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1 Introduction

In fundamental physics increased research activity is currently taking place on opto-

mechanical systems in which a light field is coupled via radiation pressure to the dynamics

of a mechanical oscillator [1–6]. The surface of the mechanical device provides the interface

between the light field and the solid state matter. Opto-mechanical coupling is widely

realized by setting up linear Fabry-Perot resonators with the cavity mirrors being the

key object of observation. In particular, cavity mirrors for laser radiation are essential as

heavy test masses of space-time for the new field of gravitational wave astronomy [6, 7],

as mechanical oscillators for targeting the quantum regime of macroscopic mechanical

devices [4, 8–10], and for ultra-high-precision optical clocks designed for researching the

nature of fundamental constants [11–14]. Current limitations in such fields are set by the

general problem of lacking appropriate cavity mirror qualities.

The purpose of cavity mirrors is to repeatedly retro-reflect laser light such that it con-

structively interferes with the stored cavity field, yielding maximum field amplitudes and

providing an output field of highest phase stability. This requires for cavity mirrors with

high reflectivity and a geometrically well defined surface profile. If the mirror surface

shows statistical fluctuations, for example driven by Brownian motion of the mirror’s

molecules, the phase fronts of subsequently reflected waves are slightly different and can-

not perfectly interfere constructively. This results in a reduced cavity buildup and, in the

most severe cases, in changes of the phase of the output laser beam. Any motion of the

mirror surfaces, driven by thermal energy, is known as (Brownian) thermal noise and is

currently a major limiting factor in many research fields targeting fundamental questions

of nature as mentioned above [15–17].

The best starting point for the fabrication of low thermal noise mirrors is to employ materi-

als such as fused silica or silicon with high intrinsic mechanical quality factors (Q-factors),

1



CHAPTER 1. INTRODUCTION 2

low thermal expansion coefficients and low absorption of the laser light at cryogenic tem-

peratures. A useful summary of thermal noise relations can be found in Ref. [18]. In

order to achieve high reflectivities for high-finesse setups, dielectric multilayer coatings

on the substrate’s surface are currently employed and reflectivities up to 99.9998 % have

been demonstrated [19]. Typical coating layer materials are SiO2 and Ta2O5. These two

materials show very low optical absorption at the prominent laser wavelength of 1064 nm

where ultrastable solid state continuous wave laser sources exist [20], and are therefore

frequently used in high-precision experiments. However, recent theoretical and experi-

mental research revealed that these coatings reduce the substrate Q-factors and, most

severely, lead to a strong inhomogeneous dissipation and therefore to a rapidly increasing

Brownian thermal noise level [15,21–24].

Thus, new concepts are required that simultaneously provide high optical quality and low

mechanical loss. One approach being pursued is to design an alternative multilayer sys-

tem deviating from the classical quarter wave design and containing less Ta2O5 [25] which

causes the major loss contribution [26]. Doping of Ta2O5 with TiO2 has also been investi-

gated and a reduction of the mechanical loss by a factor of 1.5 was observed [27]. Besides

optimizing multilayer stacks [25–27] or trading off coherent thermal noise sources [17,28],

coating reduced or possibly coating free (i.e. monolithic) mirror concepts are of enormous

interest. Previous published approaches, such as corner reflectors [29–31] or whispering

gallery mode resonators [32, 33], are based on total internal reflection and significant op-

tical path lengths inside a substrate giving rise to absorption and thermorefractive noise

resulting from a temperature dependent index of refraction.

In this thesis the capability of so called surface relief guided-mode resonant waveguide grat-

ings (RWGs) [34–37] is investigated to provide a solution for the demands mentioned

above. Such gratings represent a completely alternative approach for reaching high re-

flectivity and simultaneously ensure low mechanical loss. The coating thermal noise is

reduced due to the fact that the (high mechanical quality) substrate carries only a thin

single but corrugated high refractive index layer. A coating related reduction of substrate

Q-factors should also be greatly avoided as suggested by first experimental results [24].

The focus of earlier work on waveguide grating structures was centered mainly on narrow-

band filtering and switching applications [35]. However, Bunkowski et al. [38] theoretically



CHAPTER 1. INTRODUCTION 3

investigated such a device, found parameters for a high-reflection waveguide mirror with

broad spectral response, and first proposed to use RWGs instead of conventionally coated

mirrors for applications as mentioned above.

The second chapter of this thesis will introduce in more detail the origin and character-

istics of coating related thermal noise as well as theoretical basics for the treatment of

RWGs in a ray picture and by modal methods, respectively. Based on this, the third

chapter shows the experimental realization of nonmonolithic RWGs for tantala supported

(working at a 1064 nm wavelength) [39] as well as silicon supported (working at a 1550 nm

wavelength) configurations. The latter has been considered because within the past few

years silicon rather than fused silica was found to be a more promising candidate for the

substrate material of choice [40,41] with an absorption of probably less than 10−8 cm−1 at

a 1550 nm wavelength [42] and Q-factors of 109 at cryogenic temperatures [43]. Although

these approaches reduce the thick dielectric multilayer stack of conventional mirrors to a

thin waveguide layer, at least one additional material has to be added still resulting in

an increased mechanical loss. On account of this, chapter four and five theoretically as

well as experimentally demonstrate two purely monolithic configurations of RWGs that

have been first developed within this thesis [44–48]. Besides presenting extensive rigorous

design considerations and a successful grating fabrication, this work also shows the re-

sults of the first realization of high-finesse Fabry-Perot cavities incorporating RWG based

mirrors. Such setups precisely execute the arrangement in the applications envisioned.

These experiments were carried out in close collaboration with the University of Hanover,

Germany, in the framework of the German Sonderforschungsbereich/Transregio 7. Chap-

ter six will summarize the results of this thesis in terms of comparing the potential of the

different RWG configurations and provides an outlook for planned future work.



2 The current state of knowledge

The sensitivity of optical high-precision measurements is limited by several sources of

noise. One of which is related to the dielectric coating of high-reflectivity cavity mirrors.

This chapter will first introduce this variety of noise sources in terms of their individual

origin and impact on the measurement sensitivity. As this work is mainly motivated by

the German Sonderforschungsbereich/Transregio 7 ”Gravitational Wave Astronomy” we

will especially focus on noise aspects in the field of gravitational wave detection [6,7]. As a

result of this, coating related thermal noise will be a major sensitivity limitation for next-

generation gravitational wave antennae especially in the most sensitive mid-frequency

detection band, and will be investigated in the second section of this chapter in more detail.

This will teach us possible approaches for a coating thermal noise reduction including the

replacement of conventional mirrors by resonant grating structures as proposed by this

work. The idea of utilizing such structures and their theoretical treatment is presented in

the last section of this chapter.

2.1 Thermal noise in high-precision metrology

Fabry-Perot cavities are the key components of optical high-precision measurements whose

sensitivity is limited by the geometric definition of the mirror surfaces [15–17]. Any

statistical surface motion results in changes of the phase of the output laser beam and

thus overrides the detection signal. For gravitational wave detection, a surface fluctuation

with a certain frequency mimics the passing of a gravitational wave oscillating with this

particular frequency. Besides this mirror surface noise, the laser light itself causes noise

which is due to its quantum character and known as quantum noise [52]. The several noise

sources known to have a major impact on the sensitivity of gravitational wave detection

4



2.1. Thermal noise in high-precision metrology 5

Fig. 2.1. Design sensitivity curves for the advanced stages of (a) LIGO (USA) [49] and (b)

VIRGO (Italy) [50], and (c) the Japanese gravitational wave antenna LCGT [51].

At low frequencies the sensitivities are limited by seismic noise, at high frequencies

by quantum noise and in the mid-detection band by thermal noise.

can be generally classified as follows:

1. Quantum noise (photon shot noise, radiation pressure noise),

2. Seismic noise (seismic motion, gravity gradients),

3. Thermal noise (suspension thermal noise, mirror thermal noise).

Figure 2.1 shows the design sensitivity curves for the advanced stages of the gravitational

wave observatories LIGO (USA) [49] and VIRGO (Italy) [50] that are currently set up

and the Japanese observatory LCGT [51] that has been recently approved, respectively.

Each of these plots reveals three regions that are dominated by different noise sources.

For low frequencies the sensitivity is mainly limited by seismic noise that arises from
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fluctuations in the earth’s crust as well as in its gravitational field (gravity gradients) [53].

For frequencies above 150 Hz the curves are governed by quantum noise that is due to

the quantum character of the laser light, namely photon shot noise and radiation pressure

noise [16, 52]. In the most sensitive mid-detection band the detectors are mainly limited

by thermal noise that is driven by thermal fluctuations in the mirror suspensions and

mirror test masses [16, 17]. Both plots (a) and (b) already indicate the large impact of

coating related thermal noise as being part of the general test mass thermal noise since

it is considered separately.

Test mass thermal noise sensed by the circulating laser light at the mirror surface essen-

tially splits into substrate thermal noise and coating thermal noise, each of which splits

into Brownian [15,21], thermo-elastic [54] and thermo-refractive noise [55]. Brownian noise

stems from any thermally driven motion of the material’s molecules and scales linearly

with temperature. Any temperature fluctuations in the test mass on the one hand cause

local material expansion and compression due to a nonzero thermal expansion coefficient

(thermo-elastic noise), and on the other hand result in a local change of the optical path of

propagating light due to a temperature dependent index of refraction (thermo-refractive

noise). The latter can be neglected for the end test mass substrate itself since the laser

light does only interact with the reflecting coated surface.

From the plots (a) and (b) in Fig. 2.1, it can be extracted that the currently used noise

models reveal coating noise or rather Brownian coating noise to be the dominant contribu-

tion to thermal noise in gravitational wave detection. This applies to most experiments in

the field of optical high-precision metrology because of their similar experimental setups.

Figure 2.2 exclusively shows the calculated coating thermal noise contribution from an end

test mass for Advanced LIGO using current noise models, and was taken from Ref. [56]. As

being driven by the same temperature fluctuations, thermo-elastic and thermo-refractive

noise can be treated coherently (thermo-optic noise) [56] and are able to compensate to

a certain extent [17,28]. Appearing more critical than that, the dominant source of noise

is Brownian motion of the coating materials. This remarkable large impact was found to

be dedicated to the large intrinsic mechanical loss of the alternately coated amorphous

layers of SiO2 and Ta2O5 due to internal friction which leads to a strong inhomogeneous

energy dissipation [21–24]. This energy dissipation is linked to surface fluctuations via
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Fig. 2.2. Estimated contributions from an Advanced LIGO end test mass (ETM) to the total

coating related thermal noise (taken from Ref. [56]). The coherent treatment of

thermo-elastic and thermo-refractive noise is known as thermo-optic noise.

the fluctuation-dissipation theorem by Callen and Welton [57], see next section for more

detail. In the following a model for the calculation of Brownian noise of a test mass (based

on Refs. [15, 21]) is explained which provides all relevant determining factors and, thus,

potential approaches for a Brownian noise reduction.

2.2 Brownian thermal noise due to dielectric optical

coatings

A common way to predict the thermal noise of a test mass is to apply the fluctuation-

dissipation theorem [57] which states that the thermal noise power spectrum Sx(f) is

proportional to the real part of the mechanical admittance Y (f) of the test mass:

Sx(f) =
kBT

π2f 2
|Re [Y (f)]| , (2.1)

where kB is Boltzman’s constant, Sx is the spectral density of the thermally induced

fluctuations of the test mass surface as read by the laser, T is the temperature of the test

mass and f is the frequency of the fluctuations. Levin first proposed to understand the
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quantity Y (f) as the complex mechanical admittance of the test mass to a generalized

Force F (t) having the same spatial distribution as the intensity profile of the interferometer

beam [15]:

Y (f) ≡ 2πifx(f)/F (f), (2.2)

where x(f) is the amplitude of the steady state displacement response. This com-

plex admittance and thus Sx(f) can be calculated by applying a certain cyclic pres-

sure distribution having the same form as the beam profile. For a cyclic force such as

F (t) = F0× sin(2πft), the real part of the mechanical admittance becomes |Re [Y (f)]| =

2WDiss/F
2
0 and describes the coupling of the test mass dissipation to the observable x(f).

The power WDiss is the power that the oscillatory force feeds into the test mass, and that

is then dissipated by the test mass. Substituting into Eq. (2.1), we get

Sx(f) =
2kBT

π2f 2

WDiss

F 2
0

. (2.3)

In order to compute the test mass thermal noise spectral density one needs to work out

the average dissipated power WDiss (under the action of an oscillatory force F (t)) which

is determined by the mechanical loss angle Φ(f) of the test mass response to this applied

force:

WDiss = 2πfUΦ(f). (2.4)

U is the maximum elastic energy stored in the test mass as a result of the excitation

at frequency f . The loss angle Φ depends on both, the distribution of losses in the

test mass and the deformation of the test mass in response to the applied pressure. If

the distribution of losses in the test mass were homogeneous, the loss angle Φ would be

independent of the deformation of the test mass. In that case we could obtain Φ by

simply measuring the loss angle Φ = 1/Q of a resonant mode of the test mass with Q

the mechanical quality factor of this mode. However, due to a strong localized pressure

virtually applied to the test mass surface and lossy amorphous materials at this surface,
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the distribution of losses is strongly inhomogeneous and the easy approach does not work.

For a more realistic thermal noise prediction, we must therefore assume the test mass

loss angle Φ to be a sum of the homogeneous and isotropic substrate loss angle ΦSub and

the coating loss ΦCoat. For a loss in the coating being homogeneous and isotropic, yet

different from that of the substrate, Φ becomes

Φ(f) = Φ =
1

U
(USubΦSub + UCoatΦCoat), (2.5)

with USub and UCoat the portions of the stored energy U in the substrate and the coating,

respectively. To simplify the calculation of the energies we assume a force distribution

that is constant in time F (t) = F0. This assumption is justified due to the fact that the

frequencies where thermal noise dominates interferometer noise budgets are far below the

first resonances of the test masses. Since we are in the limit where the coating thickness h

is very thin compared to the beam radius and thus the pressure distribution, UCoat ≈ δUh

with δU the energy stored at the test mass surface, integrated over the surface [21]. In

accordance, USub ≈ U which reformulates Eq. (2.5) to

Φ = ΦSub +
δUh

U
ΦCoat. (2.6)

However, in reality the coating loss angle will be anisotropic due to its layered structure.

Thus, the second term in Eq. (2.6) needs to be expanded by considering a loss angle

associated with the energy density in parallel coating strains Φ‖ and a loss angle associated

with the density of energy in perpendicular coating strains Φ⊥. The stored energy in the

coating δU accordingly splits into a portion parallel to the coated surface δU‖ and a

portion perpendicular to the coated surface δU⊥. Taking the anisotropic layer structure

of the coating into account, Eq. (2.6) is replaced by

Φ = ΦSub +
δU‖h

U
Φ‖ +

δU⊥h

U
Φ⊥. (2.7)

In order to obtain an expression for Φ we need to calculate δU‖, δU⊥ and U . For this we

assume a Gaussian beam profile as proposed to be used in the Advanced gravitational

wave detectors:
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f(r) =
2

πr2
0

× exp

(
−2r2

r2
0

)
, (2.8)

with r0 the beam radius where the light intensity is 1/e2 of the maximum. To be a good

approximation this beam radius is small compared to the radius of the test mass (to ensure

low enough clipping losses of typ. < 1 ppm), and we can assume a coated half-infinite

test mass which is subject to this Gaussian pressure distribution. The stored energies can

now be calculated by solving the axially symmetric equations of elasticity which has been

done explicitly by Harry et al. in 2002 [21]. For a thin coating (h� r0) and provided the

Poisson’s ratio of the coating is not very different from that of the substrate (σ ≈ σ′), his

calculations resulted in

U =
F 2

0 (1− σ2)

2
√
πr0E

, (2.9)

δU‖/U =
1√
πr0

E ′(1 + σ)(1− 2σ)2 + Eσ′(1 + σ′)(1− 2σ)

E(1 + σ′)(1− σ′)(1− σ)
, (2.10)

δU⊥/U =
1√
πr0

E(1 + σ′)(1− 2σ′)− E ′σ′(1 + σ)(1− 2σ)

E ′(1− σ′)(1 + σ)(1− σ)
, (2.11)

where E, E ′ and σ, σ′ are the Young’s moduli and Poisson’s ratios of the substrate and the

coating, respectively. At this stage, the parameters E ′ and σ′ of the coating are assumed to

be isotropic and the values for the current coating materials SiO2 and Ta2O5 to be similar.

This means that the alternating coating of thickness h in reality is approximated here by

just one layer of the same thickness. A correct treatment can be found in Ref. [27] by

summing all individual coating values to effective ones. However, our approximation will

also provide all essential physics. Substituting Eqs. (2.9), (2.10) and (2.11) into Eq. (2.7)

and the result of this together with Eq. (2.9) into Eq. (2.4) gives a new expression for the

dissipated power WDiss under the application of a Gaussian pressure distribution. By a

final substitution into the fluctuation-dissipation theorem (Eq. (2.3)) we obtain the power

spectral density of the interferometer test mass displacement Brownian thermal noise:
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Sx(f) =
2kBT

π3/2f

1− σ2

r0E

{
ΦSub +

h√
πr0

1

EE ′(1− σ′2)(1− σ2)
(2.12)

×
[
E ′2(1 + σ)2(1− 2σ)2Φ‖ + EE ′σ′(1 + σ)(1 + σ′)(1− 2σ)(Φ‖ − Φ⊥)

+ E2(1 + σ′)2(1− 2σ′)Φ⊥
]}
.

As a matter of fact, this equation is valid only for a major loss contribution that is due

to internal friction of the coating materials themselves, and not due to interfacial rubbing

between the coating and the substrate, or to rubbing between the coating layers. As

the Poisson’s ratios of the currently used substrate and coating materials are quite small

(σ′ ≤ 0.25), Eq. (2.13) is reasonably approximated by setting σ = σ′ = 0 and becomes:

Sx(f) =
2kBT

π3/2f

1

r0E

{
ΦSub +

h√
πr0

(
E ′

E
Φ‖ +

E

E ′
Φ⊥

)}
. (2.13)

As stated above and displayed in the plots of Fig. 2.1, Brownian thermal noise from the

substrate itself is less serious than that caused by the coating. We skip this term in

Eq. (2.13) and end up with the following expression that can teach us all essential physics

of coating related Brownian thermal noise:

Sx(f)Coat =
2kBTh

π2fr2
0E

(
E ′

E
Φ‖ +

E

E ′
Φ⊥

)
. (2.14)

Equation (2.14) shows that, in order to explicitly estimate the Brownian thermal noise

level of a particular coating, we need to know the material parameters E, E ′, Φ‖ and Φ⊥.

