Demonstration of a cavity coupler based
on aresonant waveguide grating
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Abstract: ~ Thermal noise in multilayer optical coatings may not only
limit the sensitivity of future gravitational wave detectors in their most
sensitive frequency band but is also a major impediment for experiments
that aim to reach the standard quantum limit or to cool mechanical systems
to their quantum ground state. Here, we present the experimental realization
and characterization of a cavity coupler, which is based on a surface relief
guided-mode resonant grating. Since the required thickness of the dielectric
coating is dramatically decreased compared to conventional mirrors, it is
expected to provide low mechanical loss and, thus, low thermal noise. The
cavity coupler was incorporated into a Fabry-Perot resonator together with
a conventional high quality mirror. The finesse of this cavity was measured
to be F = 657, which correspondsto a coupler reflectivity of R = 99.08 %.
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1. Introduction

Thermally driven motion of optical components give rise to thermal noise in high precision
measurements [1], and is becoming a limiting factor for the sensitivity of interferometric ex-
periments such as gravitational wave detectors[2, 3, 4], laser cooling of mechanical oscillators
[5], optical traps for mirrors[6], and the generation of entangled test masses [7]. For dielectri-
cally coated mirrors, thethermal noiseis mainly caused by the mechanical loss of the multilayer
coating stack [4, 8]. Typical coating layer materials are SiO, and Ta,Os with amagjor loss con-
tribution from the latter. 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
[9], and are, therefore, frequently used in high-precision experiments. Reflectivities of multi-
layer coated mirrors of up to 99.9998 % have been demonstrated [10]. Thus, new concepts are
required that simultaneously provide high optical quality and low mechanical loss. One ap-
proach being pursued is to design an alternative multilayer system deviating from the classical

quarter wave design and containing less Ta,Os [11]. Doping of Ta;Os with TiO, has also been
investigated and a reduction of the mechanical loss by a factor of 1.5 was observed [12]. An-

other approach is to avoid the dielectric coating at all by utilizing coating-free mirrors [13] or
corner reflectors[14], which are based on total internal reflection and Brewster-angle coupling.

However, in these cases thermo-refractive noise resulting from a temperature-dependent refrac-

tiveindex and also thermal lensing are increased due to the large optical path length inside the
substrate material.

#102485 - $15.00 USD  Received 7 Oct 2008; revised 10 Dec 2008; accepted 17 Dec 2008; published 24 Dec 2008
(C) 2009 OSA 5 January 2009/ Vol. 17, No. 1/ OPTICS EXPRESS 164



Surface relief guided-mode resonant waveguide structures [15, 16, 17] provide an aterna-
tive approach for reaching high reflectivity and simultaneously ensure low mechanical loss.
Here, the coating thermal noise is reduced due to the fact that the (high-mechanical quality)
substrate carries only a single, thin but corrugated high refractive index layer [18]. The focus
of earlier work on waveguide grating structures was centered mainly on narrow-band filter-
ing and switching applications [16]. However, Bunkowski et al. [19] theoretically investigated
such a device and found parameters for a high-reflection waveguide mirror with broad spec-
tral response. Recent theoretical research showed that even the remaining high-index layer can
be avoided and that a monoalithic high-reflection mirror is possible by applying an appropriate
grating structure to the substrate’s surface without the need for adding any other material [20].
This new approach does not imply suspended microstructures [21], which had been reported
before and, therefore, overcomesthe limitation to very small grating areas. Also recently, it was
experimentally tested whether a periodic surface corrugation provides a significant source of
mechanical loss compared to the effect of dielectric coating layers. It was found that a grating
etched into the surface of a substrate had no significant effect on the substrate’s quality factor,
which was of the order 108 [18].

In this article, we report on the fabrication and characterization of a resonant waveguide
grating based high-reflection mirror. The mirror substrate was sodalime glass and carried a
single layer grating of Ta,Os (Tantala) with a thickness of 400nm, 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 1064nm. This is, to the best of
our knowledge, the highest value of resonant reflection that has ever been reported. Moreover,
a standing wave cavity setup has never been utilized to accurately determine a grating based
resonant reflectivity before.

