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Abstract: Typical applications of integrated photonics in the mid-infrared (MIR) are different
from near-infrared (telecom) range and, in many instances, they involve chemical sensing through
MIR spectroscopy. Such applications necessitate tailored designs of optical waveguides. Both
cross-sectional designs and processing methods of MIR waveguides have been a subject of
extensive research, where material transparency and substrate leakage of guided modes have
been the most common challenges. Both these challenges can be solved simultaneously with
air-suspended waveguides. In this paper, tantalum pentoxide (TayOs, tantala) thin films deposited
on silicon were tested for two different dry under-etching procedures, XeF, and SF¢ plasma, with
both of them facilitating selective removal of silicon. We analyze the advantages and limitations
of these two methods and optimize the processing for fabricating membranes with arbitrary length
and cross-sectional aspect ratio over 300. The performance of these high-aspect-ratio membranes
as a framework for single-mode waveguides is rigorously analyzed at 2566 nm wavelength. With
tantala being transparent up to 10 pm wavelength, such waveguides are particularly well suited
for gas sensing in MIR.

Published by The Optical Society under the terms of the Creative Commons Attribution 4.0 License. Further
distribution of this work must maintain attribution to the author(s) and the published article’s title, journal
citation, and DOI.

1. Introduction

Integrated mid-infrared (MIR) photonics holds promise for new applications outside of telecom
such as chemical and biological sensing [1]. However, as a young area of study, it presents
researchers with several challenges in the development of both active and passive components.
Material transparency, being the major challenge, is limited by the onset of phonon absorption at
longer wavelengths, requiring careful material selection. Optical materials have been recently
reviewed showing multiple candidates for adoption in MIR such as chalcogenide glasses,
semiconductors, or metal oxides [2—4]. However, besides the intrinsic absorption mechanisms,
materials may often contain residuals which cause additional propagation loss. Particularly in
amorphous materials, the most detrimental residuals are water [5—7] and hydroxyl groups in
oxides [8], as well as N-H bonds in nitrides [9-11]. Fortunately, their content can be reduced by
improving material packing density and by annealing. Material challenges in optical waveguides,
mainly absorption, can also be solved by careful design. Optical waveguides can be engineered to
minimize light confinement in a lossy material. It has been reported that the silicon-on-insulator
(SOI) platform can be used beyond the silica transparency edge at ~3.6 um with strong light
confinement in a relatively thick silicon waveguide core [12]. Nevertheless, if the optical mode is
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nearly entirely confined in the solid core, the interaction with the surrounding environment is
minimal and such waveguides are then ill-suited for applications in sensing.

Another common obstacle at longer wavelengths is substrate leakage. Commercially available
wafers, originally intended for telecom applications, exhibit bottom claddings too thin relative to
the wavelength and light distribution in the MIR and fail to isolate the guided mode from the
substrate. Suspending the waveguide in air can directly avoid this issue. Such an architecture
allows for a maximum refractive index contrast, keeping the light further away from the
substrate. In this context, much attention has been given to the SOI material platform, where
silicon waveguides have been suspended via selective removal of SiO; by HF etching [13-16].
Free-standing germanium waveguides have been made in a similar way from either germanium-
on-insulator (GOI) [17] or Ge-on-SOI [18]. In an alternative approach, silicon has been removed
directly from below the device layer, allowing the air cladding to be extended as much as needed
in contrast to the limited oxide thickness. Diamond waveguides have been under-etched in
SF¢ plasma [19] while dry etch with XeF; has been used to release SiO, microdisks [20] and
silicon waveguides on thin oxide membrane [21] for operation in the near-infrared (NIR) domain.
Moreover, the MIR transparency range of silicon has been fully exploited by wafer bonding [22]:
The air cladding has been first defined as trenches in a silicon wafer and a silicon device layer has
been bonded over the wafer. Waveguides have been finally patterned onto the membranes, which
resulted in an all-silicon structure. However, the full protocol is rather complex.

