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Abstract: KY(WO,); is an attractive material for integrated photonics due to its high refractive
index and excellent non-linear and gain characteristics. High refractive index contrast structures
increase light-matter interaction, reducing the threshold for lasing and non-linear effects. Fur-
thermore, high refractive index contrast permits dispersion engineering for non-linear optics.
In this work, we present a novel fabrication method to realize pedestal microdisk resonators in
crystalline KY(WOy), material. The fabrication process includes swift heavy ion irradiation of
the KY(WOy), with 9 MeV carbon ions and sufficient fluence (>2.7-10'* jon/cm?) to create a
buried amorphous layer. After annealing at 350° C, microdisks are defined by means of focused
ion beam milling. A wet etching step in hydrochloric acid selectively etches the amorphized
barrier producing a pedestal structure. The roughness of the bottom surface of the disk is
characterized by atomic force microscopy.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Potassium yttrium double tungstate (KY(WO4,),) is a member of the potassium double tungstate
family of materials. These include, among others, KY(WO4),, KYb(WO,),, KGd(WOQO4), and
KLu(WOy),, which have long been used as bulk laser materials [1-6]. They have several
properties that make them very attractive for integrated optics. The refractive index of undoped
KY(WO;,), ranges between 1.96-2.09 for wavelengths extending from 400 nm to 1550 nm [7],
Such high refractive index enables a high index contrast against common materials such as
SiO,, water and air. Correspondingly, the non-linear refractive index, ny, is relatively high at
2.4x 107" m®W~! at a wavelength of 819 nm [8], which is comparable to the non-linear refractive
index of SizNy at 1550 nm [9] and lower than that of silicon rich nitride [10]. Furthermore,
KY(WO,); has a high Raman gain value with sharp peaks at 765 cm™! and 905 cm™! [11], which
has been exploited for the realization of Raman lasers [12].

KY(WOy),, when doped with rare-earth ions, exhibits excellent gain characteristics. Rare earth
ions doped into the crystal have high transition cross-sections [13]. Since they are substitutionally
placed in a large unit cell, a minimum interionic distance between rare-earth ions of >0.4 nm is
guaranteed. This reduces quenching compared with amorphous host materials, permitting to
heavily dope the material before detrimental quenching effects appear. High dopant concentration
has led to the experimental demonstration of ~800 dB/cm gain in an Yb3** doped layer [13] and
~12 dB/cm in an Er¥*-doped waveguide amplifier [14]. Several waveguide lasers operating
at different wavelength ranges have been demonstrated in this low refractive index contrast
waveguide configuration [15,16].
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However, a low refractive index contrast structure does not permit achieving anomalous
dispersion over a wide range of wavelengths in the near infrared. High refractive index contrast
waveguides do permit dispersion engineering, and exhibit high field confinement, which enhances
light-matter interaction and therefore reduces the threshold for nonlinear effects. High refractive
index contrast also permits the realization of tight bends and ring resonator structures, which
further enhances nonlinear effects, reducing the threshold for the generation of frequency combs
and cascaded Raman lasers [17-19].

Recently, two techniques have been proposed for creating a thin KY(WO,), layer with high
refractive index contrast with respect to the substrate. In the first approach, a KY(WO4), crystal
is bonded to a glass carrier, before being lapped and polished to a thickness of <2 um [20,21]. A
refractive index contrast of ~0.5 is achieved using this technique. In the second approach, the
crystal is irradiated with carbon ions at an energy of 9 MeV [22]. Due to electronic interactions
of the carbon ions with the crystalline material, a layer extending ~1.5-3 um below the surface is
fully amorphized for fluences above 2.7-10' ion/cm?. The refractive index of the amorphous
layer is ~0.3 lower than the refractive index of the crystalline surface layer core.

The amorphized layer induced by ion irradiation has been reported to exhibit a preferential
etching in common wet etching solutions with respect to the undamaged material. Such
amorphization-enhanced wet etching has been observed in other systems after both ion irradiation
and pulsed laser modification. It has been reported before in several crystalline materials,
including LiNbO3 [23], sapphire [24,25] and silicon [26], as well as amorphous materials such as
fused silica [27] and Foturan glass [28]. Irradiation followed by selective etching has been used
to create structures such as under-etched sheets [24], ridge waveguides [29] and microfluidic
channels [27].

In this work, we exploit the selective etching of the irradiation-induced amorphous layer with
respect to the undamaged crystalline structure of undoped KY(WOy), to further increase the
contrast of the KY(WOy), waveguides by producing a pedestal geometry, in which the mode lies
inside a thin KY(WOy), layer surrounded by air. A refractive index contrast of An~1 between
disk and air is achieved using this method.

2. Fabrication process of pedestal microdisks in KY(WO,),

The fabrication process flow for the proposed pedestal microdisks can be seen in Fig. 1. A
KY(WO,); slab of dimensions 10 x 10 x 1 mm? was purchased from Altechna. One of the
10 x 10 mm? facets of the sample was polished by the manufacturer to an RMS roughness of 1.5
nm. The sample was irradiated with carbon ions accelerated to an energy of 9 MeV in a tandem
accelerator, at a total fluence of 3-10'4 cm™2.

