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Abstract: The interleaver was one of the key devices in dense wavelength division multiplexing
(DWDM) applications. In this study, an interleaver with an asymmetrical Mach-Zehnder
interferometer structure was designed, fabricated, and characterized in hybrid silicon and lithium
niobate thin films (Si-LNOI). The interleaver based on Si-LNOI could be fabricated by mature
processing technology of Si photonic, and it was capable of the electro-optical (E-O) tuning
function by using the E-O effect of LN. In the range of 1530-1620 nm, the interleaver achieved a
channel spacing of 55 GHz and an extinction ratio of 12-28 dB. Due to the large refractive index
of Si, the Si loading strip waveguide based on Si-LNOI had a compact optical mode area, which
allowed a small electrode gap to improve the E-O modulation efficiency of the interleaver. For an
E-O interaction length of 1 mm, the E-O modulation efficiency was 26 pm/V. The interleaver
will have potential applications in DWDM systems, optical switches, and filters.
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1. Introduction

Due to the increasing amount of information exchange, wavelength division multiplexing
(WDM) technology development has trended towards denser wavelength division multiplexing
(DWDM) technology with narrower spacing. An interleaver can divide a group of densely
spaced wavelengths into two groups of sparsely spaced and interleaved wavelengths, or combine
two groups of sparsely spaced and interleaved wavelengths into one group of densely spaced
wavelengths, which could meet the requirements of DWDM for a narrow channel and was widely
used [1,2]. In the field of optical communication, the operating wavelength of the interleaver
need to operate at a specific wavelength. However, the operating wavelength is easily affected by
fabrication error and the external environment (such as humidity or temperature), resulting in the
drift of the operating wavelength. Therefore, operating wavelength tunability of the interleaver is
necessary for practical applications.

Waveguide-based interleavers can achieve electrical tuning in Si photonic circuits using the
thermo-optical (T-O) effect [3,4]. However, the T-O effect suffers from slow response and high
energy consumption, thus motivating alternative solutions based on materials with a strong
electro-optical (E-O) effect. LNOI (lithium niobate on insulator) was identified as a promising
integrated optical material platform with an excellent E-O effect, which could achieve a fast
response and a low energy consumption [5—7]. A 1 X 2 reconfigurable E-O tunable interleaver
in LNOI achieved channel spacing of 49.7 GHz. The length and gap of the electrodes were
1.35 mm and 3.5 um, respectively. The wavelength tuning sensitivity of TE and TM modes
is approximately 18 and 16 pm/V, respectively. The extinction ratios (ER) were 10-20 and
12-23 dB for TE and TM modes, respectively [8]. A 1 x4 reconfigurable E-O tunable interleaver
in LNOI (the length and gap of the electrodes were 3.9 mm and 5 pm, respectively) achieved
switching voltages of 4.5V and 6.7V, and ER of 8-15 dB and 7-13 dB for TE and TM modes,
respectively [9].

Hybrid mono-crystalline silicon and lithium niobate thin films (Si-LNOI) combines the
remarkable electrical properties and mature micro-nano processing technology of Si, as well as
the excellent optical properties of LN. The Si-LNOI therefore provides a new material platform for
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integrated photonics [10]. Various photonic devices have been proposed and achieved in Si-LNOI,
such as E-O modulators [11,12], spot-size converters (SSC) [13], and nonlinear conversion
devices [14]. Due to the large refractive index of Si, the Si loading strip waveguide based on
Si-LNOI had a compact optical mode area, which allowed a small electrode gap to enhance the
overlap of the optical field and the electrostatic field. Therefore, E-O devices based on Si-LNOI
could achieve high modulation efficiency and compact structure dimension [11].

In this study, an E-O tunable interleaver with an asymmetrical Mach-Zehnder interferometer
(AMZI) structure was demonstrated in Si-LNOI. The AMZI structure was fabricated by forming
Si waveguides using plasma etching, and it consisted of two 3 dB multimode interference (MMI)
couplers and asymmetric arms between the MMIs. The simulation results showed that the
insertion losses (ILs) for 1 X 2 and 2 x 2 MMIs were 0.055 and 0.117 dB, respectively, with large
fabrication tolerances and small volume. At 1530-1620 nm, the interleaver achieved channel
spacing of 55 GHz and ER of 12-28 dB. The interleaver had an electrically tunable sensitivity of
26 pm/V for a 1 mm E-O interaction length.