It also states that for Φ‖ ≈ Φ⊥ the minimum thermal noise can be reached if the Young’s

modulus of the coating is matched to that of the substrate. For nonmatched Young’s

moduli, one of the loss contributions Φ‖ or Φ⊥ will be more dominant than the other.

Besides researching coating materials with optimized material parameters and lower me-

chanical loss [26, 27, 58], Eq. (2.14) provides us further fundamental approaches for a

coating thermal noise reduction as Sx(f) also scales with the temperature T , the square

of the beam radius r2
0, and the coating thickness h. The former is planned to be addressed

by operating future detectors at cryogenic temperatures. However, the impact of such an



2.3. Guided-mode resonant waveguide gratings (RWGs) 12

environment on the mechanical loss angle of the coating materials is still under investiga-

tion [26,58]. Previous results unfortunately indicate a mechanical loss increase with lower

temperatures [26]. As larger beam radii suggest lower thermal noise one could simply

propose to use larger Gaussian beams. However, this would simultaneously cause larger

test mass substrates. Essentially maintaining both, the substrate size and the laser light

power, Chelkowski et al. proposed to utilize Laguerre-Gauss modes instead of conven-

tional Gauss beams which more homogeneously distribute the laser light over the mirror

surface [59].

Finally, the coating thickness h is a crucial factor. One approach being pursued for a

coating thickness reduction is to design alternative multilayer systems deviating from

the classical quarter wave design and containing less Ta2O5 [25] which causes the major

loss contribution. However, coating reduced or possibly coating free (i.e. monolithic)

mirror concepts are of enormous interest. Previous published approaches such as corner

reflectors [29–31] or whispering gallery mode resonators [32,33] are based on total internal

reflection and significant optical path lengths inside a substrate giving rise to absorption

and thermorefractive noise resulting from a temperature dependent index of refraction.

The same applies to double or etalon mirrors proposed by Khalili [60]. Within this

work we propose to employ guided-mode resonant waveguide gratings as an alternative to

conventionally coated mirrors (h ≈ 7µm). This suggests a remarkable Brownian thermal

noise reduction since they work only with a thin but corrugated dielectric layer (h ≈ few

hundred nanometers) or even without any dielectric coating (h = 0 nm, see chapter 4) to

reach high reflectivity.

2.3 Guided-mode resonant waveguide gratings (RWGs)

Resonant waveguide grating structures employ resonant light coupling instead of multiple

interference at different layer interfaces to achieve high reflectivity and therefore represent

an alternative mirror concept [34–37]. They comprise a periodically nanostructured high

refractive index layer attached to a low refractive index substrate. The fundamental

principle of waveguide gratings is illustrated in Fig. 2.3(a) and can be understood by a

simple ray picture [36,61]. In the case of normal incidence, the three following parameter
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Fig. 2.3. (a) Fundamental principle of resonant waveguide gratings in a simplified ray picture

which is only valid for a small grating groove depth g. Note that in reality the

light rays do not correlate with the grating grooves such as suggested in (a). (b)

For a groove depth comparable to the waveguide layer thickness s or even vanishing

waveguide layer, the ray picture breaks down, see section 2.3.2.

inequalities (which can be derived from the well known grating equation [62]) have to be

fulfilled to allow for resonant reflection:

d < λ (to permit only zeroth order in air) , (2.15)

λ/nH < d (first orders in high-index layer) , (2.16)

d < λ/nL (only zeroth order in the substrate) , (2.17)

where d is the grating period, λ is the light’s vacuum wavelength and nH and nL are the

higher and lower refractive indices, respectively. In this simplified ray picture, the first

diffraction orders (-1T, +1T) in the high-index layer experience total internal reflection

(at the interface to the low-index substrate) and, thus, excite resonant waveguide modes

propagating along the corrugated high-index layer. A part of the light inside the waveguide

is coupled out via the grating to both, the transmitted and reflected zeroth order (0T,

0R). If the grating period d, the groove depth g, the grating fill factor f (ratio between

ridge width r and grating period d), and the high-index layer thickness s with respect to

the refractive index values of the involved materials are designed properly, all transmitted

light can be prompted to interfere destructively corresponding to a theoretical 100 %

reflectance [36]. A more detailed and quantitative consideration of the phase relations

between the rays involved will be provided in the following section.
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In contrast to multilayer coated mirrors where perfect reflectivity is possible for an infinite

number of dielectric double layers, RWGs can reach reflectivities of exactly 100% if a

certain structure is precisely met. This structure corresponds to the condition of complete

destructive interference. With decreased coupling efficiency to the waveguide modes the

structure behaves more resonant leading to a higher finesse of the single peak reflection

spectrum [36]. That property makes such devices suitable for narrowband filtering [35].

However, for applications as mentioned above, a broadband resonance is desired since

small deviations from the device’s design parameters would dramatically decrease the

normal incidence reflectivity for the central wavelength. Additionally, an electric field

enhancement inside a high-finesse waveguide might be a problem for high-power laser

interferometry due to laser induced damage. The spectral response can be significantly

broadened by increasing the diffraction efficiency to the first orders and thus the coupling

efficiency to the waveguide modes [61]. This can be done by means of particular grating

parameter design and providing a high refractive index contrast between both involved

materials, as will also be evident from the following section.

2.3.1 Description of RWGs in a ray picture

For our analysis we assume a resonant waveguide grating that comprises a nanostructured

high refractive index (nH) layer attached to a low refractive index (nL) substrate. The

device is surrounded by air with n0 = 1. For validity of the following considerations,

the groove depth of our grating g is assumed to be much smaller than the wavelength

λ and the waveguide thickness s: g � λ, s. The geometry and ray propagation in our

basic RWG is illustrated in Fig. 2.4. The incident plane wave with the wave vector k0

impinging under an angle of incidence θ0 6= 0 at point A is partly transmitted (kH,0) with

refraction angle θH,0 and partly diffracted (kH,+1) with diffraction angle θH,1 according to

the grating equation

nH · sinθH,m = n0 · sinθ0 +m · λ
d

(2.18)

with m = 1. As mentioned above the diffracted beam experiences total internal reflection

at point B (if the grating period d fulfills Ineqs. (2.15)-(2.17)) and is sent back to the
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Fig. 2.4. Propagation of light rays in a resonant waveguide grating that is illuminated by a

plane wave under an angle of incidence θ0 6= 0.

grating at point C. This correlates to the excitation of a guided mode. At point C

some of the trapped light is diffracted outward by the grating to both the transmitted

(kH,0) and reflected (k0,0) zeroth order as well as experiences total internal reflection

(not shown for clarity). Since the corrugation of the waveguide layer causes a certain

permanent light dissipation, the guided optical mode needs to be considered as a leaky

mode [63]. At a specific wavelength and angular orientation of the incident beam the

structure resonates; that is, light accumulates in the waveguide and the light diffracted

outward has the intensity and the appropriate phase such that complete interference

occurs with the directly transmitted portion of the incident beam kH,0 and no light is

transmitted through the structure. The key feature is the relative phase shift between

the incident and the diffracted waves which is calculated in the following.

For resonance, we have to satisfy the phase-matching condition for the propagation of a

guided mode with mode number m [64] which is

ΦTE/TM = m · 2π (2.19)

with ΦTE/TM the accumulated phase during one waveguide circulation of either TE- or

TM-polarized light (TE: electric field vector circulating parallel to the grating ridges; TM:

electric field vector circulating perpendicular to the grating ridges). For our RWG the

accumulated phase for TE- and TM-polarized light is the sum of three terms:
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ΦTE = ΦP + ΦHL
TE + ΦH0

TE, (2.20)

ΦTM = ΦP + ΦHL
TM + ΦH0

TM; (2.21)

where ΦP is the simple phase accumulation due to light propagation and Φ
HL/HO
TE/TM are

the polarization dependent phase shifts due to total internal reflection at point B and C

which is known as the Goos-Hänchen shift [65,66]. These phase shifts can be derived from

Fresnel’s equations and are in particular for point B [67]:

ΦHL
TE = −2 · tan−1

(√
sin2θH,1 − (nL/nH)2

cosθH,1

)
, (2.22)

ΦHL
TM = −2 · tan−1

(√
sin2θH,1 − (nL/nH)2

(nL/nH)2 · cosθH,1

)
. (2.23)

The phase accumulation due to light propagation ΦP can be calculated from the optical

path length P inside the waveguide

P = 2s · nH · cosθH,1 (2.24)

with s the waveguide thickness by multiplying the wave vector k0:

ΦP = k0 · P =
4π

λ
· nH · s · cosθH,1 = 2kH,+1 · s · cosθH,1. (2.25)

Using Eqs. (2.22) and (2.23) for point B as well as adapted for point C and Eq. (2.25),

the phase accumulation during one waveguide circulation for TE- or TM-polarized light

becomes:

ΦTE =
4π

λ
· nH · s · cosθH,1 − 2 · tan−1

(√
sin2θH,1 − (nL/nH)2

cosθH,1

)
(2.26)

− 2 · tan−1

(√
sin2θH,1 − (n0/nH)2

cosθH,1

)
,
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ΦTM =
4π

λ
· nH · s · cosθH,1 − 2 · tan−1

(√
sin2θH,1 − (nL/nH)2

(nL/nH)2 · cosθH,1

)
(2.27)

− 2 · tan−1

(√
sin2θH,1 − (n0/nH)2

(n0/nH)2 · cosθH,1

)
.

Due to the double diffraction process at point A and point C each of which is associated

with an additional phase shift of π/2 [68], the relative phase shift between the directly

transmitted wave kH,0 and the re-transmitted doubly diffracted wave kH,0 at resonance is

equal to π which corresponds to a complete destructive interference. Hence, no light is

transmitted to the substrate and the wave kL,0 does not carry any intensity. In contrast,

the reflected waves k0,0 and k0,0 are in phase and constructively interfere due to the phase

shift of π which occurs when the incident wave is directly reflected at point A.

A relatively simple model for analyzing the resonance behavior in RWGs in more detail

is based on a multiple interference model similar to that used for analyzing the multiple

interference in a Fabry-Perot etalon. In this case the output transmitted and reflected

fields are a superposition of all diffracted and outcoupled subwaves. Such a model can

help in elucidating the basic mechanisms of the resonance and allows the calculation

of the spectral bandwidth of the resonance in these structures. Assuming a grating of

infinite size, the transmitted electric field of all interfering subwaves can be written as a

geometric series similar to a Fabry-Perot etalon [36,61]. The ratios of the transmitted ET

and reflected ER to the incident field amplitudes E0 are as follows:

ET
E0

= 1− η · ei∆Φ

1− (1− η) · ei∆Φ
, (2.28)

ER
E0

=
η · ei∆Φ

1− (1− η) · ei∆Φ
. (2.29)

∆Φ is the polarization dependent dephasing from the phase-matching condition (2.19)

introduced by a deviation of the wavelength or the incidence angle from its values at the

resonance condition. The parameter η with
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η ∝ (n2
H − n2

0)2 · g2 (2.30)

is a polarization independent diffraction coefficient which is correlated to the diffraction

efficiency into the first orders exciting the guided mode [36]. The ratio of transmitted to

incident intensity IT/I0 is defined by

IT
I0

=

(
ET
E0

)
·
(
ET
E0

)∗
=

4(1− η) · sin2(∆Φ/2)

η2 + 4(1− η) · sin2(∆Φ/2)
, (2.31)

and gives the correlated relation for the reflected intensity by IR = 1− IT :

IR
I0

=

(
ER
E0

)
·
(
ER
E0

)∗
=

η2

η2 + 4(1− η) · sin2(∆Φ/2)
. (2.32)

For a small dephasing ∆Φ, this conforms to a Lorentzian distribution with ∆Φ being the

dependent variable [69] as illustrated in Fig. 2.5. From Eqs. (2.30) and (2.32) it is evident

that the resonance spectral bandwidth of this Lorentzian profile is directly related to the

diffraction coefficient η in terms of the optical as well as geometrical parameters nH, n0,

and g. Thus, the resonance spectral bandwidth for given incident wavelength λ, grating

period d, and grating fill factor f can be controlled by varying the grating height g and/or

the refractive index contrast ∆n = nH − n0.

Comparing Eqs. (2.31) and (2.32) with the Airy-functions of a Fabry-Perot (FP) resonator

[70], we can find the intensities IT and IR of our RWG to be inverted with regard to the

Fabry-Perot functions:

(
IT
I0

)
RWG

∝
(
IR
I0

)
FP

, (2.33)

(
IR
I0

)
RWG

∝
(
IT
I0

)
FP

. (2.34)

In accordance to a FP resonator we can define a finesse F for a RWG by replacing the

reflectivity of the mirrors R by 1− η:
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Fig. 2.5. Ratio of reflected to incident intensity IR/I0 as a function of the dephasing from the

resonance condition ∆Φ for an RWG described in a ray picture.

FFP =
4R

(1−R)2
⇒ FRWG =

4(1− η)

η2
, (2.35)

which means the smaller the diffraction efficiency into the first diffraction orders (deter-

mined by ∆n and g) the more resonant behaves the RWG leading to a higher finesse F

and thus a narrower spectral bandwidth. With the full width at half maximum (FWHM)

of the spectral response ∆λFWHM, Norton et al. defined a propagation length of the leaky

guided mode at resonance lR which is typically in the µm-range and whose reciprocal

γ = l−1
R is a quantity for the intensity dissipation of the guided mode into the outcoupled

diffracted orders [69]:

lR = γ−1 =
λ · d
π
· 1

∆λFWHM

. (2.36)

Please note that for a larger grating depth g such as in the same range as the waveg-

uide thickness s or even for a vanishing waveguide layer thickness (see Fig. 2.3(b)), the

simplified ray picture breaks down. However, perfect reflectivity is still possible as will

be confirmed by rigorous simulation as well as experimental results in chapter 3. For

a theoretical understanding, the diffraction orders involved in the coupling process and
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described above rather need to be considered as corresponding to discrete grating modes.

These modes are propagating through the binary grating region according to the so-called

modal method [71].

2.3.2 Description of RWGs by the modal method

As outlined in the preceding section, the diffraction problem of RWGs can not be under-

stood by a ray picture once the grating groove depth g reaches dimensions comparable

to those of the period d and/or the wavelength λ. This is due to the fact that for such

gratings as shown in Fig. 2.3(b) no diffraction orders exist with respect to their classical

definition of propagating light rays. However, for a significant coating thickness reduction,

such structures are favorable and will be mainly considered throughout this work. On

account of this, we need to make use of a more general theory of diffraction gratings to

describe the phenomena of perfect reflection of RWGs: the modal method [71–73]. The

basic idea of the modal method is that a plane wave incident upon a deep grating splits

into a discrete set of modes propagating in z-direction through the grating region. This

is similar to the light propagation in a simple slab waveguide.

Such a slab waveguide is also able to guide a discrete set of modes. The propagation

constants of these modes kmz = k0 · nmeff with the vacuum wave number k0 = 2π/λ, or

rather their effective indices nmeff, are characteristics of the waveguide geometry. Modes

with n2
eff > 0 propagate through the waveguide while those with n2

eff < 0 are evanescent.

The more similar the field distributions of the exciting plane wave and the excited mode

are at the matching plane, the higher is the excitation efficiency of these modes by the

incident field. This similarity is expressed by an overlap integral. Furthermore, the

difference of the propagation constant of the incident wave k0,z = k0 · cosθ0 relative to kmz

results in a reflection similar to the Fresnel reflection at the interface of two homogeneous

media. Both effects, the overlap and the matching of effective indices, determine how

much energy of the incident wave is coupled to a specific mode.

As illustrated in Fig. 2.6, a plane wave incident upon a deep lamellar grating, being

nothing else than a periodic waveguide, also excites discrete modes (with x-component

um(x)) comparable to the simple case of a slab waveguide. The efficiency of this excitation,
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Fig. 2.6. Geometry of the diffraction problem of an RWG with zero waveguide layer thickness

(s = 0 nm) and a period d as well as a groove depth g in the range of the wave-

length. According to the modal method, an incident plane wave excites discrete

grating modes with x-component um(x) (schematically illustrated in red) propagat-

ing through the grating region instead of diffraction orders.

the up- and downward propagation of the modes through the grating region, and how

they couple to the zeroth transmitted diffraction order in the substrate kL,0 determine

the optical properties of the grating. The propagation constants or effective indices of

these modes can be derived according to the following procedure (which is based on

Refs. [74, 75]):

Assuming TE-polarized light, the incident plane wave is fully described by an electric field

component parallel to the grating ridges in y-direction

E0,y(x, z) ∝ exp [−ik0(x · sinθ0 + z · cosθ0)] . (2.37)

Because of the geometry of the diffraction problem as displayed in Fig. 2.6, the electric

field inside the grating region does only have a y-component as well that can be separated

into a x-dependent and a z-dependent part:

Egrat
y (x, z) = u(x) · v(x), (2.38)

each of which fulfills the Helmholtz equation for homogeneous media in the grating grooves

as well as in the grating ridges. For the z-part it reads
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(
∂2

∂z2
+ k2

z

)
v(z) = 0 (2.39)

and similar for the x-part

(
∂2

∂x2
+ k2

i,x

)
u(x) = 0, (2.40)

where k2
i,x = k2

i − k2
z (i = r in the ridge, i = w in the groove) with ki = ni · k0, the wave

number in the ridge or the groove, respectively. The propagation constant kz = k0 · neff

is equal in both media. Equations (2.39) and (2.40) can be generally solved in the ridges

or the grooves by

ui(x) = A · cos(ki,xx) +B · sin(ki,xx). (2.41)

Considering the field continuity conditions at the boundaries between the ridges and the

grooves results in a transcendent equation for the propagation constant kz or rather the

effective index neff:

F (n2
eff) = cos(αd), (2.42)

which for TE-polarized light can be written as

FTE(n2
eff) = cosβr · cosγw − β2 + γ2

2βγ
sinβr · sinγw (2.43)

with

α = k0,x = k0 · sinθ0,

β = kr,x = k0

√
n2
r − n2

eff, n2
r = εr(= n2

0),

γ = kw,x = k0

√
n2
w − n2

eff, n2
w = εw(= n2

H).



