measured ellipsometric data for our samples, i.e., the

block-o�-diagonal elements vanished and only non-trivial block-on-diagonal elements

were recorded. This indicates the isotropic characteristics of the photo-resists after

3D-DLW-based preparation.
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1.3.3 Interpretation of Ψ and ∆

The previous two sections illustrated that ellipsometric measurements can be con-

veniently expressed using Jones or Mueller matrices depending on the nature of the

sample response. For isotropic samples the Jones matrix is often expressed as el-

lipsometric parameters Ψ and ∆. The following section will discuss the analysis of

experimental ellipsometric data which is necessary in order to extract the dielectric

function (including anisotopy) and layer thickness of the sample constituents.

or 

Si substrate

Thin film

Figure 1.1: Optical model used in ellipsometry for thin �lm characterization. The
optical model consists of three layers: ambient (air), thin �lm, and Si substrate. Note
that only the thin �lm has a �nite thickness of t while the ambient and substrate are
thought of as semi-in�nite.

As an example, a thin homogeneous and optically isotropic layer deposited on

an isotropic and optically opaque substrate is considered here. The optical model

required for the sample analysis is composed of three layers: ambient (air)/thin

�lm/substrate, as shown in Fig. 1.1. Note that the e�ects of interface roughness

are not considered in this example for simplicity. As shown in this optical model, the

ambient and the substrate are de�ned as semi-in�nite media, meaning that no re�ec-

tion occurs at the top and bottom boundaries of the optical model. The thin �lm
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is de�ned as a �nite layer with thickness of t. To keep the use of complex dielectric

function εr throughout this dissertation, let
√
εr,0,

√
εr,1, and

√
εr,2 be the complex

refractive indices of air, the thin �lm, and the substrate, respectively. As the probing

light beam is incident on the surface of the sample at an angle of θ0 and experiences

multiple re�ections and transmissions within the thin �lm, the re�ection coe�cients

rp and rs for p- and s-polarizations follow the Fresnel formula:

rp =
r01,p + r12,pexp(−iϕprop)
1 + r01,pr12,pexp(−iϕprop)

, (1.26)

rs =
r01,s + r12,sexp(−iϕprop)
1 + r01,sr12,sexp(−iϕprop)

, (1.27)

where the re�ection coe�cients r10 and r12 for both p- and s-polarizations denote

the secondary re�ection occurred at the interfaces of ambient/thin �lm and thin

�lm/substrate, respectively. The term ϕprop expresses the propagation-induced phase

di�erence for a cycle of light re�ected inside the thin �lm domain. The subscripts a

and b ∈ {0, 1, 2} indicate the index of domains. Likewise, both secondary re�ection

coe�cients and propagation-induced phase di�erences are written in a general form:

rab,p =

√
εr,bcosθa −

√
εr,acosθb

√
εr,bcosθa +

√
εr,acosθb

, (1.28)

rab,s =

√
εr,acosθa −

√
εr,bcosθb

√
εr,acosθa +

√
εr,bcosθb

, (1.29)

ϕprop = 2
2πt

λ

√
εr,1cosθ1. (1.30)

Combining the equations from Eqn. (1.26) to Eqn. (1.30), only two variables εr,1

and t, respectively, describing the optical response and the thickness of the thin �lm,

are unknown. These two variables can be retrieved by analyzing the experimentally
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obtained ellipsometric parameters.

A correlation between the variables εr,1 and t is possible for small values of t,

which is understandable by reviewing Eqn. (1.30). Adopting multiple measurements

at di�erent incident angles on a sample can often resolve this ambiguity. This is

because the various incident angles lead to a change in optical path length of the

probing beam as it travels through the thin �lm. This fundamentally increases the

number of independent experimental data points [22].

1.3.4 Data analysis

As demonstrated in the previous section, the sample's information in terms of thin

�lm thickness t and dielectric function εr is contained in the Jones/Mueller matrix

spectra, and their values can be determined from an ellipsometric measurement. An-

alyzing ellipsometric data can be implemented through two di�erent approaches: the

so-called wavelength-by wavelength analysis and the model dielectric function based

analysis.

The wavelength-by-wavelength analysis does not require prior knowledge of the

spectral dependence of the dielectric functions of the sample constituents. The ex-

tracted spectral points of the samples' dielectric function are treated independently.

For isotropic bulk materials, a direct inversion of the experimental Ψ and ∆ values

to the sample's complex dielectric function can be obtained. In case of strati�ed

samples, this direct conversion is not possible and the sample constituent layer thick-

nesses must be considered correctly. The Kramers-Kronig consistency of the extracted

dielectric function must be veri�ed.

The model dielectric function based analysis on the other hand ensures Kramers-

Kronig consistency through proper selection of suitable model dielectric functions.

This approach further prevents measurement noise from becoming part of the ex-

tracted material dielectric function. In addition, this approach allows access to phys-

ically relevant parameters, which can be extracted as �t-parameters of the model
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dielectric function.

During the data analysis mentioned above, the physically relevant parameters (such

as for instance resonance frequencies, amplitudes, broadenings, and layer thickness)

are varied until a best-�t of the experimental and the optical model calculated data

is obtained. Here, the Levenberg-Marguardt algorithm is adopted for the �tting

process. This algorithm minimizes the mean square error (MSE), which is de�ned as

the mismatch between the calculated and measured data sets given by:

MSE =

√√√√√ 1

2N −M

N∑
i=1

(ΨCal
i − ΨExp

i

σExpΨ,i

)2

+

(
∆Cal

i −∆Exp
i

σExp∆,i

)2
, (1.31)

where N is the number of measured ellipsometric data pairs Ψ and ∆, and M is the

total number of the parameters in the optical model. (ΨCal
i ,∆Cal

i ) and (ΨExp
i ,∆Exp

i ) are

the calculated and experimental ellipsometric data sets, respectively, σΨ,i and σ∆,i are

experimental standard deviations of the ΨExp
i and ∆Exp

i data points, respectively. In

this dissertation, three types of oscillation (i.e., Lorentz, Tauc-Lorentz, and Gaussian

oscillations) are used to constitute the parameterized model dielectric functions for

the characterization of the photo-resists compatible with two-photon polymerization.

Lorentz oscillation: Recalling Eqn. (1.2), the dielectric function can be thought

of as a superposition of all possible contributions and hereby rewritten in a form:

εr = 1 +
∑
n=1

χn. (1.32)

The dielectric function based on the Lorentz oscillator model has been discussed in

the beginning of this chapter (see Eqn. (1.7)). We express all the oscillations with

respect to the photon energy, which is proportional to the photon frequency ω by the

relation of E = h̄ω, where h̄ is the reduced Planck constant. The susceptibility tensor
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of Lorentz in Eqn. (1.7) is:

χLor =
A

E2
0 − E2 − iΓE

, (1.33)

where A replaces the proportional terms Ne2/ε0me in Eqn. (1.7), representing the

oscillator amplitude. The Lorentz oscillation is a classic model that can be useful to

describe a resonant absorption process occurring at a frequency with the energy E0.

Figure 1.2 shows the real and imaginary part of a Lorentz-like dielectric function for

A = 1 and Γ = 1e V. E0 is located at 2.5 eV.
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Figure 1.2: Calculated dielectric function using a Lorentz oscillator.

Tauc-Lorentz oscillation: The Tauc-Lorentz oscillation is often employed to

model the dielectric function of amorphous materials which possess high-energy band-

gaps close to the ultra violet spectral region [23]. Unlike the Lorentz oscillation

that has a symmetric lineshape of εLor2 , the imaginary part εTL2 of the Tauc-Lorentz

dielectric function exhibits an asymmetric absorption peak. Taking the e�ect of the

energy band-gap into account, εTL2 is expressed from the product of the Tauc gap

function and the Lorentz oscillation, as follows [23]:
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εTL2 (E) =


AE0Γ (E−Eg)

2

(E2−E2
0)

2+Γ 2E2 · 1
E

E > Eg

0 E ≤ Eg

(1.34)

where Eg denotes the Tauc energy band-gap. From this equation, it can be seen

that the value of εTL2 is vanishing for probing light with an energy less then Eg.

Based on the Kramers-Kronig relations, the real part εTL1 can be derived from εTL2 in

Eqn. (1.34), and is given in a closed form [24]:

εTL1 (E) = εTL1 (∞) +
AΓ

πξ4
aln

2αE0

ln

(
E2

0 + E2
g + αEg

E2
0 + E2

g − αEg

)
(1.35)

− A

πξ4
atan
E0

[
π − tan−1

(
2Eg + α

Γ

)
+ tan−1

(−2Eg + α

Γ

)]
+2

AE0

πξ4α
Eg(E2 − γ2)

[
π + 2tan−1

(
a
γ2 − E2

g

αΓ

)]

−AE0Γ

πξ4
E2 + E2

g

E
ln

( |E − Eg|
E + Eg

)
+

2AE0Γ

πξ4
Egln

 |E − Eg|(E + Eg)√
(E2

0 − E2
g)

2 + E2
gΓ

2

 ,

where

aln = (E2
g − E2

0)E2 + E2
gΓ

2 − E2
0(E

2
0 + 3E2

g), (1.36a)

atan = (E2 − E2
0)(E

2
0 + E2

g) + E2
gΓ

2, (1.36b)

ξ4 = (E2 − γ2)2 + α2Γ 2/4, (1.36c)

α =
√

4E2
0 − Γ 2, (1.36d)

γ =
√

E2
0 − Γ 2/2. (1.36e)

The equation of εTL1 seems to be rather complicated at �rst glance; however, only

�ve parameters (εTL1 (∞), A, E0, Γ , Eg) control its shape. εTL1 (∞) is a constant

to model the dielectric response to electric �elds at the high-frequency limit (ω ∼
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∞). Figure 1.3 depicts the real and imaginary parts of the Tauc-Lorentz model. As

expected, εTL2 reaches the highest value at the resonance energy E0 and vanishes for

energies at and after the Tauc band-gap energy Eg. The oscillation strength and the

half width of the Tauc-Lorentz oscillation are represented by A and Γ , respectively,

which are analogous to the Lorentz oscillation.
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Figure 1.3: Calculated dielectric function from the Tauc-Lorentz model.

Gaussian oscillation: The Gaussian oscillation is a good optical model for cap-

turing isolated absorption features in high energy regions such as the ultra violet

spectral range [25]. This is because the imaginary part of the Gaussian oscillation

εGau2 produces a symmetric lineshape similar to the Lorentz oscillation, while it rapidly

decreases to zero away from the resonance energy. Thus, it can e�ectively isolate a

single and sharp absorption peak while reducing any contributions at frequencies

other then frequencies in close proximity to the resonant frequency. The expression

for εGau2 is given by [25]:

εGau2 = Ae−(
E−E0
f ·Γ )

2

− Ae−(
E+E0
f ·Γ )

2

, (1.37)
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where the constant f = 1/2
√
ln(2) in Eqn. (1.37) de�nes full width at half maximum

for broadening Γ . The real part of the Gaussian oscillation εGau1 is obtained by

Kramers-Kronig integration of εGau2 , given by [25]:

εGau1 =
2

π
P

∫ ∞

0

E ′εGau2

E ′2 − E2
dE ′, (1.38)

where P indicates that we take the principal part of the integral. To explicitly em-

phasize on the faster reduction of εGau2 compared to εLor2 , Fig. 1.4 shows the dielectric

function with a Gaussian lineshape along with the imaginary part obtained from a

Lorentz oscillator, wherein all the critical parameters (A, E0, Γ ) are set to the same

values (1, 2.5 eV, 1 eV). It can be seen from the comparison that although both line-

shapes of εGau2 and εLor2 have an identical FWHM (full width at half maximum), εGau2

has a steeper curve and falls to zero faster compared to that of εLor2 .

1 2 3 4 5
0.0

0.2

0.4

0.6

0.8

1.0

e
2

Photon energy E (eV)

 e2
Gau

 e2
Lor

Figure 1.4: Imaginary part of Gaussian-like dielectric function εGau2 compared with
the Lorentz-like dielectric function εLor2 . The parameters (A, E0, Γ ) are set to the
same values (1, 2.5 eV, 1 eV).
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1.4 E�ective medium theory

The light-matter interaction investigated so far rested on an optical model where

the boundary between each constituent layer is abrupt and the electromagnetic re-

sponse can be easily solved by using Maxwell's equations. This optical model is suit-

able for evaluating the optical response of a material that is microscopically homoge-

neous. However, for a compound that is composed of multiple dielectrics interspersing

with each other in a either disordered or ordered manner, the assumption of homo-

geneity at the microscopic scale is no longer valid. To accurately describe the optical

properties of such composite materials, it is necessary to study the electromagnetic

scattering of the individual constituent dielectrics, from which an e�ective dielectric

function of the macroscopically uniform medium can be deduced. Generally, the e�ec-

tive dielectric function is derived from two types of parameters: 1) the permittivities

of the constituent materials and 2) their respective volume fractions. This approach is

well known as e�ective medium approximation (EMA). Several approaches for EMA

models have been reported, including Bruggeman EMA [26], Maxwell-Garnett the-

ory [27], and Looyenga's formula [28], for instance. These approaches account for

di�erent composite topologies and constituent material properties in the mixture.

