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Abstract: With the development of photonic integrated circuits and optical information pro-
cessing on thin-film lithium niobate (TFLN), the realization of the TFLN-based polarization
device is becoming more and more crucial. Here, we demonstrate a polarization modulator on the
TFLN platform without polarization diversity. Without polarization manipulation elements, the
device only composes a phase modulator and a two-dimensional grating coupler. The structure
features small footprint and high fabrication tolerance. The device holds promise for polarization
encoding telecommunication.

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

1. Introduction

As one essential property of electromagnetic field, the state of polarization can be used to encode,
calculate, and process information using light [1] and reflects a wealth of applications in optical
perception and operation. Effectively manipulating light field at micro/nanoscales and realizing
integrated optical devices are of great significance. Effective modulation of optical polarization
states has exploited superb capabilities in a wide breadth of sciences and applications [2], such as
optical communication [3-5], optical sensing [6—8], quantum entanglement [9—11] and so on.
However, conventional polarization operation approaches often depend on large volume bulk
optical elements, including waveplate-type and optical fiber circular polarization controller. It is
a priority to implement polarization manipulation on the integration under the urgent demands of
compactness, device stability and high-speed response.

Currently, thin-film lithium niobate (TFLN) has attracted considerable attention both in
academics and industry. TFLN exhibits a huge potential in achieving high-density integration
and ultrahigh-speed response, which benefits from strong light confinement caused by the high
refractive index contrast of TFLN and the large electro-optical coefficient of lithium niobate
(LN). These characteristics makes TFLN one of key candidates for the next-generation photonics
integration platforms. TFLN-based EO modulators feature ultra-compactness, high-speed
operation, low half-wave voltage, as well as low power consumption down to tens of fJ/bit or
even lower [12,13]. In recent years, much efforts have been focused on TFLN-based electro-optic
(EO) modulators. Various modulator paradigms with high performance have been realized in the
dimensions of amplitude, phase, and frequency [12-21]. Despite the vast potential practicability,
effective modulation of polarization is nevertheless still relatively limited for TFLN platform.
Polarization manipulation elements on TFLN are considerably desired.
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Originally, several typical on-chip integrated polarization processors comprising of polarization
beam splitters (PBS) [22-25], polarization rotators (PR) [26-28], and polarization splitter-
rotators (PSR) [29-33] have been extensively investigated on various platforms, which can
realize the decomposition and conversion of linear polarization state in waveguides. These
designs have been brought to the TFLN platform for polarization diversity, as devices on TFLN
is intrinsically polarization dependent due to the material birefringence. Recently, a high
performance polarization management device on TFLN has been reported [34], which utilizes
PSR and Mach-Zehnder interferometer (MZI) as fundamental building blocks. Nevertheless, the
modulation performance of this structure is highly dependent on the quality of the polarization
diversity device, i.e., the PSR. The perfect implementation of PSR requires special design and
precise accuracy, which aggravates the difficulty in fabrication. Additionally, the PSR with a
350-um long length consequentially leads to a large device size.

In this Letter, we exhibit a TFLN-based polarization modulator utilizing a EO phase modulator
and a two-dimensional grating coupler. The modulator avoids polarization diversity processor
elements, which enormously improves the technological tolerance. We demonstrate effective
modulation of polarization states with a polarization extinction ratio (ER) that is in excess of
16 dB for all the polarization output states and up to 35 dB for a subset of the operating points. In
addition, mutually switching specified polarization states is also precisely realized.

2. Principle

The structure of the polarization modulator, as shown in Fig. 1(a), is composed of a one-
dimensional grating coupler (1D GC), a multimode interferometer (MMI), an EO phase shifter
and a two-dimensional grating coupler (2D GC). The waveguides and grating couplers are
designed to support fundamental TE mode only. The configuration is fabricated on x-cut TFLN
and the phase shifter is aligned along the y-direction to exploit the largest EO coefficient y33
of LN (~27 pm/V @1550 nm). Considering the anisotropy of the x-cut TFLN, the output port
is designed to separately balance the two arms in the y- and z-axis to minimize thermal shift.
Three adiabatic tapers are inserted to connect the grating and the waveguide for fiber coupling.
The input light is equally split into two arms by the MMI, whose phase is “pulled and pushed”
by the EO phase shifter that utilizes a ground-signal-ground (G-S-G) traveling-wave electrode.
Then the two arms are crossly combined and out-coupled by the 2D GC into fiber. The EO
modulation results in a variable phase difference § between the two arms, i.e., the two orthogonal
polarization states at the 2D GC. As a consequence, the polarization state at the output port
varies with the applied voltage, which moves along a great circular path through the poles on the
surface of the Poincaré sphere. The schematic of the 2D GC is shown in Figs. 1(b) and 1(c). The
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Fig. 1. (a) Schematic of the TFLN-based polarization modulator. (b) Schematic of the 2D

GC, which is symmetric about the optical axis. 0: the diffraction angle. (c) Cross-sectional
view of the 2D GC. (d) The simulation of wave propagation in the 2D GC at 1550 nm.
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two orthogonal waveguides are symmetrical about the z-axis (i.e., the optical axis), and 8 is the
diffraction angle.