2.3. Guided-mode resonant waveguide gratings (RWGs) 23

Here, r and w are the ridge width and groove width, respectively, as shown in Fig. 2.6,

εr and εw are their dielectric permittivities. For TM-polarized light, the function F (n2
eff)

can be similarly derived by considering the only component of the magnetic field Hy, and

Eq. (2.43) becomes

FTM(n2
eff) = cosβr · cosγw − ε2

wβ
2 + ε2

rγ
2

2εrεwβγ
sinβr · sinγw. (2.44)

The functions F (n2
eff) as expressed in Eqs. (2.43) and (2.44) represent the geometric param-

eters of the grating region, namely the widths r and w of the grating ridges and grooves

and their refractive indices n0 and nH. In contrast, the right hand term of Eq. (2.42)

contains the incidence conditions, namely the angle of incidence θ0 and the period to

wavelength ratio. The cosine is 1 in the case of normal incidence and will be assumed

as that in the following. The intersections between F (n2
eff) and cos(αd) directly lead to

discrete values of the effective index neff which characterize the discrete grating modes. A

solution of Eq. (2.39) is therefore a field composed of upward and downward propagating

modes whose z-dependent part vm(z) is given by

vm(z) = C · exp(−ik0n
m
effz) +D · exp(ik0n

m
effz). (2.45)

Similar to the characteristics of a simple slab waveguide, all grating modes with n2
eff < 0

are evanescent and those with n2
eff > 0 propagate along the z-direction. The effective index

of an evanescent mode determines how fast its amplitude decreases with increasing groove

depth (z-dependence). In case of a shallow grating, these evanescent modes cannot be

neglected, whereas they will play a minor role for deep grooves. The diffraction properties

of deep gratings are therefore mainly determined by the propagating modes. Only the

intersections between F (n2
eff) and cos(αd) and, thus, the parameters r, w, n0, nH, θ0,

d, λ, and the polarization state determine the amount of propagating modes and their

effective indices. The x-dependent amplitude um(x) of the mth mode can be calculated

by inserting the respective effective index into Eq. (2.41) and matching the amplitude at

the groove-ridge boundaries. According to the Floquet-Bloch theorem every um(x) fulfills

the condition of pseudo-periodicity
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um(x+ d) = um(x)eiαd (2.46)

which repeats itself every grating period d in case of normal incidence (α = 0). The

efficiency of excitation of these modes by the incident wave is, analogous to the waveguide

theory, determined by the overlap integral between the field of the incident wave and mode

m at the air-grating boundary [76]

〈E0,y(x, 0)↔ um(x)〉 =

∣∣∫ E0,y(x, 0) · um(x)dx
∣∣2∫

|E0,y(x, 0)|2 dx ·
∫
|um(x)|2 dx

(2.47)

as well as by their Fresnel-like transmission coefficient at this interface which is determined

by the change of effective indices (impedance matching). After propagation through the

grating region, the modes are partly reflected at the grating-substrate interface and partly

transmitted into the substrate. By doing this, every mode distributes its energy to all

possible diffraction orders specified by the grating equation (2.18). The coupling efficiency

is again defined by the overlap of the fields and the transmission at this interface caused

by the change of propagation constants. The contributions of all grating modes interfere

and determine the intensity of each diffraction order.

For a deeper understanding of RWGs with large groove depth g or even vanishing waveg-

uide layer s, we will now apply the general principles of the modal method to a specific

RWG structure. In particular, we will consider a tantala based structure (n0 = 1, nH =

2.1, nL = 1.45) working at a wavelength of 1064 nm that had been rigorously simulated

and proposed for use in gravitational wave detection [38]. Assuming TM-polarized and

normally incident light, the simulations resulted in a set of optimal grating parameters

(grating period d = 700 nm, fill factor f = 0.5, groove depth g = 390 nm, and zero waveg-

uide layer thickness s = 0 nm) which was the basis of our experimental work presented

in paragraph 3.1. According to Ineqs. (2.15) - (2.17) that are derived from the grating

equation and determine the period limitation of a RWG for given high-index and low-

index material in the ray picture, we have to fulfill 510 nm < d < 730 nm. The lower limit

defines the smallest period supporting the excitation of higher diffraction orders in the

high-index material. For even smaller periods no higher diffraction orders exist.
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Fig. 2.7. (a) FTM(n2
eff) for a tantala based RWG with a fill factor of f = 0.5 for periods

d = 500 nm (blue curve) and d = 700 nm (black curve). The intersections between

FTM(n2
eff) and cos(αd) = 1 (red line, for α = 0) determine the amount of propagating

grating modes and their effective indices. The eigenfunctions u0(x) and u1(x) of both

grating modes propagating in the 700 nm period grating are shown in (b).

In order to transfer this necessary criterion of potential high RWG reflectivity to the

modal method, Fig. 2.7(a) plots the functions FTM(n2
eff) for a grating period d = 500 nm

(blue curve) below the above limitation and a grating period d = 700 nm (black curve) as

found in Ref. [38] and being well within the limitation. The intersections of these functions

with cos(αd) = 1 (red line, for α = 0) reveal that for d = 500 nm only one propagating

mode exists whereas for d = 700 nm there are two intersections with n2
eff > 0. Please

note that this is the case not only for a fill factor of f = 0.5 (not shown in Fig. 2.7(a)).

The x-component of the eigenfunctions of both propagating modes u0(x) and u1(x) of

the 700 nm period tantala grating with effective indices n0
eff = 1.662 and n1

eff = 0.619 are

shown in Fig. 2.7(b). They are both symmetric, yet different in their amplitude in the

grating ridges and grooves, respectively. While the fundamental mode with m = 0 shows

a larger field distribution in the grating ridges compared to the first mode with m = 1, the

first mode does so for the field distribution in the grating grooves. This is evident from

the effective index values of both modes. Grating modes with higher effective indices are

mainly guided by the high-index ridges while modes with lower indices are bound to the

grooves.
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As the electric field distribution of an incident plane wave under normal incidence is also

symmetric, the overlap integrals for both modes will not vanish. This means that, besides

being able to propagate, both modes are indeed excited by the incident wave (overlap inte-

grals were not explicitly calculated). The necessary existence of guided higher diffraction

orders in the ray picture now turns into the necessary excitation and propagation of

at least two discrete modes in the grating region [72,77]. Moreover, the fundamental

grating mode is efficiently coupled to the transmitted zeroth diffraction order because

of well matched effective indices (n0
eff ≈ nL). It is therefore mainly responsible for the

energy transfer through the periodic structure. Quite different is the role of the higher

order symmetric grating mode. At the interfaces, it is mainly coupled to the evanescent

±1st diffraction orders in the outer media and is therefore reflected back to the grating

region. The grating behaves similarly to a Fabry-Perot resonator for this mode. This

means that at resonance condition for a certain groove depth g this mode is resonantly

excited. In this case the groove depth simultaneously provides a one-way travel phase

shift of π between the fundamental and the higher order mode [77] which enables for the

destructive interference of the fundamental mode outcoupled at the grating-substrate in-

terface. The higher order mode accumulates the energy of the incident wave and returns

it to the incidence and transmission media with abrupt amplitude and phase changes

which causes high contrast variations of the reflection and the transmission of the RWG.

In summary, if analyzing deep gratings for which the simplified ray picture breaks down,

essentially the involved diffraction orders need to be replaced by discrete grating modes.

In particular, the zeroth and first diffraction orders correspond to the fundamental and

one higher order grating mode, respectively. Their individual behavior and contributions

to the high reflection phenomena of RWGs is quite similar which permits a general expla-

nation of different kinds of RWGs independent of their particular grating parameters.

2.3.3 Rigorous numerical treatment of RWGs

Even though the theoretical models as presented in the preceding paragraphs provide

substantial insight into the working principle of RWGs, they are, however, hardly capable

of an analytical grating design process. This means that for a given wavelength and ma-
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Fig. 2.8. Example of a grating parameter design by means of rigorous simulation. Calculated

reflectivity of a tantala based RWG (n0 = 1, nH = 2.1, nL = 1.45) at a wavelength

of 1064 nm for a simultaneous variation of the grating fill factor f and the groove

depth g, assuming a grating period of d = 700 nm, a zero waveguide layer thickness

s = 0 nm, and TM-polarized light impinging under normal incidence.

terial choice we cannot easily derive the grating parameters which supply high reflectivity.

Very recently, Karagodsky et al. showed an analytical model based on the modal method

for the description of the very simple configuration of a free-standing high-contrast grat-

ing [77]. Fortunately, in order to find appropriate grating parameters independently of any

specific layout we can utilize rigorous numerical methods that explicitly solve the Maxwell

equations for a particular grating profile, and calculate its reflectivity [78, 79]. However,

this implies only a one-way grating design process; that is, we can deduce the reflectivity

for certain grating parameters such as the grating period d, the fill factor f , or the groove

depth g, vary them, calculate the reflectivity again and so on. After this procedure, the

grating parameters resulting in the highest reflectivity as well as the largest fabrication

tolerances are being identified as the optimum design structure, and are targeted in the

fabrication process. The rigorous methods cannot solve the inverse diffraction problem

which would directly provide appropriate grating parameters for a specific desired optical

function.

Within the past decades, countless different methods have been developed that numeri-

cally solve the Maxwell equations in their time dependent (e.g. Finite Difference Time
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Domain Method FDTD [80]), integral (e.g. the Generalized Source Method GSM [81]), or

differential form (e.g. Fourier Modal Method FMM [78], Rigorous Coupled Wave Analysis

RCWA [79]). The latter has turned out to be most suitable for the demand as mentioned

above, and it has been numerically implemented in commercially available code such as

UNIGIT [82] or GSOLVER [83]. The idea behind the numerical implementation of the

Maxwell equation in the differential form is quite similar to the ideas of the modal method

as the incident plane wave is also split into discrete grating modes with individual effective

indices. The coupling of these modes to the diffraction orders in the outer media deter-

mined by the overlap integrals and the effective index contrasts defines each diffraction

efficiency.

Figure 2.8 illustrates the idea of a grating design process where the reflectivity of a tantala

based RWG (n0 = 1, nH = 2.1, nL = 1.45) at a wavelength of 1064 nm was rigorously

simulated using GSOLVER for a simultaneous variation of the grating fill factor f and the

groove depth g (as sketched at the bottom left hand side). Following the considerations

in the above paragraph, we assumed a grating period of d = 700 nm, a zero waveguide

layer thickness s = 0 nm, and TM-polarized light impinging under normal incidence. The

most beneficial grating design point in that case can be found at f ≈ 0.5 and g ≈ 400 nm,

respectively, in agreement with the results in [38]. All grating design considerations

presented in this work had been performed in the same manner. However, in most cases

the design processes are more complicated due to more than just two degrees of freedom

which requires fundamental theoretical background beforehand.



3 RWGs for mirror applications

As can be found in literature, the phenomenon of guided-mode resonant reflection from a

corrugated waveguide had first been observed in the mid 1980s by Golubenko et al. [34].

The first particular application as narrowband filters was proposed and realized by Mag-

nusson and Wang in 1992 [35]. In the following years various groups in the world adopted

these devices for their optics research and presented theoretical as well as experimen-

tal results covering different grating configurations and material-wavelength combina-

tions [36, 37, 61, 69, 84, 85]. However, due to the complexity of the fabrication process,

most of the work was restricted to theoretical and grating design considerations. In the

case of experimental realization, the results significantly deviated from the simulated data

predicting perfect reflectivity for the resonance wavelength. In light of the rapid progress

in microstructure technology during the recent years driven by the semiconductor indus-

try, Bunkowksi et al. proposed to employ RWGs as a low thermal noise alternative to

conventionally coated cavity mirrors in the field of gravitational wave detection [38]. For

this application, reflectivities of the mirrors close to 100 % are required and thus state-of-

the-art fabrication technologies are necessary. In the first part of this chapter we show the

first experimental realization and characterization of a resonant waveguide grating based

high-reflection cavity mirror which is based on tantala as the high-index material and

1064 nm laser light [39]. Moreover, motivated by current findings in the field of thermal

noise research (see paragraph 3.2 for more detail), we fabricated different RWGs that are

built on silicon and 1550 nm laser light, and achieved high reflectivities in a broad spectral

range.

29
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3.1 Tantala based RWGs for 1064 nm laser light

Today’s and next generation gravitational wave detectors use fused silica as the test mass

material (nL ≈ 1.5) [6] and Nd:YAG lasers as ultrastable light sources [20] with a central

wavelength of λ = 1064 nm. The most common high-index material for this wavelength

region is Ta2O5 (Tantala) with a refractive index of nH ≈ 2.1 [21]. In the following we

will restrict ourselves to this material combination for the realization of a high-reflectivity

RWG working at 1064 nm laser light. The mirror substrate in our case was soda lime

glass and carried a single layer grating of tantala with a thickness of 400 nm, and was

used as a cavity coupler of a high-finesse standing wave cavity. From the cavity finesse we

were able to deduce a reflectivity of (99.08 ± 0.05) % at the laser wavelength of 1064 nm.

This is, to the best of our knowledge, the highest value of resonant reflection that has

ever been reported at this wavelength. Moreover, a standing-wave cavity setup has never

been utilized to accurately determine a grating based resonant reflectivity before [39].

3.1.1 Grating design considerations

According to Ineqs. (2.15) - (2.17) and assuming the above mentioned refractive indices of

silica and tantala, the grating period is restricted by 512 nm < d < 710 nm. For system-

atic design considerations in terms of broad resonance behavior, we refer to the work of

Bunkowski et al. [38] wherein a Rigorous-Coupled-Wave Analysis (RCWA) [79] was used

to find appropriate grating parameters with high reflectivity as well as convenient fabri-

cation tolerances. These simulations included three free parameters besides the grating

period d, namely the groove depth g, the waveguide thickness s and the grating fill factor

f . As a result, assuming TM-polarized light (electric field oscillating perpendicular to the

grating ridges) and a rectangular grating profile, for the purpose of a broadband reflection

peak, large values for the grating period close to 700 nm are favorable. In this case, the

diffraction coefficient η, as introduced in paragraph 2.3.1 and determining the diffraction

efficiency into the first orders, shows its maximum which broadens the resonance peak.

Moreover, the simulations showed that high TM-reflectivity can even be found for zero

waveguide layer thickness (s = 0 nm), if the groove depth and the grating fill factor are

about g ≈ 400 nm and f ≈ 0.5, respectively. As the overall thickness of the high-index
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coating material is the crucial factor for coating thermal noise, see chapter 2.2, the re-

duction of the residual waveguide layer down to zero would be highly beneficial [24]. The

effective tantala layer thickness in this case (g = 400 nm, f = 0.5) is only about 0.2µm.

In contrast a conventional mirror typically comprises an 18 double-layer dielectric stack

with an overall tantala thickness of about 3µm. This suggests a significant thermal noise

reduction.

Please note that, as described in section 2.3, for a grating with vanishing waveguide layer

thickness (see Fig. 2.3(b)), the simplified ray picture breaks down. The diffraction orders

that are involved in the coupling process rather need to be considered as corresponding

to discrete grating modes propagating through the binary grating region according to the

modal method [71]. However, the simulations are based on a RCWA which is still valid

for s = 0 nm.

3.1.2 Fabrication process

For the fabrication of the desired waveguide grating, a soda lime glass substrate with an

index of refraction of nL = 1.515 was first coated with a 400 nm tantala layer with an

index of refraction of nH = 2.105 by means of Plasma-Ion-Assisted Deposition (PIAD).

With regard to the desired groove depth, soda lime glass was chosen as the substrate

material instead of fused silica since it remains nearly unaffected while the tantala etching

process. The grating with a period of d = 690 nm was defined by the use of electron beam

lithography for an area of (75 mm)2, aiming at a grating fill factor of f = 0.515. The final

Inductively-Coupled-Plasma (ICP) etching step was adjusted to match the desired grating

groove depth of g = 400 nm which corresponds to a zero waveguide layer thickness (s =

0 nm). Figure 3.1 depicts a top view scanning electron microscope (SEM) image of the

grating used in the experiment (left hand side) and a cross-sectional view of the resulting

grating profile of a grating from the same fabrication process but different fill factor (right

hand side), revealing that the actual groove depth was just slightly deviating from the

target value.

However, the tantala grating ridges were found to exhibit a trapezoidal shape instead of a

rectangular one which had been assumed for the design considerations in Ref. [38]. Most
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d = 690 nm

fbottom = 0.730

ftop = 0.308 200 nm

g = 400 nm

400 nm

α = 70°
Ta2O5

SiO2

Fig. 3.1. Left hand side: Top view of the fabricated resonant waveguide grating with trape-

zoidal grating profile. The accurate values for the fill factors arose from the spectral

fit in Fig. 3.2. Right hand side: Cross-sectional view of a related grating with the

same groove depth but different fill factor.

likely the ICP etching process was affected by a crystal formation within the tantala layer

during its deposition. Subsequent rigorous simulation using a staircase approximation

[86] showed that such a trapezoidal profile is still capable of high reflectivity while the

bandwidth remains substantially uneffected.

From the left hand side of Fig. 3.1, we realized an effective fill factor of 0.52 instead of

0.515 which would give a maximum in reflectivity. This leads to a stronger dependence

of the reflectivity to variations of the grating parameters over the grating area that occur

in the fabrication process.

3.1.3 Experimental characterization

The spectral transmittance under near normal incidence (0 ± 1)◦ was measured using a

fiber based white-light source and a spectrum analyzer with a resolution of 50 pm. The

measured data is shown in Fig. 3.2 (black curve) and reveals a minimum transmittance

of 0.19 % at a wavelength of λ = 1065.6 nm and a transmittance of 0.8 % at the central

wavelength λ = 1064 nm. The kink near λ = 1045 nm is related to the incipient trans-

mission of the first diffracted orders into the substrate material since the condition for

total internal reflection is no longer fulfilled at this wavelength, see Ineq. (2.17). The

spectral bandwidth of the resonant device shows a rather broad transmission of ≤ 10 %



3.1. Tantala based RWGs for 1064 nm laser light 33

Fig. 3.2. Spectral zeroth order transmittance of the resonant grating based cavity coupler

under normal incidence and for TM-polarization.

over a wavelength range of 12 nm. Assuming a grating period of d = 690 nm, a groove

depth of g = 400 nm (s = 0 nm) and a side wall angle of α = 70◦ which can be estimated

with the cross-sectional SEM image on the right hand side of Fig. 3.1, the best fitted

spectral response was achieved with a top grating fill factor of ftop = 0.308, see red curve

in Fig. 3.2.

Setting up a linear Fabry-Perot resonator with the waveguide grating as a coupling mirror

enabled us to exactly adjust the angle of incidence to be zero degree and was used to

determine the reflectivity at a wavelength of 1064 nm. The measurement was carried

out at the Institute of Gravitational Physics, University of Hanover, Germany, in close

collaboration, and in the following its methods and results are only briefly presented. A

simplified sketch of the experimental setup is depicted in Fig. 3.3. The light source was

a Nd:YAG laser with a wavelength of 1064 nm. The light was spatially filtered by a ring

modecleaner (MC) which was stabilized via the Pound-Drever-Hall (PDH) control scheme

[87]. Therefore, a phase modulation was used that was imprinted on the light by means

of an electro-optical modulator (EOM). The linear Fabry-Perot resonator was set up with

the waveguide grating and a superpolished, high reflectivity end mirror. The length of

the cavity L defines its free-spectral range FSR = c/2L. The cavity linewidth (full width

at half maximum) ∆ν was measured in order to determine the finesse F = FSR/∆ν and

subsequently the reflectivity of the grating device.