Among these EMA methods, the Bruggeman EMA gives the best approximation to

characterize the e�ective properties of the optical structures that we designed and

fabricated in this dissertation. Therefore, in this section, our focus will be on the

review of the Bruggeman EMA.

In a two-constituent based mixture, one is thought of as the �inclusion�, while the

other component is thought to embed the inclusion and referred to as the �host�. As

the density of the inclusion rises up at a point where the inclusion and host materials

cannot be di�erentiated topologically and intermingle with each other in a symmetric

manner, this type of mixture environment is referred to as Bruggeman topology.

Without losing generality, we start with the inclusions that are imagined to be
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distributed in a square lattice pattern in vacuum. Figure 1.5 shows that an isolated

unit volume, as encircled by a Lorentz sphere with radius r, includes a number of

atomic inclusions suspended in the vacuum. The value of the radius r is set such

that the Lorentz sphere is microscopically large so that the surrounding space can be

considered as a continuous medium.
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Figure 1.5: The Lorentz sphere optical model used to deduce the Bruggeman e�ective
medium approximation.

As exposed to an external electric �led E, the electric �eld experienced by the

local dielectric particles (as shown in Fig. 1.5) is not only the macroscopically aver-

aged �eld E as shown in Eqn. (1.1), but also the scattering �eld ES incurred from

the polarization charges accumulated on the outside surface of the Lorentz sphere.

Therefore, the local �eld EL is:

EL = E + ES. (1.39)

The evaluation of the scattering �eld ES can be obtained on the basis of Coulomb's

law, as follows:

ES =

∫ π

0

P cos2θ

4πε0r2
· 2πr2sinθdθ =

P

3ε0
, (1.40)
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here, P is the dielectric polarization as given in Eqn. (1.6). The term in the numerator

P cos2θ accounts for the the polarization charge density on the surface of the Lorentz

sphere, where cos2θ denotes the surface-charge-induced electric �eld along the radial

direction. The local electric �eld can be rewritten by:

EL = E +
P

3ε0
. (1.41)

This Lorentz relationship is well-known for demonstrating that the electric �eld ex-

erting on a localized atom in a cubic lattice is the sum of the macroscopic �eld E and

the scattering �eld P/3ε0 induced from the surrounding atoms. It is also clear that

EL increases along with the increasing of the dielectric polarization P . Note that P

can be related to the dipole moment of each atom contained in the medium via an

expression:

P = NαEL = Nα

(
E +

P

3ε0

)
. (1.42)

Similar to the polarization in Eqn. (1.6), here, N is the number of atoms in an unit

volume and α represents the polarizability of the atoms. By associating this dielectric

polarization P with the displacement expression in Eqn. (1.1), a formula, commonly

known as the Clausius-Mossotti relation, is obtained:

Nα

3ε0
=

ε− 1

ε+ 2
, (1.43)

where

α =
3ε0
N

ε− 1

ε+ 2
. (1.44)

Assuming that the dielectric particles (inclusions) comprise of two types of compo-

nents A and B, then the above equation can be modi�ed as:
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ε− 1

ε+ 2
=

1

3ε0
(NAαA +NBαB) , (1.45)

= fA
εA − 1

εA + 2
+ fB

εB − 1

εB + 2
,

where εA and εB are the dielectric functions of the components A and B, respectively,

and the respective volume fractions are fA and fB, which obey the relation: fA+fB =

1. Assuming that the constituents are immersed in a host material with a dielectric

function εh, Eqn. (1.45) is rewritten as:

ε− εh
ε+ 2εh

= fA
εA − εh
εA + 2εh

+ (1− fA)
εB − εh
εB + 2εh

. (1.46)

According to the assumption for the Bruggeman's topology, the permittivities of

the two constituents εA and εB are interchangeable without varying the value of ε.

Therefore, each constituent can be thought of as an inclusion, and the previously

de�ned host medium is the composite material itself, indicating ε = εh. Therefore,

the Bruggeman EMA for two-dielectric-based composite is expressed as:

fA
εA − ε

εA + 2ε
+ (1− fA)

εB − ε

εB + 2ε
= 0. (1.47)

Based on this equation, the generalized Bruggeman EMA for a material consisting

of n constituents is given by:

n∑
i=1

fi
εi − ε

εi + 2ε
= 0,

n∑
i=1

fi = 1. (1.48)

After solving Eqn. (1.47), the e�ective dielectric function of a material composed of

two constituents yields [29]:
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ε =
1

4

{
(3fA − 1)εA + (3fB − 1)εB ±

√
[(3fA − 1)εA + (3fB − 1)εB]

2 + 8εAεB

}
.

(1.49)

The selection of the sign �±� in the expression is subject to the fact that the imaginary

part of the e�ective dielectric function must be a positive value.
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CHAPTER 2: UV TO NIR OPTICAL PROPERTIES OF IP-DIP, IP-L, AND IP-S

AFTER TWO-PHOTON POLYMERIZATION DETERMINED BY

SPECTROSCOPIC ELLIPSOMETRY1

2.1 Abstract

The polymers IP-Dip, IP-L, and IP-S are among the most commonly used photo-

resists employed for rapid prototyping of optical components using two-photon poly-

merization. Despite the widespread use of these polymers, measured data on their

optical properties is scarce. Recently, the refractive index n of these polymers has

been determined in the visible and near-infrared spectral range. However, the ac-

curate optical properties including extinction coe�cient κ in the ultraviolet spectral

range have not been reported yet. Here we report on accurate, ellipsometric measure-

ments of the complex dielectric functions of two-photon polymerized IP-Dip, IP-L,

and IP-S in the spectral range from 210 nm to 1500 nm. Model dielectric functions

composed of oscillators with Lorentz, Gaussian, and Tauc-Lorentz broadenings are

presented for all investigated polymers.

2.2 Introduction

Three-dimensional direct laser writing (3D-DLW) based on two-photon polymeriza-

tion has enabled the fabrication of optical components composed of sub-wavelength-

sized elements, forming virtually arbitrary architectures in free space [1]. First demon-

strated in 2004 for the synthesis of infrared photonic crystals [2], two-photon poly-

merization is now widely employed for the synthesis of three-dimensional structures

with a spatial resolution ranging from nm- to µm-scales [3, 4, 5]. Contemporary

1Y. Li, T. Hofmann, et al., Opt. Mater. Express 9, 4318 (2019), Editor's Pick. Reprinted with
permission c⃝ The Optical Society.
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applications of this technique have enabled the fabrication of complex optical compo-

nents [6, 7, 8]. Recently, 3D-DLW has been successfully employed for the synthesis of

metamaterials [9, 10, 11, 12]. The optical components and materials fabricated using

3D-DLW cover a very wide spectral range from the ultraviolet (UV) through the vis-

ible (VIS) to the near-infrared (NIR) [13, 14, 15, 16, 17]. In addition, 3D-DLW-based

fabrication of micro-optical elements with functional coatings and the manufacturing

of metasurfaces have attracted much attention [18, 19, 8, 20, 21].

Despite the demonstration of optical components using 3D-DLW-based fabrication

techniques, reports on the optical properties of 3D-DLW-compatible polymers are

still scarce [22, 23, 24]. This lack of accurate knowledge of the optical constants of

3D-DLW-compatible polymers impedes further advances in the design and optimiza-

tion of novel metamaterials and optical components fabricated using 3D-DLW-based

approaches.

We have recently reported on the infrared complex dielectric functions of two com-

mercially available and frequently employed 3D-DLW-compatible polymers IP-Dip

and IP-L (Nanoscribe GmbH) determined using spectroscopic ellipsometry in the in-

frared spectral range from 1.67 µm to 40 µm [23]. T. Gissibl et al. extended the

spectral range towards the visible spectral region from 400 nm to 900 nm by deter-

mining the refractive indices n of the UV-cured polymers including IP-Dip, IP-L,

and IP-S using refractometry [22]. Recently, S. Dottermusch et al. have further ex-

plored the exposure-dependent refractive index of IP-Dip in the spectral range from

400 nm to 1550 nm [24]. An index di�erence ∆n of up to 0.01 between single-photon

polymerized (UV-cured) and two-photon polymerized IP-Dip was found. However,

these recent reports focused exclusively on the transparent region of single-photon

polymerized polymers [22] and the extinction coe�cient κ has only been reported

for single-photon polymerized IP-Dip so far [24]. The complex refractive index of

two-photon polymerized IP-Dip, IP-L, and IP-S in the spectral range from 210 nm
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to 400 nm has not been reported yet. Furthermore, parameterized dielectric function

models are currently not available for these two-photon polymerized materials in the

spectral range from 210 nm to 1500 nm.

In this paper, we report on the complex dielectric functions of two-photon polymer-

ized IP-Dip, IP-L, and IP-S in the UV�VIS�NIR sepctral range (210 nm to 1500 nm)

determined using spectroscopic ellipsometry. A parameterized dielectric function

model composed of a sum of oscillators with Gaussian, Lorentz, and Tauc-Lorentz

broadenings is used to accurately describe the optical response of these polymers in

the measured spectral range. A good agreement is found between the refractive index

obtained here and the previous reports which focused on the transparent spectral

range from 400 nm to 900 nm [22, 24]. Common for all investigated polymers is the

strong absorption for wavelenghts below 400 nm, but the number, strength, ampli-

tude, and broadening of the observed absorption bands di�er substantially between

two-photon polymerized IP-Dip, IP-L, and IP-S.

2.3 Experiment

2.3.1 Sample preparation

Here the focus is on three commonly used, 3D-DLW-compatible polymers, which

are commercially available as IP-Dip, IP-L, and IP-S (Nanoscribe, GmbH). The dif-

ference in viscosity between IP-Dip, IP-L, and IP-S allows the fabrication of struc-

tures with a wide range of critical dimensions in the nm to the µm range [25, 26,

13]. For each polymer, two samples in the shape of rectangular cuboids with a

100 µm × 100 µm base and two di�erent heights were fabricated on Si substrates

using a commercially available 3D-DLW system (Photonic Professional GT, Nano-

scribe, GmbH). The nominal heights for the samples ranged between 2000 nm to

4500 nm. Prior to the 3D-DLW fabrication, the Si substrates were rinsed with Ace-

tone and Methanol. All samples were fabricated in a single 3D-DLW fabrication

step. A 25× objective was employed. This allows the fabrication of the rectangular
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cuboids by steering the laser beam with the galvanometer scanner of the 3D-DLW

system. This approach dispenses with the need for any mechanical translation of

the sample stage and thereby avoids possible stitching and over-exposure errors that

may be induced by a mechanical translation of the sample [27]. A laser power and

scan speed of 90% and 20000 µm/s (nominal DeScribe settings, Nanoscribe GmbH),

respectively, were used to minimize fabrication time while preventing over-exposure.

After the fabrication, any unpolymerized monomer was removed by immersing the

samples in propylene glycol monomethyl ether acetate (PGMEA, Baker 220) for 20

min. Subsequently, the samples were immersed in 99.99% isopropyl alcohol for 2 min.

Finally, the remaining isopropyl alcohol was evaporated at room temperature.

2.3.2 Data acquisition and analysis

The IP-Dip, IP-L, and IP-S samples were investigated using a commercial spec-

troscopic ellipsometer (RC2 R⃝, J.A. Woollam Company Inc.) in the spectral range

from 210 nm to 1500 nm at a �xed angle of incidence of Φa=65
◦. The ellipsometer

operates in a rotating compensator con�guration and is capable of measuring all 16

normalized, real-valued Mueller matrix elements Mij/M11, which connect the Stokes

parameters of the probe beam before and after interaction with the sample [28]. The

instrument is equipped with focusing optics and allows accurate ellipsometric data

acquisition on a very small sample area with the size of 25×60 µm2 at a single angle of

incidence. For the ellipsometric measurements, the samples were aligned such that the

entire probe beam �tted within the base surface area of the cuboid-shaped samples.

This approach simpli�ed the data analysis during which the samples were treated as

homogeneous thin �lms. Two ellipsometric data sets were obtained for each polymer,

one data set for each cuboid with a given height. These data sets were analyzed

simultaneously. This well known multi-sample analysis approach reduces possible pa-

rameter correlation, which might arise from the ellipsometric measurements restricted

instrumentally to a single angle of incidence [29].
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The experimental and best-model Mueller matrix spectra Mij/M11 are shown in

Figs. 2.1, 2.2, and 2.3 for IP-Dip, IP-L, and IP-S, respectively. As expected, the

observed optical responses of the fabricated samples are isotropic, i.e., only the on-

diagonal block Mueller matrix elements are non-trivial and the o�-diagonal Mueller

matrix elements are negligible [30]. The experimental data were analyzed using

strati�ed-layer optical model calculations employing a commercial ellipsometry data

analysis software package (WVASE32
TM
, J.A. Woollam Co.).