The high ER of the polarization modulation relies on the good performance of the MMI and
2D GC. Firstly, we investigate the tolerance of the MMI. The histogram in Fig. 2(a) shows the
impact of the width and length variation of the MMI on its transmission. The MMI still maintains
>96.8% in transmission when the width is swept from 2.6 to 3.0 um and the length from 4.3 to
6.3 um, which demonstrates superior fabrication tolerance for precision nanofabrication process.
Figure 2(b) shows the simulated transmission spectrum when the width is 2.8 um and the length
is 5.3 pm. The simulated maximum transmission is 99.0%. The operation of the MMI covers a
wide bandwidth over 100 nm at the telecommunication bands. The inset is the propagating mode
in the MMI at the wavelength of 1550 nm.
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Fig. 2. (a) Transmission of the MMI with different widths and lengths. (b) Transmission
spectrum of the MMI. (c¢) Calculated coupling efficiency as a function of wavelength.

Then, the parameters of the 2D GC are calculated and optimized by finite-difference time-
domain (FDTD) simulation. The simulated normalized filed intensity at the 2D GC is shown in
Fig. 1(d). There are three parameters that need to be optimized: the grating period p, the radius
of the air hole R, and the etching depth 4. To demonstrate the bandwidth of the 2D GC, the
parameter sweep results on R and p are shown in Fig. 2(c). Taking into account the etching depth
of the waveguides, & of 400 nm is adopted. Ultimately, the optimized set of parameters, p =0.92
um and R = 0.38 um with air as the background, is found.

3. Device fabrication, characterization, and measurement

The designed polarization modulator is fabricated on commercial TFLN x-cut wafer (NANOLN)
with a 600-nm thick top TFLN layer and 4.7-um thick buried silica layer. To achieve the required
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etching depth and sidewall roughness, a 580-nm-thick amorphous silicon (a-Si) is deposited
by plasma enhanced chemical vapor deposition (PECVD) as a mask. Next, electron beam
lithography (EBL) is used to define the 1D GC and the waveguide. The pattern is transferred
to the a-Si mask and TFLN by inductively coupled plasma (ICP) etching. The residual a-Si is
removed by aqueous dilution solution of KOH. Next, the 14 rows and columns of inverted cone
air holes in the 2D GC is fabricated using the FIB milling method. It is worth mentioning that the
one-step fabrication of 2D GCs along with LN waveguides has been demonstrated by optimized
conditions during EBL and etching [35]. Then, the electrodes are patterned by ultraviolet (UV)
photolithography and a 20-nm-thick Cr is evaporation-coated as an adhesion layer. Finally, a
200-nm thick Au layer is deposited on the surface via electronic beam evaporation and lift-off
technique. The main part of the fabrication process was accomplished at the Center for Advanced
Electronic Materials and Devices (AEMD), Shanghai Jiao Tong University.

Figure 3 displays the characterization of the fabricated polarization modulator device using
scanning electron microscopy (SEM) and optical microscopy. The period of the 1D GC in
Fig. 3(a) is 900 nm with a 33% duty cycle, aimed to maximum the coupling efficiency for the
1550 nm input. The footprint of the MMI is measured to be 2.8x5.3 um?, consistent with the
theoretical analysis in Fig. 2. Both elements have the same cross section waveguide structure
where the etching depth is about 350 nm with an inclination angle of about 65 degrees, as shown
in Fig. 3(c). The top width of the waveguide is designed to 0.7 um for single-mode propagation.
Figure 3(d) shows the overall 2D GC structural SEM diagram, and the inset picture shows the
details of the grating cells. Perforated in the coupling area, the appearance of the air hole forms
inverted cone with about 400 nm depth whose parameters follow the calculation in Fig. 2(c).
Finally, the optical microscopic image of the phase shifter section is shown in Fig. 3(e). The
whole modulation length of the device covers 3 mm in this experiment, where the width of the
signal electrode and the ground electrodes is 180 pm and 200 um, respectively, and the electrode
gap is 8 um.
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Fig. 3. Images of the details of the polarization modulator device: (a) grating coupler,
(b) MMLI, (c) cross section of the waveguide, (d) 2D GC, (e) push-pull electrode of the phase
shifter.

The experimental setup is depicted in Fig. 4(a). An arbitrary waveform generator (AWG) acts
as a signal source connected with a voltage amplifier to amplify the electrical signal. Then,
the modulation signals are fed into the modulator at the input port by a probe. Meanwhile,
light is emitted by an external cavity tunable continuous laser (New Focus, 1520-1570 nm) and
amplified by an erbium-doped fiber amplifier (EDFA). The polarization of laser is controlled
by polarization controllers (PC) to match the input 1D GC. The launch and collection of light
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to the sample is achieved by vertical fiber coupling with a title angle of approximate 8 degrees.
At the output part, a commercial polarization analyzer (PA) (Thorlabs PAX1000IR2/M) is used
to characterize the generated polarization state. The fiber-to-fiber insertion loss of the device
is measured to be approximately 17.5dB at 1550 nm. The measured coupling loss of the 1D
GC is 5.2 dB/facet, and that of the 2D GC is 11.5 dB/facet. Therefore, the on-chip loss of the
polarization modulator is inferred to be 0.8 dB.
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Fig. 4. (a) Experimental setup for the EO polarization modulation. The generated
polarization states as plotted by (b) the Poincaré sphere and (c) the Stokes parameters.
(d) Polarization extinction ratio as a function of the applied voltage.