3.1. Tantala based RWGs for 1064 nm laser light 34

Fig. 3.3. Simplified sketch of the experimental setup for the characterization of the tantala

based resonant waveguide grating (RWG) as a cavity coupling mirror. Electro-optical

modulator (EOM), modecleaner (MC). For more details see [39].

In order to explicitly obtain the cavity linewidth from the signal detected in transmis-

sion of the cavity, its detuning around an airy peak was calibrated by using the PDH

phase modulation signals as frequency markers. For more details concerning the cavity

measurement and the measured data, the reader is referred to [39]. The linewidth was

averaged over twenty measurements which resulted in ∆ν = (461 ± 19) kHz. Hence, the

finesse was F = 657 ± 27. Since the product of the amplitude reflectivities ρ1 and ρ2 of

the end mirror and waveguide grating, respectively, is connected to the finesse by

ρ1ρ2 = 2− cos
( π
F

)
−
√(

cos
( π
F

)
− 2
)2

− 1, (3.1)

the waveguide grating power reflectivity was found to be ρ2
2 = (99.08 ± 0.05) %. Here,

any resonant reflection phase shift [88] can be neglected since the light source is a single

frequency laser. Though the achieved value was a record for measured resonant reflection

of 1064 nm laser light at this time, it still does not compete with conventional multilayer

mirrors when only regarding optical loss [19]. Please note that the spectral measurement

as well as the cavity setup were optimized to lowest transmission by adjusting the beam

position on the grating. The reflectivity over the entire grating area was found to be

higher than 96 % with a spatial resolution given by the beam radius of ≈ 130µm. These

variations can be explained by a deviation of the effective fill factor in the range between

0.52 and 0.525. Assuming a fill factor of 0.515, the same deviation would lead to a

reflectivity higher than 99.6 % over the whole area.
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3.1.4 Summary and discussion

For the purpose of pushing highly reflective optical components towards a low thermal

noise regime, we demonstrated a coupler for a standing-wave cavity based on a guided-

mode resonant grating device for the first time. By periodically structuring a 400 nm

tantala layer on top of a soda lime glass substrate we achieved a record reflectivity of

99.08 % for a wavelength of 1064 nm and TM-polarized light. By utilizing strong resonant

light coupling a broad spectral bandwidth with a transmission of ≤ 10 % over a wavelength

range of 12 nm could be obtained. Simultaneously, low coating thermal noise can be

expected due to a vastly decreased effective tantala layer of only about 0.2µm compared to

conventional mirrors with an overall tantala thickness of about 3µm. A further reflectivity

increase towards the theoretical limit of 100 % is possible by means of more tolerant grating

parameter design and detailed technology evaluation for a better design-experiment match

of the fill factor.

3.2 Silicon based RWGs for 1550 nm laser light

In spite of the well established substrate-wavelength combination of fused silica and

1064 nm laser light for high-precision measurements, within the past few years silicon

rather than fused silica was found to be a more promising candidate for the future sub-

strate material of choice [40,41]. This is due to its lower absorption of probably less than

10−8 cm−1 at a 1550 nm wavelength [42] and much higher Q-factors of 109 at cryogenic

temperatures [43]. Such material parameters are connected to a remarkably reduced sub-

strate thermal noise level [18], and even increase the relative impact of the coating to the

total thermal noise budget and, thus, the need for a significant coating thickness reduc-

tion. For this reason, the second part of this chapter presents the rigorous modeling and

the experimental realization of highly reflective silicon based grating reflectors working

at the telecommunication wavelength of 1550 nm. The mirror substrates were standard

silicon wafers that carried a (low refractive index) silica layer and a (high refractive index)

silicon layer on top which have been periodically structured. For a first sample, the peak

reflectivity was located closely to the wavelength of 1.55µm with a value of about 98.9 %,
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Fig. 3.4. Evolution of guided-mode resonant structures. (a) Initial RWG configuration with a

high-index layer corrugated at its surface on top of a low-index substrate described

in a ray picture (see paragraph 2.3). (b) Stand-alone high-index grating ridges

corresponding to a zero waveguide layer thickness (s = 0 nm) as assumed for tantala

based RWGs (see paragraph 3.1). (c) Reduction of the low-index substrate to a thin

layer necessary for silicon based RWGs. (d) Even reduced total effective coating

thickness via structuring of the low-index layer down to the substrate.

while for a second one we achieved a value of higher than 96 % for a broad spectral range

of at least 110 nm.

3.2.1 Grating design considerations

When using silicon (n = 3.48) as the substrate material, one cannot find a dielectric

material with a higher refractive index serving as the waveguide layer for resonant grating

structures as shown in Figs. 3.4(a) and (b). Thus, silicon is also supposed to act as the

waveguide material (nH = 3.48), making the introduction of a low refractive index layer
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Fig. 3.5. Simulated reflectivity for normal incidence over grating fill factor f and silicon grat-

ing groove depth g for (a) the Si-RWG 1 shown in element (c) of Fig. 3.4 with a

period of d = 950 nm and (b) the Si-RWG 2 shown in element (d) of Fig. 3.4 with

a period of d = 653 nm. For (a) TE-polarized and for (b) TM-polarized light was

assumed. In (b) the fill factor f applies to both, the top silicon as well as the silica

grating beneath. The wavelength is λ = 1.55µm.

beneath the waveguide grating indispensable, see Fig. 3.4(c). This cladding layer must

prevent evanescent transmission of higher diffraction orders or rather higher order grating

modes to the substrate by exceeding a certain minimum thickness. Here, we chose SiO2

(nL = 1.444) since it is the most frequently used dielectric optical material. In terms

of minimizing the necessary total effective coating thickness, we again assumed a zero

waveguide layer thickness (s = 0 nm) as shown in Fig. 3.4(c). In Refs. [37] and [84] it

was theoretically as well as experimentally demonstrated that this grating configuration

is still capable of efficient resonant reflection.

For an even reduced total effective coating thickness, we propose to also structure the silica

layer down to the substrate, see Fig. 3.4(d). Moreover, this suggests an increased refractive

index contrast between low-index layer and high-index grating since the structured silica

layer will lead to an effective refractive index being smaller than that for a homogeneous

layer [89]. This promises a broader spectral performance as determined by Eqs. (2.30) and

(2.32). The stepwise transition from the initial waveguide grating layout in Fig. 3.4(a) to

the ones assumed for our design considerations ((c) and (d)) is depicted in Fig. 3.4.
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Fig. 3.6. Simulated reflectivity for the found design point of Si-RWG 1 over (a) low-index

SiO2 layer thickness for λ = 1.55µm and normal incidence and over (b) wavelength

for normal incidence.

For systematic design considerations in terms of broad resonance behavior, we used a

Rigorous-Coupled-Wave Analysis (RCWA) [79] to find appropriate grating parameters

with high reflectivity as well as convenient fabrication tolerances. According to In-

eqs. (2.16) and (2.17), we find 445 nm < d < 1070 nm for a wavelength of λ = 1550 nm

normally incident onto the grating device.

For the RWG layout in Fig. 3.4(c) (called Si-RWG 1 in the following), we chose a grat-

ing period of d = 950 nm. Assuming TE-polarized light (electric field oscillating parallel

to the grating ridges), Fig. 3.5(a) shows the reflectivity for a simultaneous variation of

both, the grating groove depth g and the grating fill factor f ranging from 0.1µm < g <

0.3µm and 0.1 < f < 0.6, respectively. The silica layer had a start thickness of 2µm.

The plotted reflectivity reveals a wide range of high reflectivity including regions with a

nearly perfect value (99.99 % up to 100 %) indicated by the solid line. A highly beneficial

design point is (g, f) = (168 nm, 0.4) where high reflectivity as well as convenient fab-

rication tolerances are found. To examine the necessary minimum thickness of the SiO2

layer beneath the grating, it was varied in the range from 0.5µm to 1.5µm. Figure 3.6(a)

shows the reflectivity for this variation where a SiO2 layer thickness of 1µm ensures a

reflectivity of higher than 99.96 %. The spectral response of the found design point is

illustrated in Fig. 3.6(b), displaying a 95 % reflectivity for a broad wavelength range from

1.47µm < λ < 1.66µm.
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Fig. 3.7. Simulated reflectivity for the found design point of Si-RWG 2 over (a) the low-index

SiO2 grating layer thickness for λ = 1.55µm and normal incidence, over (b) the

wavelength for normal incidence, and over (c) the etching depth into the 550 nm

thick SiO2 layer for λ = 1.55µm and normal incidence.

For the advanced RWG layout in Fig. 3.4(d) (called Si-RWG 2 in the following), we chose

a grating period of d = 653 nm and TM-polarized light. Similar to the procedure for the

Si-RWG 1, we first calculated the reflectivity for a simultaneous variation of the grating

fill factor f from 0.35 to 0.85 and the groove depth of the top silicon grating g from 0.3

to 0.5µm. In that case, the same fill factor f applies to both, the top silicon as well as

the silica grating beneath. Again, the silica grating layer had a start thickness of 2µm.

The results are plotted in Fig. 3.5(b) and reveal a highly beneficial design point at (g,

f) = (390 nm, 0.59) with a perfect reflection value (99.99 % up to 100 %) as well as large

fabrication tolerances quite similar to those for the Si-RWG 1 in Fig. 3.5(a). In order

to identify the minimum silica grating layer thickness providing a certain desired high
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reflectivity, Fig. 3.7(a) plots the reflectivity of the found design point over a variation

of this thickness from 0.5 to 1.5µm. Here, a thickness of only 550 nm permits values

greater than 99.98 % whereas for the TE-case a thickness of at least 1µm is required, see

Fig. 3.6(a). This is due to a faster evanescent decay of TM grating modes compared to

TE modes as described in literature [71, 73]. The spectral behavior shown in Fig. 3.7(b)

is even superior to that of the Si-RWG 1 with reflectivities exceeding 96 % for a rather

broad wavelength range from 1.4µm < λ < 1.7µm.

With regard to the fabrication process of the Si-RWG 2, Fig. 3.7(c) displays the reflectivity

for an ongoing etch into the silica layer from zero to 550 nm. It turns out that an etching

depth of a few tens of nanometers below the target value is not critical which should be

feasible with state-of-the-art etching technologies.

As the overall thickness of the coated layers is the crucial factor for coating thermal

noise, our grating devices with effective thicknesses of about 1.1µm for the Si-RWG

1 ([f × Si grating depth g] + SiO2 layer) and of only 0.55µm for the Si-RWG 2 (f ×

[Si grating g + SiO2 grating]) are expected to significantly reduce the thermal noise level

compared to conventional mirrors. The latter typically comprise an 18 double-layer stack

with an overall thickness of about 7µm [24].

3.2.2 Fabrication process

For the fabrication of both silicon RWG layouts, standard silicon wafers with 100 mm

in diameter were first coated with a 1µm and a 0.55µm silica layer, respectively, and

subsequently with a 168 nm and a 390 nm silicon layer, respectively, by means of Plasma-

Ion-Assisted Deposition (PIAD). The wafer intended to carry the Si-RWG 2 was addi-

tionally coated with a 60 nm chromium layer serving as the mask during the silicon and

the silica etching processes. Please note that for a total etching depth of only 170 nm for

the Si-RWG 1 we can use the resist etching mask, making the involvement of chromium

processing for this sample unnecessary. After spin-coating an electron beam sensitive

(chemically amplified) resist on top, the gratings with the periods of d = 950 nm and d =

653 nm were defined by the use of electron beam lithography for the same areas of (7.5 x

12) mm2 aiming at a grating fill factor of f = 0.4 for the Si-RWG 1 and of f = 0.59 for the
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Fig. 3.8. Cross-sectional view SEM images of the fabricated grating profiles with (a) d =

950 nm, g = 170 nm, f = 0.4, and SiO2 layer thickness of 1µm and (b) d = 653 nm,

g = 390 nm, f = 0.6, and SiO2 grating layer thickness of 0.55µm. The resist mask

in (a) and chromium mask in (b) were removed prior to characterization.

Si-RWG 2. An Inductively-Coupled-Plasma (ICP) silicon etching process was adjusted

to match the desired grating groove depths of g = 168 nm and g = 390 nm, respectively,

which correspond to a zero waveguide layer thickness (s = 0 nm). While being finished

with the fabrication of the Si-RWG 1, for the realization of the Si-RWG 2, a final silica

etching process was conducted to completely structure the coated double layer down to

the substrate. For this purpose, a Reactive Ion Beam Etching (RIBE) process was utilized

which allows to meet the desired grating profile because of a very high selectivity between

silica and silicon etch.

Figure 3.8 depicts cross-sectional view scanning electron microscope (SEM) images of

both fabricated and characterized grating profiles. Even though slight deviations can be

obtained from the images, all grating parameters for the Si-RWG 1 and 2 (d, g, f , and

SiO2 layer thickness) are in good agreement with the design values from the preceding

paragraph. In particular, the etching processes could be successfully stopped at the layer

interfaces. The parameter deviations will be taken into account in more detail within the

following experimental section in order to judge the measurement results. The residual

resist etching mask in (a) and chromium etching mask in (b) on top of the silicon grating

ridges were removed prior to characterization.
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Fig. 3.9. Experimental setup for the measurement of the spectral reflectivity of RWGs under

normal incidence (0± 1)◦ with an error of ± 0.5 %. As a reference for the measured

intensity a multilayer dielectric mirror rated at R = 1 for the available spectral range

was used.

3.2.3 Experimental characterization

For both samples the spectral reflectivity under normal incidence (0± 1)◦ was measured

using a fiber coupled tunable diode laser. The available spectral range was 1.518µm

< λ < 1.59µm for the Si-RWG 1 whereas it was 1.52µm < λ < 1.63µm for the Si-RWG

2. After the polarized and collimated beam was reflected by the grating, it was deflected

onto a photo detector by a beam splitter. As a reference for the measured intensity we

used a multilayer dielectric mirror rated at R = 1 for the available spectral ranges. The

experimental setup is sketched in Fig. 3.9.

The measured data for the Si-RWG 1 is shown in Fig. 3.10(a) and reveals a broadband

high reflectivity of greater than 98 % for the entire available spectral range from 1.52µm

to 1.59µm. The peak reflectance is located closely to the wavelength of 1.55µm with a

value of about 98.9 % where an error of ± 0.5 % needs to be taken into account due to the

measurement setup. The measured angular reflectivity is plotted in Fig. 3.10(b) together

with a rigorously simulated curve in red which was obtained by iteratively approximating

the real grating profile from Fig. 3.8(a) by a rectangular fragmentation. The parameters

finally resulting in the red curve and best fitting the measured data were g = 151 nm,

f = 0.43, and a silica layer thickness of 1.187µm which are in very good agreement

with the deviations obtained from the SEM image. The spectral reflectivity for the same

parameters is also included as the red curve in the plot of Fig. 3.10(a). Even though

the run of the measured data and simulated curve are similar, a discrepancy of about
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Fig. 3.10. Measured (a) spectral reflectivity for normal incidence (0 ± 1)◦ and (b) angular

reflectivity for a wavelength of 1.55µm of the grating in Fig. 3.8(a). The red curves

represent rigorously simulated data for grating parameters approximating the real

shape.

1 % between them can be found for the entire spectral range. This discrepancy is, most

likely, mainly attributed to scattering or absorption losses from any leftovers from the

fabrication process. This could, however, not be verified since the rear side of the wafer

was unpolished.

Figure 3.11 displays the measured spectral reflectivity and transmittivity for the Si-RWG

2 whose fabricated grating profile is shown in Fig. 3.8(b). The data reveal a nearly

constant plateau of high reflectivity around 96 % for a broad spectral range of at least

110 nm. This range is expected to be even broader when extrapolating the run of a virtual

curve fitting the experimental data to larger wavelengths. However, in comparison to the

Si-RWG 1, the discrepancy between measured and simulated reflectivity (see Fig. 3.7(b))

is increased to a value of about 4 %. Unfortunately, the measured transmittivity of the

grating does not provide any helpful information about the missing laser light intensity.

Quite the contrary: the data is far below the expected transmission level of about 4 % and,

moreover, does not correlate with the reflectivity curve. This indicates again absorption

losses since during the measurements scattered light strong enough to account for the

missing light was not observed. Such high absorption losses are most likely due to residue

of the chromium etching mask whose removal (done by a Reactive-Ion etching process)

was either incomplete or caused any re-deposition of chromium. Within the time frame
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Fig. 3.11. Measured spectral reflectivity and transmittivity for normal incidence (0 ± 1)◦ of

the grating in Fig. 3.8(b).

of this work, an exact explanation could unfortunately not be found.

3.2.4 Summary and discussion

Current findings in the field of thermal noise research suggest to employ silicon and

1550 nm laser light as the material-wavelength combination for future high-precision mea-

surements instead of fused silica and a wavelength of 1064 nm. Against this background,

silicon supported RWG layouts are required to further reduce thermal noise issues. The

rigorous modeling presented in this paragraph showed that if using only a thin corrugated

double layer of silica and silicon on top of a silicon substrate, broadband perfect reflection

can be achieved with large grating parameter tolerances. To the best of our knowledge,

complete structuring of the low-index silica layer down to the substrate of an RWG was

first proposed by this work. This approach provides a minimum effective coating thickness

which has a value of only 550 nm for a found design structure compared to a conventional

mirror with a typical coating thickness of about 7µm. Two demonstrators have been

successfully manufactured with a nearly perfect match of designed and fabricated grating

profile. In good agreement with the simulated data from a grating approximating the real

shape, a maximum reflectivity of 98.9 % for the design wavelength was obtained together

with a broadband spectral behavior. However, the discrepancy between the measured
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values and unity is not negligible and is most likely attributed to absorption losses as

indicated by transmission measurements. For a better understanding, a deeper inves-

tigation is necessary and should involve further characterization instruments supplying

information about the grating surface chemistry.



4 New approach for monolithic RWGs I

- T-shaped grating

Although the approaches as presented in the preceding chapter reduce the thick dielectric

multilayer stack of conventional mirrors to a thin waveguide layer, at least one additional

material has to be added still resulting in an increased mechanical loss. They cannot pro-

vide a complete Brownian coating thermal noise suppression as desired by the community

of high-precision metrology. For this purpose, a purely monolithic RWG layout would be

of enormous interest. A very intuitive but not practical monolithic implementation of the

RWG shown in Fig. 3.4(c) can be obtained by replacing the low-index layer with air (nL

= 1) resulting in grating ridges levitated above the substrate [90–92]. However, this ap-

proach appears hardly capable for applications in the field of high-precision measurements

due to its fragility and stringent production requirements. Most severely, it is limited to

very small grating areas with dimensions in the range of a few hundred microns. In this

chapter we propose and realize a highly reflective monolithic dielectric surface mirror

which overcomes these limitations. By etching T-shaped grating ridges into the surface of

a crystalline material, perfect reflectivity of the surface can be achieved without adding

any other material [44, 45]. The first paragraph of this chapter presents the basic idea

of this new approach based on the considerations in section 2.3.2 according to the modal

method. The second paragraph will report on the first experimental realization of a high-

reflectivity cavity mirror that solely consists of a single silicon crystal. In full agreement

with rigorous modeling we realized a record reflectivity of (99.79±0.01) % at a wavelength

of 1.55µm, and achieved a cavity finesse of 2784 [46]. Finally, design considerations for

such structures in lithium niobate are presented that might offer an efficient combination

of resonant light excitation and nonlinear optical effects.