During irradiation, the samples were attached to the sample holder with copper tape to avoid
charging of the non-conductive KY(WOy), substrate. Irradiation was performed at an angle of 5°
to avoid channeling. An ion beam area of 3 x 3 cm? was utilized to ensure uniform irradiation
of the 1 cm? sample. The ion current was kept below 1 pA to prevent heating of the sample.
Because the applied fluence is above the amorphization threshold, an amorphized barrier region
appears in the substrate at around 1.5-3 um below the surface, centered around the peak of the
electronic stopping power. Another damage region is generated by the nuclear stopping power.
The nuclear barrier is much thinner and occurs around 5 pm into the substrate [22]. This work
is only concerned with the amorphized electronic barrier. The sample was then annealed at
350°C for 3 hours in order to repair point defects, reduce propagation losses and sharpen the
refractive index boundary by repairing partially amorphized KY(WOy), [22]. In future devices,
this annealing will be performed after milling to repair any potential damage caused by the
gallium ions [30].

A FEI Nova 600 NanoLab DualBeam focused ion beam (FIB) system with Ga* ions at an
acceleration voltage of 30 kV and a current of 21 nA was utilized to pattern disks, with a milling
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Fig. 1. Complete process flow. (a) Virgin KY(WOy), substrate. (b) Ion irradiation creates
a refractive index gradient. The electronic barrier is marked by “el.” and the nuclear barrier
is marked by “n.”. (c) Thermal annealing removes point defects and repairs the KY(WOy,),
that is only partially amorphized, which makes the refractive index profile more step-like.
(d) Overgrowth with protective PECVD SiO; (in blue) and AuPd SEM coating (in yellow).
(e) FIB milling with 30 keV Ga™ ions and a current of 21 nA. (f) Wet etching with HCI and
TMAH followed by SiO; removal with HF. The top of the sample contains an unetched disk.
Beneath it is an underetched region.

depth of 5 um or more (Fig. 2). Sufficient milling depth is necessary in order to expose the
amorphized barrier and give access to the etching solution. The milling direction was towards the
disk, in order to avoid re-deposition on the sidewalls of the milled structure. A 300 nm PECVD
SiO; layer was grown on the sample to protect the top surface from the etchant, and a 5 nm AuPd
layer was sputtered before milling to avoid charging.

Fig. 2. a) Overlay of SEM image and FIB pattern. The green ring represents the material to
be milled. b) Resulting FIB milled microdisk in KY(WO,),.

Preferential wet etching was then performed using a 20% HCI solution at room temperature.
Although crystalline KY(WOy), is a chemically inert material, there are references to ion

exchange reactions at elevated temperatures [31]:

KY(WO,), + 4 HCl ' 5CKCl + YCI; + 2 WO; + 2 Ho0 (1)
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While this reaction only occurs near the boiling point of HCI in crystalline KY(WO4),, we
demonstrate in this work that 20% HCl is effective at room temperature to etch the amorphized
region. Looking at (1), a potential issue is the reaction product WO3, which is insoluble in water.

The resulting structure after 6 hours of etching was imaged by means of FIB cross-sectioning
and SEM (Fig. 3). A significant amount of underetching was observed. However, residues after
the etching step can be seen (Fig. 3(a)). The residues produced clogging of the opening and
prevented further access to the HCI etching solution. It is hyphothized that the residues are WO3
produced during the etching of amorphous KY(WQ,), in HCI (Eq. 1).

Core

Barrier

Undamaged slab

Fig. 3. (a) FIB cross-section of a KY(WOy), disk etched in 20% HCI for 6 hours. The
wet etching process is effective at reaching deep into the material. The etching is faster at
the interfaces of the barrier, as indicated on the left edge of the cavity. A large amount of
unetched material remains and has been artificially colored. (b) The same sample after 1
hour of etching in 25% TMAH. The residues have been completely removed, including the
coating on the bottom side of the core as well as the wedge shape on the left.

The residues were investigated using microRaman spectroscopy. The measured spectrum
(Fig. 4) showed peaks at 261 cm™!, 708 cm™!, and 804 cm™!, which are within the range of peaks
associated to WOj3 nanocrystals between 4 and 35 nm [32], Since WOs is soluble in alkaline
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Fig. 4. Raman spectrum of residues compared with crystalline KY(WOy), from the same
sample with laser polarization E||c, differentiated by the depth of the focus. The Raman
peaks associated with 16 nm WO3 nanocrystals are indicated with dashed lines at 265 cm™!,

705 cm~!, and 799 em™! [32].
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solutions [33], an etching step in 25% TMAH at room temperature was implemented. The
sample was again imaged after etching for 1 hour in TMAH in order to verify the effectiveness in
the removal of the WO3 residues. Fig. 3(b) shows the cross-section of the disk after the TMAH
etching step. TMAH successfully removed the residues, both the clog as well as the thin WO3
layer on the bottom side of the KY(WQ,), suspended core.

