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1. Introduction

Lithium niobate (LiNbOj3, LN) is an excellent photonic material
for integrated optics, owing to its unique linear and nonlinear
optical properties, including high refractive index, large
second-order nonlinear susceptibility (y® =27pm/V), and
wide optical transparency window (400 nm to 5 um)'?!, In tra-
ditional bulk LN devices, optical waveguides are mainly defined
by titanium (Ti)-diffusion or proton-exchange methods with
low refractive index contrasts. Recent years have witnessed
the rapid development of LN-on-insulator (LNOI) technology,
where a sub-micron thick LN thin film is bonded on top of a
silica (SiO,) substrate, leading to an index contrast of ~0.7,
much better optical confinement, and substantially improved
device performances”®>??. In particular, the achievement of
high-Q optical micro-resonators in the LNOI platform, includ-
ing microring resonators'®), microdisk resonators'®'!), and
photonic crystal cavities!'?), has allowed a variety of nonlinear
optical and electro-optic devices with unprecedented function-
alities and performances, such as ultra-efficient nonlinear wave-
length convertors!'>'*!, broadband electro-optic/Kerr frequency
comb sources!'*™'”), quantum microwave-to-photon conver-
tors!'®1%1 efficient acousto-optic modulators®?!) as well as
unidirectional frequency shifters>?),

To date, the majority of high-Q (> 10°) LNOI micro-
resonators have been realized by dry etching using dielectric
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High-@ lithium niobate (LN) optical micro-resonators are an excellent platform for future applications in optical commu-
nications, nonlinear optics, and quantum optics. To date, high-Q factors are typically achieved in LN using either dielectric
masks or femtosecond laser ablation, while the more standard and commonly available lift-off metallic masks are often
believed to lead to rough sidewalls and lowered @ factors. Here, we show that LN microring resonators with strong light
confinement and intrinsic @ factors over 1 million can be fabricated using optimized lift-off metallic masks and dry etching
processes, corresponding to a waveguide propagation loss of ~0.3dB/cm. The entire process is fully compatible with
wafer-scale production and could be transferred to other photonic materials.

Keywords: lithium niobate; optical resonators; microstructure fabrication.

etching masks such as Sif?31 8102[24], or hard electron-beam
resists like hydrogen silsesquioxane (HSQ)'” and ZEP!').
Although these mask materials typically yield low selectivity
of < 1:1in the argon ion (Ar™)-based dry etching process, they
have successfully been used to produce smooth waveguide side-
walls and resonators with Q factors as high as 107!, An alter-
native approach is based on chromium (Cr) masks fabricated by
femtosecond laser machining, followed by a chemical-mechani-
cal polishing (CMP) process to form smooth wedge-like struc-
tures in the LN thin film'**!, which has led to Q factors close to
the material absorption limit of LN (~108)2°!. These methods,
however, often involve special processes or chemicals
(e.g, HSQ) that are not readily available in every lab. The
low etching selectivity and small wedge angle could also pose
challenges in creating deep sub-wavelength photonic structures.
In contrast, the more standard and commonly available metallic
masks, typically prepared using lithography and lift-off proc-
esses, have not been widely used for low-loss LN integrated pho-
tonics. It is commonly perceived that lift-off metallic masks
inevitably lead to rough sidewalls and large scattering losses.
The origins for exacerbated roughness in lift-off metallic
masks are mainly two-fold. First, an unoptimized lithography
process could cause mask fencing or even bridging at the lift-
off edges, if the resist is not carefully tailored to have the desired
undercut profile!”). Second, metallic materials deposited by
sputtering or evaporation naturally form grains on the scale
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of tens of nanometers, ultimately limiting the edge smoothness =~ The wafer stack consists of a 600 nm LN thin film, a 4.7 pm

of these metallic masks. As a result, LNOI micro-resonators fab- buried SiO, layer, and a 500 pm silicon substrate, as shown
ricated using lift-off metallic masks and dry etching typically  in Fig. 1(a). Electron-beam lithography (EBL) is first used to pat-
exhibit Q factors in the 10° range!***°). While excessive post-  tern the bus waveguides and microrings in poly-methyl methac-

etching surface polishing has been shown to further improve  rylate (PMMA) resist, as illustrated in Fig. 1(b). The resist
the Q factors by an order of magnitude'*”), the demonstration  patterns are then transferred to a 180 nm nichrome (NiCr) mask
has been limited to donut-like structures with widths of layer through thermal evaporation [Fig. 1(c)] and a standard lift-
~8 pm, which are not compatible for applications that require  off process in acetone [Fig. 1(d)]. The mask patterns are sub-
tight optical confinement and/or dispersion engineering. sequently transferred to the LN layer by an optimized Ar™-based
In this article, we show that, contrary to common beliefs, stan-  reactive ion etching (RIE) process, as shown in Fig. 1(e). The
dard lift-off metallic masks can well produce LNOI micro-  Ar+ jions physically bombard the exposed LN film with a
resonators with Q factors over 1 million. By carefully engineer- radio-frequency power of ~250W and a bias voltage of
ing the lift-off resist profile and dry etching process, we 530V, resulting in an etching selectivity of approximately
demonstrate microring resonators with a measured loaded 5.} pe etching selectivity is significantly higher than that of
(intrinsic) Q factor of ~5.5x 107 (1.1 X 10°), corresponding ., mmon dielectric masks and could be beneficial in creating
to a waveguide propagation loss of ~0.3 dB/cm. deep sub-wavelength structures. After the residual NiCr mask
is removed in Cr etchant [Fig. 1(f)], an optional CMP process
could be applied on the sample surface to further reduce the sur-
2. Methods ; hness?? | Iv apoly a soft 4
ace roughness'””". Here, we only apply a soft 4 X 10* min - Pa
The waveguide-coupled microring resonators are fabricated  polishing step, which does not significantly change the device Q
from a commercially available x-cut LNOI wafer (NANOLN). factors (< 20%) according to Ref. [29] and our own experiences.