In addition, membrane waveguides with extended evanescent field can be tailored for a variety
of other applications such as chip-based microscopy where the evanescent field is used to excite
biological samples on the waveguide surface at visible wavelengths [23,24]. Here, penetration
depths of 100-200 nm provide an ideal optical cross-section for high contrast images. Thin
membranes are also found in various MEMS devices like thermal [25], and pressure sensors [26],
or optical filters [27], and similar membrane processing has been used for wafer-scale preparation
of transmission electron microscope specimens [28] and for constructing cages for DNA trapping
[29].

In this paper, we report on processing tantalum pentoxide (Ta,Os, tantala) into air-suspended
waveguides to tackle the challenges of core material absorption and substrate leakage. The
potential of tantala in integrated optics has been manifested by low-loss optical waveguides of
0.78 dB cm™! at 660 nm [30], and 0.65 dB cm™! at 1600 nm [31]. Its intrinsic transparency
ranges approximately from 0.5 to 10 um [32], rendering tantala suitable for MIR nanophotonics.
We chose a design of a free-standing membrane with a rib waveguide [13,17-19,22,33] and
optimized its dimensions for spectroscopic detection with TM-polarized light in the MIR. The
optical field is strongly delocalized, which has the following consequences: The light—matter
interaction in air is unprecedently strong and the field extends far from the waveguide core,
requiring large air buffer between the waveguide and the substrate. In the present approach, the
device layer rests directly on top of a silicon wafer which is then selectively, locally removed
from below the waveguides and results in thick air cladding, which isolates the guided light from
the substrate. For the purpose of the under-etching, we compare spontaneous etching with XeF,
gas and plasma etching with SF¢ in terms of material selectivity, suitable masking materials, etch
profile, and ease of processing.

2. Design

Air-suspended waveguides can effectively remove substrate leakage and, if sufficiently thin, they
can increase the overlap of the guided light with the surrounding air cladding. Our waveguide
(Fig. 1) is formed by a shallow rib in the tantala membrane. It was modeled with finite-difference
eigenmode solver MODE (Lumerical) to determine appropriate dimensions for the TM-polarized
light at 2566 nm. We identified four figures of merit that depend on the dimensions and thus
allow finding the optimal design in terms of light—analyte interaction and propagation loss. First,



Research Article Vol. 11, No. 9/1 Sep 2021/ Optical Materials Express 3113

= -
O yeje:i] aflal

/'F-‘

it is the external confinement factor I'ex; [33—37], which quantifies the interaction strength outside
the waveguide core, accounting for light field distribution and dispersion. It depends mainly on
the membrane thickness T and remains unaffected by the rib width W or etch depth E. Second,
the lateral leakage, characteristic for TM modes in rib waveguides [38], shows minima dependent
on the rib width W while the magnitude is driven by the etch depth E. Third, bending loss is a
function of all dimensional parameters but mainly E. Fourth, and last, the waveguide needs to
support a single mode at the selected polarization. While I'ex is nearly the same for different
TM modes in multimode devices, propagation loss due to the lateral leakage and bends varies.
Intermodal interaction leads to increased noise, and in some cases completely hinders a correct
interpretation of the transmission signal.

Fig. 1. Schematics of the air-suspended tantala waveguide. The cross-sectional parameters
include the as-deposited layer thickness T, rib width W, and etch depth E. The top view shows
etching openings, which facilitate the under-etching. W, X L are the openings dimensions
and D, and Dy, are the lateral and longitudinal spacings.

For tantala as the waveguide core material, I'ex; reaches maximum of 109% around 400 nm
device layer thickness T for the wavelength of 2566 nm (Fig. 2(a)). Figure 2(b) indicates the
positions of lateral loss minima for T =400 nm and etch depth E =50 nm. Figure 2(c) shows
the single-mode condition in the E-W parameter space where only a single mode is supported
anywhere below the curve. Based on these calculations, we targeted the loss minimum around
4.7 um rib width with 50 nm etch depth close to the single-mode threshold in order to maintain the
bending loss below 0.1 dB per 90° for 1 mm radius of curvature. A higher etch depth decreases
the bending loss further but also increases the maximum lateral leakage [39]. The model for
T =400 nm, E =50 nm, and W =4.7 pm also predicts a uniquely low end-fire in-coupling loss
(Fig. 2(d)) with a minimum of 0.65 dB for a 4.2 pm beam diameter.