An optimized etching process was implemented. The HCI concentration was increased to 32%
and the HCI and TMAH steps were performed twice. The sample was etched in 32% HCI for
2 hours, followed by a cleaning step of 1 hour in TMAH. This process was repeated twice (i.e., 2
hours in HCI, 1 hour in TMAH, 2 hours in HCI and 1 hour in TMAH) to achieve a total underetch
of 29 um. After wet etching, the sample was dried using the cyclohexane freeze drying technique
[34]. In this method the etchant is gradually and sequentially diluted and replaced with water,
acetone and finally cyclohexane, which is sublimated at -5° C. Freeze drying avoids cracking of
free standing features due to the capillary forces induced by the drying water. The pedestal disks
were imaged with the SEM in the DualBeam FIB using 2 kV acceleration voltage (Fig. 5).

tit det WD m 10 um
52 ° ETD 4.8 mm y: | MESA+ Nanolab

Fig. 5. (a) SEM image of a 80 um diameter pedestal disk in KY(WO,), after two rounds of
32% HCI for two hours, each of them followed by a 25% TMAH etching step for one hour.
(b) Cross section of a KY(WQy), sample that has been etched for two rounds of two hours
in 32% HCI and 1 hour in 25% TMAH. The horizontal depth of the underetch is 29 um, the
vertical depth is 3 um and the disk is 1 pm thick throughout the outer 10 pm of the disk. The
approximate boundaries between the initial etch, the transition region and the final etch are
indicated by notches.

3. Characterization of the pedestal microdisks

A cross-section of the structure after FIB milling and two cycles of 2 hours etching in 32% HCI
at room temperature followed by 1 hour of 25% TMAH is shown in Fig. 5 (b). An underetch
of 29 um was measured, which corresponds to an etch rate of ~120 nm/min. However, the
cross section is divided into two segments of different thicknesses. The outer segment exhibits
an uniform thickness of ~1 uym. The layer gradually tapers, starting at 10 pm from the edge,
indicating incomplete removal of the amorphized region. The outer thickness corresponds to
the undamaged (crystalline) region predicted by SRIM simulations [22]. The high selectivity
between the undamaged core area and amorphized barrier leads to a self-stopped wet etch. The
subsequent TMAH cleaning further removes the WO3 residues from the bottom side of the core.
An etch rate of 158 nm/min can be calculated for this region.
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Between 19 pm and 29 um the thickness is uniform at 2 ym. This second region is attributed to
the second HCI etching step, which proceeded at a lower etching rate due to restricted diffusion,
even though the etchant solutions were identical. The higher thickness of this segment suggests
that the etching step was not self-terminated, and amorphous material is still present. However,
calculations show that any under-etch above 4 um is more than sufficient to have a highly confined
mode in the outer rim of the microdisk at an operation wavelength of 1550 nm [35].

In order to investigate the roughness of the bottom of the disks, a destructive tape peeling
technique was used in combination with AFM. RevAlpha 3195 tape was pressed onto the sample
and peeled off in order to release the disks and expose the bottom surface, shown in Fig. 6. A
Bruker Dimension ICON AFM was used to inspect the sample using a triangular ScanAsyst-Air
probe with a tip radius of 4 nm in PeakForce Tapping mode. The resulting AFM image is shown
in Fig. 7. The root mean square (RMS) roughness is 23.4 nm, measured in three locations of the
sample, each 1.5 x 1.5 um?, and the bottom to peak height difference is 165.6 nm. Such high
roughness will induce high propagation losses. Therefore, improved fabrication methods that
will permit reducing such roughness are currently being investigated.

Fig. 6. Remaining KY(WO,), structures after transfer to adhesive tape. The center of the
disk has not been transferred because it is firmly attached to the pedestal. The underetched
area surrounding the disk, also visible in Fig. 5 a), has also been transferred. The area of
main interest is indicated by the red circle, selected for its lack of cracks.

165.6 nm

300.0 nm

Fig. 7. AFM image of a 1.5 um by 1.5 pm section of the underside of the disk in Fig. 2.
The image was made close to the edge of the disk.
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4. Summary

In this work, we report the first realization of pedestal structures in crystalline KY(WOy),.
The process is based on the selectivity of an HCI wet etching step between the crystalline
and amorphized KY(WO,), after swift carbon ion irradiation with an energy of 9 MeV and a
fluence (3-10'* ion/cm?) above the amorphization threshold. WO; residues were produced during
the etching step that limited the depth of the under-etch. A cleaning step in TMAH cleaned
the structure from WOs; residues and permitted to extend the etching further. The proposed
technology paves the road towards the fabrication of high-refractive index constrast pedestal
structures for highly efficient non-linear devices once the roughness on the inner surface of the
pedestal is drastically reduced.
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