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Abstract: In this paper, we present a novel transmission line architecture in thin-film lithium
niobate (TFLN) platforms to improve the velocity match between the microwave and the
optical wave. Compared to conventional coplanar waveguide (CPW), the microwave index
(nm) of the proposed slotted electrodes can be optimized from 2.1 to 3 while maintaining the
high modulation efficiency and 50-� impedance match. Equivalent-circuit model analysis
and finite-element simulation are performed. The simulated half-wave voltage (Vπ ) of 1.2 V
and E-O modulation bandwidth greater than 80 GHz is obtained for a 2-cm-long modulator.
By utilizing the slotted slow-wave electrode, TFLN Mach-Zehnder modulators with CMOS-
compatible operating voltage and 3-dB modulation bandwidth greater than 100 GHz are
potentialized.

Index Terms: Electro-optical systems, optical interconnects, waveguide devices.

1. Introduction
The exponential growth of transmission rate in data centers and telecommunication networks
demands electro-optic (E-O) modulators with high E-O bandwidth, low operating voltage and
linearity response [1]. To address those demands, optical modulators on various platforms have
been widely investigated for the last decades, such as silicon-on-insulator (SOI) [2]–[5], indium
phosphate (InP) [6], [7], silicon-organic hybrid (SOH) [8], [9], silicon-germanium [10] and thin-film
lithium niobate (TFLN) [11]–[18]. Among these platforms, TFLN photonic platform has drawn
significant attention. Lithium niobate (LN) is a material that has a ultra-wide transparency window
(350–5000 nm), large second order electro-optic coefficient (30 pm/V) and good temperature
stability [19]. TFLN combines the excellent material properties of LN and the thin-film advantages
of strong optical confinement, making it possible to fabricate chip-scale LN photonic integrated
circuits. Low voltage and ultrahigh bandwidth Mach-Zehnder modulators have been demonstrated
in TFLN platforms [11]–[18].

Achieving high-speed TFLN modulators with CMOS-compatible operating voltage is the primary
goal in the research field. However, the commonly applied method to lower half-wave voltage is

Vol. 13, No. 2, April 2021 7900609

https://orcid.org/0000-0003-0192-7193
https://orcid.org/0000-0002-8041-7062
https://orcid.org/0000-0003-1088-8667
https://orcid.org/0000-0001-7320-9559


IEEE Photonics Journal Advanced Electrode Design for Low-Voltage

TABLE 1

Comparison of Reported Mach-Zehnder Modulators on TFLN Platforms

*The bandwidth is calculated using the equation in [25]: f3 dB = 1.39·c
π ·L·�n , where �n = |ng − nm| and L = 2 cm.

increasing the phase shifter length, which brings great challenges to the transmission line design.
For a high-speed traveling-wave Mach-Zehnder modulator design, there are three major factors
need to be fulfilled: the velocity match between the microwave and optical wave, the impedance
match of the traveling-wave electrode and low microwave attenuation. However, as shown in
Tabel 1, for modulators with 2-cm-long phase shifters, the modulation bandwidth limited by velocity
mismatch only in reported platforms is mostly lower than 100 GHz. Combined with other limiting
factors such as lossy conductor and impedance mismatch, the experimental results showed limited
bandwidth of 26∼40 GHz [16], [20].

The cause of the velocity mismatch in reported modulators can be list as follows:
(i) the use of thick buried oxide layer [16] or low permittivity substrate [23]. employing this kind of

substrate will significantly reduce the refractive index of the medium around the electrode, resulting
in low microwave index as low as 2.02 [23].

(ii) the use of high refractive index material in hybrid rib-loading platforms, such as amorphous
silicon [26] and silicon-rich nitride [27]. The optical group index (ng) of those hybrid waveguides can
be as high as 2.8, which makes the velocity match difficult to be achieved. But on the other hand,
the modulation efficiency is enhanced due to more electro-optical interaction time, and the high
index contrast between rib-loading material and LN can offer a tight optical confinement.

(iii) the trade-off between modulation efficiency and modulation bandwidth in conventional
coplanar waveguide (CPW) electrode, which is the main limitation of high-speed modulation
performance in reported TFLN modulators. Firstly, the width of the electrode gap is selected as
the minimum value with tolerable metal absorption loss, which is typically 5∼8 μm wide. Secondly,
the characteristic impedance should equal the source impedance to reduce reflection. Under these
two preconditions above, the microwave index nm of the traveling-wave electrode is determined,
and it can’t be modified without affecting the impedance match or the modulation efficiency.

