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Abstract: We report on the wafer scale fabrication of single-mode low-loss lithium niobate on
insulator waveguides utilizing a chemically amplified resist and an optimized dry etching method.
The fabricated single-mode waveguides are free of residuals and re-deposition, with measured
losses for straight waveguides around 2 dB/m (0.02 dB/cm). We present a method offering
advantages for large-scale production mainly due to its cost-effectiveness and faster writing
time. This work holds promise for advancing integrated photonics and optical communication
technologies.

© 2025 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Lithium niobate on insulator (LNOI) is a widely-used substrate for different applications in
nonlinear optics, electro-optics, and acousto-optics due to its versatile properties and large
refractive index contrast, which makes it a promising platform for photonic integrated circuits
(PICs) [1,2]. Such PICs are ideal candidates to enable the second quantum revolution by
facilitating the control of quantum states on a large scale platform [3]. LNOI-based PICs have
applications beyond quantum technologies, such as coherent communication systems and ultrafast
signal processing [4–6]. For the continued development of LNOI PICs, a fabrication scheme is
required to enable (i) low loss waveguides, ensuring their practicality and scalability in real-world
applications, (ii) cost effectiveness, (iii) high flexibility in fabrication of different structures, and
(iv) wafer scale operation.

Among various fabrication techniques, electron beam lithography (EBL) is a prevalent method
for realization of PICs, where an electron beam defines the pattern of waveguides and other
structures in a sensitive electron beam (e-beam) resist, followed by different pattern transfer
processes to etch the LN layer. Achieving flexibility is feasible through high throughput character
projection EBL (CP-EBL) which is a compatible method with the processes from Semiconductor
Equipment and Materials International (SEMI). In this method, pre-defined cell structures are
projected onto a substrate using an electron beam, enabling precise patterning at the nanoscale
[7]. Furthermore, since writing speed is up to two orders of magnitude quicker than conventional
Gaussian EBL, this provides a good balance between cost efficiency and flexibility.
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Waveguide losses stem from the intrinsic material absorption of lithium niobate (LN) and
scattering from the waveguide. The scattering is increased by sidewall roughness of the waveguide.
The sidewall roughness are the imperfection and irregularities in the shape of the waveguide,
which leads to coupling between different guided modes of the waveguide and from the guided
modes to radiation modes, increasing the propagation loss [8]. The sidewall roughness arises
from the fabrication process, including imperfections in the shape of the mask used for the
etching, anisotropy in the etching processes, and the material quality of LN. Controlling and
reducing the sidewall roughness results in high-quality waveguides and low propagation loss.

Many different methods were previously reported for realizing high-quality and low loss
waveguides in LNOI using EBL. The main methods with the lowest propagation losses which
are widely used are chemo-mechanical polishing and dry etching. For the chemo-mechanical
polishing technique, the desired structures are patterned as a chromium (Cr) mask on the surface
of LN, and the pattern is transferred into LNOI using a wafer polishing machine. This method has
been used for fabrication of low-loss structures with propagation loss of around 1 dB/m [9–14].
However this method is not compatible with standard fabrication processes and the fabricated
waveguides have a large sidewall angle preventing high integration density.

Alternatively, nanostructuring of LN through utilization of a patterned mask on its surface,
followed by transferring the pattern into LN using dry etching techniques shows promise for
fabricating high-quality LNOI waveguides. Extensive research employing various etching
methods and diverse mask materials has been conducted. Among the notable achievements,
Zhang et al. demonstrated exceptional results by fabricating low-loss LNOI waveguides, achieving
a propagation loss of 2.7 dB/m [15]. In this well-established fabrication method, the waveguides
are fabricated using a thick hydrogen silsesquioxane (HSQ) resist layer, directly as the mask for
etching into LN [10,16–18]. This resist can provide high resolution and thick mask with a good
selectivity and it can be used for directly etching into LN. Although HSQ offers a very high
resolution, the required dose and thus writing time for pattering the resist is prohibitive for wafer
scale applications. These properties make HSQ disadvantageous for volume production.

Compared to HSQ, chemically amplified resist (CAR) needs smaller dose and writing time,
since it contains a photochemical acid generator (PAG), which acts as catalyst in the exposure
process to increase the sensitivity of the resist [19]. The primary drawback of many CARs is
their limited selectivity, necessitating the use of an intermediate hard mask. Previously many
different research groups have published their results in realization of low-loss structures using
different masks such as silicon dioxide (SiO2) and Cr [20–24]. The reported waveguides have
loss in the range of 20 dB/m. Even though the measured losses are comparable to the best
losses reported, the process can be improved, further reducing the waveguide losses. Here we
enhance this process, reducing the waveguide losses comparable to those fabricated using the
chemo-mechanical polishing technique.