2. Resonant waveguide grating structures

Resonant waveguide grating structures employ resonant light coupling instead of multiple in-
terference at different layer interfacesto achieve high reflectivity. They comprise aperiodically
nano-structured high-refractive-index layer attached to a low-refractive-index substrate. The
fundamental principle of waveguide gratingsisillustrated in Fig. 1 and can be understood by a
simple ray picture [17]. In case of normal incidence the three following parameter inequalities
(which can be derived from the well-known grating equation) have to be fulfilled to allow for
resonant reflection:

d < A (topermitonly zeroth order in air), (0]
A/ny < d (first ordersin high-index layer), 2
d < A/n_ (only zeroth order in the substrate) (©)]

where d isthe grating period, A isthe light's vacuum wavelength and ny and n. are the higher
and lower refractive indices, respectively. The first diffraction orders (-1T, +1T) in the high-
index layer experience total internal reflection (at the interface to the low-index substrate) and
excite resonant waveguide modes. A part of the light inside the waveguide is coupled out via
the grating to both, the transmitted and reflected zeroth order (0T, OR). 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.

With decreased coupling efficiency to the waveguide modes the structure behaves more reso-
nant leading to a higher finesse of the single peak reflection spectrum [17]. That property makes
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Fig. 1. Fundamental principle of resonant waveguide gratingsin asimplified ray picture.

such devices suitable for narrow-band filtering. 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. Ad-
ditionally, 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 coupling efficiency viaatheoretical parameter design
asitisperformedin[19].

Today’s gravitational wave detectors use fused silica as the test mass material (n. ~ 1.5)
and Nd:YAG lasers as ultrastable light sources with a central wavelength of A = 1064 nm [3].
The most common high-index material for this wavelength region is tantala with a refractive
index of ny =~ 2.1 [4]. In the following we restrict ourselves to this material combination and
wavelength. According to Inegs. (1) - (3), the grating period is restricted by 512nm < d <
710 nm. For systematic design considerationsin terms of broad resonance behavior, we refer to
[19], wherein a Rigorous-Coupled-Wave Analysis (RCWA) [22] was used to find appropriate
grating parameters with high reflectivity as well as convenient fabrication 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 abroadband reflection peak, large valuesfor the grating period
close to 700 nm are favorable. M oreover, the simulations showed that high TM-reflectivity can
even be found for zero waveguide layer thickness (s = Onm), if the groove depth and the
grating fill factor are about g ~ 400nm and f ~ 0.5, respectively. As the overall thickness of
the high-index coating material is the crucial factor for coating thermal noise, the reduction
of the residual waveguide layer down to zero would be highly beneficial [18]. The effective
tantala layer thickness in this case (g = 400nm, f = 0.5) is only about 0.2 um in contrast to
a conventional mirror, typically comprising an 18 double-layer dielectric stack with an overall
tantala thickness of about 3 um. This suggests a significant thermal noise reduction.

Please note that for vanishing waveguide layer thickness the simplified ray picture breaks
down. The diffraction ordersthat are involved in the coupling process rather need to be consid-
ered as corresponding to discrete grating modes propagating through the binary grating region.
For amore detail ed explanation we refer the reader to [23]. However, the simulations are based
on a RCWA whichisstill validfor s= 0nm.
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3. Fabrication process

For the fabrication of the desired waveguide grating, a sodalime glass substrate with an index of

refraction of n. = 1.515 was first coated with a400 nm tantalalayer with an index of refraction
of ny = 2.105 by means of Plasma-lon-Assisted Deposition (PIAD). With regard to the desired
groove depth, sodalime glass was chosen as the substrate material instead of fused silica since
it remains nearly unaffected while the tantala etching process. The grating with aperiod of d =

690 nm was defined by the use of electron beam lithography for an areaof (75mm) 2, aiming at
agrating fill factor of f = 0.515. Thefinal Inductively-Coupled-Plasma (I CP) etching step was
adjusted to match the desired grating groove depth of g = 400 nm, which correspondsto a zero
waveguide layer thickness (s= 0 nm). Figure 2 depictsatop view scanning el ectron 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.

o B B

IAP_Jena: 0.5kV-D 1.9mm x100k SE(U) 12/21/2007 500nm WIAP Jena  2.0kV 8.4mm x60.0k SE(L) 3/25/2008

Fig. 2. 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 spectra fit in
Fig. 3. Right hand side: Cross-sectional view of a related grating with the same groove
depth but different fill factor.