(@ x (b) (c)

M Silicon Silica Lithium niobate PMMA NiCr
(9) (h)

Fig. 1. (a)-(f) Device fabrication flowchart. (a) Fabrication starts with an x-cut LNOI substrate. (b) PMMA resist is first spin-coated and patterned with EBL. (c) NiCr
etching mask is subsequently created by thermal evaporation, (d) followed by a standard lift-off process. (e) The patterned NiCr is then used as an etching mask
to form the LN waveguides using an Ar*-based RIE process. (f) The residual NiCr is finally removed in Cr etchant. (g) SEM images of a fabricated microring
resonator and a coupling bus waveguide. Insets show magnified cross-section (top) and top-down (bottom) views of the bus waveguide. (h) Simulated electric
field (£) profiles of the fundamental TE modes in the straight bus waveguide (top) and the bending ring waveguide (bottom).
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Instead, we focus on the investigation and optimization of the =~ shows the PMMA and NiCr profiles during a typical, unopti-
lift-off mask quality for better device performance in this paper. ~ mized lift-off mask preparation process. The cross-section
Finally, the chip facets are cleaved for end-fire coupling. SEM images are taken by cleaving the chip in the direction

Figure 1(g) shows the scanning electron microscope (SEM)  perpendicular to the waveguides after each step. The SEM
images of a fabricated microring resonator with a radius of  images show different structures, since they are taken from dif-
200 pm and a coupling waveguide. The rib-like waveguides fea- ~ ferent areas of the chip due to uncertainties in hand cleavage
ture a rib height of 240 nm, an unetched slab thickness of  positions. Nevertheless, the images shown in each column are
340 nm, and a sidewall angle of ~45° [Fig. 1(g)]. The top widths  from the same chip and still provide important insights for opti-
of the bus waveguides and the rings are 1.8 pm and 2.4 pm,  mizing the lift-off processes step by step. We find that although
respectively. These micron-scale waveguides provide strong  the PMMA profile right after EBL looks almost perfectly vertical
optical confinement and possibilities for dispersion engineering [Fig. 2(a)], it often experiences substantial deformation during
in the telecommunication bands. Figure 1(h) shows the simu- the thermal evaporation process, which in turn leads to an over-
lated electric field (E,) distributions of the fundamental trans- cut resist profile [Fig. 2(c)]. As a result, NiCr is deposited not
verse-electric (TE) modes for both the bus waveguide (top)  only at the bottom surface, but also on the resist sidewalls, which

and the ring waveguide (bottom). For the ring waveguide sim-  yltimately translates into fencing features on the final lift-off
ulation, the bending radius of 200 pm has been taken into  masks [Fig. 2(e), showing top-down view]. Such features are typ-
account, resulting in the slightly asymmetric mode distribution.  jcally hundreds of nanometers in size and will be directly trans-

ferred into the sidewall roughness of the final LN devices.

We show that the rough features on the NiCr masks can be
significantly reduced by optimizing each fabrication step in
the lift-off process, as shown in the right column of Fig. 2.
By performing step-by-step SEM examinations of the device  First, we create an undercut PMMA resist profile by fine tuning
cross-section profiles (Fig. 2), we show that the roughness in ~ the PMMA film thickness, EBL exposure energy, and develop-
the lift-off metallic masks mainly originates from non-ideal ment time [Fig. 2(b)]. For the micron-scale waveguides shown in
resist profiles and can be largely eliminated by optimizing the  this paper, we use a 1.3 pm thick PMMA layer (950 A11), with an
lithography and lift-off processes. The left column of Fig. 2 EBL dose of 1000 pC/cm? and 20 s development time in a

3. Results and Discussions

©)