In this paper, we propose a fabrication method relying on a CAR with a minimized e-beam
exposure dose, an intermediate hard mask and a refined dry etching processes for realization
of low loss waveguides without using HSQ resist. First, the fabrication route is demonstrated
in detail and afterwards loss measurement results from racetrack resonators are presented. In
the final part, we calculate the propagation loss of the straight waveguide using numerical
calculations.

2. Fabrication

Utilizing CARs and an intermediate hard mask is a technology more suited to high-volume
production [25] due to its lower exposure dose value and writing time. Among different CAR
resists, we use FEP 171 with a dose value of 10 µC/cm2, which is much smaller compared to the
dose value needed for patterning HSQ resist (∼5000 µC/cm2).
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Our approach to fabricating low-loss waveguides involves the use of an intermediate Cr hard
mask, as illustrated in Fig. 1. The substrate utilized in this study is X-cut LNOI supplied by
NANOLN Co., which consists of a 600 nm thick LN layer atop a 2 µm layer of SiO2, and a 525
µm thick silicon (Si) handling layer. The samples are prepared on 4-inch wafers. Initially, we
deposit a 120 nm thick Cr layer onto the sample using ion beam deposition (Oxford Ionfab 300+
LC), followed by spin coating of a 300 nm thick FEP 171 resist layer (see Fig. 1(a)). This resist
thickness is sufficient for etching through the 120 nm Cr layer to transfer the pattern into the hard
mask.

Fig. 1. Fabrication steps. (a) deposition of Cr layer and resist (b) patterning the resist (c)
RIE etching of Cr layer (d) ICP-RIE etching of LN (e) annealing and cladding the structures
with a layer of SiO2. (f) Scanning electron microscopy image of the sample after the resist
development. (g) Focused ion beam cross-section of the structures after the Cr etching step.
(h) Scanning electron microscopy image of the sample after the final cleaning.

Next, the resist is exposed using a variable shaped beam (VSB) electron beam writer (Vistec
SB350 OS) in multi-pass writing mode [7], which enhances dose uniformity and minimizes
stitching errors, charging effects, and thermal loading. After exposure, the resist is developed
(Fig. 1 (b) and (f)) to define the structures, and the pattern is transferred into the hard mask
using reactive ion etching (Sentech SI-591) (Fig. 1 (c)). Figure 1 (g) presents a cross-sectional
image of the etched Cr layer with the remaining resist layer on top, revealing an underetching of
approximately 100 nm that should be considered during sample design. Finally, etching into
the LN layer (Fig. 1 (d)) is performed using inductively coupled plasma reactive ion etching
(ICP-RIE) with CHF3 gas.

One of the main challenges we faced in nanostructuring LNOI is the formation of an amorphous
layer caused by the re-deposition of material removed from the LNOI substrate during the etching
process, which adheres to the fabricated nanostructures [26]. Although methods like chemical
cleaning or ion milling [27,28] have been introduced to remove these re-deposition layers, they
can inadvertently increase sidewall roughness on the waveguides. The most effective way to
address this issue is to optimize the fabrication process itself to prevent the amorphous layer
from forming in the first place. Previous studies have shown that in ICP-RIE etching, optimizing
parameters such as chamber pressure and DC bias can control the re-deposition layer [26]. In
our fabrication development, we refined the etching conditions for patterning LN to ensure
the production of high-quality structures without any visible re-deposition. Since etching LN
involves fluorine chemistry, there is a high likelihood of generating by-products like LiF, which
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can negatively impact the quality of the final structures. Our experiments demonstrate that
by lowering the substrate electrode temperature during the ICP-RIE process, no residuals are
observed on the surfaces of the structures. Reducing the temperature alters the reaction kinetics
of the process, preventing residuals from being absorbed onto the LN surface and allowing them
to be pumped out of the chamber.

Subsequently, we cleaned the sample and prepared it for measurement. To remove the residuals
of the Cr layer, we employed a commercial etching mixture composed of ceric ammonium nitrate
and perchloric acid. An additional cleaning step involved using an etching mixture of phosphoric
acid, nitric acid, and acetic acid in a megasonic bath at 50◦C for one hour. This process effectively
removes the passivation layer from the surface of the structures and results in very smooth
sidewalls. Figure 1 (h) displays a fabricated structure after the etching and cleaning processes,
demonstrating that no residuals or re-depositions are visible on the sidewalls of the waveguides.
We then annealed the sample in an oxygen (O2) atmosphere at ambient pressure, maintaining
a temperature of 520◦C for two hours. This procedure reduces the loss in the waveguides by
enhancing the crystallinity of the LN [10,16]. Finally, we applied a SiO2 cladding layer to the
sample using plasma-enhanced chemical vapor deposition to enhance the mode field distribution
and provide additional protection (see Fig. 1 (e)).