The under-etching is done from the front side and therefore necessitates etching openings
through the device layer. The openings must be positioned sufficiently far from the waveguide
not to disturb the guided mode. We approximated the effect by placing perfectly matched layers
(absorbing boundary conditions) on the sides of the simulation domain and varied the domain
width. The effect should be negligible already around D, =20 um. The dimensions of the etching
openings were determined experimentally as discussed later.
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Fig. 2. Waveguide model results for TM polarization and at 2566 nm wavelength for
E =50nm, and nyp0s5 = 2.1. Layer thickness and rib width are T =400 nm and W =4.7 pym
if not stated otherwise. a) Confinement factor I in air (external, I'ex¢) and in the core material
(internal, ['jy) as a function of layer thickness T. b) Propagation loss due to lateral leakage
of the rib waveguide guided TM mode. ¢) Single-mode condition in the E-W parameter
space. d) In-coupling loss between a free-space beam and the fundamental TM mode. Inset
illustrates the overlap between the TM mode power (P;) distribution and Gaussian beam
focus of 8 um diameter. The green contours indicate 1/e? power levels for the mode (solid),
and the beam (dashed).

3. Processing

Tantala thin films can be prepared by various methods [40] such as physical vapor deposition
(PVD) [6,7,31,41-43], chemical vapor deposition (CVD) [44], or from a solution [30,32,45].
It features a high refractive index around 2.1 at 1550 nm and 2.05 at 2500 nm, and the broad
transparency (0.5—10 um) as discussed in the introduction. However, this transparency window
is often obscured by wide water and OH absorption bands, one being centered at 3 um [6-8,32].

The process flow for fabricating the suspended waveguides is illustrated in Fig. 3. It begins
with deposition of the tantala device layer (step 1) onto a standard <100> Si wafer. We prepared
3 samples in this study as listed in Table 1 with the tantala films deposited by RF magnetron
sputtering (A1, in-house), plasma-assisted e-beam evaporation (A2, purchased from Helia
Photonics), and sol-gel (A3, in-house).

1 2
— —

w_/
[3%)

0 Ta,0, ‘ 4 :

Fig. 3. Process flow for fabrication of suspended waveguides. Film deposition (1) is
followed by consecutive patterning of waveguides (2) and etching openings (3). In the final
step, the waveguide is under-etched (4).
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Table 1. Summary of processing methods and target dimensions for samples A1-A3.

Deposition Target layer Shallow Target dimensions Und,er'
Sample : . etching
method thickness T etching Rib width W Etch depth E method
Al Magnetron sputtering 350 nm Ar IBM 4.5 pm 30 nm XeF, gas
A2 E-beam evaporation 400 nm CHF3/0, ICP-RIE  4.9,5.3,5.7 um 50 nm SF¢ plasma
A3 Sol-gel 400 nm CHF3/0; ICP-RIE — — SF¢ plasma

Following the deposition, the patterning was performed in two steps to accommodate for
the difference in the etch depths of the ribs and the etching openings: The ribs are relatively
shallow, up to 50 nanometers, while the etching openings need to penetrate the whole device
layer(s). Table 1 lists the target values of E and W. Sample A1 was patterned with a positive tone
photoresist and UV photolithography (Siiss MA-6, A =385 nm) in hard contact mode followed
by Argon ion beam milling IBM, Oxford Instruments Ionfab 300+). Further details on the
fabrication of sample A1l have been reported in [33]. For the processing of samples A2 and
A3, we used mask-less lithography (Heidelberg Instruments MLA150, A =405 nm) followed
by pattern transfer with inductively coupled plasma reactive ion etching (ICP—RIE, Plasmalab
System 100 ICP-RIE 180). Plasma chemistries of CF4 [30], C4Fg/O, [42], CHF3/Ar [45] have
been reported for tantala etching and we optimized CHF3/O, chemistry with flow rates 48/2 sccm,
20 mTorr pressure, 100 W RF and 1000 W ICP powers.

