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Abstract: We report on lithium niobate intermediate-thin films with reduced energy-manufacturing
costs for manufacturing low-loss electro-optic components. A micrometer-thick membrane
surrounded with tapers is inscribed in a single step by smoothly dicing the bottom face of a stan-
dard LiNbO3 electro-optic modulator. Hence, we demonstrate a freestanding polarisation-state
modulator with insertion losses as low as 2.6 dB. The in-situ structuring of the membrane allows
a giant phase control extending over 40°. These developments open the way to a new generation
of membrane-based electro-optic devices with low manufacturing-energy costs and reduced yield
losses for sensing, telecommunications, or quantum photonics applications.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Since their advent in the 1990s, lithium niobate on insulator (LNOI) wafers have paved the way
for dense photonic integrated systems such as dual-comb interferometers [1], or polarisation
scramblers [2]. Their acoustic-optical, electro-optical and non-linear properties make them
attractive for many applications, from quantum circuits [3] to high-bit-rate telecommunications
[4,5]. The sub-micrometer thickness of LNOI-based wafers is crucial for dense integration
due to the tight light confinement inside the waveguides, which allows short bending radii [6].
LNOI-based wafers also enhance the electro-optic performances by narrowing the electrodes gap,
which decreases the half-wave voltage compared to standard techniques [7]. But LNOI-based
wafers are produced through energy-consuming ion-slicing-based processes. The initial 200 keV
ion implantation step corresponds to an electric energy consumption of more than 400 kWh, and
needs to be combined with four other steps: dielectric deposition, bonding, thermal treatment
and polishing [8].

On the other hand, intermediate-thin LiNbO3 films can also provide light confinement, but
at reduced manufacturing-energy costs. These intermediate films are micrometer thick and
share with LNOI the ability to enhance the electro-optic performances in terms of velocity
matching, electro-optic overlap [9], and reduction of substrate-mode coupling losses [10]. The
usual manufacturing technique relies on direct bonding followed by lapping-polishing [11], and
requires less than 20 kWh to thin and polish the substrate from 500 µm to several micrometers.
This technique is well-appreciated in combination with dicing for non-linear applications such
as optical parametric amplification [12] or second harmonic generation [13]. But the resulting
ridges are multimode, and their vertical profile hinders electrode deposition, thereby limiting
electro-optical (EO) applications.
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In [14], we reported on an alternative manufacturing method, leading to the serial production
of micrometer-thick monomode photonic building blocks with coplanar electrodes. While
ion-slicing requires five manufacturing steps, we achieved the membrane and its tapers in a single
dicing-polishing step. Moreover, this technique allows insertion losses as low as 2.8 dB, which is
comparable to the state-of-the-art in LNOI [15] but without the need for ultra-high numerical
aperture fibers. Thereby, we demonstrated an amplitude modulator with a giant EO efficiency of
40 pm/V due to enhanced tip effects, 1.6 times superior to LNOI-based EO devices [16,17].

Here we decline the low-energy-cost production process to the demonstration of a low-loss
membrane-based polarisation-state modulator with a giant phase control extending over 40◦. The
operating point is set by shaping the membrane during the thinning process or by ex-post-facto
laser structuring. The proposed techniques address the need for in-situ operating-point adjustment
without any waveguide damage.

2. Polarisation state modulator

Figure 1 depicts the membrane-based polarisation-state modulator. The component is an X-cut
Z-propagating lithium niobate waveguide, and the suspended membrane has the dual purpose of
confining the light and providing efficient phase control. A straight channel made by titanium
indiffusion ensures light guiding, and the coplanar electrodes surrounding the waveguide transfer
the electric signal to the photonic signal as in standard modulators. A single low-energy dicing
step suffices to write both the membrane and the tapers simultaneously and produces the free
standing membrane [14].

−10 −5 0 5 10
−15

−10

−5

0

5
Air

LN

Electrodes

x (μm)

y
(μ
m
)

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1

Intensity (a.u.)

−10 −5 0 5 10
−15

−10

−5

0

5
Air

Air

LN

Electrodes

x (μm)

y
(μ
m
)

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1

Intensity (a.u.)

Electrodes

Wedges

SMF28 Fiber

SMF28 Fiber

Glass Ferrule

Optical Waveguide

LiNbO3

Membrane

(a)

(b) (c)

Fig. 1. Membrane-based polarisation-state modulator. (a) Scheme of the pigtailed modulator.
(b) Optical mode at the waveguide extremities. (c) Optical mode inside the membrane.
Calculations performed by finite element method with the COMSOL software.

This polarisation-state modulator changes the output polarisation state by inducing a phase
difference ∆φ between the quasi-TE and quasi-TM guided modes as shown in Eq. (1):

∆φ = φint +
π · V
Vπ

(1)

where Vπ is the half-wave voltage, V the applied voltage and φint is the operating phase, which is
related to the waveguide’s modal birefringence, ∆nm, as expressed in Eq. (2):

∆φint =

∫ L

0

2 · π · ∆nm(z)
λ

dz (2)
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The active length L coincides with the waveguide’s length, and λ denotes the wavelength. The
control of ∆φint is crucial for the modulator’s performance. Here we show how the membrane
contributes to fixing ∆φint through either thickness control or ex-post-facto laser structuring.