A number of compromise solutions have been implemented to avoid this dilemma [12], [15], [16],
[23]. In [23], the velocity match was achieved at the expense of small characteristic impedance (<30
�), which caused serious reflection and limited the modulation bandwidth. In [12], the buried oxide
thickness was increased to lower the microwave refractive index, but, the substrate specifications
are limited by the manufacturing process and it will affect other performances of the modulator, such
as mode leakage and coupling loss [28]. Thus, the velocity mismatch and impedance mismatch in
TFLN modulator design, especially when low refractive index substrate or high refractive index
material is used, has yet to be resolved.

To address these limitations, we propose the slotted slow-wave electrode in thin-film lithium
niobate (TFLN) platforms. The microwave index (nm) of the slotted electrode can be optimized
to achieve velocity match while maintaining high modulation efficiency and impedance match.
Equivalent-circuit model analysis and finite-element simulation are performed. A large range of
velocity match (2.1 ∼3) can be realized with adjustable microwave refractive index. The simulated
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Fig. 1. (a) Top and cross-section view of the slotted slow-wave electrode with design parameters
labelled. (b) Transmission line equivalent circuit model of the electrode.

E-O 3-dB S21 of 81 GHz is obtained for a 2-cm-long modulator. This approach is capable of
low-voltage and high-speed modulation with flexible waveguide design.

2. Design of the Slotted Slow-Wave Electrode
2.1 Device Concept and Equivalent Circuit Analysis

Slow-wave electrodes have been widely explored in III-V compound modulators to slow down the
microwave signal [29]–[31]. This type of design is usually realized using periodically loaded struc-
tures and it is non-uniform along the propagation direction. A capacitively loaded structure, called
T-rail electrode, was proposed with the equivalent circuit and analytical loss expressions in [31]. In
TFLN platforms, slow-wave electrode has only been used to reduce microwave loss in [32].

Fig. 1(a) shows the top and cross-section view of the proposed slotted slow-wave electrode. The
electrodes are deposited on top of x-cut lithium niobate-on-insulator (LNOI) substrate, in which
TFLN is bonded on thermal oxidized silica and the substrate is 500- μm silicon. LNOI substrates
with different specifications are commercially available (NANOLN Inc.) and the specifications need
to be chosen carefully. In this work, the thickness of thermal oxidized silica (toxide = 4.7 μm) is
fixed as 4.7 μm, which is a compromise between optical mode leakage and microwave loss and
widely used in modulator design [16], [20]. Besides, the thickness of TFLN (tLN = 400 nm) is chosen
as 400 nm to simply the simulation. The propagation direction of the microwave is perpendicular
to the Z-axis of lithium niobate to maximize the modulation efficiency. The periodic slots partially
cut off the current path and increase the impedance and inductance of the electrode, which will
significantly affect the RF parameters. Thus, compared to traditional CPW, The slotted electrode
has adjustable RF parameters by controlling the slot parameters while high modulation efficiency
and impedance match are ensured. The additional resistance and impedance caused by the slots
are mainly determined by the dimensions l2, w2 l1 and p. As explained in [33], the period of
the slots need to be chosen carefully to make sure the Bragg cut-off frequency is much higher
than operating frequency. Here the period p is designed to be 50 μm, making cut-off frequency
approximately over 1000 GHz. In addition, The length l1 of the slots is fixed as 5 μm in our design
to minimize the negative impact on modulation efficiency, which will be fully discussed later in
Section 2.2. The transmission line equivalent circuit is shown in Fig. 1(b), R, L, G and C are the
impedance, inductance, conductance and capacitance per unit length of the CPW. �R and �L are
the impedance and inductance per unit length as a result of the periodic slots. Combined with
the transmission line theory [34], the characteristic impedance Zc and the microwave index nm are
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given by

Zc =
√

(R + �R) + jω(L + �L)
G + jωC

(1)

γ =
√

[(R + �R) + jω(L + �L)](G + jωC) = α + jβ (2)

nm = cβ
ω

(3)

where ω is the angular frequency, c is the speed of light in vacuum, γ , α and β are the propagation
constant, the attenuation constant and the phase constant, respectively.

At frequency higher than 10 GHz, the capacitance and inductance become the dominant factors
in (1) and (2) (ωC/G > 1000 and ωL/R > 20), then we have:

C = nm

c · Zc
and L + �L = Zc · nm

c
(4)

In (4), one can see that the additional inductance �L caused by the periodic slots will significantly
increase the microwave index, and in other words, slow down the microwave signal. The target
value of Zc is usually 50 � and nm should be modified to match the optical group index ng. Thus,
the demand value of C, L + �L can be calculated by (4). When the width of the electrode gap is
determined, the value of C is mainly affected by the width of the signal electrode, which can be
accurately calculated by quasi-TEM analysis and conformal transformation [35]. Then, with known
C and L, one can choose the suitable parameters of the slot to get the required �L. However, the
electromagnetic field at the slot area is not a quasi-TEM mode and the fringing field is complex
around the edge of the slot. Therefore, the analysis formulas of �R and �L are difficult to obtain.
In previous studies of capacitively loaded slow wave structure [14], [15], the accurately value of
the capacitively load was obtained from the model fitting to experimental results. Here, to get
the accurately value of �R and �L, numerical finite-element simulations are performed using
commercial 3-D electromagnetism simulator.