Strati�ed layer optical models composed of three layers including Si substrate, SiO2

layer, and a polymer layer are employed for the analysis of the experimental Mueller

matrix spectra. The native SiO2 layer thickness was determined using ellipsometric

data obtained from the Si substrate prior to the sample fabrication. The layer thick-

ness of the native SiO2 was not further varied during the analysis of the ellipsometric

data measured for the IP-Dip, IP-L, and IP-S samples. Standard model dielectric

functions were used to account for the optical response of the Si substrate and the

SiO2 layer [29].

The parameterized complex dielectric function of the polymers needs to accurately

render the optical response of these materials over a wide spectral range from the NIR

to the UV. Dielectric function models composed of oscillators with di�erent broad-

enings have been demonstrated to accurately describe the material dielectric func-

tions throughout the UV, VIS, and IR spectral ranges, while simultaneously ensuring

Kramers-Kronig consistency in the determined optical constants [31]. Here, param-

eterized dielectric functions composed of a combination of oscillators with Gaussian,

Lorentz, and Tauc-Lorentz broadenings are used to describe the optical responses of

two-photon polymerized IP-Dip, IP-L, and IP-S:
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ε(E) = ε1(E) + iε2(E) , (2.1)

= ε∞ +
A

E2
0 − E2

+
l∑
Gau(A,E0, Γ, E) +

m∑
Lor(A,E0, Γ, E)

+
n∑

TL(A,E0, Γ, Eg, E).

The real and imaginary parts of the complex dielectric function ε(E) are denoted by

ε1(E) and ε2(E), respectively, as functions of the photon energy E. The functions

Gau(A,E0, Γ, E), Lor(A,E0, Γ, E), and TL(A,E0, Γ, Eg, E) represent oscillators with

Gaussian, Lorentz, and Tauc-Lorentz broadening, respectively, where A is the oscil-

lator amplitude, Γ the oscillator broadening, and E0 the oscillator energy. For the

Tauc-Lorentz oscillator the Tauc gap Eg denotes the energy at which ε2 = 0. ε∞

is a constant o�set to ε1(E). Higher energy contributions to the dielectric function

cause absorptions outside of the measured spectral range, which contribute to the

dispersion of ε1(E). These contributions are included in the model by a pole, i.e., a

Lorentz oscillator with vanishing broadening A/(E2
0 − E2).

The imaginary part of the dielectric function ε2(E) for the oscillators with Gaussian

εGau2 (E), Lorentz εLor2 (E), and Tauc-Lorentz εTL2 (E) broadening is given by [31, 32, 33]:

εGau2 (E) = Ae−(
E−E0
f ·Γ )

2

− Ae−(
E+E0
f ·Γ )

2

, (2.2)

εLor2 (E) =
AE0Γ

E2
0 − E2 − iΓE

, (2.3)
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εTL2 (E) =


AE0Γ (E−Eg)2

(E2−E2
0)

2+Γ 2E2 · 1
E

E > Eg

0 E ≤ Eg ,
(2.4)

where the constant f = 1/2
√
ln(2) in Eqn. (2.2) de�nes the full width at half max-

imum for the broadening Γ . The real part ε1(E) is obtained by a Kramers-Kronig

integration of ε2(E) given in Eqns. (2.2)-(2.4) as part of the data analysis.

During the data analysis of the experimental Mueller matrix data obtained for the

IP-Dip, IP-L, and IP-S samples, the relevant model parameters are varied using a

Levenberg-Marquardt-based algorithm until the experimental and model calculated

data match as close as possible (best-model). The best-model parameters obtained

for the oscillator amplitude, energy, and broadening for IP-Dip, IP-L, and IP-S are

summarized in Tab. 2.1. The corresponding optical constants are shown in Figs. 2.4,

2.5, and 2.6, respectively.
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Figure 2.1: Experimental (green dashed lines) and best-model calculated (red solid
lines) Mueller matrix spectra of the two-photon polymerized IP-Dip sample with a
nominal thickness of 2100 nm for the spectral range from 210 nm to 1500 nm. The
angle of incidence was Φa = 65◦. The data for the sample with a nominal thickness
of 3500 nm is omitted here for clarity, but shows also excellent agreement between
experimental and best-model calculated line shapes.
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Figure 2.2: Experimental (green dashed lines) and best-model calculated (red solid
lines) Mueller matrix spectra of the two-photon polymerized IP-L sample with a
nominal thickness of 2900 nm for the spectral range from 210 nm to 1500 nm. The
angle of incidence was Φa = 65◦. The data for the sample with a nominal thickness
of 4300 nm is omitted here for clarity, but shows also an excellent agreement between
experimental and best-model calculated line shapes.

2.4 Results and discussion

Figures 2.1, 2.2, and 2.3 show experimental (green dashed lines) and best-model

calculated (red solid lines) Mueller matrix spectra obtained in the spectral range from

210 nm to 1500 nm for the two-photon polymerized IP-Dip, IP-L, and IP-S samples,

with a nominal thickness of 2100 nm, 2900 nm, and 3500 nm, respectively. The angle

of incidence was �xed at Φa = 65◦ for all measurements. Only the non-trivial Mueller

matrix elements expected for isotropic sample responses, M12, M21, M33, M34, M34,

and M43, are shown for brevity [30].

An excellent agreement between the experimental and best-model calculated data

was found for all polymers. Note that for each polymer two samples with di�erent

thicknesses were analyzed simultaneously using a common dielectric function. The

e�ects of the angular spread, caused by the used of focusing optics, are included in the

model calculation. The best-model values for the angular spread were approximately
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Figure 2.3: Experimental (green dashed lines) and best-model calculated (red solid
lines) Mueller matrix spectra of the two-photon polymerized IP-S sample with a nom-
inal thickness of 3500 nm for the spectral range from 210 nm to 1500 nm. The angle of
incidence was Φa = 65◦. As for the IP-Dip and IP-L data shown in Figs. 2.1 and 2.2,
respectively, the data for the sample with a nominal thickness of 4500 nm is omitted
here for clarity, but shows also an excellent agreement between the experimental and
best-model calculated line shapes.

6◦, which is typical for the employed ellipsometer equipped with focusing optics.

The Mueller matrix spectra shown in Fig. 2.1 for the IP-Dip sample are dominated

by a Fabry-Pérot interference pattern in the spectral range from 400 nm to 1500 nm,

which originates from the plane-parallel interfaces of the polymer. As the wavelength

approaches the ultraviolet region below 400 nm, a signi�cant dampening of the in-

terference amplitude can be recognized. This indicates the presence of substantial

absorption bands in the spectral range from 210 nm to 400 nm.

A similar optical response can be observed in the Mueller matrix spectra of IP-L and

IP-S depicted in Fig. 2.2 and 2.3, respectively. However, the positions and amplitudes

of the absorption bands are di�erent among the three investigated polymers.

Table 2.1 summarizes the the best-model �t parameters for the mixed oscillator

model dielectric functions of IP-Dip, IP-L, and IP-S, respectively. Accurate render-

ing of the experimental Mueller matrix data of IP-Dip requires a combination of two



43

200 400 600 800 1000 1200 1400

1.5

1.6

1.7

1.8  n

 n (S. Dottermusch et al., [24]) 

 n (T. Gissibl et al., [22]) 

 k

l (nm)

n

0.00

0.05

0.10

0.15

0.20

k

Figure 2.4: The best-�t model refractive index n (red solid line) and extinction coef-
�cient κ (green dashed line) for two-photon polymerized IP-Dip in the spectral range
from 210 nm to 1500 nm. The spectrum below 400 nm is dominated by absorp-
tion bands, which are described by two oscillators with Tauc-Lorentz and Gaussian
broadening. The best-model parameters are summarized in Tab. 2.1. The refractive
index of two-photon polymerized (black dashed line) and single-photon polymerized
(black dotted line) IP-Dip reported by S. Dottermusch et al. and T. Gissibl et al.,
respectively, are reproduced for comparison [22, 24].

oscillators including an oscillator with Tauc-Lorentz and one with Gaussian broaden-

ing. In the model dielectric function of IP-L two Lorentz oscillators and one pole were

used. For the model dielectric function of IP-S, three oscillators including one pole

with two broadening types (Gaussian and Lorentz) were required. The best-�t values

for the static dielectric constants ε∞ of the investigated polymers were comparable.

The largest value was found for IP-S with ε∞ = 1.46 ± 0.01. The values for IP-Dip

and IP-L are slightly smaller with ε∞ = 1.43± 0.04 for IP-Dip and ε∞ = 1.44± 0.01

for IP-L. The best-model parameters for the thicknesses of the polymer samples are

tIP-Dip = 2124± 4 nm, tIP-L = 2940± 1 nm and tIP-S = 3582± 4 nm, which are in good

agreement with the nominal values as expected from the 3D-DLW fabrication.

Figures 2.4, 2.5, and 2.6 depict the refractive index n (red solid lines) and extinction

coe�cient κ (green solid lines) of the best-�t model for IP-Dip, IP-L, and IP-S in the

spectral range from 210 nm to 1500 nm, respectively. The refractive index data

reported by S. Dottermusch et al. for two-photon polymerized (black dashed line)
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Figure 2.5: Same as Fig. 2.4 but for IP-L. IP-L is characterized by a sharp absorption
onset which can be described by a single Lorentz oscillator. The best-model param-
eters are summarized in Tab. 2.1. The refractive index of single-photon polymerized
IP-L (black dotted line) reported by T. Gissibl et al. is shown for comparison [22].

Table 2.1: All Polymers best-model oscillator parameters, with errors rep-

resenting the 90% con�dence limits of the model parameters.

Oscillator A E0 (eV) Γ (eV) Eg (eV)

IP
-D
ip TL (135.87±4.18) eV 6.34±0.05 3.95±0.70 5.48±0.01

Gau 0.69±0.13 5.84±0.13 1.98±0.08 �

IP
-L Pole (70.84±0.68) eV2 10.43±0.02 � �

Lor 0.83±0.03 6.37±0.02 0.12±0.01 �

IP
-S

Pole (65.81±0.50) eV2 9.82±0.01 � �
Lor 1.72±0.09 6.24±0.02 0.17±0.01 �
Gau 0.01±0.001 3.47±0.01 0.53±0.01 �

IP-Dip [24] and by T. Gissibl et al. for single photon polymerized IP-Dip, IP-L, and

IP-S (black dotted lines) [22] are included in Figs. 2.4-2.6 for comparison.

An excellent agreement of the refractive index determined using a mixed oscil-

lator model dielectric function here and the refractive index reported in Refs. [24]

can be observed for two-photon polymerized IP-Dip (Fig. 2.4) in the spectral region

where the polymer is transparent. As expected, a small di�erence can be noticed

between the refractive index of single-photon polymerized (UV cured) polymers and

the corresponding two-photon polymerized IP-Dip, IP-L, and IP-S [22]. For all three
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Figure 2.6: Same as Fig. 2.4 but for IP-S, which can be described using two oscillators
with Lorentz and Gaussian broadening. The best-model parameters are summarized
in Tab. 2.1. In addition to the sharp absorption onset below 300 nm, a small absorp-
tion band at 358 nm can be observed. The refractive index of single-photon, UV-cured
IP-S (black dotted line) reported by T. Gissibl et al. is shown for comparison [22].

investigated polymers, the refractive index of the single-photon polymerized sample

is higher than the refractive index of the two-photon polymerized sample. Therefore,

optical elements that rely on a small index di�erence of adjacent polymer layers, like

the waveguides suggested by Dottermusch et al., could be realized using all of the

investigated polymers [24].

To provide a direct comparison of the optical properties for the investigated poly-

mers, the determined refractive indices n and extinction coe�cients κ have been

presented together in Fig. 2.7. Comparing the refractive indices n shown in panel

(a) of Fig. 2.7, one can easily verify that the two-photon polymerized IP-Dip has the

highest refractive index among the investigated polymers in the VIS spectral range.

The refractive indices of IP-L and IP-S are grouped closely together and are sub-

stantially smaller compared to the refractive index of IP-Dip. The wider transparent

window of IP-L and IP-S compared to IP-Dip can be immediately observed in Fig. 2.7

(b).

Common for all polymers is also the strong absorption in the UV spectral range.
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Figure 2.7: The best-�t model refractive indices n and extinction coe�cients κ for
the two-photon polymerized IP-Dip, IP-L, and IP-S are reproduced in panel (a) and
(b), respectively, for a direct comparison.

However, while IP-Dip is transparent up to 350 nm, the absorption onset for IP-S

and IP-L occurs further into the UV spectral range. Both IP-L and IP-S exhibit

strong absorption bands at 210 nm, suggesting a much wider usable transparent

window as compared to IP-Dip. In contrast to IP-Dip, the absorption onset for

IP-S and IP-L is very abrupt. IP-Dip exhibits a very broad absorption onset and

in addition a noticeable absorption band at approximately 230 nm. Only for IP-S

a small absorption band is found inside the transparent window at approximately

358 nm. However, this band is relatively weak and may not impair the transmission

of thin optical components.