2. Design and simulation

The Si-LNOI could be fabricated by bonding Si thin film on LNOL. In the simulation, the LN thin
film was X-cut with a thickness of 500 nm. The thicknesses of the SiO; layer and Si substrate
were 2 and 500 um, respectively. There was a trade-off between the optical power in the LN
layer and the optical mode area (compact mode areas allowing a small electrode gap) [11]. The
thickness of the Si thin film was designed to be 100 nm. Figure 1(a) shows a schematic of the
E-O tunable interleaver in Si-LNOI. From top to bottom, the structure consists of AMZI structure
and metal electrodes, LN thin film, SiO, layer, and Si substrate. Figure 1(b) shows a top view
of the E-O tunable interleaver. The interleaver consisted of two 3 dB MMIs and asymmetric
arms between the MMIs. Eight 90° circular bends were used to connect the MMIs and the
straight waveguides. The widths of the straight and curved waveguides were designed to be
800 nm to operate in single mode condition. Figure 2(a) and (b) show the simulated optical TE
modes of the Si loading strip waveguide and LNOI waveguide (at 1550 nm), respectively. It
was simulated by the full-vectorial finite-difference method using MODE within Lumerical’s
DEVICE Multiphysics Simulation Suite (Ansys Canada Ltd., Canada). For the Si loading strip
waveguide, the optical mode area was only 0.34 um?. The optical power in LN layer was 50.2%.
For comparison, in a LNOI waveguide with a width of 1 pm and an etch depth of 250 nm, the
optical mode area was 0.69 um?. Figure 2(c) shows the relationship between the bending loss and
the bending radius. Compared with the LNOI waveguide, the Si loading strip waveguide allowed
a smaller bending radius. When the bending loss was 100 dB/cm, the Si loading strip waveguide
had a bending radius of approximately 30 um, while the LNOI waveguide had a bending radius of
approximately 70 um. Here, the 90° circular bends had a radius of 50 um. The TE optical mode
was transmitted in the waveguide. The length difference of the asymmetric arms was 2AL. Due
to the thin thickness of the Si thin film, part of the light of the waveguide resided in the LN layer.
By applying a voltage to the metal electrodes, the refractive index of LN was changed and the
interleaver could achieve the E-O tuning function. The E-O interaction length (L) was designed
to be 1 mm, which was parallel to the Y axis of LN to take advantage of the large E-O coefficient
r33 (28.6 pm/V at 1550 nm [15]) of LN. For efficient E-O tuning, the gap of metal electrodes was
designed to be 2.6 pm, where the metal absorption loss was approximately 0.1 dB/cm for 800 nm
wide Si loading strip waveguides.

A group of equally spaced wavelengths (A;, A2, A3, A4, ..., Aan—1, hon) Was input from the
input port of the 1 X2 MMI and then evenly distributed across the two asymmetric arms.
After passing through the asymmetric arms, the phase difference between the two beams was:
Ag; = 4nALngy [ A;, where A; was the wavelength of the light, and n.g was the effective refractive
index of the waveguide. By carefully designing AL, light with wavelengths Aj, A3, ..., Aop_|
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Fig. 1. (a) Schematic and (b) top view of the E-O tunable interleaver in Si-LNOI.
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Fig. 2. Simulated optical TE modes of the (a) Si loading strip waveguide and (b) LNOI
waveguide. (c) Relationship of waveguide bending loss with bending radius.