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 [19]. Most 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 [24] showed
that such a trapezoidal profileis still capable of high reflectivity while the bandwidth remains
substantially uneffected.

From the left hand side of Fig. 2, we realized an effectivefill factor of 0.52 instead of 0.515
which would give a maximum in reflectivity. This leadsto a stronger dependence of the reflec-
tivity to variations of the grating parameters over the grating area that occur in the fabrication
process.

4. 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 aresolution of 50 pm. The measured data
isshownin Fig. 3 (black curve) and revealsaminimum transmittance of 0.19 % at awavelength
of A = 1065.6nm and a transmittance of 0.8% at the central wavelength A = 1064nm. The
kink near A = 1045nm isrelated to the incipient transmission of thefirst diffracted ordersinto
the substrate material since the condition for total internal reflection is no longer fulfilled at
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this wavelength, see Ineg. (3). The spectral bandwidth of the resonant device shows a broad
transmission of < 10% over a wavelength range of 12nm. Assuming a grating period of d =
690 nm, a groove depth of g = 400nm (s= 0nm) and aside wall angle of o = 70 °, which can
be estimated with the cross-sectional SEM image on the right hand side of Fig. 2, the best fitted
spectral response was achieved with atop fill factor of fiop = 0.308, seered curvein Fig. 3.
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Fig. 3. Spectra zeroth order transmittance of the resonant grating-based cavity coupler
under normal incidence and for TM-polarization.

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 experimental setup is sketched in Fig. 4(a).
The light source was a Nd: YAG laser with a wavelength of 1064nm. The light was spatially
filtered by a ring modecleaner (MC) which was stabilized via the Pound-Drever-Hall (PDH)
control scheme [25]. Therefore, a phase modulation at 12.18 MHz 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 which
has a measured transmission of Teng = (300 £ 30) ppm. The length of the cavity L = (0.495
+ 0.001) m defines its free-spectral range FSR = ¢/2L. The linewidth (full width at half max-
imum) Av was measured in order to determine the Finesse F = FSR/Av and subsequently the
reflectivity of the grating device.

In order to obtain the cavity linewidth we calibrated the cavity detuning by using the PDH
phase modulation signals as frequency markers around an airy peak, see Fig. 4(b). For this
purpose, the residual sideband fields at 12.18 MHz transmitted through the modecleaner were
used. The linewidth was averaged over twenty measurements, which resulted in Av = (461 +
19) kHz, where we took a4 % error into account for the linewidth and a 1 % uncertainty for the
frequency markers. Hence, the Finesse was F = 657 + 27. Since the product of the amplitude
reflectivities p1 and p2 of the end mirror and waveguide grating, respectively, is connected to

the Finesse by
p1p2:2—cos(g) —\/(cos(g) —2)2—1, 4

we find the waveguide grating power reflectivity to be p22 = (99.08 + 0.05) %. Here, any res-
onant reflection phase shift [26] can be neglected since the light source is a single frequency
laser. Though this value is a record for measured resonant reflection, it still does not compete
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Fig. 4. (8) Experimental setup for the characterization of the waveguide grating (WGG) asa
cavity coupling mirror. Electro-optical-modulator (EOM), modecleaner (MC), photodiode
(PD). (b) Scan over one airy peak (red) of linewidth 461 kHz measured in transmission
(PD1). The cavity detuning was calibrated via the demodulated signal (green) in reflection
of the cavity (PD2).

with conventional multilayer mirrors when only regarding optical loss [10]. We would like to
point out 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 grat-
ing area was found to be higher than 96 % with a spatial resolution given by the beam radius
of ~ 130 um. These variations can be explained by a deviation of the effectivefill factor in the
range between 0.52 and 0.525. Assuming afill factor of 0.515, the same deviation would lead
to areflectivity higher than 99.6 % over the whole area.

5. Conclusion

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 res-
onant grating device. By periodically structuring a 400 nm tantala layer on top of a sodalime
glass substrate we achieved a reflectivity of 99.08% for a wavelength of 1064nm 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 0.2 um compared to conventional mirrors with an overall tantala thickness of about
3 um. For future work we plan to characterize the performance of an all grating-based stand-
ing wave cavity with prospects for implementation in all-reflective interferometric setups for
future gravitational wave detectors. Especially, the thermal noise level of this cavity compared
to conventional setupswill be of great interest.
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