2.5 Conclusion

The complex dielectric functions of two-photon polymerized IP-Dip, IP-L, and IP-S

have been accurately determined using Mueller matrix spectroscopic ellipsometry in

the range from 210 nm to 1500 nm. Parameterized dielectric function models com-

posed of oscillators with mixed broadening including Gaussian, Lorentz, and Tauc-
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Lorentz broadened line shapes are used to accurately represent the optical response of

the investigated polymers. In addition to enabling convenient numerical access to the

complex dielectric responses of the investigated polymers, the use of parameterized

dielectric functions reported here prevents instrument noise from becoming part of the

established optical properties. This is a signi�cant advantage compared to so-called

point-by-point extraction techniques. The use of oscillators with mixed broadenings

further enables the description of spectral ranges with measurable absorption. A

good agreement of the refractive index in the transparent region is found between

the results obtained here compared with literature values reported for two-photon

polymerized IP-Dip in the spectral range from 400 nm to 1500 nm [24].

As expected, all investigated polymers show strong absorption bands in the UV

spectral region, however, substantial di�erences are observed among the individual

investigated polymers. While IP-Dip starts to absorb at approximately 308 nm, the

transparent window of IP-L and IP-S extends to approximately 230 nm in the UV

spectral range if a small absorption peak observed in IP-S at approximately 358 nm

is neglected in this comparison. The location, strength, and broadening of the ob-

served absorption bands in the UV spectral region are reported here. Comparing the

refractive index of the polymers in the transparent window from 400 to 1500 nm, it

can be observed that IP-S has the lowest index while IP-Dip has the highest one.

Taking refractive index at wavelength of 1500 nm as an example, the values for index

n are 1.526±0.008, 1.492±0.007, and 1.483±0.003 for IP-Dip, IP-L, and IP-S, respec-

tively. In addition to providing accurate complex refractive index data, the di�erence

between the refractive index observed for single- and two-photon polymerized IP-Dip

is con�rmed [24]. As suggested by S. Dottermusch et al. this index di�erence could

be utilized to fabricate waveguides where the core is synthesized by single-photon

polymerization while the cladding is cured using two-photon polymerization [24]. A

similar refractive index di�erence is found for single- and two-photon polymerized
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IP-L and IP-S, wherein the refractive indices of the single-photon polymerized mate-

rials are reported by T. Gissibl et al. [22]. Therefore, optical element designs that

rely on the refractive index di�erences of adjacent polymers could also utilize IP-L

and IP-S, substantially extending the accessible range of critical dimensions for such

approaches.

Our parameterized model dielectric functions for three of the most widely used

polymers, which are compatible with three dimensional direct laser writing using

two-photon polymerization, now provide accurate complex refractive index values

for the ultraviolet to the near-infrared spectral range. Access to accurate complex

refractive index data is crucial for the design and development of optical materials and

components fabricated using two-photon polymerization which is receiving substantial

research interest. While the results reported here are restricted to three polymers

compatible with the used two-photon polymerization system, the developed mixed

oscillator dielectric function model is expected to provide a �exible analysis approach,

which could be also applied to other photopolymers compatible with two-photon

polymerization.
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CHAPTER 3: BROADBAND NEAR-INFRARED ANTIREFLECTION

COATINGS FABRICATED BY THREE DIMENSIONAL DIRECT LASER

WRITING1

3.1 Abstract

Three-dimensional direct laser writing via two photon polymerization is used to

fabricate anti-re�ective structured surfaces composed of sub-wavelength conicoid fea-

tures optimized to operate over a wide bandwidth in the near-infrared range from

3700 cm−1 to 6600 cm−1 (2.7 to 1.52 µm). Analytic Bruggemann e�ective medium

calculations are used to predict nominal geometric parameters such as the �ll factor of

the constitutive conicoid features of the anti-re�ective structured surfaces presented

here. The performance of the anti-re�ective structured surfaces were investigated

experimentally using infrared transmission measurements. An enhancement of the

transmittance by 1.35% to 2.14% over a broadband spectral range from 3700 cm−1

to 6600 cm−1 (2.7 to 1.52 µm) was achieved. We further report on �nite-element-

based results using three-dimensional model geometries for comparison. We �nd a

good agreement between experimental results and the �nite-element-based numerical

analysis once as-fabricated deviations from the nominal conicoid forms are included

in the model. Three-dimensional direct laser writing is demonstrated here as an e�-

cient method for the fabrication and optimization of anti-re�ective structured surfaces

designed for the infrared spectral range.

1Y. Li, T. Hofmann, et al., Opt. Lett. 43, 239 (2018). Reprinted with permission c⃝ The Optical
Society.
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3.2 Introduction

Since the discovery by C.G. Bernhard in 1967, biomimetic anti-re�ective struc-

tured surfaces (ARSS) have enjoyed continued interest by the research community [1].

Compared to conventional thin-�lm anti-re�ective coatings, ARSS have some inherent

advantages such as the ability to tailor arbitrary index pro�les[2], to enable frequency-

independent Fresnel re�ection reduction [3], or to require only a single material in the

fabrication [4], for instance. Theoretically, sub-wavelength features can be designed to

completely eliminate Fresnel loss by inducing forward scattering of otherwise evanes-

cent di�raction orders [5].

As early as 1973, the functionality of ARSS was established in the visible spectral

range [6]. Using photo-polymerized subwavelength-sized structures fabricated by in-

terference lithography Clapham and Hutley achieved a reduction of the re�ectance to

less than 0.2% under normal incidence in the spectral range from 400 nm to 700 nm [6].

In general, complex fabrication techniques have been required for the synthesis of the

subwavelength-sized structures which constitute the ARSS and have thereby limited

the widespread use of the ARSS approach [7, 8, 9, 10, 11, 12].

Some renewed interest in ARSS is due to advances in nano- and micro-structure

fabrication techniques which have led to numerous recent investigations devoted to

maximize the transmissivity of ARSS by optimizing the geometry of the ARSS con-

stituent features [13, 14, 15, 16, 17].

Recently, Kowalczyk et al. demonstrated for the �rst time that 3-dimensional direct

laser writing (3D-DLW) via two-photon polymerization can be used for the fabrication

of the subwavelength-sized structures for ARSS in the near-infrared spectral range [4].

This new approach circumvents the restrictions of previously employed lithographic

techniques which are only allowed for a limited and very time-consuming exploration

of the geometric parameter space of the subwavelength-sized structures. 3D-DLW now

allows the fabrication of virtually arbitrary 3D structures with nm-sized features [18].
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As such, 3D-DLW is ideally suited for the fabrication of ARSS and thereby enables

optimization of the subwavelength-sized structure geometries required for ARSS in

the infrared spectral range [19, 20].

Here we demonstrate the usefulness of 3D-DLW for the fabrication of 3D subwavelength-

sized structures for ARSS and explore the geometric parameter space of these struc-

tures. Our observations show that 3D-DLW allows for rapid fabrication and cost-

e�ective optimization of ARSS designed for the infrared spectral range when com-

pared to previously demonstrated methods.

Although it is well known that the performance of a given ARSS depends critically

on the geometric paramaters of the constitutive features, such as shape, density, height

and arrangement, suitable avenues to optimize ARSS performance, however, have

not been reported. Even though several studies have been carried out to numerically

optimize the geometrical parameters [16], only a few results have been experimentally

validated. For the near-infrared spectral range, where sub-micron spatial resolution

provides su�cient capability to design ARSS, 3D-DLW o�ers an e�cient path for

rapid prototyping. Although ARSS performance has been observed over a narrow

spectral range centered at 1550 nm, anti-re�ection behavior over a broadband spectral

range in the near-infrared has not been reported [4].

In this letter, we report on a simple 3D-DLW-based rapid prototyping approach

for designing and fabricating conicoid constituent ARSS on transparent substrates to

achieve optimal anti-re�ective performance over broadband near-infrared range. Us-

ing the Bruggemann e�ective medium homogenization, we explore the transmission

enhancement associated with the variation of the �ll factor f , de�ned as the ratio

of the cone base diameter D to the lateral separation (pitch) P . We �nd by both

experimental FTIR transmission measurements and three-dimensional �nite-element

method (3D-FEM) calculations using COMSOL (RF-module) that a maximum in-

crease in transmission of 2.14% over a spectral range from 3700 cm−1 to 6600 cm−1
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can be achieved for f = 0.8 for the conicoid structures fabricated here. Scanning elec-

tron microcopy (SEM) was performed to evaluate the resulting 3D-DLW geometry of

the ARSS constituent features and inform the 3D-FEM calculations.

3.3 Theory and experiment

The ARSS constituents are conicoid sub-wavelength structures symmetrically ar-

ranged in a hexagonal lattice pattern. Due to the spatially symmetrical distribution,

the Bruggemann e�ective medium homogenization is suitable to estimate the grad-

ual index transition throughout the ARSS domain [21]. The Bruggemann e�ective

medium model for the permittivity of the ARSS εARSS accounts for the relative volume

fraction of the sub-wavelength structures [22]:

εARSS(fi) =
1

4

{
(3fi − 1)εi + (2− 3fi)εh ± (3.1)√
[(3fi − 1)εi + (2− 3fi)εh]2 + 8εiεh

}
,

where fi(f, z) is the volume fraction of conicoid subwavelength inclusions fi(f, z) =

πf2(1−z)2

2
√
3

, and z corresponds to the distance from the top of the ARSS to the substrate.

The permittivities of the inclusions (IP-dip) and the host (air) are denoted by εi and

εh, respectively.

Figure 3.1 depicts εARSS at ω = 5000 cm−1 as a function of the distance to the

air/ARSS interface z for f =0.6, 0.7, 0.8, and 0.9. Upon inspection, the smoothest

transition of εARSS from εh (air) to the permittivity of the substrate (glass) is found

for f = 0.9. In contrast, the values of εARSS for f = 0.6, 0.7, and 0.8 show a stronger

permittivity contrast at the ARSS/substrate interface (z=1 µm). For the purposes of

the plotted analytic function in Fig. 3.1 the domain of the ARSS has been sliced into

100 equally thick sub-layers. The permittivity values for the glass substrate and IP-dip

were acquired through variable angle spectroscopic ellipsometry measurements [23].

The cubic pro�le of the index transition results from the conical shape of the ARSS
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constituents.
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Figure 3.1: Plot of the real part of the e�ective permittivity εARSS as a function of
the distance in micrometers from the top of the ARSS relative to the substrate, z,
from air (z = 0 µm) to the substrate (z = 1 µm) across the ARSS (0 µm< z <1 µm)
based on a Bruggemann e�ective medium homogenization. The e�ective permittivity
at 5000 cm−1 for cone-like ARSS with f =0.6, 0.7, 0.8, and 0.9 are shown as brown,
green, blue, and orange solid lines, respectively. The e�ective permittivity of air
and glass substrate are shown as black solid lines in each corresponding sections.
The insert shows the layout of the three individual sections: air, ARSS, and glass
substrate.

Four ARSS structures composed of conicoid constituents were fabricated by poly-

merizing IP-dip monomer on glass substrates using a commercially available 3D-

DLW system (Photonic Professional GT, Nanoscribe, GmbH). The nominal height

of the ARSS is 1 µm, with the constituent features arranged in hexagonally ordered

50 µm×50 µm arrays. The nominal �ll factor f is varied from 0.6 to 0.9 in steps

of 0.1. The ARSS were fabricated in a single 3D-DLW fabrication step using an op-

timized exposure dose determined prior to the sample synthesis. After fabrication,

the unpolymerized monomer is removed by immersion in PGMEA (Baker 220), and

subsequently in 99.99% isopropyl alcohol for 20 min and 2 min, respectively. Lastly,

the remaining isopropyl alcohol is evaporated by blow-drying with dry nitrogen. The
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samples were post-cured in an ultraviolet oven for ten minutes to ensure complete

polymerization of the structures.

3D-FEM calculations were performed for comparison with measured FTIR re�ec-

tion and transmission data as well as qualitative comparison with the aforementioned

homogenized Bruggemann calculations. Representative images depicting the array of

nominal conicoid ARSS employed in the 3D-FEM calculations are shown in Fig. 3.2.

Note that, single unit cells utilizing Floquet (periodic) boundary conditions were used

for the 3D-FEM calculations of the ARSS re�ectance and transmittance. In addition

to the nominal conical geometries, conicoids which more closely resemble the SEM

images (see Fig. 3.3) were also employed (see Fig. 3.4) as geometrical parameters for

the 3D-FEM calculations (Fig.3.5 b), dashed dotted lines). The dielectric functions of

the glass substrate and IP-dip were determined using variable angle IR ellipsometry

and are reported elsewhere [23]. An incident angle of 17◦ was used in the numerical

�nite-element model calculations corresponding to the angular incidence average of

the Cassegrain objective used in the infrared microscope [24].

a)

c)

b)

d)

Figure 3.2: Nominal design for 3D arrays of the conocoid ARSS with a height of 1 µm
and f = 0.6, 0.7, 0.8, and 0.9 shown in panels a), b), c), and d), respectively. Scale
bars indicate 2 µm.