3.1.  Under-etching

Two different methods of under-etching, namely XeF, molecular gas etching and inductively
coupled plasma with SFg, were tested and compared. Both gases primarily serve as sources of
fluorine, which is highly reactive and forms volatile compounds with Si and many transition
metals. Notably, XeF, etches Si spontaneously while SF¢ needs an external supply of energy to
release fluorine radicals and ions. The etch rates with respect to the under-cut depth are functions
of pressure [46—49] and aperture size [48—50] and they are nonlinear in time with respect to the
under-cut depth [50].

XeF, dry etching was applied for under-etching of sample A1l. The compound has been studied
since the late 1970s for Si etching [51] and the reaction equation reads [46,52]

2XeF, +Si — 2Xe + SiFy. (1

Si is etched rapidly and selectively over some materials like SiO», SizN4, Al,O3, or photoresists
[51,53,54], rendering them suitable as mask materials. To the best of our knowledge, XeF,—Ta;Os
interaction has not been studied before and therefore we tested the selectivity between the two
materials. The instrument (Xactix) was operated in a pulsed mode with alternating etch steps,
with XeF,/N, mixture, and purge steps with N,. Both materials were exposed from the top and
we varied the XeF,:N; ratio and etch pulse duration in the experiment. Total pressure and delay
between the pulses were kept constant.

Samples A2 and A3 were under-etched in SF¢ plasma in ICP-RIE. Unlike the XeF, etcher, the
ICP-RIE system operates continuously and SFg flow rate, process pressure, and RF and ICP
powers are all variable, and can be tuned for optimum etch rate. For isotropic etching, RF source
is not used (0 W power). The reactions between liberated fluorine and silicon lead again to the
formation of SiF, but fluorine is released in the plasma by several dissociation steps

e+SF, — SF_| +F
— SF,1 +F 2)
— SF,_1+F+e

where x =4-6 [55]. The selectivity towards other materials is similar to that of XeF,.
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Top passivation of tantala was mandatory in both processing methods because tantala does not
withstand direct exposure to the etchants. Bottom passivation was also studied by depositing
thin layers of more resistant dielectrics below tantala by the same respective methods (see
Table 1). Requirements for the bottom passivation were found to differ for both methods. Besides
passivation, optimization of the processes was done in terms of the total etching duration, etching
openings dimensions (W, X L,), and pressures.

4. Results

Under-etching of tantala was conducted successfully with both XeF, in sample A1l and SFg
plasma in sample A2. Nevertheless, notable differences were observed in the processing methods
and they are discussed in the following sections in detail. After the processing was optimized, we
patterned the tantala films with rib waveguides in the final fabrication rounds.

4.1. XeF,

The Si:Ta;O5 selectivity was found toF 210 + 40 with no clear dependence on the XeF;:N, ratio
or etch step duration. The large deviation is attributed to a low homogeneity of the etch rate over
the etching chamber area. In addition, Fig. 4(a) demonstrates that tantala is removed rapidly
also during under-etching. It is therefore unlikely that the recipe can be optimized for sufficient
selectivity, and bottom passivation is required to make membranes with aspect ratio of 300 and
more as required for the selected waveguide design. Figure 4(b) shows a result with a 10 nm
thick SiO, passivation layer inserted between silicon and tantala, which was then protected over a
lateral distance of a few micrometers. Although the etch rate ratio of silicon to SiO; is reportedly
high, ranging from less than 1000 [52] up to near infinity [51,53,56,57], it did not prove sufficient
in our processing scenario. Possible causes are the quality of the oxide [58], and etching Si
in proximity of SiO, because the XeF,—Si reaction facilitates the release of fluorine radicals,
which further attack SiO; [59]. Moreover, exposure through small openings has been shown
to deteriorate the selectivity [52]. On the other hand, passivation with 30 nm aluminum oxide
(A1L0O3, alumina) on top of a 30 nm buffer SiO, layer for improved adhesion between alumina
and silicon showed excellent performance with no observed degradation of the alumina film as
captured in Fig. 4(c).