3. Discussion and results

To measure the propagation losses of the fabricated structures, we fabricated racetrack resonators.
The schematic of our structure is illustrated in Fig. 2 (a). Light is coupled into the waveguide
using the edge coupling method, and this light is then evanescently coupled into the racetrack
resonator within the gap region. The transmitted light is collected with a lensed fiber, detected
with a photodetector, and used for calculation of the waveguide loss in the resonator. In our
structures, the LN layer is etched for 500 nm, the top width of the structures for the waveguide
and racetrack resonators is 1 µm. We fabricated and tested four racetrack resonators with straight
waveguide lengths (Ls) of 100 µm, 300 µm, 400 µm, and 500 µm. Each resonator features a bend
radius of 100 µm, and the gap between the waveguide and the resonator in the coupling region is
300 nm. An scanning electron microscopy image of a waveguide and resonator manufactured
with these parameters is presented in Fig. 2 (b).

Fig. 2. (a) Schematic of the racetrack resonator and waveguide. (b) Scanning electron
microscopy image of a fabricated straight waveguide and a resonator.

The total loss of the resonator stems from two effects: the scattering and absorption loss in the
ring resonator (propagation loss) and the loss due to the coupling to the waveguide (coupling
loss). To estimate the loss values, we performed transmission measurements of the racetrack
resonator. For the resonator with Ls of 400 µm, the detected signal for the TE mode in the
wavelength range of 1547 to 1553 nm is shown in Fig. 3 (a). In the next step, the resonances
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in the spectrum are fitted using a Lorentzian function and normalized to the transmitted power
outside of resonances. One of the resonances at the wavelength of 1548.818 nm and its fit is
shown in Fig. 3 (b). From the fitted data for the resonances, we calculated the value of the loaded
quality factor (Q) and the group index (ng) of each resonance as

Q =
λ0
∆λ

(1)

and

ng =
λ2

0
F × Ltot

, (2)

where λ0 and ∆λ are the central wavelength and full width at half maximum of each resonance
(Fig. 3 (b)), and F and Ltot are free spectral range of the resonances and total length of the
resonator respectively. These values allow us to calculate two loss coefficients α1,2 and the
corresponding loss values l1,2 as

α1,2 =
πng

Qλ
(1 ±

√
T) (3)

and
l1,2 = −10 log (e−α1,2×1[m]), (4)

where T is the minimal transmission of the normalized fit (Fig. 3 (b)) [29,30]. One of the
calculated loss values relates to the propagation loss and the other one to the coupling loss of the
racetrack resonator. If these two values are equal, the propagation and coupling loss values are
the same and the resonator works in the critical coupling regime, which is not always the case.

Fig. 3. (a) Measured voltage corresponding to the transmitted signal of the resonator, in the
range of 1547 to 1553 nm. (b) The resonance at 1548.818 nm (marked as red arrow in (a))
and the Lorentzian fit function. The plots are normalized to 1.

For the resonator with a Ls of 400 µm, and within the measured wavelength range shown in
Fig. 3 (a), the average Q is (0.83 ± 0.15) × 106 and ng is 2.32 ± 0.02. The corresponding loss
values are l1 = 7.8± 2.2 dB/m and l2 = 43.7± 8.9 dB/m. These results indicate that our resonator
is not operating in the critical coupling regime. Similar measurements and calculations were
performed for the other three fabricated resonators, and the values for the Q-factor, l1, and l2
for all four resonators are presented in Table 1. The table demonstrates that the calculated loss
values are consistent across all resonators, indicating good repeatability in our experiments.

The best-performing resonator is the one with Ls of 500 µm, where the measured l1 is 4.9± 1.4
dB/m and l2 is 26.6 ± 5.3 dB/m. To determine which of the two measured losses corresponds
to the actual propagation loss of the waveguide and which represents the coupling loss, we
conducted simulations using the dimensions of the measured racetrack resonator. The coupling
loss determined from the simulation is 28.97 dB/m which is close to the measured loss l2. It is
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Table 1. The extracted parameters from the
measured racetrack resonators with different

straight waveguide length (Ls).