Figure 3.3 shows SEM micrographs of the fabricated samples, where panels a), b),
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a)

c)

b)

d)

Figure 3.3: SEM micrographs of the conocoid ARSS with a nominal height of 1 µm
and f = 0.6, 0.7, 0.8, and 0.9 are shown in panels a), b), c), and d), respectively.
Note that a SEM micrograph was obtained with the sample tilted by 35◦ from normal.
Scale bars indicate 2 µm.

a)

c)

b)

d)

Figure 3.4: 3D arrays of the conocoid ARSS with corrected geometries representative
of the as-printed structures for post-comparison with f = 0.6, 0.7, 0.8, and 0.9 shown
in panels a), b), c), and d), respectively. Scale bars indicate 2 µm.

c), and d) depict the micrographs of the samples with a nominal �ll factor f of 0.6,

0.7, 0.8 and 0.9, respectively. A good agreement between the nominal, as-designed

shape and the resulting outcome of the 3D-DLW process is observed for f of 0.6, 0.7,

and 0.8. As a result of process variability, the f =0.9 demonstrates slight deviation



61

from the intended spatial density.

Re�ection and transmission infrared microscopy measurements were carried out in

the spectral range from 3700 cm−1 to 6600 cm−1 with a resolution of 4 cm−1 using

a Fourier transform infrared (FTIR) spectrometer in conjunction with an infrared

microscope (VERTEX 70 and HYPERION 3000, Bruker, Inc.) and are shown in

Figures 3.5 and 3.6, respectively. A 15× Cassegrain objective is used for the re�ec-

tion measurements whereas the transmission measurements used a complementary

15× Cassegrain condensor. The Cassegrain illumination con�guration results in a

range of angles of incidence from 10.8◦ to 23.5◦ de�ned by the numerical aperture of

the Cassegrain objectives and the diameter of their central mirrors [24]. The samples

were mounted such that the ARSS faced the objective as opposed to the condensor.
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Figure 3.5: Experimental (a) and 3D-FEM calculated (b) re�ectance spectra for f =
0.6 (brown), 0.7 (green), 0.8 (blue), and 0.9 (orange). The solid lines represent the
calculated data using the nominal conical geometry, whereas the dash dotted lines
indicate the approximated as-printed (see Figs. 3.3 and 3.4) more sharply tapered
geometries which were re-iterated in COMSOL.

Figure 3.5 shows the comparison of the experimental a) and 3D-FEM model calcu-

lated b) re�ectance spectra of samples with f = 0.6 (brown), f = 0.7 (green), f = 0.8
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(blue) and f = 0.9 (orange), respectively. The re�ectance spectrum of the bare sub-

strate (red solid line) is shown for comparison. The solid and dash dot lines in panel

b) represent the calculated re�ectance for nominal and as-printed geometries, respec-

tively (see Figs. 3.2 and 3.4). In general, the experimental and 3D-FEM model data

are in a good agreement. For all ARSS samples, we observe lower re�ectance than for

the bare glass substrate. Moreover, with increasing �ll factor f , the ARSS e�ciency

increases, corresponding to the trend seen in the 3D model calculation. Deviations

between the experimental and 3D-FEM model calculated line shapes are attributed

to the di�erence between nominal and as-printed geometries. The corrected 3D-FEM

model calculations were reiterated using geometries which more closely resemble the

as-printed geometry as observed in the SEM micrographs shown in Fig. 3.3. These re-

sults are shown using dash dot lines and, in general, show a closer resemblance to the

experimental lineshapes. The discrepancy between the experimental and calculated

re�ectance on average varies by approximately 1%.

Figure 3.6 shows the comparison of normalized transmittance between the exper-

imental data a) and 3D-FEM model calculation b). The transmission data were

normalized to the bare glass substrate. The solid (nominal geometries, see Fig. 3.2)

and dash dot lines (as-printed geometries, see Fig. 3.4) follow the same trend as a

function of f as the re�ectance in Fig. 3.5. The bowing behavior observed in the

experimental data for f = 0.6 and 0.7 is well represented in the 3D-FEM calcula-

tions using the as-printed geometries. It is worth noting that the transmittance of

the sample with f = 0.9 has the lowest value which is in contrast to the re�ectance

spectra in Fig. 3.5. We attribute this behavior to the structural deviation from the

nominal geometry which is most apparent for f = 0.9 (see Fig. 3.3).

3.4 Conclusion

In conclusion, we observe that the Bruggemann homogenization detailed herein

provides a good analytic prediction of ARSS performance. All the ARSS shown
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Figure 3.6: Same as Fig. 3.5 for the experimental and 3D-FEM calculated transmit-
tance data depicted in panels a) and b) respectively. Note that the transmission data
were normalized to the bare glass substrate.

herein exhibit higher transmittance and lower re�ectance while being applied to only

a single surface than for the bare substrate alone. Variations in the functionality

of the ARSS relative to the 3D-FEM data were investigated through re-simulation

utilizing geometrical parameters determined by inspection of SEM micrographs of the

ARSS samples. The results obtained in these corrected 3D-FEM calculations showed

a better agreement with the experimental re�ectance and transmittance data in the

cases where there was an apparent discrepancy between the nominal and as-printed

conicoids seen in Fig. 3.3. Thus, we have demonstrated functional ARSS geometries

fabricated using 3D-DLW which operate over a broad bandwidth in the near-infrared

spectral range and exhibit negligible absorption. 3D-DLW therefore provides a new

avenue for the fabrication and e�cient optimization of ARSS for the near-infrared

spectral range and might allow for a comprehensive exploration of the parameter

space of the ARSS.
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CHAPTER 4: NEAR INFRARED TRANSMITTANCE ENHANCEMENT USING

FULLY CONFORMAL ANTI-REFLECTIVE STRUCTURED SURFACES ON

MICROLENSES FABRICATED BY DIRECT LASER WRITING1

4.1 Abstract

Structured surfaces composed of subwavelength-sized features o�er multifunctional

properties including anti-re�ective characteristics which are increasingly important for

the development of micro-optical components. Here, three-dimensional direct laser

writing, via two-photon polymerization, is used to fabricate plano-convex spherical

microlenses with anti-re�ective structured surfaces. The surfaces are composed of

subwavelength-sized conicoid structures which were arranged fully conformal to the

convex surface of the microlenses. The dimensions of the conicoid structures were

optimized to e�ectively reduce Fresnel re�ection loss over a wide band in the near-

infrared spectral range from 1.4 to 2.2 µm, with a maximum reduction at 1.55 µm.

Infrared re�ection and transmission measurements were used, in combination with

three-dimensional �nite element calculations, to investigate the performance of the

microlenses. The experimental results reveal that in the spectral range from 1.4 to

2.2 µm an e�ective suppression of the Fresnel re�ection loss at the convex surface

of spherical microlenses can be achieved. The transmittance enhancement is rang-

ing from 1-3% for spherical microlenses with anti-re�ective structured surfaces, in

comparison to an uncoated reference.

1Y. Li, T. Hofmann, et al., Opt. Eng. 58, 010501 (2019). Reprinted with permission c⃝ SPIE.
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4.2 Introduction

Microlenses are ubiquitous optical components with numerous applications rang-

ing from imaging [1] and sensing [2], to optical interconnects [3], and even photo-

voltaics [4, 5]. The optical performance of microlenses is impaired by Fresnel re-

�ection losses, which are traditionally suppressed by use of multi-layered, thin-�lm

anti-re�ective (AR) coatings [6, 7, 8]. Fabrication requirements and properties of

these multi-layered, thin-�lm AR coatings have several inherent drawbacks, such as

susceptibility to thermal deformation and stresses, limited range of suitable materi-

als, and incident angle sensitivity, for instance [9]. These can substantially hinder

the applicability of multi-layered, thin-�lm AR coatings for microlenses which often

have a very short radius of curvature [10, 11]. Single-layered AR surfaces composed

of subwavelength-sized structures have been introduced more recently [12, 13]. These

antire�ective structured surfaces (ARSSs) address some of the critical shortcomings

of multi-layered, thin-�lm AR coatings. In addition, ARSSs allow the tailoring of

the index pro�le [14], and enable frequency-independent Fresnel re�ection reduction

if randomized ARSSs are used [15]. Furthermore, ARSSs can be designed to ex-

hibit multifunctional properties such as hydro- and oleophobic characteristics [16, 17].

Moreover, ARSSs are commonly fabricated using a single material component and

can be directly fabricated on lens substrate material which can signi�cantly simplify

the fabrication process.

It is well known that the optical properties of ARSSs depend critically on its con-

stituents' structural parameters, such as shape, height, periodic distance (pitch),

volume density, and arrangement [18]. The dependence on the constituents' geom-

etry and arrangement has been studied in detail and was optimized for planar sur-

faces [19, 20, 21, 22]. Information on conformal ARSSs optimized for microlenses,

however, is sparse. This is due to a lack of �exible fabrication approaches for con-

formal ARSSs. So far, notable works applied nanoimprint [23, 13, 24], interference
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lithography [25, 12], or plasma etching [26, 27, 28] for the fabrication of conformal

ARSSs. While providing e�cient access to large scale manufacturing, these fabri-

cation strategies have limited capabilities for rapidly prototyping and simultaneous

optimization of the optical performance of the microlenses and the ARSS. In ad-

dition, ARSSs fabricated with these techniques often su�er from density variations

within the ARSS across curved surfaces, rendering the ARSSs not fully conformal,

thus adversely impacting their optical performance.

Three-dimensional direct laser writing (3D-DLW) might provide an attractive av-

enue for the fabrication of ARSSs and has been recently demonstrated by Kowalczyk

et al. for the �rst time [21]. However, 3D-DLW-based fabrication of microlenses

with conformal ARSSs has not been reported yet despite the recent success in the

fabrication of bare microlenses using this technique [29, 30].

In this letter, we demonstrate a 3D-DLW-based, rapid prototyping approach for

the fabrication of plano-convex spherical microlenses, with fully conformal broadband

ARSSs for the near-infrared spectral range. The dimensions of the ARSS constituents

are optimized for achieving maximum AR performance in the vicinity of the telecom-

munication wavelength of 1.55 µm. Our observations show that 3D-DLW allows for

rapid fabrication and cost-e�ective optimization of fully conformal ARSSs, in combi-

nation with microlenses designed for the infrared spectral range, when compared to

previously demonstrated methods.

4.3 Materials and methods

The structural features of the ARSS was optimized and then integrated into the

convex surface of a simple plano-convex microlens, with a base diameter of 100 µm

and a curvature of 0.01 µm−1. The e�ective focal length of the microlens was 189 µm

resulting in an f-number of 1.89 for operation at a wavelength of 1.55 µm. The

microlenses and ARSSs were fabricated in a single fabrication step using 3D-DLW

with one photo-polymer (IP-Dip). The fabricated microlenses are investigated using
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FTIR re�ection and transmission measurements. We observe an increase of 1-3% in

transmittance for the microlenses investigated here. Complementary SEM and optical

microscopy were used to con�rm the geometry of the microlenses, and the integrity of

the conformal ARSS. Three-dimensional �nite-element method (3D-FEM) re�ection

calculations using COMSOL were employed to evaluate and optimize the optical

performance of the ARSS prior to the 3D-DLW fabrication.

The ARSS employed here is composed of conicoid subwavelength-sized structures

which are arranged in hexagonal closed-packed fashion conformal to the convex sur-

face of the microlens. The ARSS was optimized for the spectral range from 1.4 µm to

2.2 µm using Bruggemann e�ective medium homogenization by varying the param-

eters of the ARSS constituents (base diameter D and height H of the conicoids and

their lateral separation P , see inset of Fig. 4.1) as described in detail in our previous

work [19]. Note that the dielectric function of IP-Dip used for these calculations was

obtained by variable angle IR ellipsometry and is reported elsewhere [31].

For an ARSS composed of IP-Dip conicoid subwavelength-sized structures, the

lowest re�ectance for the spectral range from 1.4 µm to 2.2 µm is obtained at λ =

1.55 µm for P = 0.9 µm, D = 0.8 µm and H = 0.83 µm, compared the re�ectance of

a planar IP-Dip surface which is 5.1%. Note that the fully conformal arrangement of

the ARSSs designed and fabricated here results in conicoid structures normal to the

convex surface of the microlens while preserving a constant lateral separation. Thus,

simple planar surface models are suitable for the analytical and numerical evaluation

of the optimal performance of the ARSS coated microlenses.