46
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4.1 Basic idea

In order to enable the reader to follow our new approach of a purely monolithic RWG

configuration, Fig. 4.1 illustrates the stepwise evolution from previous layouts such as the

initial one in Fig. 4.1(a) investigated by Golubenko et al. in the mid 1980s to finally the

new T-shaped structure in Fig. 4.1(d) being the main subject of this work. This evolution

does not reflect any chronological order, but rather it provides stepwise modifications

that help to understand the basic analogy of different RWG layouts. The initial mirror

architecture in Fig. 4.1(a) uses a homogeneous high-index layer corrugated at its surface

on top of a low-index substrate and can be easily understood by the ray picture, see

paragraph 2.3.1. Aiming at a minimum effective coating thickness, perfect reflectivity

can also be achieved without the homogeneous part of the waveguide layer as proposed

and realized in paragraph 3.1, see Fig. 4.1(b). In the case of using silicon as the substrate

material, the low-index substrate which is necessary for total internal reflection must be

reduced to a layer as presented in paragraph 3.2, see Fig. 4.1(c). This layer has to have a

certain minimum thickness, for which evanescent transmission of the higher orders is still

low. For the elements in Figs. 4.1(b) and (c), the ray picture breaks down, but they can

be understood by the modal method as described in paragraph 2.3.2.

Eventually, as shown in Fig. 4.1(d), we propose to replace the remaining homogeneous

low-index layer by an effective low-index layer to supply a monolithic configuration. This

grating layer exhibits the same period but has a lower fill factor (LFF) than the structure

on top, and has an effective index neff < nH. Since the high fill factor (HFF) grating on top

does generate higher diffraction orders, referring to Ineq. (2.16), the realization of the LFF

grating as an effective medium without higher diffraction orders is not obvious [89]. Only

if the fill factor is sufficiently low, no higher diffraction orders are allowed to propagate

as required, according to Ineq. (2.17). This criterion can be understood by applying

the modal method as introduced in paragraph 2.3.2, which allows to express the electric

field inside this T-shaped structure by discrete grating modes. Depending on both, the

incidence conditions and the geometry of the grating, an incident plane wave splits into

a finite number of these grating modes propagating up- and downward in the grating

regions as well as coupling back to the diffraction orders in the outer media.
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Fig. 4.1. Evolution of guided-mode resonant structures. (a) Conventional resonant waveguide

grating with a high-index layer corrugated at its surface on top of a low-index sub-

strate. (b) Stand-alone high-index grating ridges corresponding to a zero waveguide

layer thickness (s = 0 nm). (c) Reduction of the low-index substrate to a thin layer.

(d) For the monolithic implementation of the element in (c), the homogeneous low-

index layer is replaced by an effective media low-index layer to advance the device

to a monolithic reflector.

For grating periods d that fulfill Ineqs. (2.15)-(2.17), we are in a subwavelength regime

where only a few discrete grating modes are allowed to propagate as determined by the

transcendent Eqs. (2.43) for TE-polarized and (2.44) for TM-polarized light, respectively.

Besides the period, these equations also include the widths r and w of both, the grating

ridges and grooves, respectively, that can also be expressed by the fill factor f = r/d.

The larger the ridge width r or rather the fill factor f in Eqs. (2.43) and (2.44) the larger

the amount of propagating discrete grating modes. Figure 4.2 illustrates a grating mode

formation when a plane wave is incident upon a T-shaped grating with a period in the

abovementioned regime. For such a period, it is possible to find a sufficiently low fill
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Fig. 4.2. Discrete grating modes in a T-shaped subwavelength grating. For resonant reflection,

the fill factors of both gratings must be chosen such that the lower grating only

supports the fundamental grating mode u0(x) whereas the upper grating allows for

at least one higher order mode u1(x) to propagate.

factor of the LFF grating so that it only supports the fundamental grating mode u0(x)

(which is related to the zeroth diffraction order in case of a homogeneous layer) whereas

for the HFF grating a sufficiently large fill factor indeed allows for one higher order mode

u1(x) to propagate. Due to the change of the modes’ effective indices the coupling of

this higher order mode to the fundamental mode in the LFF grating will be much weaker

than the coupling between both fundamental modes indicated by the arrows. Therefore,

the higher order grating mode is mainly reflected back at the interface between both

grating regions. It will be resonantly excited which conforms to the necessary conditions

of resonant reflection from section 2.3.2. Similar to a conventional homogeneous layer,

the remaining fundamental mode can show complete destructive interference for all light

transmitted to the LFF grating. For this, the depth of the HFF grating must provide a

one-way travel phase shift of π between the fundamental and the higher order mode. Thus,

the monolithic T-shaped grating, as depicted in Fig. 4.1(d), can reach 100 % reflectivity

for some wavelength if the fill factors and the groove depths of both gratings involved

meet certain values. As a matter of course, our approach is applicable to all dielectric

materials and wavelength regions in theory provided the material is transparent at the

desired wavelength.
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Fig. 4.3. (a) Reflectivity over fill factor fup and groove depth gup for fixed parameters flow =

0.25 and glow = 2µm; (b) reflectivity over fill factor flow and groove depth glow for

fixed parameters fup = 0.56 and gup = 350 nm.

4.2 T-shaped grating in silicon for 1550 nm laser light

This paragraph experimentally demonstrates for the first time a monolithic surface mirror,

i.e. a single piece of mono-crystalline silicon with a reflectivity high enough to form a

laser cavity with a finesse of almost 3000. Since no material is added to the silicon

substrate, the currently limiting coating Brownian thermal noise as found in Ref. [15,21]

is completely avoided. A coating related reduction of substrate Q-factors should also be

greatly avoided as suggested by first experimental results [24]. Furthermore, our approach

uses a broadband guided optical mode and therefore does not increase the interaction

length of light with matter thus keeping thermorefractive noise as well as absorption low.

4.2.1 Grating design considerations

Being the most promising candidate for the substrate material of future high-precision

setups, we consider a crystalline silicon surface. We calculate the parameters of a mono-

lithic surface having nearly 100 % reflectivity for TM-polarized light (electric field vector

oscillating perpendicular to the grating ridges) at a wavelength of 1550 nm for normal

incidence, assuming a refractive index of nH = 3.5. In case of a very low fill factor of

the LFF grating, the effective index approaches neff → 1. According to Ineqs. (2.16) and

(2.17), we find 443 nm < d < 1550 nm. Here, we chose a grating period of d = 700 nm.
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Fig. 4.4. (a) Spectral and (b) angular behavior of the reflectivity for the parameters given in

Eqs. (4.1).

By means of rigorous simulations [79] the four parameters of both grating regions (fill

factor fup and flow, groove depth gup and glow) can be derived. The parameter set was fur-

ther optimized to get a high first-order diffraction efficiency and, thus, broadband guided

optical modes as well as large parameter tolerances for the fabrication process.

For fixed start parameters of the lower grating (flow = 0.25, glow = 2µm), the upper one

was optimized by simultaneously varying fup and gup in the ranges from 0.4 < fup < 0.9

and 0 < gup < 800 nm, respectively. The resulting reflectivity is plotted in Fig. 4.3(a),

revealing regions with a nearly perfect reflectivity (99.99 % up to 100 %) indicated by

the solid line. A highly beneficial design point is (fup;gup) = (0.56;350 nm) where high

reflectivity as well as convenient fabrication tolerances are found. In order to examine

the fabrication tolerances of the lower grating for the found design point, its parameters

were varied as well ranging from 0 < flow < 0.5 and 0 < glow < 2µm, respectively. The

plotted reflectivity in Fig. 4.3(b) displays a wide range of high reflectivity and supports

the theoretical considerations of the preceding paragraphs. For a fill factor smaller than

about 0.3, the lower grating only supports the fundamental mode and a minimal groove

depth can be found which prevents evanescent transmission of higher grating modes to

the substrate. In this case, a depth of glow = 430 nm ensures both, high reflectivity as well

as a practical aspect ratio of the grating ridges. The most beneficial parameter values

arising from the simulation for TM-polarized light are, at a glance:
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Fig. 4.5. Due to the large parameter tolerances which can be extracted from the design results

in Fig. 4.3, the grating profile is not severely limited to a rectangular shape. It may

vary arbitrarily within the tolerances predicting a certain desired high reflectivity.

nH = 3.5

λ = 1550 nm

φ = 0◦

d = 700 nm

=⇒

flow = 0.26

glow ≥ 430 nm

fup = 0.56

gup = 350 nm.

(4.1)

The simulated angular and spectral properties of the device are shown in Fig. 4.4(a) and

(b), revealing a 95 % reflectivity for a broad wavelength range of (1550 ± 175) nm and an

angle of incidence of φ = (0 ± 23)◦. The reflectivity even exceeds a value of 99.99 % for

1.48µm < λ < 1.58µm and φ = 0◦± 4.5◦, respectively. These remarkable wide tolerances

of both the spectral/angular behavior as well as the design grating parameters, are evident

due to the high index contrast between silicon and air as described in section 2.3 by

Eqs. (2.30) and (2.32). This leads to a strong coupling into the higher order grating

modes and, thus, a large resonance spectral bandwidth.

Accordingly, as a great benefit for the fabrication process (which can be extracted from

Deviation from the design values [nm]

Reflectivity [%] groove depth gup ridge width rup ridge width rlow

> 99.999 ± 15 ± 19 ± 1.5

> 99.99 ± 22 ± 30 ± 3.5

> 99.9 ± 35 ± 52 ± 10

> 99 ± 57 ± 107 ± 60

Tab. 4.1. Tolerances for the parameters of the design T-shaped grating as given in Eqs. (4.1).
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Fig. 4.6. Optical near field for the silicon design grating structure. Rigorous-Coupled-Wave

Analysis (RCWA) optical near field calculation of the x-component (a) and the z-

component (b) of the electric field vector for the design monolithic surface structure.

For our simulation, a normally incident plane wave of TM-polarized light with a

wavelength of 1550 nm was assumed.

Fig. 4.3 and Tab. 4.1), the grating profile is not severely limited to a rectangular shape.

It may vary arbitrarily within the tolerances predicting a certain desired high reflectivity,

as indicated by Fig. 4.5. The exact parameter tolerances around the found design point

given in Eqs. 4.1 are specified in Tab. 4.1. Here, the deviations of the groove depth gup, the

ridge width rup, and the ridge width rlow from their design values which ensure different

degrees of high reflectivity (> 99 %, > 99.9 %, > 99.99 %, > 99.999 %) are calculated

in nanometers. As expected from Fig. 4.3(a), the tolerances for both parameters of the

upper grating region (groove depth gup and ridge width rup) are of comparable dimension

and are quite large even for a reflectivity higher than 99.999 % with values of ± 15 nm and

± 19 nm, respectively. In contrast, quite low appears the tolerance for the ridge width of

the lower grating rlow for reflectivities close to unity. This is most likely due to a very high

sensitivity of the resonance condition to the relation between the grating modes’ effective

indices in both grating regions which are determined by the fill factors. However, once

any parameter deviations of a manufactured sample are observed, state-of-the-art etching

technologies may serve as a careful post-fabrication treatment to trim the lower grating

fill factor with nanometer accuracy.
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For the designed T-shaped grating structure that forms the monolithic surface mirror, the

optical near field was calculated to demonstrate its theoretical capability of perfectly re-

flecting normally incident light. This was done by using the numerical implementation of

the Rigorous-Coupled-Wave Analysis (RCWA) by L. Li [78] assuming again TM-polarized

light with a wavelength of 1550 nm. The incoming light is considered as a plane wave.

Figure 4.6(a) shows the x-component of the electric field distribution Ex being the polar-

ization of the incident electric field vector in our case. It reveals the resonantly excited

first discrete grating mode to be located at the upper part of each grating ridge whereas

the fundamental mode cancels to zero in the substrate (Ex = 0). Due to the excitation

of ”higher diffraction orders” in the upper grating traveling also along the x-direction, Ez

is not vanishing. It is displayed in Fig. 4.6(b) with a slight electric field enhancement at

the interface of both grating regions but has, however, a value of zero in the substrate

corresponding to zero transmission.

4.2.2 Fabrication process

For fabrication, a standard silicon wafer with 100 mm in diameter was thermally oxidized

with a 1µm silica layer and coated with a 80 nm chromium layer, both serving as the

mask during the silicon etching process. After spin-coating an electron beam sensitive

(chemically amplified) resist on top, the 700 nm period grating was defined by means of

electron beam lithography for an area of (7.5 x 13) mm2, aiming at a grating fill factor of

0.56. The developed binary resist profile was then transferred into the chromium layer and

subsequently into the oxidized silica layer as well as the silicon bulk substrate by utilizing

an anisotropic (i.e. binary) ICP (Inductively-Coupled-Plasma) dry etching process. Here,

Fig. 4.7. Schematic of the stepwise fabrication process for the realization of a subwavelength

silicon T-shaped grating.
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Fig. 4.8. Monolithic mirror from a nanostructured single silicon crystal. (a) SEM (scanning

electron microscope) cross-sectional view of a grating resulting from the first fabri-

cation trials showing the silica etching mask and the chromium passivation layer at

the groove side walls. (b) SEM cross-sectional view of a 700 nm period T-shaped

grating in a silicon bulk substrate that forms the monolithic cavity mirror’s surface,

efficiently reflecting normally incident light with a wavelength of 1.55µm.

the etching time was adjusted to match the desired groove depth of the upper silicon

grating of about 350 nm. The vertical grating groove side walls were then covered with

a thin chromium layer by coating the whole device under an oblique angle. By using

this technique, the groove side walls were protected from further ICP etching while the

groove bottom remained accessible. A second but this time isotropic (i.e. polydirectional)

ICP etching process enabled the undercut of the upper grating to generate the low fill

factor grating beneath. For this, a well balanced ratio between horizontal and vertical

etching rate played a decisive role to supply a sufficiently low grating fill factor (< 0.3)

as well as a minimum groove depth of the lower grating of about 500 nm to satisfy the

design requirements. Finally, the etching mask materials (silica, chromium, and resist)

were removed by means of wet chemical etching baring the mono-crystalline silicon surface

structure. The stepwise fabrication process is illustrated in Fig. 4.7.

Figure 4.8(a) depicts an SEM (scanning electron microscope) cross-sectional view on a

grating resulting from the first fabrication trials showing the silica etching mask and

the chromium passivation layer at the groove side walls. At this stage, we were somehow

able to generate a T-shaped profile, yet exhibiting geometric parameters far away from the
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Fig. 4.9. The SEM image shows a 32µm wide section of the monolithic grating mirror that

has been fabricated and characterized within this work. After the 700 nm T-shaped

grating was etched into the silicon bulk substrate, the monolithic mirror was frac-

tured into two pieces. The bright spots on the cross-sectional surface arose from

debris during fracturing.

design values. After having passed an extensive technology development, Fig. 4.8(b) shows

an SEM image on a fabricated mirror surface that has finally been characterized within

this work. As expected the shape of the grating ridges was still not strictly rectangular, but

it was within the parameter tolerances that predict high reflectivity as will be confirmed

by the experimental results in the following section.

The monolithic cavity mirror that has been fabricated and characterized in this work has a

nanostructured surface area of (7.5 x 13) mm2. The reflectivity over the complete surface

shows a great homogeneity as also outlined in the following experimental paragraph.

Figure 4.9 provides a visual impression of the homogeneity of our mirror by showing an

SEM picture of a 32µm wide cross-section of the mirror surface.

4.2.3 Experimental characterization

The first measurement of the mirror’s reflectivity was performed under normal incidence

(0± 1)◦ and employed a fiber coupled tunable diode laser together with the experimental

setup as described in paragraph 3.2 and displayed in Fig. 3.9. The measured data is

shown in Fig. 4.10(a) (black curve) and reveals a reflectivity of higher than 91.5 % for a

rather broad spectral range from approximately 1.21µm to 1.61µm. The peak reflectivity

is located close to the design wavelength of 1.55µm with a value of almost 100 % where a
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Fig. 4.10. Measured (a) spectral reflectivity for normal incidence (φ = 0 ± 1)◦ as well as (b)

angular reflectivity at λ = 1550 nm (black curve and dots) of the grating from

Fig. 4.8(b) and rigorously simulated (a) spectral as well as (b) angular reflectivity

for a grating profile approximating the real shape by a trapezoidal fragmentation

(red curves).

measurement error of± 0.5 % needs to be taken into account. Within a second experiment,

the reflectivity for incidence angles between 0◦ and 50◦ was obtained for a fixed wavelength

of 1550 nm and is plotted in Fig. 4.10(b) (black dots). In good agreement with the design

curve from Fig. 4.4(b), the reflectivity exceeds a value of 95 % for incidence angles up

to 19◦ and shows its maximum around zero degree with a value close to unity. The red

curves in Fig. 4.10 represent a rigorously simulated (a) spectral and (b) angular response

for a grating profile that has been formed by a trapezoidal fragmentation in order to

approximate the real shape from Fig. 4.8(b) (indicated by the sketches on the bottom of

Figs. 4.10(a) and (b)).

In order to demonstrate the high optical quality of the monolithic mirror it was incor-

porated as the end mirror in a standing-wave Fabry-Perot resonator, see Fig. 4.11 for a

simplified sketch of the experimental setup. In analogy to the first cavity measurement of

the tantala based RWG whose results are presented in paragraph 3.1, this experiment was

performed at the Institute of Gravitational Physics, University of Hanover, in close collab-

oration. In contrast to the setup in Fig. 3.3, here a conventional high quality multilayer

coated mirror served as the coupling mirror. Note that the monolithic mirror substrate

had an unpolished rear surface and could not be used as the coupling mirror. By measur-
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Fig. 4.11. Simplified sketch of the experimental setup for the characterization of the mono-

lithic waveguide grating as the end mirror of a high-finesse Fabry-Perot cavity.

Electro-optical modulator (EOM). For more details see [46].

ing the cavity’s finesse F , this setup also enabled us to precisely determine the mirror’s

reflectivity under an angle of incidence of precisely zero degree at the design wavelength

of 1550 nm. Please be reminded that the product of the amplitude reflectivities ρ12 = ρ1ρ2

of coupling mirror and end mirror, respectively, can be calculated from the cavity’s finesse

according to Eq. (3.1).