was constructive interference at output port 1 of the 2 x 2 MMI and destructive interference at
output port 2 of the 2 x 2 MMI. However, light with wavelengths Ay, A4, . . ., A2, Was destructive
interference at output port 1 of the 2 X 2 MMI and constructive interference at output port 2 of
the 2 x 2 MMI. Therefore, the interleaver divided a group of densely spaced wavelengths into
two groups of wavelengths that were sparsely spaced and interleaved with each other. Conversely,
Ms A3, ..., Mp—1 and Ap, A, . .., Aoy were input from the two output ports of the 2 x 2 MMI, and
light with wavelengths A1, A2, A3, A4, . .., Aan—1, Aan could be output from the input port of the
1 x 2 MML. Therefore, the interleaver could also converge two groups of wavelengths that were
sparsely spaced and interleaved with each other into a group of densely spaced wavelengths. The
working principle of the interleaver could also be described by the transmission matrix method.
The transmission matrix of the interleaver is expressed as [16]:

1| 1 = || e/t 0 1
[T] =5 0]
21 5 1 0 e~/LoPs 1
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where 3, and 3, are the propagation constants of the two asymmetric arms. L, and L;, are the
lengths of the two asymmetrical arms. When the light is input from the input port of the 1 x 2
MMI, the power values of the two output ports of the 2 x 2 MMI are expressed as [16]:

T bis
Pror1 = Esin? (EALEﬁ- + Z) )
Ppor2 = E? cos? (%ALEﬁv + %) 3)

where E is the amplitude of the input light, and A is the wavelength. AL,z is expressed as:
ALy = nes2AL “4)

The channel spacing was one of the key parameters of interleaver, which was determined by
AL. Due to the large neg (2.22) of the Si loading strip waveguide, the interleaver had a small AL
and a small device size. Here, we designed the interleaver with an AL of 480 um and a channel
spacing of 50 GHz. The ER was another key parameter of interleaver, which was determined by
the splitting ratio of MMIs. When the splitting ratio of the two MMIs was 1:1 (3dB MMI), the
amplitude response of the interleaver could be optimal, resulting in a large ER. The schematic
structure of the 1 X2 and 2 X2 MMISs is shown in Fig. 1(b). An MMI consists of three parts:
the input port, the multimode waveguide, and the output port. The input and output ports of the
MMI were tapered to improve the performance of the MMIs. The self-imaging effect (SIE) is the
basic theory of MMI [17]. For the 1 x2 MMI, the input port was positioned at the center of the
multimode waveguide. The position of the first 2-fold self-imaging is expressed as [18]:

3L,
Ly = e 5)
n
L, = 6
Bo — B ©)

where ¢ and 3; are the propagation constants of the two lowest order modes. For the 2 x 2
MMLI, the two input ports were located at i% from the center of the multimode waveguide. The
position of the first 2-fold self-imaging is expressed as [18]:

Lymr = %r @)

The greater the width of the multimode waveguide, the more modes could be excited in the
multimode waveguide, with clearer self-imaging points and lower IL; however, as the width
increases, the length of the multimode waveguide will also increase. Hence, there was a trade-off
between IL and device size. We chose the width of the multimode waveguide of the 1 X 2 and
2x2 MMIs to be 3 and 6 um, respectively. For the 1 x2 MMI, the lengths of the input and
output ports were 5 um each, and their widths transitioned from 0.8 um to 1.2 um. Figure 3(a)
shows the relationship between the transmission of the 1 x 2 MMI and the length (L1) of the
multimode waveguide, which was simulated by the finite-difference time-domain method using
FDTD within the aforementioned simulator. When L1 was 7.3 um, the 1 x2 MMI had the
maximum transmittance of 98.74% (IL was 0.055 dB). The inset of Fig. 3(a) shows the field
propagation of the optimized 1 x 2 MMI at the interface of the Si thin film and the LN thin film.
Figure 3(b) shows the relationship between the transmission of the 1 x 2 MMI and the operating
wavelength (when L1 was 7.3 um). Because the short wavelength could excite more modes in
the multimode waveguide to form clearer self-imaging points, the transmittance of the 1 x2
MMI increased with the decrease of wavelength. For the 2 x 2 MMI, the lengths of the input and
output ports were 10 um each, and their widths transitioned from 0.8 pm to 1.4 um. Figure 3(c)
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shows the relationship between the transmission of the 2 x 2 MMI and the length (L2) of the
multimode waveguide. When L2 was 36.4 um, the 2 x 2 MMI had the maximum transmittance
of 97.34% (IL was 0.117 dB). The transmittances of the two output ports of the 2 x 2 MMI were
slightly different. A larger W2 could reduce the difference in transmittance between the two
output ports, but it required a larger L2. The inset of Fig. 3(c) shows the field propagation of the
optimized 2 x 2 MMI at the interface of the Si thin film and the LN thin film. Figure 3(d) shows
the relationship between the transmission of the 2 X 2 MMI and the operating wavelength (when
L2 is 36.4 um). The transmittance of the 2 x 2 MMI decreased as the wavelength deviated from
1550 nm because the MMI length deviated from the self-imaging length. Compared with the
2x2 MM]I, the 1 x 2 MMI had a larger operating wavelength range.
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Fig. 3. Simulated transmission of the 1 x 2 MMI for different (a) multimode waveguide
lengths (L1) and (b) operating wavelengths. Simulated transmission of the 2 x 2 MMI for
different (c) multimode waveguides lengths (L2) and (d) operating wavelengths.