4.4 Results and discussion

Figure 4.1 depicts 3D-FEM calculated relative re�ectance data for an IP-Dip ARSS,

which was obtain using the re�ection spectra ratio of the IP-Dip ARSS to a planar

IP-Dip substrate, over a spectral range from 1.4 µm to 2.2 µm as a function of the

angle of incidence. The range of the incident angle from 0◦ to 30◦ is determined
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Figure 4.1: Contour plot of relative specular re�ectance obtained using 3D-FEM
calculations, as a function of angle of incidence ranging from 0◦ to 30◦, for the spectral
range from 1.4 µm to 2.2 µm. The geometry of the ARSS is shown in the inset. A
lateral spacing P = 0.9 µm, cone diameter D = 0.8 µm, and cone height H = 0.83 µm
was used for the calculations. The complex dielectric properties for IP-Dip were
obtained from variable angle spectroscopic ellipsometry measurements [31]. Note
that the re�ectance of IP-Dip over the corresponding incident angles was used as a
reference.

by considering the optical con�guration of the Cassegrain objective used for the re-

�ectance measurements and the variation of surface normal across the measured area

of the microlens. A decrease in relative re�ection of at least 30% is observed over the

entire spectral and angle of incidence range of interest. In the vicinity of the telecom-

munication wavelength λ = 1.55 µm the ARSS is most e�ective as expected based on

the optimization described in Ref. [19]. A minimum in the relative re�ectance occurs

for incidence angles larger than 20◦ where the calculated relative re�ectance is as low

as 0.2%.

Three-dimensional renderings of the microlenses with and without the ARSS coat-

ing are shown in Fig. 4.2 (a) and (b), respectively. The inset of Fig. 4.2 (b) shows a

closeup of the 3D rendering of ARSS coated microlens in order to provide structural
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details of the AR constituents which are homogeneously and conformally distributed

in hexagonal lattice pattern across the convex lens surface.

(c)

(d)

20 μm

3 μm

(a)

(b)

20 μm

3 μm

20 μm 20 μm

Figure 4.2: 3D rendering of the nominal design of a bare plano-convex spherical
microlens and a corresponding microlens with an ARSS is shown in (a) and (b),
respectively. Both microlenses have a base diameter 100 µm. The inset in panel (b)
depicts a closeup of the 3D rendering of the ARSS showing the hexagonal lattice
pattern of the conicoid ARSS constituents. Corresponding SEM micrographs of the
fabricated bare microlens and the microlens with the conformal ARSS on the convex
side are depicted in (c) and (d), respectively. The inset in panel (d) shows a closeup
of the ARSS on the microlens. 3D renderings and micrographs were obtained with a
45◦ tilt with respect to the surface normal.

Two plano-convex microlenses were fabricated by polymerizing IP-dip monomer on

glass substrates using a commercially available 3D-DLW system (Photonic Profes-

sional GT, Nanoscribe, GmbH). One microlens was fabricated with an ARSS confor-

mal to the convex surface while the other microlens was fabricated with a bare convex

surface to serve as a reference. Both microlenses were fabricated in a single 3D-DLW

fabrication step using identical exposure doses which where optimized prior to the

synthesis. After fabrication, the unpolymerized monomer is removed by immersion in

propylene glycol monomethyl ether acetate (PGMEA, Baker 220), and subsequently

in 99.99% isopropyl alcohol for 20 min and 2 min, respectively. Finally, the remaining
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isopropyl alcohol is evaporated by blow-drying with dry nitrogen.

The AR performance was evaluated using FTIR re�ection and transmission mea-

surements. In addition, scanning electron microscopy (SEM) was used to determine

the conformality and structural quality of the fabricated ARSS on top of the mi-

crolenses, and complementary optical microscopy was employed to evaluate the cur-

vature of the fabricated microlenses.

Figures 4.2 (c) and (d) show SEM micrographs of the fabricated bare and the ARSS

coated microlens, respectively. It can be clearly seen that the ARSS conformally

follows the convex surface of the microlens. Comparing the insets of Figs. 4.2 (b) and

(d) a true-to-form geometry and hexagonal surface arrangement of the fabricated

conicoid constituents of the ARSS can be observed.

With optical microscopy, the evaluation of the fabricated microlenses' curvature

was carried out via an experimental veri�cation of the corresponding e�ective focal

length under white light illumination. The experimentally determined e�ective focal

length is 175± 5 µm for both microlenses, consistent with the nominal e�ective focal

length of 180 µm given by the lens curvature (0.01 µm−1) and the refractive index of

IP-dip (n = 1.55) for visible light illumination [32].

The optical performance of the microlenses were investigated by re�ection and

transmission IR microscopy measurements in spectral range from 1.4 µm to 2.2 µm

using a FTIR spectrometer in conjunction with an IR microscope (VERTEX 70 and

HYPERION 3000, Bruker, Inc.). A 15× Cassegrain objective is used for the re�ec-

tion measurements whereas the transmission measurements used a complementary

15× Cassegrain condensor. The Cassegrain illumination con�guration results in a

range of angles of incidence from 10.8◦ to 23.5◦ de�ned by the numerical aperture of

the Cassegrain objectives and the diameter of their central mirrors [33].

Figure 4.3 depicts the experimental data for the relative re�ectance (blue solid line)

and transmittance (red solid line) spectra of the microlens with the conformal ARSS.
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Note that the absolute re�ectance and transmittance of the bare microlens was used

as a reference, respectively. On average a 2% increase in relative transmission is

observed across the investigated spectral range due to the conformal ARSS treatment

of the convex microlens surface. This is in good agreement with the observed 40%

reduction in relative re�ectance indicating negligible absorption and scattering losses.
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Figure 4.3: Relative re�ectance (blue solid line) and transmittance (red solid line)
spectra of the ARSS treated microlens (Fig. 4.2(b) and (d)) measured by FTIR mi-
croscopy in the range from 1.4 to 2.2 µm using the absolute re�ectance and trans-
mittance of a bare microlens shown in Fig. 4.2(a) and (c) as a reference, respectively.
The microlenses were mounted such that convex surface of the microlens faced the
Cassegrain objective as shown in the inset.

4.5 Conclusion

In conclusion, we demonstrated that 3D-DLW is an e�ective method for the fab-

rication of microlenses including conformal functional coatings for the near infrared

spectral range. Here an ARSS composed of subwavelength-sized conicoid structures

was optimized for the near infrared spectral range and e�ectively used to reduce the

Fresnel re�ection loss at the convex surface of plano-convex spherical microlenses.

A structural comparison between the nominal and as-fabricated microlenses shows

a good agreement on both micron- and sub-micron-sized structural features, and
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illustrates the e�ectiveness of 3D-DLW as a rapid prototyping tool for fabricating

optical components including functional coatings with multi-scale features in a single

fabrication step.

Our experimental re�ectance and transmittance spectra obtained using FTIR mi-

croscopy found a 2% improvement in transmission and a 40% reduction in re�ection

over the spectral range from 1.4 to 2.2 µm. These results are in good agreement with

3D-FEM calculations which corroborated the experimentally observed re�ectance

minimum at 1.55 µm. Optical imaging was used to demonstrate the functionality

of the microlenses with and without ARSS coating and verify the focal length of the

microlenses. We �nd that 3D-DLW could o�er an elegant avenue for the rapid proto-

typing of optical components including conformal functional coatings for the infrared

spectral range.
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CHAPTER 5: FABRICATION OF OPTICAL COMPONENTS WITH NM- TO

MM-SCALE CRITICAL FEATURES USING THREE-DIMENSIONAL DIRECT

LASER WRITING1

5.1 Abstract

A powerful fabrication strategy based on three-dimensional direct laser writing for

the rapid prototyping of opto-mechanical components with critical features ranging

from several hundred nm to a few mm is demonstrated here. As an example, a

simple optical �ber connector with optical and mechanical guides as well as integrated

micro-optical elements with nano-structured surfaces is designed and fabricated. In

contrast to established three-dimensional direct laser writing, two di�erent polymers

are combined in the fabrication process in order to achieve a drastic reduction in

fabrication time by substantially reducing the �optical tool path�. A good agreement

between the as-fabricated connector and nominal dimensions has been obtained. The

developed approach allows the rapid prototyping of optomechanical components with

multi-scale critical features. It is, therefore, envisioned to substantially accelerate

the development cycle by integrating functional mechanical and optical elements in

a single component.

5.2 Introduction

Three-dimensional direct laser writing (3D-DLW) based on two-photon polymeriza-

tion is a widely employed additive manufacturing technique since Deubel et al. used

1Y. Li, T. Hofmann, et al., 2019 IEEE 16th International Conference on Smart Cities: Improving
Quality of Life Using ICT & IoT and AI (HONET-ICT), 239 (2019). c⃝ 2019 IEEE. Personal use
of this material is permitted. Permission from IEEE must be obtained for all other uses, in any cur-
rent or future media, including reprinting/republishing this material for advertising or promotional
purposes, creating new collective works, for resale or redistribution to servers or lists, or reuse of
any copyrighted component of this work in other works.
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this approach in 2004 to synthesize infrared photonic crystals [1]. Since then, this

unique additive fabrication technique has been successfully used for the fabrication

of structured optical components with µm- and even nm-scale critical dimensions.

3D-DLW allows the polymerization of a photosensitive material within the free-space

volume, a so called voxel, which is substantially smaller compared to voxel sizes which

can be achieved using conventional single-photon polymerization techniques. The

voxel dimensions are typically in the range from hundreds of nm to several µm. This

technique is therefore suitable for the applications ranging from the rapid prototyping

of micro-optical components to the synthesis of complex optical metamaterials with

sub-wavelength-sized building blocks for the infrared and even visible spectral range

[2, 3, 4]. In recent years the rapid prototyping of optical components applied in vari-

ous optical �elds, including functional coatings [5, 6], metasurfaces [7, 8], structured

photonics [9, 10], and micro-optics [11, 12, 13] has been shown.

In addition to applications of 3D-DLW for the fabrication of optical elements with

microscopic dimensions, recent decades have also witnessed intensive research e�orts

devoted to the development of mechanical components with macroscopic dimensions

(mm-scale) by using the 3D-DLW approach [14, 15, 16]. In comparison with the

other techniques for the fabrication of macroscopic mechanical parts, 3D-DLW can

fabricate a mechanical part with a complex structural con�guration in a single-step

without involving additional manufacturing procedures. Furthermore, 3D-DLW sim-

pli�es the manufacturing complexity which can often result in a lower manufacturing

time and a reduction of the fabrication costs. From an application perspective in an

industrial environment, 3D-DLW is a promising tool for rapid prototyping of novel

opto-mechanical components and could accelerate the product development cycle.

The capabilities of the 3D-DLW process to fabricate structures with either micro-

scopic or macroscopic features have been extensively studied individually. However,

approaches on how to utilize the 3D-DLW technique for the synthesis of structures
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which contain critical features ranging from nm- to mm-scales, has not been reported

yet.

The ability to rapidly prototype such structures has numerous applications for

integrated optics and opto-mechanical elements. In order to obtain high quality

components with nm- to mm-scale features in a manageable fabrication time, the use

of multiple photosensitive materials and objectives is very helpful as will be shown

here.

In this paper, hetero-3D-DLW for the fabrication of components with nm- to mm-

scale critical features is introduced. This novel approach makes use of two photo-

resists in order to achieve a substantial reduction in the �optical tool path�, thereby

dramatically reducing the fabrication time. As an example, the fabrication of a

optical �ber connector (mm-scale) is described. The connector contains mechanical

alignment guides as well as multiple �ber guides which are equipped with microlenses

(µm-scale). In order to further demonstrate the capability to fabricate structures

with nm-scale dimensions, the surface of one of the microlenses was coated with an

anti-re�ective structured surface (ARSS, nm-scale).

5.3 Experiment

5.3.1 Sample design

The necessary procedures required for the 3-DLW-based fabrication of components

with nm- to mm-scale critical features are demonstrated here, using a simple �ber

connector as an example. The �ber connector was designed to include mm-scale ex-

ternal dimensions. It consists of mechanical as well as �ber guides and microlenses

with µm-scale features. The capability to fabricate nm-scale structures is shown by

integrating an ARSS which conformally coats the convex surface of one of the mi-

crolenses. The fabrication strategies developed here are not limited to this simple

example, but can be employed for a wide range of applications where optical com-

ponents consisting of features with nm- to mm-scale critical features are desired. A
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CAD rendering of the �ber connector is shown in Fig. 5.1.

Figure 5.1: CAD rendering of the �ber connector. The outer dimensions of the
connector are on the mm-scale, while it contains elements with drastically smaller
critical dimensions. Located at the left and right of the connector are mechanical
guides which are designed to guide a receptacle with high-precision onto the connec-
tor. Located within the body of the connector are 12 �ber guides. For demonstration
purposes 10 of these �ber guides are bare, 2 are equipped with plano-convex mi-
crolenses. One of the microlenses is conformally coated with a structured surface to
form a anti-re�ection coating (the right microlens in the inset).

The �ber connector has the shape of a rectangular cuboid (length=6.4 mm, width=2.5 mm,

and height=0.5 mm) and contains 12 cylindrical �ber guides with a diameter of

127 µm. The cylinder axis of the �ber guides is oriented normal to the �ber connec-

tor face. In addition to the �ber guides, the connector also includes two cylindrical

mechanical alignment guides with a diameter of 700 µm. These alignment guides

are designed to receive the mechanical alignment pins of a receptacle, thereby ensur-

ing the accurate alignment of the connector and the receptacle. Consequently, this

will provide an accurate alignment of the optical �bers within the connector and the

receptacle component.