NiCr overcut

l

fencing N

1 um

Fig. 2. Step-by-step SEM examinations of the lift-off processes. (a), (b) Cross-section profiles of the PMMA resist after EBL. (c), (d) Cross-section profiles after
thermal evaporation. (e), (f) Top-down views of the final NiCr masks. The left column [(a), (c), and (e]] shows a typical unoptimized lift-off process with overcut
resist profiles and mask fencing features, whereas the right column [(b), (d), and (f)] corresponds to the optimized process with smooth mask profiles. The left
part of PMMA resist in (c) was accidentally detached from the substrate during the cleaving step.
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methyl isobutyl ketone/isopropyl alcohol (MIBK/IPA) 1:3 solu-  grain boundaries. The surface roughness of these devices could
tion. We then optimize the NiCr mask material quality (i.e., grain  be further reduced by applying a longer post-etching CMP proc-

size) by evaporation at relatively low rates (1-2 A/s, 1 A =  ess, which has been thoroughly studied in Ref. [29] and is
0.1 nm) and low pressure. We also limit the time for each con-  beyond the focus of this paper.

tinuous evaporation step to <15 min to minimize thermal defor- We characterize the Q factors of the fabricated LNOI micro-
mation of PMMA. As a result, the desired undercut resist profile ~ ring resonators using an end-fire coupling system shown in
is well maintained after metal deposition, as shown in Fig. 2(d). Fig. 3(a). Continuous-wave (CW) light from a tunable telecom

The final lift-off NiCr mask shows smooth sidewalls without  laser (Santec TSL-550) is coupled into the input facet of the bus
fencing features [Fig. 2(f)], which lays the foundation for our =~ waveguide using a lensed fiber. The output signal is collected by
high-Q micro-resonators. The slightly slanted NiCr sidewalls  asecond lensed fiber and monitored using a photodetector (PD).
in Fig. 2(f) are likely results of non-vertical thermal evaporation Figures 3(b)-3(e) show the measured optical transmission spec-
with respect to the substrate. In our experience, these slanted  tra of LNOI microring resonators fabricated using unoptimized
masks do not significantly affect the final device sidewall rough-  (left column) and optimized (right column) lift-off metallic
ness, but could be a reason for the smaller etched LN sidewall masks. The two microrings have different radii of 100 pm
angle (~45°) compared with those commonly achieved using  and 200 pm resulting in free spectral ranges (FSRs) of 1.7 nm
HSQ masks (~70°)%. Using these optimized NiCr masks for [Fig. 3(b)] and 0.85 nm [Fig. 3(c)], respectively, which do not
the subsequent dry etching step, we achieve LN photonic devices  affect our discussions on Q factors in these roughness-limited
with relatively smooth etched sidewalls, as shown in Fig. 1(g).  resonators. Figures 3(d)-3(e) show the zoom-in views of criti-
The zoom-in view of these etched structures still reveals observ-  cally coupled resonance dips for the two processes, along with
able roughness, which is likely induced by the remaining metal ~ their Lorentzian fits (red curve). For the unoptimized process
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Fig. 3. (a) Experimental setup for LN microring resonator characterization. FPC, fiber polarization controller; DUT, device under test; PD, photodetector. Measured
optical transmission spectra for typical microring resonators using (b) unoptimized and (c) optimized fabrication processes. (d) and (e) Zoom-in views of (b) and
(c) showing critically coupled resonances. Blue dots show the measured data, and red curves correspond to the Lorentzian fits, indicating intrinsic
Q factors of 14 x 10° and 1.1 x 10° for unoptimized and optimized metallic masks, respectively.
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[Fig. 3(d)], the fitted curve reveals a resonance linewidth of
22.1 pm, corresponding to a relatively low loaded (intrinsic)
Q factor of 7.0 X 10* (1.4 X 10°). In contrast, using our opti-
mized NiCr mask and dry etching process, we achieve microring
resonators with a measured intrinsic Q factor over 1 million. As
shown in Fig. 3(e), we measure a critically coupled resonance
linewidth of 2.86 pm at 1573.5 nm, which corresponds to a
loaded Q factor of 5.5X 10° and an intrinsic Q factor of
1.1 x 10°, almost an order of magnitude higher than that
achieved using the unoptimized process. From the measured
Q factors, we can also estimate the waveguide propagation losses
to be ~0.3 dB/cm. These million-level Q factors, although not as
high as some recent LNOI demonstrations'™'®), could already
serve the purpose for a majority of LNOI applications and are
achieved using standard lift-off metallic masks and wafer-com-
patible processes. The wavelength-scale photonic structures are
ideally suited for dispersion engineering in nonlinear optics and
electrode patterning in electro-optic applications. The Q factors
can be further improved by applying a longer CMP process'>”),
as well as cladding the devices in SiO, to reduce the index con-
trast across the etched surface.

4, Conclusions

In conclusion, we have demonstrated LN microring resonators
with intrinsic Q factors over 1 million using standard lift-off
metallic masks and dry etching. We show that commonly
observed non-ideal features in lift-off masks can be largely elim-
inated by optimizing the lithography, evaporation, and lift-off
processes, leading to smooth etched surfaces and Q factors com-
parable with other popular LNOI fabrication techniques.
Compared with masks based on dielectrics or hard electron-
beam resists, these more standard and commonly available met-
allic masks exhibit substantially higher etching selectivity
(~2:1) and could provide opportunities in creating deep sub-
wavelength LNOI photonic structures such as metasurfaces or
inverse-designed devices. The entire process is fully compatible
with wafer-scale production and could also be transferred to
other difficult-to-process photonic materials like TiO, and SiC.
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