The progression of the under-etching strongly depends on the dimensions of the openings.
Early experiments showed that openings of 3 x 3 um? (Fig. 4(a),(b)) with D, being either 34 or 24
um and Dy, =7 um significantly limited the etch rate. The openings were therefore enlarged to 10
x 5 um? (Fig. 4(c)) and the spacings adjusted to D, = 24 um and Dy, = 25 pum to enable complete
under-etching. Final process conditions were set to 270 cycles of 5 s etch pulses with XeF,/N,
pressures of 3/2 Torr and 10 s purging with N,. The resulting profile of the under-etching
appears perfectly isotropic as seen in the cross section in Fig. 5(a), and the membrane appears
homogenous in a top view as seen with an optical microscope in Fig. 6(a).

4.2, SF;

The most critical parameter in the SFg plasma isotropic etching through small openings is the
process pressure, and 50 mTorr maintained a sufficient etch rate. Figure 7 shows samples of
an under-etching progression with varying longitudinal spacing Dy, and openings dimensions
W, X L, after 30 min with 100 sccm SF¢, 50 mTorr, 1500 W ICP power. The lateral spacing
D, =30 um was fixed and followed from the numerical model. The etch rates are limited by
diffusion within the studied range of openings dimensions [49]. Based on this empirical test, we
chose 15 x 7.5 um? openings and Dy, = 40 pum and extended the etching time to 60 min. The final
recipe was 50 mTorr, 100 sccm SFg flow, 1500 W and O W of ICP and RF power respectively.
The substrate can heat up during the process and cause the photoresist used as a mask to burn. It
is therefore imperative to perform the etching in shorter sequences to let the substrate cool down.
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Fig. 4. Gradual inclusion of passivation layer in XeF, under-etching of TapOs. The etching
in these images was not completed and only a single row of etching openings is displayed.
Cross section provides schematics corresponding to the top view images acquired with an
optical microscope. a) The sample was etched with no bottom passivation while the top
was protected by a photoresist (PR). b) 10 nm SiO, passivation was used in the bottom. c¢)
30nm Al,O3 passivation and 30 nm SiO; adhesion layers were used to aid the processing.
The top photoresist was removed.

Cross section

Top view

In this study, 5 min periods of etching were interlaced with 3 min plasma-less N, flow (50 sccm,
40 mTorr).

This recipe was applied for processing of samples A2 and A3. Sample A2, which featured
SiO, adhesion layer and Al,O3 passivation layer, was successfully under-etched as shown in
Figs. 5(b) and 6(b). Sample A3, prepared with no backside passivation, also resisted the SF¢
plasma. However, high film stress resulted in cracking of the membrane and therefore the process
was interrupted already after 10 min (Fig. 6(c)).

a) 50 um

Fig. 5. Etch profiles: device layers under-etched in a) XeF, and b) SFg plasma.