3. Experiments and discussion

The Si-LNOI was fabricated by bonding Si thin film on LNOI. The thickness of the Si thin film
was 100 nm. The fabrication process of the E-O tunable interleaver is shown in Fig. 4. First,
a layer of photoresist (HSQ) was spin-coated on the surface of the Si-LNOI sample. Then,
the interleaver was patterned using electron beam lithography (EBL) and inductively coupled
plasma (ICP) etching technology. Subsequently, a layer of photoresist (ZEP) was spin-coated
on the surface of the sample and patterned using electron beam lithography (EBL). Next, metal
electrodes were shaped using a lift-off process to achieve the E-O tuning function. Finally, the
sample was cleaned using butanone to remove the residual photoresist and end-polished for
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optical measurement. The length of the sample was 3.8 mm. An optical microscopy image of the
fabricated E-O tunable interleaver is shown in Fig. 5(a). The values of L and AL were 1 mm
and 480 um, respectively. Figure 5(b) and (d) show the scanning electron microscope (SEM)
images of the 1 X 2 and 2 x 2 MMISs, respectively. Figure 5(c) shows the SEM image of the metal
electrodes and Si loading strip waveguide. The gap of electrodes was 2.65 um. The width of
the Si loading strip waveguide was 780 nm. The measured transmission loss of a straight Si
loading strip waveguide was 9.8 dB/cm using the Fabry-Pérot method [19]. The transmission
loss might be due to the scattering caused by the roughness of the side wall of the waveguide,
and the scattering and absorption at the interface of LN thin film and Si thin film.

Spin-coated photoresist EBL ICP etching

Il si
| B

Deposition of metal EBL Spin-coated photoresist 10,

Metal

Fig. 4. Fabrication process of the E-O tunable interleaver in Si-LNOI.

(a)

Fig. 5. (a) Optical microscopy image of the E-O tunable interleaver in Si-LNOI. SEM
images of (b) the 1 x2 MMI, (c) the metal electrodes, and (d) the 2 x 2 MMI.

Figure 6 shows the measurement system of transmission spectra of the interleaver. A continuous
linear polarized light was emitted from a semiconductor tunable laser (Santec TSL-210VF), and
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coupled into the input port of the 1 X2 MMI via a lensed fiber. The polarization of the output
light of the lens fiber could be adjusted by the positioner. The light from the two output ports
of the 2 x 2 MMI was collected by an objective (40x/0.65) and then detected by the detector
(Ge photodiode) after passing through the polarizer, splitter, and iris diaphragms. Among them,
the polarizer was used to filter the TM mode that may exist in the waveguide to ensure the
measurement accuracy of the ER of the interleaver. The splitting ratio of the splitter was 1:1.
The iris diaphragms were used to filter stray light. Two detectors were used to detect the optical
power from output ports 1 and 2 of the 2 x 2 MMI, respectively.

|

Detegtor 2
DC source 1
—

Iris Diaphragm —
Obiective Iris Diaphragm |

Tunable e ﬂ A ﬂ
laser PM Fib | e U
iber -
Positioner Sample Polarizer Splitter Detector 1

Fig. 6. Measurement system of transmission spectra of the interleaver.