The manufacturing of the modulator begins with a 6-µm-wide titanium rib oriented along the
Z-crystal axis and diffused at 1050 ◦C for 9 hours. A 400-nm-thick silica buffer layer is then
evaporated onto the waveguides, and 200-nm-thick Ti-Au electrodes are sputtered afterwards to
apply an electric field along the Y-axis. The last optical-grade dicing step patterns the membrane
and the tapers. More precisely, the 3350 DISCO DAD dicing saw blade enters the bottom face of
the wafer with a rotation speed of 10,000 rpm and a moving speed of 0.2 mm/s, forming a µm-thick
membrane with polished surfaces. Noteworthy, the dicing parameters allow a simultaneous
surface polishing. The two smooth tapers resulting from the circular blade shape allow an overlap
of 85% between the waveguide extremity and the SMF28 fiber. Additionally, the wedges made
of LiNbO3 are bonded using UV adhesive on the extremity of the waveguide to facilitate smooth
separation of the chips and to increase the pigtailing surface. Finally, the membrane based
polarisation state modulator is wire bonded to a printed circuit board and butt-coupled to SMF28
single mode fibers using a NOA170 high-refractive index UV adhesive. Compared to ion slicing
techniques, the limited number of steps results in a significant reduction in energy consumption,
estimated at 250 kWh for one hundred membranes.

The freestanding 3-µm-thin section of the waveguide reduces by three times the mode’s vertical
half-width-at-half-maximum compared to the waveguide extremities, as shown in the optical
mode spatial distribution intensity of Fig. 1. A BOSA 200 component analyzer is used to measure
the characteristic signals of the pigtailed modulator by connecting its input and output to either
side of the modulator through SMF28 fibers. The plots in Fig. 2 show the transmission and
reflection signals for a 12.6 mm-long membrane-based waveguide. The reflection response is
lower than −47 dB over the C-band for both guided polarisations, confirming the taper’s ability
to convert the optical mode with negligible return losses. The insertion losses of −2.6 dB for the
quasi-TE mode and −2.2 dB for the quasi-TM mode clearly illustrate the low coupling losses (0.8
dB/facet) between the standard SMF28 fibers and the waveguide.

Fig. 2. Transmission (top) and reflection (bottom) losses of the membrane-based waveguide.
The configuration allows strong light confinement in the membrane without any compromise
on the losses.

Since the optical mode geometry also determines its anisotropy, we propose membrane shaping
as an effective way to fix the waveguide’s birefringence and the associated operating phase.
Using Finite Element Method (FEM), we calculated the evolution of the birefringence as a
function of the thickness of membranes from 2 µm to 10 µm. We also prepared eight membranes
with thicknesses from 1.5 to 7.6 µm. Their output polarisation state was tested with a Keysight
N7781B polarimeter. The corresponding operating phase is derived from the Poincaré sphere
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following Eq. (3):
∆φint = ±(tan−1(

S3
S2

) + 2 · p · π) (3)

where S3 and S2 are the Poincaré sphere coordinates, and p is the birefringence order. The
numerical results reported in Fig. 3(a) show that changing the membrane thickness from 10 to 2
µm allows a birefringence variation from ∆nm = 1.15 × 10−4 R.I.U to 4.85 × 10−3 R.I.U. The
corresponding ∆φint phase control extends over more than 360◦, i.e. more than a period of the
sinusoid electro-optic response [Eq. (1)]. The experimental results in Fig. 3(b) confirm a giant
phase change of δ∆φint = 664◦ when thinning the membrane from 500 µm down to 1.5 µm.
Noteworthy, if the thickness is larger than 10 µm, the phase change is no longer noticeable and
corresponds to the birefringence of a standard waveguide.
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Fig. 3. (a) Evolution of the effective birefringence as a function of membrane thickness
(F.E.M. calculation). (b) Poincaré sphere showing the evolution of polarisation state as a
function of thickness (experimental results for waveguides with a length of L = 12.6 mm
fabricated in the same conditions but having different membrane thicknesses).

When the membrane thickness is fixed, we propose another approach based on dynamic
laser structuring to change a posteriori the operating point. This approach allows an in-situ
birefringence control on pigtailed modulators.