After completing the under-etching of sample A2, we observed residues on the membrane
backside. These are likely leftovers of the etched materials, which were passivated against the
etching by photoresist contamination in the plasma [48,60]. Stylus profiler (KLLA Tencor, 2 ym
diameter stylus) measurement revealed that they are about 400 nm high, and energy-dispersive
X-ray spectroscopy (EDS) showed a high silicon content. It was possible to remove them with a
low concentration (~1%) tetramethyl ammonium hydroxide (TMAH) solution [19]. The TMAH
also removed the passivation layers of SiO; and Al,Os, leaving a single-layer free-standing
Ta;Os membrane shown in Fig. 7(b).
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Fig. 6. Optical microscope images of the fabricated membranes. a) Sample A1 under-etched
in XeF, with SiO, and Al,Oj3 layer stack for passivation. b) Sample A2 under-etched in
SF¢ plasma after the TMAH treatment, which removed the SiO,/Al, O3 layer stack. The
shallow etching, which defines the waveguides, only extends to the openings. ¢) Sample A3
also under-etched in SFg plasma. The scale bar in (c) applies to all images.
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Fig. 7. Result of under-etching test in SF¢ plasma after 30 min with lateral spacing 2 X
D, =60 um between openings. a) Effect of different longitudinal spacings of the etching
openings with dimensions 15x 7.5 pm2 (W, xLo). b) Effect of different openings sizes
with a constant longitudinal spacing Dy, =40 pm.
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4.3. Comparison of the etching methods

Although both isotropic methods rely on producing volatile SiF4, there are significant differences.
First, the two methods result in different profiles. XeF, gave highly isotropic, hemispherical
etch profiles as seen in Fig. 6(a). Reactive species are allowed to distribute homogeneously
within the forming cavity because the process is dominated by physisorption and dissociation at
room temperature [53]. Meanwhile, SFg plasma exhibited a lower degree of isotropicity. Such
quasi-isotropic profile (Fig. 6(b)) has also been reported elsewhere [48]. It is likely a result of the
etching being dominated by direct impact of fluorine radicals [50], where any site not in the line
of sight of the radical is etched slower. This effect, named neutral shadowing [61], has a visible
impact on etching through small openings.

The passivation requirements in the two methods were also found to differ. Both methods
were tested with and without bottom passivation and gave different under-etching selectivities,
and the complete stack of layers used in the processing in all samples is listed in Table 2. This
can be explained by the same mechanisms responsible for the dissimilar etch profiles. In XeF;,
tantala cannot be under-etched directly and a bottom passivation with a more resistant material,
ideally Al,Os3, is necessary (Fig. 4). XeF; molecules have enough time to diffuse to the tantala
backside surface because silicon etching is limited by a physisorbed layer. In contrast, SFg plasma
facilitates direct under-etching of tantala as evidenced by sample A3. Most of reactive species
entering through an opening are immediately spent on the silicon etching and do not reach the
device layer. Tantala is still slowly etched from the backside but this effect is not significant and
does not impair the fabrication for the required membrane aspect ratio. Al,O3 passivation can be
again used if the tantala over-etching is not affordable.

Table 2. Summary of the deposited layers and waveguide patterning on samples A1-A3.

TayOs device layer Al,O3 passivation SiO; adhesion Patterned
Sample thickness T layer thickness layer thickness waveguides
Al 350 nm 30 nm 30 nm Yes
A2 400 nm 20 nm 20 nm Yes
A3 400 nm — — No

The top side of the device layer can be passivated with a photoresist in XeF, processing. In
SF¢ plasma, the photoresist is etched, as discussed above, and it can burn due to accumulated
heat. Either way can lead to exposing the device layer, which is highly detrimental. In addition,
it has been hypothesized that the photoresist contaminates the plasma and the etched surfaces
[48]. These issues could be circumvented by using a metal mask, which can be removed by liquid
processing.

4.4. Mechanical stability of thin-film membranes

Thin films can develop compressive or tensile stress with respect to the substrate. If the stress
magnitude is critical, bending or cracking of the membranes will occur. Deposition processes of
samples Al and A2 produced low-stress films, and their mechanical stability was further tested
with a stylus profiler. The membranes were laterally scanned with the stylus with loads of 0.5, 1,
and 2 mg without getting damaged. This shows that the mechanical stability is satisfactory for
membranes with aspect ratio over 300. Contrarily, sample A3 could not be under-etched because
cracks started developing in the layer soon after the processing initiated (Fig. 6(c)). This was
likely caused by a high tensile stress in the layer, which is a consequence of the deposition from a
solution.
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4.5. Waveguide patterning