In order to obtain the linewidth and subsequently the finesse of the linear Fabry-Perot

resonator, again a calibrated detuning of the cavity length around an airy peak was used.

Though the rear surface of the monolithic end mirror was unpolished the signal could be

measured in transmission of the cavity. The calibration was done via frequency markers

around an airy peak using the Pound-Drever-Hall (PDH) technique [87]. Similarly to the

cavity setup containing the tantala RWG, a phase modulation was imprinted on the light

by an electro-optical modulator (EOM) for this pupose. For more details concerning the

cavity measurement and the measured data, the reader is referred to [46]. A total of 25

beam positions on the grating over an area of 4 mm2 with a beam size radius of ≈ 50µm

had been investigated. For each position 12 measurements of the linewidth were done

which resulted in an averaged value of the power reflectivity of ρ̄2
2 = (99.7682± 0.0095)%

for the overall area. The smallest linewidth was determined to ∆ν = (2.24 ± 0.07) MHz.

Hence, the finesse was found to be F = 2784 ± 100 which corresponds to a waveguide

grating power reflectivity of ρ2
2 = (99.7945± 0.0086)%, referring to Eq. (3.1). Due to the

unpolished back side of the substrate only a lower limit on the transmission could be set
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by means of power measurements of τ 2
2 ≥ (230 ± 20) ppm and, hence, an upper limit on

optical losses due to absorption and scattering of (1820± 110) ppm.

4.2.4 Summary and discussion

The optical reflectivity measured here is, to the best of our knowledge, the highest reso-

nant reflection ever realized. The measured reflectivity of slightly below unity is attributed

to deviations of the fabricated grating as shown in Fig 4.8(b) from the design parameters.

In our case, the fill factor fluctuation of the lower grating can be assumed as the crucial

factor according to the tight tolerances from Tab. 4.1. However, the measurements are

in very good agreement with our rigorous model based on Maxwell equations that takes

these deviations into account (Fig. 4.10). Please note that the same simulations (red

curves in Figs. 4.10(a) and (b)) predict a reflectivity maximum for a wavelength of about

1.543µm (at angle of incidence 0◦) or an angle of incidence of about 7◦ (at 1550 nm).

Unfortunately, a verification in our cavity setup was not possible since neither the laser

source was tunable to this wavelength nor the equipment for a stable high-finesse ring

cavity was available.

The reflectivity as demonstrated here in principle allows for a coating free linear cavity

with a finesse of ≈ 1500 which already reaches the regime of finesse values used in gravi-

tational wave detectors. For example, the Advanced LIGO Fabry-Perot arm cavities are

being designed for a finesse of a few hundred. Our demonstrated monolithic mirror quality

may also be already sufficient to provide an impact towards reaching the quantum regime

of micro-mechanical oscillators. In Ref. [8] optical cooling of a micro-mechanical oscilla-

tor down to 135 mK was achieved with a finesse of only 200. Our demonstrated cavity

linewidth of 2.24 MHz is significantly smaller than many typical fundamental oscillator

frequencies and the so-called good cavity regime can be reached [9]. Note that the cavity

linewidth can be further reduced by increasing the cavity length. For applications in refer-

ence cavities and optical clocks [12,13] the reflectivity should be further increased beyond

the value demonstrated here. However, we expect that indeed considerable improvements

towards a perfect reflectivity are possible with improved electron beam lithography and

etching technologies.
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4.3 T-shaped grating in lithium niobate for 1064 nm laser

light

Besides providing high reflectivity, the nature of resonant light excitation in RWGs implies

a local electric field enhancement in the high-index corrugated layer or grating ridges, re-

spectively. This can be controlled via the finesse of the RWG (as defined by Eq. (2.35)) or

rather the diffraction efficiency into the waveguide modes. Such a local field enhancement

might be exploited for light-matter interactions that scale with intensity such as nonlinear

optical effects. A common way to localize and intensify electromagnetic fields is to ex-

cite plasmons on metal surfaces or particles. Surface plasmons enhance second-harmonic

generation (SHG) from solid films by several orders of magnitude [93]. Similarly, metal

nanoparticles arranged in ordered patterns can give rise to a nonlinear response due to

particle plasmons which can be improved by introducing additional features such as gaps

between the particles [94]. However, metallic losses can be problematic when the sample

is illuminated by a bright laser beam or transmitted light needs to be detected. In or-

der to provide an all-dielectric and thereby transparent configuration, RWGs have been

successfully employed to enhance the weak surface SHG of a fused silica substrate by a

factor of up to 5000 [95, 96]. In this case, a silica grating was covered by a high-index

titanium dioxide layer, and it was optimized for the fundamental wavelength of 1064 nm.

Polarization dependence of the SH response suggested that the enhancement arose from

the favorable interaction of the strong local field of the resonant waveguide mode with

the inherent surface nonlinearity of the dielectric materials.

In this chapter we propose to combine the local field enhancement of RWGs with inher-

ent strong nonlinearity of an active χ2-material instead of weak surface nonlinearity as

demonstrated in Refs. [95, 96]. This suggests a remarkable increase in total SHG yield.

Possessing a high refractive index of n = 2.23 for 1064 nm laser light and a large nonlin-

ear coefficient χ2, lithium niobate appears as a suitable candidate for the high-index as

well as nonlinear material of choice. Due to its wide usage in the field of integrated op-

tics, lithium niobate is a well established nonlinear crystalline material with well known

optical constants as well as international standards for crystal growth and processing,

and is chosen here for the following considerations. For a maximum overlap of resonant
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light excitation induced local field enhancement and nonlinear matter, we suggest to uti-

lize the monolithic T-shaped grating as introduced within this chapter. Therefore, the

following paragraph theoretically investigates the capability of a nanostructured lithium

niobate surface of efficiently reflecting 1064 nm laser light with special remarks on the local

electric field enhancement in this structure. The final paragraph will present a promising

approach for the lithium niobate structuring which is based on a versatile technique called

Ion-Beam-Enhanced Etching (IBEE) [97,98].

4.3.1 Grating design considerations

For the rigorous deduction of the design parameters of a monolithic surface having nearly

100 % reflectivity at a wavelength of 1064 nm, we consider a crystalline lithium niobate

surface in a similar manner as for the silicon surface in paragraph 4.2.1. Assuming TM-

polarized light impinging under normal incidence, the anisotropy of a lithium niobate

crystal implies to use the ordinary refractive index with nH = 2.23. In case of a very

low fill factor of the LFF grating, the effective index approaches neff → 1. According to

Ineqs. (2.16) and (2.17), we find 477 nm < d < 1064 nm. Again, we chose a grating period

of d = 700 nm. By means of rigorous simulations [79] the four parameters of both grating

regions (fill factor fup and flow, groove depth gup and glow) can be derived. The param-

eter set was further optimized to get a high first-order diffraction efficiency and, thus,

broadband guided optical modes as well as possibly large parameter tolerances for the

fabrication process. Of course, this is contrary to a maximum electric field enhancement

and a compromise needs to be found between optical function and technical feasibility.

For fixed start parameters of the lower grating (flow = 0.25, glow = 2µm), the upper one

was optimized by simultaneously varying fup and gup in the ranges from 0.4 < fup <

0.8 and 200 nm < gup < 600 nm, respectively. The resulting reflectivity is plotted in

Fig. 4.12(a), revealing regions with a nearly perfect reflectivity (99.99 % up to 100 %)

indicated by the solid line. A highly beneficial design point is (fup;gup) = (0.56;400 nm)

where high reflectivity as well as convenient fabrication tolerances are found. In order

to examine the fabrication tolerances of the lower grating for the found design point, its

parameters were varied as well ranging from 0 < flow < 0.5 and 0 < glow < 2µm, respec-
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Fig. 4.12. (a) Reflectivity over fill factor fup and groove depth gup for fixed parameters flow

= 0.25 and glow = 2µm; (b) reflectivity over fill factor flow and groove depth glow

for fixed parameters fup = 0.56 and gup = 400 nm.

tively. The plotted reflectivity in Fig. 4.12(b) displays a wide range of high reflectivity.

For a fill factor smaller than about 0.3, the lower grating only supports the fundamental

grating mode and a minimal groove depth can be found which prevents evanescent trans-

mission of higher order grating modes to the substrate. The most beneficial parameter

values arising from the simulation for TM-polarized light are, at a glance:

nH = 2.23

λ = 1064 nm

φ = 0◦

d = 700 nm

=⇒

flow = 0.25

glow ≥ 750 nm

fup = 0.56

gup = 400 nm.

(4.2)

Please note that the absolute dimensions of the lithium niobate structure (λ = 1064 nm,

n = 2.23) given in Eqs. (4.2) are quite similar to those in case of silicon (λ = 1550 nm,

n = 3.5) as given in Eqs. (4.1). This is not surprising since the wavelength to refractive

index ratios are almost equal, and it impressively proves the scalability of the T-shaped

grating to other wavelength-material combinations. The simulated angular and spectral

properties of the lithium niobate design structure are shown in Figs. 4.13(a) and (b),

revealing a 95 % reflectivity for a wavelength range of (1064 ± 20) nm and an angle of

incidence of φ = (0 ± 4)◦. In comparison to the silicon structure in paragraph 4.2.1, the

tolerances of the lithium niobate surface are significantly smaller which is evident due
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Fig. 4.13. (a) Spectral and (b) angular behavior of the reflectivity for the parameters given

in Eqs. (4.2).

to the reduced refractive index contrast between lithium niobate and air, as described in

section 2.3 by Eqs. (2.30) and (2.32). However, this suggests an increased electromagnetic

field enhancement.

For a quantitative evaluation, the optical near field of the design lithium niobate struc-

ture was calculated. Similar to the silicon case, this was done by using the numerical

implementation of the Rigorous-Coupled-Wave Analysis (RCWA) by L. Li [78], assuming

again TM-polarized light with a wavelength of 1064 nm. The incoming light is considered

as a plane wave. Figure 4.14(a) shows the x-component of the electric field distribution

(Ex) being the polarization of the incident electric field vector in our case. It reveals

the resonantly excited first discrete grating mode to be located at the upper part of each

grating ridge with a local field enhanced by factor of about two, whereas the fundamental

mode cancels to zero in the substrate (Ex = 0). More interesting with regard to local field

enhancement is the part of the electric field vector in the z-direction Ez. It is displayed in

Fig. 4.14(b) with a local field enhancement factor of about 2.5 in the upper grating ridges

and, moreover, a factor of up to four at the interface of both grating regions. Assuming

an averaged enhancement of the electric field by a factor of two, the intensity of the SH

signal can be increased by a factor of at least 16 compared to a flat reference surface since

it scales with the fourth power of the amplitude of the fundamental field.

Please note that the performance of the lithium niobate structure can be improved by

using less parameter tolerant designs. For such designs, a likely drop in reflectivity of
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Fig. 4.14. Optical near field for the lithium niobate design grating structure. Rigorous-

Coupled-Wave Analysis (RCWA) optical near field calculation of the x-component

(a) and the z-component (b) of the electric field vector for the design monolithic sur-

face structure. For our simulation, a normally incident plane wave of TM-polarized

light with a wavelength of 1064 nm was assumed.

the fundamental field due to a deviation of a fabricated grating from its design profile

can be compensated by choosing a different angle of incidence. However, a more detailed

analysis goes beyond the scope of this work.

4.3.2 Prospects for the fabrication process

Unfortunately, for an experimental realization of a T-shaped grating in lithium niobate,

the silicon fabrication procedure as described in paragraph 4.2.2 cannot be applied since

an isotropic etch of the perfect crystal is not possible when using standard dry etching

recipes. However, in 1979 Kawabe et al. found that the etching rate of lithium niobate

in diluted HF can be significantly increased when the crystal is damaged by an ion bom-

bardment prior to etching [97]. They proposed to exploit such a contrast in etching rate

for structuring the crystal by inducing only local or rather patterned damages. Based on

this achievement, a versatile technique for processing lithium niobate crystals has been

developed enabling for binary 3D micro- and nanostructures with high resolution and high

aspect ratios [99, 100]. The lateral lithium niobate pattern is realized by electron beam
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Fig. 4.15. Schematic of the stepwise fabrication process for the realization of a subwavelength

lithium niobate T-shaped grating.

defined silica or chromium masks of certain minimum thickness that are able to block the

incident ions, whereas the vertical profile is controlled by choosing different ion species

and/or energies which determine the ion’s implantation depth [98]. These findings can

in principle be applied to the fabrication of our desired T-shaped grating as displayed in

Fig. 4.15 and described in the following:

Starting with a bare lithium niobate substrate, a first ion bombardment should be oper-

ated at energies high enough to make the ions travel unaffected for a distance equal to

the groove depth of the upper grating. This would cause an ion implantation and thus

a homogeneous layer of crystal damage only in a region that is more than about 400 nm

below the crystal surface, while the amount of ions absorbed in the upper region is negli-

gible. The range of the ion’s implantation depth must be sufficiently large to ensure the

minimum groove depth of the lower grating of 750 nm. By means of state-of-the-art depo-

sition, electron beam lithography and etching techniques then a silica mask representing

the lateral dimensions of the upper region of the T-shaped grating is attached onto the

lithium niobate substrate. The thickness of the silica mask must be chosen such that it is

capable of absorbing impinging ions to a certain minimum extent to prevent any crystal

damage of the masked regions. Subsequently, a second ion bombardment should be con-

ducted using lower ion energies which results in a crystal damage ranging from the very

surface of the crystal down to the bottom of the already damaged layer. The total dam-

aged region will then conform to a layer that embeds unmodified grating ridges. It can be

wet chemically etched starting from the top by exposing the lithium niobate substrate to

a hydrofluoric (HF) solution. For this process, a well adjusted maximum etching time will

be essential in order to prevent a complete underetch of the upper grating ridges. That

is, the etching process must be stopped at a point when it touches the bottom interface of
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the damaged layer to the unmodified bulk crystal. See the picture on the right hand side

of Fig. 4.15. For this purpose, a maximum overlap of the irradiated regions of both ion

implantation steps is advantageous since the etching rate scales with the degree of crystal

damage [98]. Within the lower grating region, this would give a vertical etching rate being

larger then the horizontal one which helps reaching the targeted etching profile. After the

removal of the silica mask, the lithium niobate surface structure is obtained. Finally, the

irradiated ridges of the lower grating that survived the etching process get annealed by

exposing the sample to high temperatures of about 500◦C in order to recover the optical

constants of the bulk material [101].

Please note that the described process is composed of binary substructures which implies

to use two ion implantation steps for the realization of an undercut grating such as the T-

shape. However, recent findings in the field of lithium niobate structuring promise to get

along with only one implantation step after the silica mask (representing the dimensions

of the upper grating) had been attached onto the lithium niobate substrate. For this

purpose, the ion-matter interaction of the one and only ion implantation step should be

modeled such that it generates an undercut profile of the irradiated regions [101]. In this

case, an increasing ion scattering with increased ion energy can be exploited. Hence, the

larger is the implantation depth, the larger is the width of the damaged region at this

depth as desired.



5 New approach for monolithic RWGs

II - Encapsulated grating

Within the previous chapter we proposed and successfully realized monolithic high-reflection

waveguide mirrors with a nanostructured surface to reduce the thermal noise in interfer-

ometric measurements. However, the highly complicated grating profile implies a chal-

lenging fabrication process as well as severe restrictions in the device handling. Such

nanostructured surfaces unfortunately show a very high susceptibility to damage and

pollution. In this chapter we propose and demonstrate a second monolithic mirror ar-

chitecture that is formed by an encapsulated subwavelength grating and also avoids the

thick dielectric stack of conventional mirrors [47]. Such a device also creates a resonant

waveguide structure but with a flat and robust surface. This configuration offers new

benefits for the handling and the fabrication process. Once fabricated the device is pro-

tected against mechanical damage and also against contamination since its surface can

be cleaned in the same manner as a conventional polished surface. This approach for a

monolithic mirror has, to the best of our knowledge, never been suggested before. After

presenting the basic idea of this approach in the following section, paragraph 5.2 shows

rigorous simulations for a grating that is based on silicon, and demonstrates a first quasi-

monolithic encapsulated grating reflector. We measured a promising high reflectivity of

93 % for a wavelength of λ = 1.55µm under normal incidence [47]. Finally, a new type of a

monolithic narrowband filter in fused silica is proposed whose single resonance wavelength

peak can be tuned within a large NIR region by translating the incident beam relative to

the grating which has a varying period [48].

67
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5.1 Basic idea

Similar to the explanation of the T-shaped grating structure in chapter 4, we use the

illustration in Fig. 5.1 to help the reader to understand the theoretical capability of

an encapsulated grating of reaching perfect resonant reflection. It shows the stepwise

transition from the initial surface corrugated resonant waveguide mirror (a) to, finally, our

flat surface grating waveguide mirror as introduced in this chapter. Figure 5.1(b) depicts a

configuration of a resonant reflector for a high refractive index material such as silicon (n =

3.48 at the wavelength of 1550 nm). In this situation, a low refractive index layer beneath

the waveguide grating is indispensable, as presented in paragraph 3.2. This cladding layer

needs to have a certain minimum thickness in order to prevent evanescent transmission

of higher diffraction orders to the substrate. The waveguide grating in Fig. 5.1(b) can be

changed to a flat surface configuration by simply moving the top grating region beneath

the waveguide layer as shown in Fig. 5.1(c). In contrast to the elements in (a) and (b),

here the resonant waveguide modes are excited by reflected higher diffraction orders as

indicated by the light rays.

Similar to the approach in chapter 4, in Fig. 5.1(d) we propose to replace the homogeneous

low-index layer in (c) by an effective low-index layer (which has an effective index neff <

nH) thereby enabling a truly monolithic configuration of a resonant reflector with a flat,

uncorrugated surface. This effective low-index grating layer needs to exhibit the same

period as the grating in Fig. 5.1(c) in order to fulfill Ineqs. (2.15)-(2.17) that allow for

resonant reflection in principle. Since it is supposed to generate higher diffraction orders

(in reflection), the realization of the introduced grating as an effective medium is not

obvious [89]. Here, the same modal description as for the effective layer in the T-shaped

grating applies. Only if the grating fill factor is sufficiently low, no higher order discrete

grating modes (corresponding to higher diffraction orders) are allowed to propagate to

the substrate material as required, according to the transcendent Eqs. (2.43) for TE-

polarized and (2.44) for TM-polarized light, respectively, from paragraph 2.3.2. Moreover,

the grating layer has to have a certain minimum thickness g to suppress any evanescent

transmission of the higher diffraction orders to the substrate that are guided in the cover

layer with thickness s. Thus, only the fundamental mode in the grating is able to carry
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Fig. 5.1. (a) Initial waveguide grating configuration and its fundamental principle in a sim-

plified ray picture, (b) reduction of the low-index substrate to a low-index layer,

(c) movement of the grating region beneath the waveguide layer to supply a flat

surface, (d) replacement of the homogeneous by an effective media low-index layer

to provide a purely monolithic mirror architecture. The light rays in (c) illustrate

how the waveguide modes are excited in reflection when the grating is beneath the

waveguide layer (light rays have been omitted in (b) and (d) for clarity).

some energy to the substrate which, however, interferes destructively at the resonance

condition. It should be possible to optimize the monolithic encapsulated grating, as

depicted in Fig. 5.1(d), to create 100 % reflectivity.