Figure 7 shows the measured transmission spectra of the interleaver. As shown in Fig. 7(a),
the interleaver had an ER of 12-28 dB and a channel spacing of 55 GHz in 1530-1620 nm. The
channel spacing was larger than the designed channel spacing (50 GHz), which might be caused
by the fabrication error of Si thin film and Si waveguide (making the neg of the Si loading
strip waveguide smaller). The loss of the measurement system (including the objective, splitter
and polarizer) was measured to be 6.5 dB. The IL of the interleaver was about 13.5 dB, which
included the coupling loss between the waveguide and the lens fiber, the reflection at the end face
of the waveguide, and the transmission loss of the Si loading strip waveguide. Among them,
the measured coupling loss between the waveguide and the lens fiber was 7.8 dB/facet, and the
simulated reflectance at the end face of the waveguide was 19%. In order to reduce the coupling
loss between the waveguide and the lens fiber, the input and output waveguides of the interleaver
could be designed to be tapered. In addition, the coupling loss could be further reduced by
making spot-size converters [13] at input and output waveguides. To inspect the transmission
spectra more clearly, the measured transmission spectra of the interleaver in 1545-1555 nm is
shown in Fig. 7(b). The ripples of the transmission spectra might be caused by the interaction
between the reflected light of the end face of the waveguide and the light in 2 x 2 MML.

A voltage could be applied to the electrodes through a DC source, and the interleaver could
realize the E-O tuning function. After applying —10V, 0V, and 10V voltages to the electrodes,
the transmission spectrum of the interleaver was recorded, and the results are presented in Fig. 8.
The E-O modulation efficiency was 26 pm/V for an E-O interaction length of 1 mm, which could
solve the problem of working wavelength drift caused by the fabrication error and environmental
changes. The DC bias drift was observed in our fabricated interleaver, which was thought to be
caused by the flow and redistribution of electrical charge in the LN region under DC voltage
[20]. It was related to the internal defects of LN and the preparation process of the devices. The
DC bias drift might be reduced by using the thermo-optical phase shifter [20]. The response
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Fig. 7. Transmission spectra from output ports 1 and 2 of the 2 x 2 MMI in the range (a)
1530-1620 nm and (b) 1545-1555 nm.

speed of the interleaver was measured to be more than 1 MHz. If such a design was applied to
the M-Z modulator, the VL was only 1.7 V-cm, which was close to the state-of-the-art VL of
M-Z modulator in LNOI [21-23]. In addition, the device could be used as a tunable filter or a
wavelength selective switch. For wavelength selective switches, a voltage of 17 V could achieve
the on and off function. If the length of the E-O interaction region was lengthened appropriately,
the interleaver could have higher E-O modulation efficiency. Table 1 shows a comparison of E-O
tunable interleavers in different material platforms. The interleaver in Si-LNOI had a relatively
high E-O modulation efficiency.
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Fig. 8. E-O tunable characteristics of the interleaver.
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Table 1. Comparison of E-O tunable interleavers in different material platforms.

Platform AL (um) | L (mm) Channel spacing ER E-O/T-O modulation
(GHz)
SOI [4] 225 - 50 18dB T-O (switching power
of 50 mW)
LNOI [8] 707 1.35 49.7 10-20dB for TE, | E-O (18 pm/V for TE,
12-23dB for TM | 16 pm/V for TM)
Si-LNOI 480 1 55 12-28dB for TE | E-O (26 pm/V for TE)
(This work)

4. Conclusions

In conclusion, we designed and fabricated an interleaver with an AMZI structure in Si-LNOI. The
interleaver was fabricated by mature processing technology of Si photonic, and it was capable
of the E-O tuning function by using the E-O effect of LN crystal. Due to the large n.g and
small mode area of the Si loading strip waveguide, the interleaver had a small arm length to
reduce device volume and a small electrode gap to enhance E-O modulation efficiency. At
1530-1620 nm, the interleaver with AL of 480 um achieved a channel spacing of 55 GHz and an
ER of 12-28 dB. For an E-O interaction length of 1 mm, the E-O modulation efficiency was 26
pm/V. The interleaver will have potential applications in DWDM systems, optical switches, and
filters.
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