In order to ensure that the cylindrical �ber guides are accurately fabricated, 12

pairs of micro-channels were included at the bottom of the �ber connector as shown in

Fig. 5.1. These micro-channels with a cross section of 100 µm×100 µm are connected
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to the �ber guides and are oriented normal to the side planes of the �ber connector.

Thereby the micro-channels aid in the removal of unpolymerized monomer after the

polymerization step, during the development procedure. This simple micro-�uidic

design substantially reduces the development time and ensures the complete removal

of monomer within the �ber guides. The micro-�uidic channels further enable the

inclusion of microlenses located at the top of the �ber guides. Without the micro-

�uidic channels excess monomer would be trapped within the �ber guides between

the substrate surface and lenslet located at opposing ends of the �ber guide.

For demonstration purposes, a pair of microlenses with and without an ARSS coat-

ing were included at the top of two �ber guides (as shown in the inset in Fig. 5.1). AR-

SSs are well-known bio-inspired coatings which reduce Fresnel re�ection loss [17]. Here

the ARSS are composed of subwavelength conicoid structures arranged in a hexago-

nal lattice pattern. The structural parameters of the conicoid structures, including

height, pitch, lateral �ll fraction, were optimized for a broadband anti-re�ective be-

havior over spectral range from 1.4 µm to 2.2 µm, while the optimal performance

(40% reduction in re�ection and 2% improvement in transmission) occurred at the

telecommunication wavelength of 1.55 µm, as shown in Fig. 5.2.

The structural features of the ARSS were integrated into the convex surface of

a simple planoconvex microlens, with a based diameter of 130 µm and a curvature

of 0.01 µm−1. The e�ective focal length of the microlens is 189 µm resulting in

an f -number of 1.89 for operation at a wavelength of 1.55 µm. The two insets in

Fig. 5.2 show the SEM micrographs of the investigated bare microlens and ARSS

coated microlens, respectively. For information about the design of the conformal

ARSS coated microlens, the interested reader is referred to our previous publications

[17, 18].
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Figure 5.2: Relative re�ectance (blue-solid line) and transmittance (red-solid line)
spectra of an ARSS-treated microlens (right inset) measured by FTIR microscopy in
the range from 1.4 to 2.2 µm using the absolute re�ectance and transmittance of a
bare microlens (left inset) as a reference, respectively.

5.3.2 Sample fabrication

The �ber connector including the microlenses with and without the ARSS coating

was fabricated using a commercially available 3D-DLW system (Photonic Professional

GT, Nanoscribe, GmbH). The employed process steps are illustrated in Fig. 5.3.

Note, the objective focal lengths, as shown in Fig. 5.3 (a) and (c), are exaggerated

for illustration purposes. Both objectives are immersed in the photoresist during the

polymerization process.

As the �rst step, the features of the �ber connector which require the lowest spatial

resolution were fabricated on a glass substrate as shown in Fig. 5.3 (a). During

this step the rectangular cuboid (see Fig. 5.1) including the mechanical and optical

guides as well as the micro-�uidic channels is polymerized. In order to expedite

the fabrication process a 25× immersion objective was used in combination with

the photoresist IP-S. Due to the high viscosity of the photoresist IP-S combined
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with the large focal spot of the 25× objective, voxel dimensions on the order of

several micrometers are achievable. This allows for a larger distance between the

layers which have to be polymerized as well. This reduction in �optical tool path�

length substantially reduces the fabrication time while maintaining su�cient spatial

resolution.

Figure 5.3: Schematic of the fabrication process. (a) illustrates the polymerization
of the components which required the lowest spatial resolution. For this purpose a
25× immersion objective was used in combination with IP-S photoresist. (b) after
the polymerization the access monomer was removed as described in the text. (c)
illustrates the subsequent fabrication of the bare and ARSS coated microlenses. The
critical features of microlenses and coatings require resolutions in the µm to nm range.
A 63× immersion objective was used in combination with IP-Dip photoresist in order
to achieve this resolution. Note, the objective focal lengths, as shown in Fig. 5.3 (a)
and (c), are exaggerated for illustration purposes.

After the �rst polymerization step illustrated in Fig. 5.3 (a), a developing process

was applied to remove the unpolymerized IP-S in order to obtain a dry and clean

�ber connector, as shown in Fig. 5.3 (b). The unpolymerized IP-S, was removed by

immersing the sample in propylene glycol monomethyl ether acetate (PGMEA) and,

subsequently, in 99.99% isopropyl alcohol (IPA) for 40 min and 20 min, respectively.

After evaporating the excess IPA in dry nitrogen, the �ber connector was subjected
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to a second polymerization step as shown in Fig. 5.3 (c).

The �nal step aims at fabricating the microlenses with µm-scale dimensions and

nm-scale features on top of the �ber guiding holes of the fabricated �ber connector,

as shown in Fig. 5.3 (c). In this process step, a 63× immersion objective is used

in combination with the less viscous IP-Dip. This combination of objective and

photo-resist reduces the e�ective voxel size to a few hundred nanometers and thereby

provides su�cient spatial resolution to fabricate both the bare microlens as well as

the microlens with the conformal ARSS coating, which consists of nm-scale conicoid

features.

After re-immersing the �ber connector inside a drop of the photo-resist IP-Dip, the

sample stage was manually controlled to locate the interface of the �ber guides of

the �ber connector. Following this manual alignment procedure, a pair of microlenses

was fabricated on top of two �ber guides. While one of the microlenses was fabricated

with a bare convex surface, a second microlens was fabricated with a conformal ARSS

coating. Following the polymerization, the development process was repeated as

before to obtain the �nal �ber connector consisting of a cuboid connector body,

mechanical and �ber guides as well as integrated microlenses with and without ARSS

coating. A top-view optical micrograph is depicted in Fig. 5.4 and will be discussed

in the next section. It is important to note that the hetero-3D-DLW fabrication

approach described above, which combines two di�erent photo-resists and immersion

objectives, dramatically reduces the fabrication time. Compared with traditional

homo-3D-DLW fabrication, one order of magnitude in fabrication time is saved. The

total fabrication time of the �ber connector was approximately 13 hours.

5.4 Results and discussion

The fabricated �ber connector was investigated by using optical microscopy, as

shown in Fig. 5.4. In Fig. 5.4 (a), the complete cuboid �ber connector is depicted.

A row containing 12 �ber guides can be seen in the center of the cuboid between
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the two larger mechanical guides on each side. The �rst two �ber guides from the

left were selected to be covered by two microlenses to demonstrate the hetero-3D-

DLW approach here. The remaining 10 �ber guides were not covered to allow a

direct inspection. Fig. 5.4 (b) shows a detailed top-view of the �ber guides where

no microlenses were added. The diameter of the �ber guides is 127± 0.7 µm and in

excellent agreement with the design.

The dark orthogonal lines are the result of multiple exposure due to the stitching

of areas, which are polymerized in a single step using the galvanometric scanner of

the 3D-DLW system. The galvanometric scanner is tuned to produce a slight overlap

of adjacent areas. While this overlap ensures the continuity of the �ber connector, it

also results in an additional laser exposure of these overlap areas. This leads to an

observable optical contrast. The e�ects of the over exposure on the infrared optical

properties of the employed polymers are not studied. We therefore restricted these

overlap areas to sections which have no optical and only mechanical functionality

as surface �nish and mechanical properties of the polymers are thought to be not

impaired.

A top-view micrograph of a bare microlens and an ARSS coated microlens are

shown in Fig. 5.4 (c) for comparison. The substantial contrast between the bare mi-

crolens shown on the left side of the micrograph (bright) and microlens with ARSS

coating shown on the right side (dark) originates from scattering at visible wave-

lengths. The conicoid constituents of the ARSS are designed to operate in the in-

frared spectral range. At visible wavelengths, however, the conicoid constituents are

larger than the wavelength and hence scatter light signi�cantly. The brightness of the

bare microlens further indicates the smoothness of the lens surface that has been well

constructed without defects. Figure 5.4 (d) provides a detailed top-view of the ARSS

coated microlens to show the structure of the AR constituents, which are homoge-

neously and conformally distributed in a hexagonal lattice pattern across the convex
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lens surface. A good agreement on the structural features between the fabricated and

designed opto-mechanical component has been obtained.

Figure 5.4: Top-view optical micrographs of the fabricated �ber connector showing
the entire connector (a), a detailed micrograph of the �ber guides (b), a (c) comparison
of a microlens without (left) and with (right) a conformal ARSS coating, and (d) a
detailed micrograph of ARSS surface only. The scale bars in (a), (b), (c), and (d) are
2.5 mm, 100 µm, 50 µm, and 10 µm, respectively.

5.5 Conclusion

Hetero-3D-DLW, which has been introduced here as a 3D-DLW process involving

multiple polymers, allows the fabrication of opto-mechanical components with multi-

scale critical features ranging from the nm- to the mm-scale. The use of di�erent

polymers results in a dramatic reduction of the process time of hetero-3D-DLW com-

pared to approaches where only a single polymer-objective combination is used. This

is mainly due to the reduction in the �optical tool path�. The polymerization of IP-

S with a 25× immersion objective and IP-Dip with a 63× immersion objective, has

been found to allow for the e�cient fabrication of mm-scale structures with low spatial

resolution requirement (few micrometers) and µm-scale structures with high spatial

resolution requirement (few hundred nanometers). A simple �ber connector with a
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pair of integrated microlenses with and without ARSS coating has been used to illus-

trate this fabrication approach. A good agreement between the as-printed sample and

nominal dimensions was achieved. In contrast to conventional 3D-DLW where only

a single polymer objective combination is used, the hetero-3D-DLW approach shown

here allows the fabrication of extremely complex optical components. The combina-

tion of di�erent polymers and objectives reduces the process time dramatically. We

envision hetero-3D-DLW for the rapid prototyping of opto-mechanical components,

which could substantially accelerate the development cycle of opto-mechanical devices

by integrating mechanical and optical functionality.
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CHAPTER 6: HIGH-CONTRAST INFRARED POLYMER PHOTONIC

CRYSTALS FABRICATED BY DIRECT LASER WRITING1

6.1 Abstract

One-dimensional photonic crystals were fabricated by three-dimensional direct laser

writing using a single polymer to obtain re�ectance values approaching that of a gold

reference in the near-infrared spectral range. The photonic crystals are composed of

alternating compact and low-density polymer layers which provide the necessary pe-

riodic variation of the refractive index. The low-density polymer layers are composed

of subwavelength-sized pillars which simultaneously serve as a sca�old while also

providing refractive index contrast to the adjacent compact polymer layers. Brugge-

mann e�ective medium theory and strati�ed-layer optical-model calculated re�ectiv-

ity pro�les were employed to optimize the photonic crystal's design to operate at a

desired wavelength of 1.55 µm. After the fabrication, the photonic crystal's structure

was compared to the nominal geometry using complementary scanning electron mi-

croscopy and optical microscopy micrographs identifying a true-to-form fabrication.

The performance of the photonic crystals was investigated experimentally using FTIR

re�ection and transmission measurements. A good agreement between strati�ed-layer

optical-model calculated and measured data is observed. We thereby demonstrate the

ease of predictive design and fabrication of highly e�cient one-dimensional photonic

crystals for the infrared spectral range using three-dimensional direct laser writing of

a single polymer.

1Y. Li, T. Hofmann, et al., Opt. Lett. 43, 4711 (2018). Reprinted with permission c⃝ The
Optical Society.
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6.2 Introduction

Photonic crystals (PC) have many potential uses in optoelectronics and telecommu-

nications due to their ability to manipulate electromagnetic �elds according Bragg's

law inside of periodic dielectric structures [1, 2]. Depending on the arrangement of the

unit cell, each PC possesses a speci�c photonic bandgap which behaves analogously

to the electronic bandgap in semiconductors [3]. However, rather than being associ-

ated with an absorption onset energy, photonic bandgaps are typically characterized

in terms of transmissive and re�ective energy bands [1].

Over the last decade, several di�erent fabrication techniques have been explored

for the synthesis of PC. These techniques include for instance holographic lithograph

[4, 5], colloidal self-assembly [6], and three-dimensional direct laser writing [7]. In 2004

M. Deubel et al. utilized three-dimensional direct laser writing (3D-DLW) for the �rst

time to fabricate a woodpile-like PC via two-photon polymerization of monomers

[7]. More recently, 3D-DLW has become an established prototyping tool for the

rapid fabrication of structures with sub-micron-sized features with various optical

functionalities, such as anti-re�ective structured surfaces [8, 9], micro-lenses [10], and

waveguides [11], for instance. Numerous works have investigated PC's designed for

high re�ectance elements at telecommunications wavelengths either by optimizing the

spatial dimensions of PCs fabricated from polymers or by incorporating high index

materials onto polymer templates through so-called inversion processes [12, 13, 14,

15, 16].