3. In-situ birefringence control

The approach consists in engraving a hole in the membrane center, but far enough from the
waveguide to avoid any optical damage. When a high energy laser pulse is focused on a
target surface, the energy generated makes the material sublime and erodes the surface. The
high-temperature gradient generates a meta-stable phase in the surrounding material causing
changes in its structural and mechanical properties [18]. Here we quantify the effect of these
changes by an example of a 10 µm × 100 µm hole engraved 100 µm far from the waveguide by
laser ablation. This is achieved with a tangerine Amplitude femtosecond laser at a wavelength
of 1030 nm, with a frequency of 5 kHz, a sweep velocity = 0.2 mm/s and number of loops of
10. Each impulsion lasts 230 fs, bringing an energy of 10 µJ. The picture in Fig. 4(a) shows the
pigtailed freestanding EO modulator exposed to laser illumination thanks to a 10× objective.

Figure 4(b) depicts the scheme of the experimental setup. The N7781B Keysight high-speed
polarimeter is connected to the waveguide output to keep track of the light polarisation evolution
during laser illumination. The transmitted optical power is recorded during the structuring,
and a function generator connected to the electrodes monitors the waveguide EO properties.
As illustrated by the results in Fig. 5, two steps can be distinguished. The first step, laser
illumination induces a global birefringence variation as high as 1.02 × 10−4 R.I.U. This step is
also accompanied by a 0.15 mW decrease of the transmitted power. Then, relaxation occurs
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Fig. 4. Dynamic structuring of the birefringence. (a) Picture of the pigtailed waveguide
before laser structuring. (b) Schematic diagram of the setup for in-situ birefringence
structuring.

during 40 s, so that the final transmitted power shows a reduction of only 0.03% compared to
the initial situation, which can be considered as negligible. In contrast, the remaining global
birefringence change is of 0.15 × 10−4 R.I.U., which represents a phase change of ∆φint = 44◦,
without any impact on the insertion losses. The phase change is confirmed in Fig. 5(d) by the
electro-optic modulation figures before and after the laser structuring. Indeed the two modulation
paths are similar, but with a shift of α = 44◦ between each other, deduced from the shift between
the blue curve and the red curve on the Poincaré sphere.
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Fig. 5. Evolution of the transmitted optical signal state during and after femto-second laser
exposition. (a) Evolution of the transmitted power. (b) Evolution of the polarisation state.
(c) Birefringence variations deduced from the Poincaré sphere. (d) Figure of modulation
before (blue) and after (red) laser structuring.

To reconstruct the electro-optical modulation and evaluate the electro-optic changes induced
by laser structuring, we perform the product between the waveguide’s Stokes vector S⃗l measured
by the polarimeter and the Mueller matrix Mpol of a polarizer that would be placed at the exit of
the guide with its neutral axis at 45◦ to the eigenaxes of the guide. Equation (4) gives the stokes
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vector S⃗f that would be obtained after the polariser:

S⃗f = Mpol · S⃗l (4)

where,

S⃗f =

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

S0

S1

S2

S3

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
, Mpol =

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

1 cos 2α sin 2α 0

cos 2α cos 2α2 cos 2α sin 2α 0

sin 2α cos 2α sin 2α2 sin 2α2 0

0 0 0 0

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
,

Figure 6 shows the resulting electro-optic modulation, and confirms that the half-wave voltage
remains unchanged after the engraving, and equals to 35.2 V. Hence, the hole engraved 100
µm far from the membrane changes only the stress on the waveguide and thereby birefringence,
without any damage on the other waveguide’s properties.

Fig. 6. Electro-optical response of the membrane-based modulator. Top: voltage applied on
the electrodes. Bottom: in red, the figure of modulation before structuring of the membrane.
In orange, the figure of modulation after the structuring of the membrane.

Noteworthy, the measured halfwave voltage is higher than what usually appears in LiNbO3
modulators. Indeed, the waveguide propagates along the Z axis of the crystal to benefit from
low intrinsic birefringence. As a result, the halfwave voltage is inversely proportional to r22
according to Eq. (5):

Vπ =
λ · g

2 · L · n3
o · Γ · r22

(5)

where g = 14 µm is the gap between the electrodes, L = 12.6 mm is the active length, no = 2.21
is the ordinary refractive index at 1.55 µm wavelength, and Γ = 0.67 is the electro-optic overlap
coefficient. Usually, X-cut modulators use a Y-propagation configuration to benefit from the
r33 coefficient, which is nine times greater than r22. Thus, the half-wave voltage can easily be
reduced and reach the state-of-the-art by playing on several levers: changing the propagation
direction to benefit from the r33 coefficient or increasing the active length. Decreasing the g
gap is another possibility, as long as g remains higher than the guide width of 6 µm. Work is
in progress to model the mechanical behavior of the membrane and deduce the corresponding
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birefringence when changing the hole’s size and position. Hence, the maximum achievable
birefringence will also be quantified.

4. Conclusion

In conclusion, we have successfully demonstrated the production of low-loss membrane-based
modulators at low energy cost. We have also demonstrated the birefringence monitoring
in membrane-based electro-optical modulators, either by thickness control or by structuring
the membrane far from the waveguide. These results open the way to new post-processing
technologies, which are promising for reducing yield losses during the production of polarisation
state modulators.
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