Please note that, in contrast to the T-shaped monolithic structure, the effective low-index

layer of the encapsulated grating mirror plays a double role. On the one hand it acts as

the low-index layer suppressing any downward propagation of higher diffraction orders to

the substrate, while on the other hand in backward direction it excites waveguide modes

propagating through the homogeneous cover layer. From a direct comparison of both
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monolithic RWG layouts as proposed in this thesis, it is evident that for the encapsulated

grating this excitation will be significantly weaker than that for the T-shaped structure.

This is due to the weak perturbation of the waveguide layer in case of the encapsulated

grating, and will lead to a narrower resonance spectral as well as angular bandwidth

(determined by the diffraction coefficient η) compared to that reached by the T-shaped

structure. However, by providing a large refractive index contrast a sufficiently wide

bandwidth as well as appropriate fabrication tolerances should be possible.

5.2 Encapsulated grating in silicon for 1550 nm laser light

In accordance to the latest findings of thermal noise research, we first consider silicon

as the substrate material and 1550 nm laser light in order to realize a monolithic highly

reflective mirror for potential application in future high-precision setups. In this paragraph

we present a grating design that is based on rigorous simulations, and show that perfect

reflectivities are possible in theory. A first demonstrator fabricated from silicon is realized,

and our measurement results revealed a promising high reflectivity of 93 % for normal

incidence at the design wavelength of λ = 1550 nm.

5.2.1 Grating design considerations

The design parameters of our encapsulated grating reflector were optimized for a broad

resonance behavior and for large fabrication tolerances using a Rigorous-Coupled-Wave

Analysis (RCWA) [79]. In case of a very low fill factor of the encapsulated grating, the

effective index approaches neff → 1. According to Ineqs. (2.15)-(2.17), the grating period

d has to be greater than 443 nm and smaller than 1550 nm since we are interested in a

high reflectivity of laser light with the wavelength of λ = 1550 nm impinging under normal

incidence. We chose a grating period of d = 800 nm being well within this regime and TE-

polarized light (electric field vector oscillating parallel to the grating ridges). Figure 5.2(a)

shows the calculated reflectivity of the encapsulated grating reflector versus the thickness

of the top waveguide layer s ranging from 300 nm to 390 nm for fixed values of the fill

factor (f = 0.4) and the groove depth (g = 2 µm). The plot reveals a reflectivity of
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Fig. 5.2. (a) Calculated reflectivity versus thickness of the top waveguide layer s for fixed

values of d = 800 nm, f = 0.4, and g = 2 µm, assuming TE-polarization and normal

incidence of light at λ = 1550 nm. (b) Calculated spectral reflectivity for the grating

design parameters given in Eqs. (5.1). (c) Calculated reflectivity over fill factor f

and groove depth g for s = 337 nm.

greater than 95 % in the range of 327 nm < s < 347 nm and a value of close to unity (>

99.99 %) for a thickness of s = 337 nm. Since in our case the coupling efficiency to the

waveguide modes by reflected higher diffraction orders is pretty weak, the tolerance of the

top high-index layer thickness s is rather low.

In order to optimize the fabrication tolerances of the encapsulated grating for the design

thickness of s = 337 nm, fill factor and groove depth were varied simultaneously ranging

from 0 < f < 0.6 and 0 < g < 2 µm, respectively. The plotted reflectivity in Fig. 5.2(c)

reveals a wide range of high reflectivity with values > 95 % as indicated by the dashed line.
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Values even exceeding 99.99 % are within the white area. This plot clearly supports the

theoretical considerations of the preceding paragraph. For a fill factor smaller then about

0.5, the grating only supports the fundamental mode and a minimal groove depth can

be found which is required in order to prevent evanescent transmission of higher grating

modes to the substrate. If the fill factor is approaching 0.1, the excitation of waveguide

modes is too weak to allow for a high resonant reflection.

The optimum encapsulated grating parameter values arising from our rigorous calculations

are, at a glance:

nH = 3.48

λ = 1550 nm

φ = 0◦

d = 800 nm

=⇒
f = 0.4

g = 1300 nm

s = 337 nm.

(5.1)

Figure 5.2(b) shows the simulated spectral response of the design grating device, revealing

a 95 % reflectivity for a rather broad wavelength range of 1550 nm ± 25 nm. For the de-

signed encapsulated grating structure, the optical near field was calculated to demonstrate

its theoretical capability of perfectly reflecting normally incident light. This was done by

using a Rigorous-Coupled-Wave Analysis (RCWA) [78] assuming TE-polarized light with

a wavelength of 1550 nm. The incoming light is considered as a plane wave. Figure 5.3

shows the y-component of the electric field distribution Ey being the polarization of the

incident electric field vector in our case. As expected it reveals the resonantly excited

first discrete grating modes to be located at the homogeneous waveguide layer, whereas

the fundamental mode cancels to zero in the substrate (Ey = 0).

5.2.2 Fabrication process

For the realization of our encapsulated grating, first a conventional surface relief grating

was fabricated which was then covered by a homogeneous layer of a certain thickness

(superstrate). The superstrate can either be realized by applying wafer direct bonding

techniques [102–104] or by a controlled material deposition without filling the grating

grooves [105]. For our device we used the latter approach. A standard silicon wafer
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Fig. 5.3. Optical near field for the design encapsulated grating structure. Rigorous-Coupled-

Wave Analysis (RCWA) optical near field calculation of the y-component of the

electric field vector for the design monolithic surface structure. For our simulation,

a normally incident plane wave of TE-polarized light with a wavelength of 1550 nm

was assumed.

with 100 mm in diameter was first coated with a 80 nm chromium layer, serving as the

mask during the silicon etching process. After spin-coating an electron beam sensitive

(chemically amplified) resist on top, the 800 nm period grating was defined by means of

electron beam lithography for an area of (7.5 x 50) mm2, aiming at a grating fill factor of

0.4. The developed binary resist profile was then transferred into the chromium layer and

subsequently into the silicon bulk substrate by utilizing an anisotropic (i.e. binary) ICP

(Inductively-Coupled-Plasma) dry etching process. Here, the etching time was adjusted

to match the desired groove depth of about 1300 nm. The surface relief grating was then

entirely covered by the use of Plasma-Ion-Assisted Deposition (PIAD) under an oblique

and fixed angle of about 70◦ to minimize groove filling. Since the periodic profile is

transferred to the coated surface, a final CMP (Chemical-Mechanical Polishing) step was

utilized to planarize the surface and, moreover, to adjust the homogeneous waveguide

layer thickness s.

Figure 5.4(a) depicts a cross-sectional view scanning electron microscope (SEM) image of

the fabricated and characterized grating profile. Due to the coating process, it strongly

deviates from the rectangular design structure. However, the high tolerances of our design
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Fig. 5.4. (a) SEM (scanning electron microscope) cross-sectional view of the fabricated 800 nm

period encapsulated grating in silicon that forms a quasi-monolithic surface mirror,

efficiently reflecting normally incident light with a wavelength of 1.55µm. (b) Mea-

sured spectral reflectance (black curve) of the fabricated grating for normal incidence

(0± 1)◦ (red curve represents simulation from Fig. 5.2(b)).

parameters f and g may still ensure a high reflectivity as demonstrated in the next section.

We note that the fabrication technique used here only provides a quasi-monolithic grating

since the cover layer has an amorphous structure, see Fig. 5.4(a). However, in contrast to

conventional waveguide gratings our device consists of only one material which suggests

a significantly reduced mechanical loss [24].

5.2.3 Experimental characterization

The spectral reflectivity under normal incidence (0 ± 1)◦ was measured using a fiber

coupled tunable diode laser with a spectral range of 1.51µm < λ < 1.64µm, incorporated

into the measurement setup from Fig. 3.9. After the polarized and collimated beam was

reflected by the grating, it was deflected onto a photo detector by a beam splitter. As a

reference for the measured intensity we used a multilayer dielectric mirror rated at R = 1

for the available spectral range. The measured data is shown in Fig. 5.4(b) (black curve)

and reveals a reflectivity of higher than 80 % for a broad spectral range from 1.52µm

to 1.61µm. The difference between the measured and the simulated data (red curve) is

not surprising since the actual fabricated profile also shows substantial differences from
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the designed profile. Nevertheless, the measured peak reflectivity is located closely to the

design wavelength of 1.55µm with a value of about 93 % where a measurement error of ±

0.5 % needs to be taken into account. The discrepancy between simulated and measured

peak reflectivity of about 7 % is, most likely, mainly attributed to a deviation of the top

waveguide layer thickness from its optimum value s = 337 nm. From the SEM image in

Fig. 5.4(a), a thickness of 300 nm was estimated. Variations in all the design parameter

values might also contribute here. We expect that a major part of the missing 7 % is

transmitted through the device. However, this could not be verified since the rear side of

the wafer was unpolished. The parameter variations result from inhomogeneities within

the various steps of fabrication and need to be further improved by means of technology

evaluation.

5.2.4 Summary and discussion

Our rigorous modeling has shown that a monolithic flat surface mirror with perfect reflec-

tivity is theoretically possible. Such a reflector comprises an encapsulated subwavelength

grating with a flat polished surface and, thus, overcomes the limitations of the T-shaped

structure in terms of mechanical stability and device handling. Based on the current un-

derstanding of the underlying mechanism of coating thermal noise, such a device should

be able to increase the sensitivity in ongoing and future high-precision laser interferomet-

ric measurements. We were able to fabricate a first demonstrator of our reflector that

consists of a nanostructured crystalline silicon wafer of 100 mm in diameter covered by an

amorphous and polished silicon top layer. Our demonstrator showed a high reflectivity of

93 % at the design wavelength of 1550 nm and represents the first experimental demon-

stration of a robust, large-area high-reflectivity quasi-monolithic surface. We expect that

improvements towards a perfect reflectivity are possible with improved electron beam

lithography and other fabrication steps involved. Moreover, we propose to use a wafer

direct bonding technique to contact a crystalline top layer (superstrate) onto a crystalline

nanostructured substrate, thereby realizing a truly monolithic flat surface reflector.
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5.3 Encapsulated grating in fused silica

As outlined at the beginning of this chapter, an encapsulated grating reflector inherently

provides just a weak perturbation of the waveguide layer which gives a small diffraction

efficiency into the waveguide modes and thus a narrow resonance spectral bandwidth

according to Eqs. (2.30) and (2.32). This effect will even be amplified when using fused

silica as the bulk material due to a very low refractive index contrast to air (∆n ≈

0.5). Hence, such a fused silica encapsulated grating would not be suitable for mirror

applications as mainly described by this work, but represents a new type of a monolithic

narrowband notch filter whose spectral reflectivity linewidth can be expected to be in

a range of only a few nanometers. Since fused silica is widely transparent from UV to

NIR, the working wavelength can be freely defined in this range by choosing appropriate

grating parameters such as the period d or the waveguide layer thickness s. Consequently,

a linear spatial variation of one of these parameters over a given grating length should

offer a tunabilty of the resonance peak over a wide spectral range by simply translating the

laser beam relative to the grating [106]. In the following we will theoretically investigate

such a new type of a narrowband tunable bandstop filter working in a wide NIR band

(800 nm < λ < 1600 nm) by means of rigorous simulation, and present possible routes for

a fabrication process.

5.3.1 Design considerations for a narrowband tunable NIR bandstop

filter

For our design considerations, we assume the grating period to be the spatially varying

parameter while the waveguide layer thickness stays constant. Such a configuration seems

more suitable for state-of-the-art fabrication techniques since a variation of the grating

period can be accurately controlled during electron beam lithography (see next section

for more detail). Whereas the cover layer thickness will be nearly constant after applying

a wafer direct bonding or a material deposition/CMP approach, respectively. Figure 5.5

shows on the left hand side the basic idea of our proposed monolithic narrowband tunable

filter where the resonance peak position is controlled by the grating period ranging from
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Fig. 5.5. Encapsulated grating with varying period as a monolithic narrowband tunable band-

stop filter. By translating the laser beam relative to the grating device the resonance

wavelength is shifted. For a fused silica encapsulated grating with period d = 797 nm,

cover layer thickness s = 700 nm, groove depth g = 1500 nm and fill factor f = 0.4

(assuming TM-polarized light under normal incidence), the resonance peak is located

at λ = 1064 nm with a full width at half maximum (FWHM) of only 1 nm.

dmin to dmax. The tuning of the narrowband reflected wavelength peak between λmin and

λmax can thus be realized by translating the laser beam relative to the grating or vice

versa. For a fused silica encapsulated grating with fixed parameters such as a period of

d = 797 nm, a cover layer thickness of s = 700 nm, a groove depth of g = 1500 nm, and a

fill factor of f = 0.4 (assuming TM-polarized light under normal incidence), the right hand

side of Fig. 5.5 shows its resonance peak which is in this case located at λres = 1064 nm

with a full width at half maximum (FWHM) of only 1 nm. Such a small linewidth is ideal

for filter applications [35,85]. Moreover, the contrast between resonance and off-resonance

reflectivity exceeds a value of 20 which should be sufficient for most experiments.

Aiming at a tunable wavelength range in the NIR region with λmin ≈ 800 nm < λ <

λmax ≈ 1600 nm, including prominent laser emission spectra around 800 nm (Ti:Sapphire),

1030 nm (Yb:YAG), 1064 nm (Nd:YAG), and 1550 nm (InGaAsP), Ineqs. (2.15)-(2.17)

determine a grating period variation ranging from dmin = 570 nm to dmax = 1300 nm

to allow for resonant reflection in principle. By means of rigorous simulation [79] the

reflectivity from a fused silica encapsulated grating was calculated for a simultaneous

variation of the wavelength and the grating period ranging from 780 nm to 1600 nm and

570 nm to 1400 nm, respectively, and is plotted in Fig. 5.6. For this calculation, a constant

cover layer thickness of s = 700 nm, a groove depth of g = 1500 nm, a fill factor of f =
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Fig. 5.6. Reflectivity plotted against the wavelength λ and the period d for a fused silica en-

capsulated grating with cover layer thickness s = 700 nm, groove depth g = 1500 nm

and fill factor f = 0.4, assuming TM-polarized light under normal incidence. The

single resonance peak moves linearly through the entire NIR wavelength region by

varying the period from dmin = 570 nm to dmax = 1300 nm. The resonance line is

interrupted due to the discretization of the parameter grid.

0.4, and TM-polarized light impinging under normal incidence had been assumed. As

desired a single resonance peak moves almost linearly through the entire NIR wavelength

region upon the grating period variation as chosen above. The found wavelength shift

of the resonance peak ∆λ [nm] is almost equal to the change in period ∆d [nm]. Thus,

the dependency of the resonance wavelength λres on the grating period d can be well

approximated by the linear function (red line):

λres [nm] = 1.15 · d [nm] + 135 nm. (5.2)

The white lines indicate the boundaries of the parameter region where resonant reflection

is possible for a given wavelength, according to Ineqs. (2.15)-(2.17) and assuming an

effective index approaching neff → 1. Please note that the resonance line in Fig. 5.6

appears interrupted only due to the discretization of the parameter grid. In order to

show its continuity in peak reflectivity and linewidth over the entire tuning interval,

Figs. 5.7(a)-(c) plot the resonance peaks for a slight variation around three very prominent
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Fig. 5.7. Tuning of the spectral reflectivity resonance peak around frequently used NIR wave-

lengths of (a) 800 nm, (b) 1060 nm, and (c) 1550 nm by varying the grating period

in an appropriate range.

laser wavelengths: (a) 800 nm, (b) 1060 nm, and (c) 1550 nm. Even though the resonance

linewidths as well as the ratios between resonance and off-resonance reflectivity are not

perfectly constant throughout the entire tuning interval, the filter performance for such

a wide spectral range of dmax − dmin = 800 nm is impressive and has not been reported

before. An expansion of the tuning interval to even shorter or larger wavelengths without

affecting the filter performance is not possible. This is because for shorter wavelengths a

second waveguide mode arises in the waveguide layer leading to a second resonance peak,

while for larger wavelengths the mode matching becomes worse resulting in a decrease

of the peak reflectivity. This behavior is attributed to the choice of the thickness s of

the waveguide layer which is able to support the propagation of a single waveguide mode

only for a limited wavelength range. Our waveguide layer thickness of s = 700 nm was

hence not chosen arbitrarily but rather for an optimum performance in the particular NIR

region targeted.

5.3.2 Prospects for the fabrication process

For fabrication of our fused silica tunable filter, we can in principle employ the same

approach as realized for the encapsulated grating fabricated from silicon in paragraph 5.2.

After etching a conventional surface relief grating into a fused silica substrate, a thin and

flat surface cover layer can be subsequently obtained either by applying wafer direct

bonding techniques or by a controlled material deposition without filling the grating

grooves followed by a final CMP step. All fabrication techniques potentially involved such
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as wafer direct bonding or CMP are also suitable for fused silica processing [107,108]. As

stated above, a superstrate realized by a wafer direct bond should be preferred since it

would provide a rectangular grating profile (as assumed during the rigorous simulations)

as well as a widely homogeneous cover layer thickness s.

The desired grating period variation that enables the tuning of the resonance peak is

realized by state-of-the-art electron beam lithography which is part of the surface relief

grating fabrication. In contrast to holographic or photo-lithography, during each electron

beam exposure step the lateral grating parameters such as the period or the fill factor

can be freely controlled with a resolution down to 50 nm. The electron beam facility used

at the Institute of Applied Physics (IAP), University of Jena, is a Vistec SB350 OS that

allows to adjust the grating period with an increment of 1 nm. In our case, this corresponds

to a fundamental minimum shift of the resonance peak of about 1 nm as well, according

to Eq. (5.2). For the entire wavelength range from 800 nm to 1600 nm, a period variation

between 580 nm and 1275 nm is necessary (see Fig. 5.6), which for a desired minimum

shift of 1 nm would cause 695 variation steps of the grating period during electron beam

exposure. The overall required grating length will finally be defined by the laser beam

radius since the beam must hit a grating spot having only one particular period to gain

the theoretically predicted narrow linewidth. For instance, a laser beam diameter of 1 mm

and an amount of 695 variation steps (providing a minimum wavelength shift increment

of 1 nm) result in a minimum overall grating length of 69.5 cm. Of course, such a wide

grating must be split into sub-gratings in order to be patterned onto a single standard

fused silica substrate. In summary, both the available laser beam size and the desired

increment of the resonance wavelength shift determine the necessary grating dimensions

in practice.