The modulation performance of the device is shown in Figs. 4(b)—4(d). A sinusoidal wave is
determined to modulate the optical signal, which is generated from AWG and amplified to a peak-
to-peak value Vpp of 33 V. During the experiment, the output polarization state at zero voltage,
which should be linearly polarized in theory, is measured to be left-handed polarized. This may
be due to a tiny length difference between the two arms or polarization change in the out-coupling
fiber. To quantitatively analyze the output polarization state, the Stokes vector measurements
are adopted whose results are described by the Poincaré sphere, as shown in Fig. 4(b). After
successive measuring the polarization state, the variations of three stoke parameters (S1, S2,
and S3) are depicted in Fig. 4(c), where the Stokes vectors of each sampling point monitored
by PA constitute a three-dimensional coordinate on the surface of Poincaré sphere. A set of
polarization state round quasi-circle on the Poincaré sphere is extracted to intuitively demonstrate
the modulation process, which is marked by blue points in Fig. 4(b) and related to the pink
region in Fig. 4(c). The subset of these points is smaller than the output results produced by
the modulation, i.e., the quality factor V. L for the device is less than 4.95 V-cm. Specially, the
polarization path runs through the H, V, L and R states on the Poincare sphere, respectively,
as marked by red circles in Fig. 4(b). Obviously, the precise modulation can flexibly generate
arbitrary orthogonal basic polarization vector attributed to the design of our modulator device.
One way to quantify the discrepancy between the theoretical expectation and the experimental
results is to examine the orthogonality of output states from the modulator [36]. Consequently,
the polarization ER of the modulator can be defined as ER=-10log((1 + P;-P,)/2), where P; and
P, are two orthogonal polarization states that are opposite on the Poincaré sphere in Fig. 4(b).
Theoretically, the dot product of two states in polarization ER will be -1 that demonstrates
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superior performance of the device. As indicated in Fig. 4(d), the experimental polarization ER
is in excess of 16 dB for all the output polarization states, and the maximum polarization ER
achieves 35 dB. The fluctuating extinction ratio results from the slight deviation of the output
state compared with the ideal great circle.

To further demonstrate the quality of the polarization output by the modulator, we next adjust
specified DC voltage to drive the device for generating right-handed and linear polarization states,
and the corresponding measurements of stokes parameters are summarized in Figs. 5(a) and 5(b),
respectively. It can be indicated that our modulator can precisely manipulate the polarization
state with low polarization crosstalk and high stability. Then, we encode a square wave electrical
signals to switch between right-handed and linear polarization states. Continuous sampling for 1
min at a frequency of 900 samples/min of the two states are plotted on the Poincaré sphere, and
the results are accurately concentrated around the (0,0,1) and (1,0,0) coordinate, as depicted in
Fig. 5(c). The quantitative acquisition of the stokes vector in Fig. 5(d) shows that our modulator
can switch on the specified cycle path of Poincaré sphere at high precision without polarization
diversity processor elements.
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Fig. 5. The Stokes parameters of (a) the right-handed polarization state and (b) the linear
polarization state. (c) The switching result that plotted on the Poincaré sphere. (d) The
conversion of the Stokes parameters with the switch of the polarization states.

The performance of the device can be further improved by adjusting the electrical and optical
elements. On the one hand, higher respond speed and lower drive voltage can be achieved by
optimizing the electrode parameter to obtain a suitable characteristic impedance. For example,
simulating the more suitable ratio between signal electrode width and the electrode gap is
controllable, but fabricating a larger electrode thickness of the device is limited by our technical
conditions at present. On the other hand, the width of the device can be further decreased.
Moreover, the extra compensation for eliminating the unbalance between two arms at the output
port can be substituted by applying a DC bias voltage to condense the scale of the modulator
device.
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4. Conclusions

In conclusion, a simple structure TFLN-based polarization modulator is designed and its relative
complete functions are demonstrated. Instead of polarization diversity processor elements,
an MMI structure is employed to split the input laser. To characterize the robustness of the
modulator, high tolerance simulations are performed in terms of the scale of the device and the
input wavelength. All the output polarization states obtain over 16 dB PER, and the maximum
achieves 35 dB. Then, we demonstrate precise control of specific polarization state and effective
switch between different polarization states. Notably, our work provides novel scheme of
modulating polarization states on the TFLN platform, exhibiting huge potential for realizing
ultra-compact and miniaturized optical systems at specified scenario, such as polarization encoded
quantum key distribution.
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