Ls [µm] average Q l1 [dB/m] l2 [dB/m]

100 (1.29 ± 0.34) × 106 7.8 ± 3.9 26.5 ± 8.9

300 (0.95 ± 0.11) × 106 6.2 ± 2.7 37.0 ± 6.4

400 (0.83 ± 0.15) × 106 7.8 ± 2.2 43.7 ± 8.9

500 (1.34 ± 0.24) × 106 4.9 ± 1.4 26.6 ± 5.3

safe to assume that l1 is the propagation loss of the waveguide, while l2 represents the coupling
loss. In other words, our resonator is working in the strong coupling regime and the propagation
loss (lp) and coupling loss (lc) values in the wavelength range of 1447 to 1553 nm for TE mode are
around 5 dB/m and 27 dB/m respectively. We also performed similar measurements and analysis
for the TM mode of the resonator and the measured propagation loss for the same wavelength
range for TM mode is around 8 dB/m. The propagation loss has two different contributions:
straight waveguide loss and bend loss. We expect the propagation loss for the straight waveguide
to be smaller than the measured value for the entire racetrack resonator, hence we carried out the
following calculations to find the actual loss of the straight waveguide.

The calculated propagation loss values explained previously are under the assumption of
having identical propagation loss for straight and curved parts of the racetrack resonator. This
assumption is generally not true because the losses induced by waveguide bending are not
considered. Here, we separate these two losses and calculate the propagation loss of the straight
waveguide.

Since the measured resonator is working in the strong coupling regime, the propagation (αp)
and coupling (αc) loss coefficients can be calculated from Eq. (3) as

αp =
πng

Qλ
(1 −

√
T) (5)

and
αc =

πng

Qλ
(1 +

√
T). (6)

Under the assumption of small losses and small coupling one can get equations to calculate
coupling and propagation losses, constructing a system of two equations [29]:

1
Q
=
αpλ

2πng
+
αcλ

2πng
(7)

αc
αp
=

1 +
√

T
1 −

√
T

, (8)

where λ is the central wavelength of the measured bandwidth (here it is 1550 nm). Separating
the loss coefficients for the straight (αs) and curved (αr) parts of the resonator with αp = αs + αr,
the equations change as

1
Q
= (αr + αs + αc)

λ

2πng
(9)

and
αcLtot

αr2πR + αs2Ls
=

1 +
√

T
1 −

√
T

, (10)

where R is the bending radius and Ls is the length of straight parts of the resonator (as it is shown
in Fig. 2 (a)). These two equations contain three unknown values and solving it requires an
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additional equation. To solve this problem, we compare the measurement results for two similar
racetrack resonators which are only different in the length of straight waveguide Ls. We carried
out measurements for two resonators with Ls of 100 and 500 µm in the range of 1447 to 1553 nm.
Since these two resonators have only different Ls compared to previously measured resonator, we
assume that both resonators are working in the strong coupling regime and they have equal αr and
αs and different αc. This adds two more equations and one more unknown variable. Labeling the
corresponding parameters for resonators with Ls of 100 and 500 µm respectively by I and II, the
system of equations is now

⎛⎜⎜⎜⎜⎜⎜⎜⎝

(1 −
√

T I)LII
tot −(1 +

√
T I)2πR −(1 +

√
T I)2LI

s 0

1 1 1 0

0 −(1 +
√

T II)2πR −(1 +
√

T II)2LII
s (1 −

√
T II)LII

tot

0 1 1 1

⎞⎟⎟⎟⎟⎟⎟⎟⎠

⎛⎜⎜⎜⎜⎜⎜⎜⎝

αI
c

αr

αs

αII
c

⎞⎟⎟⎟⎟⎟⎟⎟⎠
=

⎛⎜⎜⎜⎜⎜⎜⎜⎝

0
2πng
QIλ

0
2πng
QIIλ

⎞⎟⎟⎟⎟⎟⎟⎟⎠
. (11)

Solving the equations, we calculate interval values for αI
c, αII

c , αr, and αs with 90% confidence
intervals and then using an exponential equation similar to Eq. (4) we calculate the corresponding
loss values lIc = 24.23 ± 7.70 dB/m, lIIc = 22.02 ± 4.83 dB/m, lr = 11.37 ± 3.37 dB/m, and
ls = 0.37±1.74 dB/m. This shows that the propagation loss for TE mode in the straight waveguide
is highly likely less than 2 dB/m, with good potential to be well below 1 dB/m.

4. Conclusion and outlook

In this work, the fabrication of LNOI waveguides using dry etching is investigated. With the
focus on smooth sidewalls for low loss, a suitable process based on the ICP-RIE dry etching
method is found. We used FEP 171 which has a small dose value compared to other resists and
is a good candidate for volume production. We optimized the fabrication process to avoid the
residuals and re-deposition layer and achieved high-quality structures. Our measured overall
propagation loss for the fabricated racetrack resonators for the TE mode is around 5 dB/m and for
the TM mode is around 8 dB/m, which is in the range of the best loss reported in the literature.
Further analysis shows that the propagation loss of straight waveguide section of the resonator is
smaller and in the range of 2 dB/m.
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