Profilometer measurements revealed that the rib shallow etch depth E was about 32 nm in sample
Al, close to the targeted 30 nm. The Argon IBM results in partial redeposition of the material
[62,63]. The deposits are visible on edges of the waveguides in the profilometer scan in Fig. 8.
This can cause local inhomogeneities and thus contribute to propagation loss by scattering. The
processing method was therefore changed to RIE in sample A2 where the etched material is
chemically transformed into volatile compounds and discharged from the reactor. The shallow
reactive etching with CHF3/O, on sample A2 gave approximately 45-50 nm, again matching
well to the intended 50 nm etch depth E. In this case, material redeposition was significantly
suppressed (Fig. 8).

40F

N
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I
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Height, nm

-10 -5 0 5 10
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Fig. 8. Stylus profiler scans of waveguides samples A1 (red curve) and A2 (black curve).
Al was patterned via Ar IBM and shows residues of redeposition on the waveguide edges.
A2 was patterned via RIE and no redeposition was observed. Note that the height of the rib
produced by RIE appears to be 40 nm due to membrane bending. Measurements at different
sites revealed a true height of 45-50 nm. See Data File 1 and Data File 2 for underlying
data.

5. Application: suspended nanophotonic waveguides

As discussed in detail in the Design section, the principal benefit of the fabricated suspended
rib waveguides is their ability to accommodate a strongly vertically delocalized field. In this
context, operating the waveguides in TM polarization is beneficial despite the limits of lateral
leakage, facilitating remarkably high I'ey; [37] and thus strong light—matter interaction (Fig. 2(a)).
Previously, we experimentally confirmed the high confinement factor of 107 + 2% in sample A1l
[33]. Note that both A1 and A2 designs lead to a similar external confinement factor, while A1l
exhibits less interaction with the core material (and, hence, potentially lower propagation loss
due to absorption) at the cost of possibly lower mechanical stability.

The waveguide pathlength L represents another mean of controlling the interaction with analyte
as can be understood from a generalized Lambert-Beer law

I = Ipexp[-aTl'L] 3

with o being the bulk absorption coefficient. The possible pathlength that can be achieved is
principally limited by the propagation loss. This in turn comes from intrinsic material absorption,
impurity and residual absorption, scattering, and lateral leakage.

Propagation loss of waveguides on sample Al was determined from the decay of out-of-plane
light scattering as well as the cutback method. We retrieved loss of 6.8 dB cm™! at 2566 nm.
This figure was achieved after annealing the sample at 600 °C for 3 h. Without annealing, the loss
was approximately 12 dB cm~!. We therefore attribute the relatively high loss to residual water
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and OH absorption because 2566 nm wavelength coincides with a wing of the water absorption
band at 3 um [5]. Annealing is expected to remove water and improve condensation reactions of
adjacent O—H groups [8].

Waveguides in sample A2 did not visibly scatter light and therefore the loss was measured via
the cutback method with three different waveguide lengths. The lowest loss of 9.5 dB cm™! was
achieved with 5.1 um wide waveguides (see Table 3). The loss increases for both narrower and
wider waveguides (4.6 and 5.5 um wide respectively) within sample A2, which is consistent with
the lateral leakage (Fig. 2(b)). No annealing was performed with sample A2 and the relatively
high loss can be a result of both absence of the annealing step and stronger light confinement
in the core material. Nevertheless, the evaporated layers are expected to have a higher packing
density than the sputtered layers, thus leaving less space for water. Lower losses are expected
after annealing, which needs to be performed prior to membrane processing in order not to
damage the membranes.

Table 3. Waveguide dimensions and loss measurement at 2566 nm. The dimensions were
measured with a scanning electron microscope (Zeiss Zigma). See Data File 3 and Data File 4 for
loss measurement underlying data.