For instance, by inverting polymer sca�old geometries using a-Si/Al2O3 and TiO2,

S. Peng et al. [17] and C. Marichy et al. [18] have both demonstrated almost 100%

re�ectance centered at 7.5 µm and 1.54 µm, respectively. The highest re�ectance

observed for PC without inversion was reported by C. Marichy et al. [18] for a PC

based on the photo-polymer IP-Dip which exhibited a re�ectance of 80%-85% at

1.35 µm.
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It is well known that the incorporation of high index materials into polymer-based

PC templates increases both the re�ectivity and achievable bandwidth (see for in-

stance Ref. [1, 13]). However, the requisite inversion process introduces an additional

degree of complexity into the fabrication of the PC. Additionally, the inversion pro-

cess may result in structural deformation of the sca�old. The thereby induced defects

often diminish the desired optical performance of the PC. Apart from the introduction

of structural defects, the integration of PCs fabricated using such inversion processes

into existing optical devices may be problematic as the required processing is often

incompatible with standard fabrication methods. Therefore, an application space

exists for PCs produced solely by 3D-DLW via two-photon polymerization.

In this letter, we apply 3D-DLW for the fabrication of one-dimensional PCs us-

ing a single monomer to obtain more than 90% re�ectance in the near IR spectral

range. Such re�ectance is achieved by employing a one-dimensional PC design which

maximizes the refractive index contrast between adjacent layers in the PC. The PCs

investigated here are composed of alternating compact and low-density plane-parallel

layers fabricated of a single polymer [(as shown in Fig. 6.1(a)]. The low-density lay-

ers consist of columnar pillars square lattice pattern, which allow for tailoring of the

e�ective refractive index described by Bruggemann e�ective medium approximations

(Bruggemann EMA) by changing the volume pillar density [19]. Therefore, the low-

density layers can be treated as a homogeneous medium with an e�ective permittivity

of εe�low. The fabricated PCs can be described as a 1D permittivity variation of com-

pact (εcom) and low-density (ε
e�
low) layers, as shown in the inset of Fig. 6.1(b).Strati�ed

optical model calculations [20] were used to determine the geometry and composition

(pillar volume density) of the PC such that the maximum re�ectivity occurs at a

wavelength of 1.55 µm which is relevant for telecommunication applications.
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Figure 6.1: Nominal design for the 1D PCs investigated here. The PCs are com-
posed of alternating compact and low-density polymer layers, as shown in panel (a).
The low-density layers are constructed from pillar arrays. Structural dimensions and
unit-cell geometry are shown in the inset. Panel (b) shows the corresponding e�ective
medium model of the PCs which consists of alternating layers with di�erent permit-
tivity εe�low (light blue) and εcom (dark blue), and results in a 1D permittivity variation
along the z-axis which is used for the strati�ed-layer optical model calculations (inset).

6.3 Experiment and discussion

The optimized geometry for a one-dimensional polymer-based PC structure with

photonic bandgaps centered at 1.55 µm and 2.06 µm is shown in Fig. 6.1(a). A com-

mercially available 3D-DLW system (Photonic Professional GT, Nanoscribe, GmbH)

was used to fabricate the PC by polymerizing IP-Dip monomer on a glass substrate.

The fabricated PC has a square area of 48×48 µm2 and consists of 12 repeating pairs

of compact and low-density (nominal 24% volumetric �ll fraction) layers, with a thick-

ness of 1.24 µm and 1.2 µm, respectively, as shown in the inset of Fig. 6.1(a). Except
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for the �rst pair of layers adjacent to the substrate which appear to be tensile-strained

a true-to-design fabrication can be recognized by comparing the SEM micrograph

with the design shown in Fig. 6.1(a). The PC was fabricated in a single 3D-DLW

fabrication step using a 63× objective. The optimal exposure dose was determined

prior to the sample synthesis. After fabrication, the unpolymerized monomer was

removed by immersion in propylene glycol monomethyl ether acetate (PGMEA), and

subsequently in 99.99% isopropyl alcohol (IPA) for 15 min and 10 min, respectively.

Lastly, the remaining IPA was evaporated using dry nitrogen. Scanning electron mi-

croscopy (SEM) and light optical microscopy micrographs were acquired to evaluate

the quality of the resulting PC structure as shown in Fig. 6.2.

10 μm

10 μm

Figure 6.2: SEM micrograph of the polymer PC composed of 12 repeating pairs of
compact and low-density layers. The inset depicts the micrograph of a section of
the top view of the polymer PC obtained by an optical microscope in transmission
revealing the lateral arrangement of the columnar pillars with a circular base in a
square lattice pattern. Note that the SEM micrograph was obtained with the sample
tilted by 50◦ relative to the substrate normal.

Re�ection and transmission measurements were carried out over a spectral range

from 1.3 µm to 2.3 µm using a FTIR spectrometer in conjunction with an infrared

microscope (VERTEX 70 and HYPERION 3000, Bruker, Inc.). A confocal illumina-
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tion using a 15× Cassegrain objective was employed for the re�ection measurements.

Transmission measurements utilize a complementary 15× Cassegrain condensor. The

Cassegrain con�guration results in an angular spread of the illumination ranging from

10.8◦ to 23.5◦ constrained by the numerical aperture of the Cassegrain objectives and

the diameter of their central mirrors [21].

Fig. 6.3 (b) and (d) shows the unpolarized experimental (dashed green lines) and

best-model calculated (solid red lines) re�ectance and transmittance data, respec-

tively. Experimental and best-model calculated data are found to be in very good

agreement. For comparison the re�ectance and transmittance data calculated for the

nominal geometry (solid lines) are depicted in Fig. 6.3 (a) and (c), respectively. The

re�ectance and transmittance data were analyzed using strati�ed optical model cal-

culations (WVASE32, J.A. Woollam Co.). The optical model employed here consists

of a glass substrate and 12 A-B superlattice iterations of a compact and a low-density

e�ective medium layer. During the data analysis the geometrical model parameters

(layer thickness including thickness non-uniformity and polymer volume fraction) were

varied using a Levenberg-Marquardt-based algorithm until the best match between

experimental and calculated data was achieved (best-model). Note that an angular

spread of 12◦ was used for all model calculations. The dielectric functions of the

glass substrate and IP-Dip polymer used for the optical model calculations were pre-

viously determined using infrared variable angle spectroscopic ellipsometry and are

not further varied during the analysis presented here [9, 22]. The dielectric function

of the low-density layers εe�low is described using a Bruggemann EMA. This homoge-

nization accounts for the symmetrically distributed, subwavelength sized, columnar

IP-Dip pillars which constitute the low-density layers, and yields a complex dielectric

function which depends on the volume fraction of columnar IP-Dip inclusions fi and

the permittivity of the constituents [23]:
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εe�
low
(fi) =

1

4

{
(3fi − 1)εi + (2− 3fi)εh ± (6.1)√
[(3fi − 1)εi + (2− 3fi)εh]2 + 8εiεh

}
,

The complex dielectric functions of the inclusions (IP-Dip) and the host (air) are

denoted by εi and εh, respectively.
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Figure 6.3: Experimental (dashed lines) and best-model (solid lines) calculated (b)
re�ectance and (d) transmittance spectra obtained for the polymer PC shown in
Fig. 6.2. The calculated re�ectance and transmittance spectra for the nominal geom-
etry are shown for comparison in panels (a) and (c), respectively.

The best-model parameters obtained for the compact and the low-density e�ective
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medium layer thickness are d = 1242 ± 5 µm and d = 1202 ± 5 µm, respectively.

The volumetric �ll fraction was found to be 24.0± 0.3%. All geometrical parameters

are in very good agreement with the nominal structural parameters [see Fig. 6.1(a)].

The real and imaginary parts of the best-model complex dielectric function for the

lowdensity εe�low and the compact layer εcom are shown in Figs. 6.4(a) and 6.4(b),

respectively, for comparison.
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Figure 6.4: Real (blue lines) and imaginary (orange lines) part of the best-model
calculated dielectric function of the low-density (dashed lines) and the compact layers
(solid lines) are shown in panels (a) and (b), respectively, for comparison.

Comparing the re�ectance and transmittance data calculated for the nominal ge-

ometry with the corresponding experimental and best-model data, one can notice that

the bandwidth of the re�ection bands is diminished. In addition, the sidelobes in the

vicinity of the photonic bandgaps are signi�cantly dampened. Based on our model

calculations, this is due to the fact that the layer thicknesses are not perfectly uniform

across the PC which is accounted for in the optical model by a layer non-uniformity of

0.57± 0.04%. In contrast to a variation in the volumetric �ll fraction fi which causes

an asymmetric broadening of the photonic bandgaps, a variation of the PC's layer

thicknesses results in a symmetric shift of the photonic bandgaps. A non-uniformity
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of the PC's layer thicknesses therefore causes the observed symmetric broadening of

photonic bandgaps and results in a reduction of the re�ectance maxima.

6.4 Conclusion

In conclusion, we have demonstrated that simple, one-dimensional polymer-based

PC with a re�ectivity above 90% can be obtained using 3D-DLW in a single fabri-

cation step without employing inversion processes to increase the index of refraction

contrast between adjacent layers. Compared to existing PC fabrication strategies,

the approach presented here dramatically reduces the fabrication complexity and in-

creases the fabrication e�ciency for high-contrast, one-dimensional PC consisting of

subwavelength-sized components.

For the investigated PC we observe a good agreement between experimental and

best-model calculated re�ectance and transmittance spectra in the infrared spectral

range. This indicates a good quality of the as-printed structure which is con�rmed

both by SEM and optical microscopy. Furthermore, we �nd that simple Bruggemann

e�ective medium calculations can be used to determine the e�ective refractive index

of the low-density layers of the PC. In combination with strati�ed optical model cal-

culations this allows for a simple optimization of the PC geometry. We have identi�ed

that a variation of the layer thickness is likely the primary cause for the reduction

in re�ectivity of the PC shown here. Thus further optimization of 3D-DLW fabri-

cation parameters might allow for additional improvement of the layer homogeneity

and thus increase in the re�ectivity of one-dimensional PC. This observation opens

a new avenue for 3D-DLW-fabricated, high-contrast, polymer-based PC, for instance

operating as specular re�ectors, which can be tailored over a very wide range from

1.25 µm to 5 µm where typical photo-polymers exhibit very low absorption.
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CHAPTER 7: CONCLUSION

Through this dissertation, we have demonstrated potential applications and mean-

ingful contributions of the two-photon polymerization technique for the research and

development of dielectric metamaterials. The dissertation can be summarized into

three key aspects: (A) the accurate determination of the optical properties of photo-

resists compatible with two-photon polymerization; (B) the design of all-dielectric

optical structures exhibiting increase or decrease of the re�ectivity at infrared wave-

lengths; and (C) the rapid prototyping of optical components with critical dimensions

ranging from a few hundred nanometers to several millimeters. In this chapter, we

will brie�y conclude the work presented in this dissertation and discuss the outlook for

further development of novel optical material as additional nanofabrication lithogra-

phy techniques are incorporated into the two-photon polymerization based fabrication

strategy.

The accurate determination of the optical properties of the two-photon polymerized

materials including IP-Dip, IP-L, and IP-S by using the spectroscopy ellipsometry

is detailed in chapter 2. This �rst e�ort in establishing the optical properties of

the polymers over spectral range from UV to NIR is critical for optical material

designs where the investigated polymers are used as constituent materials. With

the parameterized dielectric functions reported here for the �rst time, researchers

and scientists can optimize optical structures based on these materials using �nite-

element-method based simulation, for instance.

Using the low-index polymer IP-Dip, two di�erent optical structures engineered

for exhibiting desired yet opposite optical responses (i.e., re�ection suppression and

elevation) were demonstrated in chapters 3 and 6. Chapter 3 shows the optimization
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of conicoidal parameters of an ARSS to minimize re�ection loss at telecommunication

wavelengths. Chapter 6 discusses high-contrast polymer photonic crystals constructed

using IP-Dip for boosting the re�ection to a value compatible to a gold reference.

These two optical structures emphasize the range of optical properties achievable by

engineering their sub-wavelength sized unites.

The conformal ARSS coated microlenses, as detailed in chapter 4, demonstrate

for the �rst time a new avenue for the fabrication of micro-optical components with

functional optical coatings in a single fabrication step. This approach completely

avoids any post-processing, compared to other fabrication strategies. The optical

�ber interconnect shown in chapter 5 introduces a novel concept that utilizes two-

photon polymerization technique to achieve a rapid prototyping of optical devices

with critical features from a few hundred nm to several mm. This approach has

substantial practical applications, as it allows the prototyping of opto-mechanical

components and thereby may accelerate the development cycle of opto-mechanical

devices by integrating mechanical and optical functionality.

In addition to all-dielectric metamaterials based on the two-photon polymerization

technique, we propose to integrate other nanofabrication techniques into the research

scope in order to further increase the range of optical responses achieved with these

arti�cial materials. For instance, plasmonic metasurfaces can be practically achieved

by metallizing the polymer structured surfaces fabricated using two-photon poly-

merization. Adding metals not only alters the optical performance of the original

polymer structures signi�cantly, but also causes interesting physical phenomena, e.g.,

plasmon-photon cavities and NIR plasmonic dipoles.