6 Conclusions and outlook

Thermally driven motion of mirror surfaces provides a contribution to thermal noise in

high-precision metrology and is a limiting factor for the sensitivity of laser based grav-

itational wave detectors. For dielectrically coated test mass mirrors, the thermal noise

is mainly caused by the mechanical loss of the several µm thick multilayer coating stack

and the related Q-factor reduction of the test mass substrate. Typical high-reflectivity

coatings consist of up to 40 alternating layers of SiO2 and Ta2O5 where the major loss

contribution stems from the latter. In order to reduce coating thermal noise new concepts

are required that simultaneously provide high optical quality and low mechanical loss.

This work proposed to apply thin surface relief guided-mode resonant waveguide struc-

tures instead of conventionally coated mirrors. With these structures the thermal noise

introduced by the coating is expected to be significantly reduced due to the fact that the

surface of the (high mechanical quality) substrate only carries isolated grating ridges of

less than a µm height. Reflectivities of exactly 100% are possible for these grating devices

if a certain grating profile is precisely met.

As a first experimental proof of this idea, we fabricated a resonant waveguide grating

based high-reflection mirror. The mirror substrate in this case was silica and carried a

single layer grating of Ta2O5 (Tantala) with a thickness of 400 nm. We characterized this

device as a cavity coupler of a high-finesse standing-wave cavity. From the cavity finesse

we were able to deduce a waveguide grating power reflectivity of (99.08 ± 0.05) % at the

laser wavelength of 1064 nm. At that time this was, to the best of our knowledge, the

highest value of resonant reflection that has ever been reported for 1064 nm laser light.

Moreover, a standing-wave cavity setup had never been utilized to accurately determine

a grating based resonant reflectivity before.

Besides fused silica as a high mechanical quality test mass material, within the past few

81
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years silicon was found to be a very promising candidate, and was proposed for use in

the field of high-precision measurements together with 1550 nm laser light. Following this

suggestion, we also transferred the idea of this work to this combination of substrate ma-

terial and laser wavelength, and realized different silicon supported RWG layouts. The

spectral reflectance under normal incidence (0 ± 1)◦ for a fabricated sample revealed a

value of higher than 98 % for a broad spectral range from 1.52µm to 1.59µm. The peak

reflectance was located closely to the wavelength of 1.55µm with a value of about 98.9 %.

Although all approaches mentioned so far reduce the thick dielectric multilayer stack of

conventional mirrors to a thin waveguide layer, at least one additional material has to be

added to the substrate which may still result in an increased mechanical loss. Thus, a truly

coating free (i.e. monolithic) mirror concept is of enormous interest. For this purpose,

this work theoretically proposed as well as experimentally demonstrated for the first time

a monolithic high-reflectivity surface mirror, i.e. a single piece of mono-crystalline silicon,

that is also based on guided-mode resonances and reaches 100% reflectivity in principle.

Since no material is added to the silicon substrate, the currently limiting coating Brownian

thermal noise is avoided. Furthermore, our approach uses a broadband guided optical

mode and therefore does not increase the interaction length of light with matter thus

keeping thermo-refractive noise as well as absorption low. The monolithic implementation

was done by replacing the remaining SiO2 low-index layer of the abovementioned RWG

layouts by an effective silicon low-index layer. Such a T-shaped grating was successfully

fabricated and incorporated into a standing-wave cavity as the end mirror together with

a conventional coupling mirror. The finesse of this cavity was found to be F = 2784 ±

100 which corresponds to a grating reflectivity of (99.7945 ± 0.0086) %. The measured

optical reflectivity is, to the best of our knowledge, the highest resonant reflection ever

realized and in principle allows for a coating free linear cavity with a finesse of ≈ 1500

which already reaches the regime of finesse values used in gravitational wave detectors.

These results are considered to be the major achievement of this thesis.

In addition to the monolithic high-reflectivity waveguide mirrors on the basis of T-shaped

grating profiles, alternatives with less demands in the fabrication process and in the de-

vice handling have been investigated. We proposed and demonstrated a quasi-monolithic

mirror architecture that is formed by an encapsulated subwavelength grating. Such a



CHAPTER 6. CONCLUSIONS AND OUTLOOK 83

device also creates a resonant waveguide structure but with a flat and robust surface. We

presented a design and a first demonstrator fabricated from silicon. Our measurement

results revealed a promising high reflectivity of 93 % for normal incidence at the design

wavelength of λ = 1550 nm.

Having demonstrated the first monolithic surface mirrors ever, future work should aim

for the realization of even higher reflectivities. Although we achieved record values of

resonant reflection of up to 99.8%, this value cannot compete yet with reflectivities from

conventional multilayer coatings required for applications in reference cavities and optical

clocks [12, 13]. A perfect reflectivity for a certain wavelength is possible if the grating

parameters meet certain values and the grating profile conforms to the one assumed

during simulation. As already outlined in paragraph 4.2.4, we expect to obtain a higher

reflectivity for the already fabricated monolithic T-shaped grating for a wavelength or an

incidence angle slightly deviating from the design parameters. Furthermore, we plan to

optimize the fabrication processes to enable a precise matching of designed and fabricated

grating profile. We expect that considerable improvements towards a perfect reflectivity

are possible with improved electron beam lithography and etching technologies. Moreover,

the grating designs will be further optimized to provide larger and thus more convenient

parameter tolerances for the fabrication process.

In order to provide stable Fabry-Perot setups, at least one of the cavity mirrors needs

to exhibit a surface with a certain radius of curvature. As confirmed by first experi-

mental trials done in collaboration with the Fraunhofer Institute of Applied Optics and

Precision Engineering (IOF) in Jena, the used fabrication techniques can also be adapted

to substrates with large radii of curvature as required for long arm cavities. The first

demonstration of an all-grating based and thus coating free cavity is scheduled for the

near future. Very recently, it has been theoretically as well as experimentally shown that

by only spatially varying the grating period and/or the fill factor of a high-contrast sub-

wavelength reflector the output phase of the reflected beam can be manipulated such that

it is focused similarly as if by a regular lens [109,110]. However, the maintenance of very

high reflectivities upon grating parameter variations is very challenging due to the limited

tolerances.
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As many future high-precision experiments will be operated at very low temperatures it is

necessary to precisely characterize the reflectivities of our waveguide mirrors at cryogenic

temperatures. In this regard, the temperature dependency of the index of refraction

needs be considered during the grating design process. It is interesting to note that from

first estimates we expect that due to this temperature dependent index of refraction the

reflectivity of the already fabricated monolithic T-shaped grating can be increased towards

its theoretical limit when working at a temperature of about 100◦C.

The current understanding of coating noise mechanisms suggests that the monolithic,

single crystalline waveguide mirror should not show any Brownian coating thermal noise

which is the dominant coating thermal noise in conventional mirrors. In such a monolithic

mirror the only Brownian thermal noise in the detection band of gravitational wave de-

tectors stems from the substrate and is expected to be rather low if the substrate’s quality

factor (Q-factor) is high. This consideration is supported by a previous experiment prov-

ing that a substrate Q-factor of 108 was not reduced by nanostructuring the substrate’s

surface [24]. However, an in-situ experimental confirmation that the thermal noise of our

mirror concepts is for fundamental reasons much lower than any other high-reflectivity

mirror concept has not been adduced yet. In collaboration with the University of Hanover,

it is planned to perform an experiment to directly verify the coating thermal noise re-

duction in monolithic and single layer waveguide mirrors. From this we like to proof

the advantage of waveguide gratings compared to multilayer coatings in terms of their

individual thermal noise contributions. This experiment should even provide the possi-

bility to distinguish between different thermal noise mechanisms of waveguide gratings,

and allows to investigate these devices at very high displacement sensitivities. Previous

experiments [23, 111] showed that the Brownian coating thermal noise level of conven-

tional mirrors is below 10−17 m/
√

Hz at 1 kHz. In order to achieve such interferometer

sensitivities multiple noise sources need to be suppressed. In particular, laser frequency

noise and seismic noise are a problem and have to be reduced using a long reference cavity

with low bandwidth and suspended optics under vacuum conditions. The basic idea is to

set up a cavity that can incorporate either a waveguide grating or a conventional mirror

as the coupling mirror. In order to achieve a displacement sensitivity that is dominated

by coating thermal noise, optical as well as mechanical parameters have to be optimized.
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For instance, the beam size on the waveguide grating should be as small as possible to

enhance the effect of coating thermal noise. Furthermore, it was recently shown that

substrate dimensions affect the coating thermal noise level [112] and can be designed to

maximize coating thermal noise with respect to substrate thermal noise.

In light of the encouraging results of this thesis and foreseen progress in the near future,

the author of this work anticipates that its achievements will open the avenue to new

generations of a variety of high-precision experiments targeting fundamental questions of

physics.
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Ultra thin high index contrast photonic crystal slabs in lithium niobate. Opt. Mater.,

33(1):19–21, 2010.

[101] H. Hartung. Mikro- und Nanostrukturierung von Lithiumniobat. PhD thesis,

Friedrich-Schiller-University Jena, Germany, 2010.

[102] Q.-Y. Tong, Q. Gan, G. Hudson, G. Fountain, and P. Enquist. Low-temperature

hydrophobic silicon wafer bonding. Appl. Phys. Lett., 83:4767–4769, 2003.
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of Applied Physics led by Prof. Andreas Tünnermann. By that time, I have worked with

a great number of people whose contribution in assorted ways to the research and the

making of the thesis deserved special mention. It is a pleasure to convey my gratitude to

them all in my humble acknowledgment.

In the first place I would like to record my gratitude to Dr. Ernst-Bernhard Kley for

his supervision, advice, and guidance from the very early stage of this research as well as

giving me extraordinary experiences through out the work whilst allowing me the room

to work in my own way. Above all and the most needed, he provided me unflinching

encouragement and support in various ways. His truly scientist intuition has made him

as a constant oasis of ideas.

My special thanks go to the head of the Institute of Applied Physics of the Friedrich-

Schiller University Jena, Prof. Andreas Tünnermann for his substantial contribution
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Zusammenfassung

In den vergangenen Jahren hat sich ein großes wissenschaftliches Interesse an hochemp-

findlichen opto-mechanischen Systemen entwickelt, bei denen eine Lichtwelle über den

Lichtdruck mit einem mechanischen Oszillator gekoppelt wird [1–6]. Dieser wird in der

Regel durch einen hochreflektierenden Spiegel in einem optischen Hochfinesse-Resonator

realisiert. Beispielsweise dienen solche Spiegel als Testmassen für die interferometrische

Gravitationswellendetektion [6, 7], als Oszillatoren für die Untersuchung des Quanten-

charakters makroskopischer Körper [4, 8–10] und als wichtigste Bausteine für hochsta-

bile Referenzresonatoren sowie hochpräzise optische Uhren zur Erforschung der Natur

fundamentaler Konstanten [11–14]. Die Messempfindlichkeit solcher Experimente wird

fundamental durch verschiedenste Rauscheinflüsse begrenzt, die sich dem gewünschten

Messsignal überlagern [15–17]. Einen entscheidenden Anteil des thermischen Rauschens

liefern hierbei die dielektrischen Vielschichtsysteme, die in den derzeitigen Aufbauten die

hohen Reflektivitäten der Resonatorspiegel gewährleisten. Das hohe Rauschniveau der

Schichtsysteme resultiert zum einen aus den hohen mechanischen Verlusten der alternie-

renden amorphen Schichtmaterialien und der damit verbundenen Energiedissipation und

zum anderen aus der Herabsetzung der hohen mechanischen Güten der Spiegelsubstrat-

materialien wie z.B. Kieselglas oder Silizium [15, 21–24]. Es skaliert dabei mit der Dicke

der dielektrischen Beschichtung, die typischerweise 5 bis 7µm beträgt [21].

Neben der Erforschung der Verlustmechanismen der Beschichtungsmaterialien mit dem

Ziel der Reduzierung der mechanischen Verluste [25–27] sind veränderte bzw. alternative

Spiegelkonzepte von großem Interesse, die die benötigte Dicke einer dielektrischen Be-

schichtung stark verringern oder diese gar gänzlich vermeiden. Einen viel versprechenden

Ansatz bieten dabei sogenannte resonante Wellenleitergitter (RWG), welche mit Hilfe ei-

ner mikrostrukturierten hochbrechenden Schicht (mit einer typischen Dicke von wenigen
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Hundert Nanometern) auf einem niedrigbrechenden Substrat hohe Reflektivitäten errei-

chen können [34–37]. Solche Strukturen wurden erstmals durch Bunkowski et al. für die

Anwendung im Bereich der Hochpräzisions-Metrologie vorgeschlagen [38]; zuvor wurden

diese hauptsächlich für die Funktion als optischer Filter oder Schalter untersucht [35].

Im Rahmen dieser Arbeit wurde das Potenzial dieser Gitterstrukturen im Hinblick auf die

Realisierung maximaler Reflektivitäten bei gleichzeitiger Minimierung der dielektrischen

Beschichtung erstmals experimentell untersucht. Dazu wurde zunächst ein RWG reali-

siert, das eine 400 nm dünne strukturierte Tantalpentoxid-Schicht auf einem Siliziumdi-

oxidsubstrat aufwies. Die Material-Wellenlänge-Auswahl wurde hierbei an die derzeitige

Generation an optischen Hochpräzisions-Experimenten angepasst. Das Gitter wurde als

Einkoppelspiegel in einem Hochfinesse-Resonator charakterisiert, von deren Finesse-Wert

eine Reflektivität von 99,08 % bei einer Arbeitswellenlänge des Lichtes von 1064 nm abge-

leitet werden konnte [39]. Die erreichte Reflektivität stellt einen Rekordwert für resonante

Reflexion bei 1064 nm dar. Außerdem wurde nie zuvor ein Hochfinesse-Resonator zur Be-

stimmung einer gitterbasierten Reflektivtät eingesetzt.

Den jüngsten Erkenntnissen auf dem Gebiet der Materialforschung folgend wurden des

Weiteren siliziumbasierte RWGs sowohl theoretisch modelliert als auch experimentell de-

monstriert. Silizium wird aufgrund besserer mechanischer Eigenschaften als Kieselglas,

speziell bei kryogenen Temperaturen, mit größter Wahrscheinlichkeit das Basismaterial

zukünftiger Hochpräzisions-Aufbauten sein [40,41]. Die spektrale Reflektivität unter senk-

rechter Inzidenz ergab für ein hergestelltes Gitter einen Wert von größer 98 % für einen

breiten Wellenlängenbereich von 1,52µm bis 1,59µm. Der Spitzenwert bei der Arbeits-

wellenlänge von 1,55µm lag bei 98,9 %.

Obwohl die genannten RWGs die dielektrischen Beschichtungen erheblich reduzieren, ist

mindestens noch eine Schicht aus einem substratfremden Material erforderlich, die un-

gewünschte mechanische Verluste induziert [24]. Vor diesem Hintergrund wurde im Rah-

men dieser Arbeit ein völlig neuer Ansatz der Mikrostrukturierung einer dielektrischen

Oberfläche entwickelt, der vollständig auf eine Beschichtung verzichtet und damit eine

rein monolithische Implementierung resonanter Wellenleitergitter darstellt [44]. Die me-

chanische Güte des Substrats wird durch die Mikrostruktur nur minimal gestört [24].

Die notwendige Strukturierung der Oberfläche resultiert dabei in T-förmigen Stegen eines
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Subwellenlängengitters und erreicht eine theoretische Reflektivität von 100 % [45]. Aufbau-

end auf der rigorosen Modellierung dieser Oberflächenstruktur wurde ein Demonstrator

in Silizium experimentell realisiert [46]. Dieser wurde als Endspiegel ebenfalls in einen

Hochfinesse-Resonator eingebaut. Die Finesse dieses Resonators wurde zu F = 2784 ±

100 bestimmt, was einer Gitterreflektivität von (99,7945 ± 0,0086) % entspricht. Dies ist

die höchste jemals erreichte auf resonanter Lichtkopplung basierende Reflektivität. Sie

ermöglicht im Prinzip einen beschichtungsfreien Resonator mit einer Finesse von ≈ 1500,

welche den Finesse-Werten von derzeitigen Gravitationswellendetektoren entspricht. Die-

se Ergebnisse können als die wichtigste Errungenschaft dieser Arbeit angesehen werden.

Der Resonatoraufbau spiegelt zudem die Ausgestaltung zukünftiger Experimente wider.

Mit dem Ziel einer praktikableren Handhabung wurde des Weiteren ein zweiter Ansatz

für eine monolithische Implementierung von RWGs erarbeitet [47, 48]. Dieser beruht auf

einem vergrabenen Subwellenlängengitter und liefert damit eine flache und robuste Git-

teroberfläche. Das Gitter ist damit vor Kontamination und schneller Zerstörung geschützt.

Zudem können zusätzliche Technologien für die Herstellung eingesetzt werden. Die theo-

retischen Betrachtungen zeigten auch hier, dass eine Reflektivität von 100 % möglich ist.

Eine erste experimentelle Realisierung gelang wiederum in Silizium, wobei eine viel ver-

sprechende Reflektivität von 93 % unter senkrechter Inzidenz bei einer Wellenlänge von

λ = 1550 nm gemessen werden konnte.

Basierend auf dem derzeitigen Verständnis von beschichtungsinduziertem thermischen

Rauschen stellen die im Rahmen dieser Arbeit entwickelten Ansätze mögliche Lösungen

der oben beschriebenen Problematik in Aussicht. Nichtsdestotrotz müssen die gitterba-

sierten Reflektivitäten durch weitere Technologieentwicklung weiter erhöht werden. Im

Hinblick auf einen Einsatz unter kryogenen Bedingungen muss hierbei auch die Tem-

peraturabhängigkeit der optischen Parameter berücksichtigt werden. Auch ein direkter

experimenteller Nachweis der Reduzierung des thermischen Rauschens der entwickelten

Strukturen gegenüber herkömmlicher Spiegel ist geplant. In Anbetracht der viel verspre-

chenden Ergebnisse und dem vorhergesehenen Fortschritt eröffnet diese Arbeit dennoch

einen Weg zu einer neuen Generation von hochempfindlichen Experimenten zur Erfor-

schung fundamentaler Fragen der modernen Physik.
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A. Tünnermann. Experimental demonstration of a suspended diffractively coupled

optical cavity. Opt. Lett., 34(20):3184–3186, 2009.

[6] C. Wirth, O. Schmidt, I. Tsybin, T. Schreiber, T. Peschel, F. Brückner, T. Claus-

nitzer, J. Limpert, R. Eberhardt, A. Tünnermann, M. Gowin, E. ten Have, K.
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Ich erkläre hiermit ehrenwörtlich, dass ich die vorliegende Arbeit selbständig, ohne un-
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