Width [pum] Loss

Sample Reference
Nominal Measured Propagation [dB cm™!] Coupling [dB]
Al 4.5 4.8 6.8 2.3 Our group in [33]
A2 4.9 4.6 12.1 2.3 This work
A2 53 5.1 9.5 2.7 This work
A2 5.7 5.5 14.1 - This work

The TM mode of the fabricated waveguides has several characteristics that remind of a free
space beam. The field is strongly delocalized (see inset of Fig. 2(d)), leading to a low effective
index of approximately 1.1 for a 400 nm device layer. Consequently, both the facet reflections and
the coupling losses in an end-fire configuration are remarkably low. With our characterization
setup and the coupling objective lens with NA =0.56, we get the minimum coupling spot of §—10
um in diameter, which corresponds to a theoretical 1.8-2.8 dB in-coupling loss for a 4.7 pym wide
waveguide (Fig. 2(d)). The influence of the rib width W between 4.9 and 5.7 um on the coupling
loss is negligible. The experimental coupling loss per facet values for the samples A1l and A2 are
between 2.3 and 2.7 dB, which is in a good agreement with the theory.

6. Conclusion

We demonstrated two dry-etch methods for the under-etching of tantala membranes for the
purpose of fabricating air-suspended optical waveguides. There are significant differences in
the etching results. With an Si to TayO5 selectivity of 210 + 40, XeF, does not allow direct
processing of tantala and a bottom passivation layer with more resistant material (Al,O3) is
necessary as demonstrated in Fig. 4. In contrast, SFg plasma facilitates direct under-etching of
tantala with no need for passivation (Fig. 6(c)). However, the different selectivities during the
under-etching result from etch rate limiting mechanisms rather than from difference in actual
material selectivities: Reactive species are depleted faster in SF¢ plasma than in XeF,, and
probabilities to reach the tantala layer backside are therefore different. Photoresist was found to
be a convenient top side passivation against XeF, but not against SFg plasma. This is due to
photoresist etching in the plasma and residues on the membrane backside, which were linked
to fluorocarbon contamination. A hard mask, such as chromium, would be more suitable. The
relaxed requirements on the backside passivation in SFg plasma makes the process appealing for
use on other dielectrics such as TiO», or SizNy4, while Al,O3 can be processed either way. The
resulting etch profiles (Fig. 5) favor SF¢ plasma processing, which leads to more pronounced
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separation between the device layer and the substrate. This is beneficial to preventing the
delocalized guided light from leaking into the substrate.

Stylus profiler loading and wet processing of the membranes further demonstrated that
fabricated membranes with an aspect ratio of up to 400 are mechanically stable. However, thin
films with high tensile stress such as films deposited from wet solutions cannot be directly
processed into membranes because they start cracking in an early phase of the under-etching
process (Fig. 6(c)). The films thus need to be prepared low-stress, while annealing can potentially
alleviate compressive stress [43].

We further demonstrated that the processed membranes can be successfully utilized as a
backbone for air-suspended rib waveguides. This waveguide design is very attractive for optical
sensing applications, especially in the MIR molecular fingerprint region. Waveguiding was
studied at 2566 nm, where, e.g., trace amounts of acetylene and HF gas can be detected. In the
configuration with TM polarization, we demonstrated several advantages of this waveguide: i)
Strong light-matter interaction of up to 109% as compared to a free-space beam; ii) reduced
requirements for material transparency due to weak light interaction with the waveguide core
material, nominally 14% for T =400 nm and 9% for T = 350 nm; and iii) low coupling loss in
an end-fire configuration down to 2.3 dB per facet without any tapers. Nevertheless, minimum
experimental propagation losses are still rather high, 6.8 dB cm™!, which likely comes from water
and OH absorption in the tantala material. The material transparency needs to be improved to
allow longer pathlengths and thus better interaction for sensitivity-critical applications such as
trace gas spectroscopy. Future work will thus focus on reducing the material absorption and new
cross-sectional designs suppressing the lateral leakage, while making use of the versatile SF¢
plasma etching process.
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