The signal electrode width w and the slot length l2 have significant influence on microwave
parameters, which is the main variable parameters in our simulation, and other parameters are
fixed as: p = 50 μm, tAu = 1 μm, w1 = 4 μm, w2 = 3 μm, l1 = 5 μm, g = 6 μm. It should
be noted that if a bigger microwave refractive index is required, it might be necessary to choose
a smaller period p and a larger slot width w2, and vice versa. In order to confirm whether the
equivalent circuit is correct, we analysis simulated S-parameters of the slot electrodes with different
lengths of l2 and a fixed signal electrode width (w = 24 μm). Fig. 2 shows the RF parameters
Rtotal (Rtotal = R + �R), Ltotal (Ltotal = L + �L) and Ctotal (Ctotal = C + �C) extracted from the simulated
S-parameters. Compared to the conventional CPW, the inductance and resistance per unit length
of the slow-wave electrode is much higher and increase along with the increasing l2 while the
capacitance per unit length is barely the same. Therefore, the simulation results are consistent
with the equivalent circuit analysis and prove the validity of the circuit model.

Choosing the appropriate w and l2 is the key to get the desired nm and 50-� impedance match.
Fig. 3(b) presents contour maps of nm and Zc as a function of the signal electrode width w and the
slot length l2. Under the selected substrate specifications and electrode parameters, the highest nm

in our simulation is 2.99 with l2 = 45 μm and w = 20 μm, and the lowest nm is 2.26 with l2 = 5 μm
and w = 20 μm. The microwave index of traditional CPW electrodes is 2.08 under the condition of
impedance matching and 6- μm electrode gap, so the range from 2.08 to 2.26 can be obtained by
choosing smaller slot dimensions or longer period. In the range of nm > 3, a wider signal electrode
is needed to get the required value of C according to (4), which is not included in our simulation. In
aggregate, this slotted slow-wave electrode can achieve a range of Nm from 2.1 to 3 with impedance
match and 6- μm electrode gap.

Besides, it is worth noting that the inductance �L induced by the slots drop rapidly with increasing
signal electrode width while the capacitance C rises much slower. Hence, the microwave index nm
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Fig. 2. Simulated resistance Rtotal (a), inductance Ltotal (b) and capacitance Ctotal (c) for different slot
dimensions as a function of frequency.

Fig. 3. Contour maps of nm (a) and Zc (b) as a function of the signal electrode width w and the slot
length l2. The width of the electrode gap is fixed as 6 μm and the parameters are simulated at 20 GHz.
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Fig. 4. Simulated electric field intensity along Z-direction (Ez ) of the slotted electrodes and mode
distributions in the cross-section view.

does not rise but decreases as the signal width increases, which is the opposite of the traditional
CPW.

2.2 Influence on Modulation Efficiency

Modulation efficiency is also an important part of the modulator performance, improving the
modulation efficiency can help on reducing the phase shifter length, which is negatively correlated
with the modulation bandwidth. The modulation efficiency figure-of-merit (V π · L) can be written
as:

Vπ · L = nef f λo

2ne
4r33


(5)


 =
∫∫ |Eo|2Ezds∫∫ |Eo|2ds

(6)

where nef f is the effective index of optical mode, λo is the operation wavelength, ne is the extraor-
dinary refraction index of LN, r33 is the electro-optical coefficient (31 pm/V), 
 is the overlap factor
between optical mode (|Eo|) and electric field normalized to the applied voltage along the Z-axis
(Ez).

V π · L is mostly determined by Ez in 5, the simulated electric field intensity along Z-direction
(Ez) of the slotted electrodes is shown in Fig. 4. The supply voltage is 1 V in this simulation. It
can be seen that the electric field is weakly distributed near the slots and not constant along
the propagation direction. For the non-slotted area, the Ez in the middle of the electrode gap is
found to be 1.35 × 105 V/m, which is similar to that of the conventional CPW with same width of
electrode gap. For the slotted area, the Ez in the middle of the electrode gap is around 1 ∼ 1.1 ×
105 V/m, which is approximately 20% lower than that of the non-slotted area.This lower electric
field intensity will affect the modulation efficiency, but by using this T-shape slot, the degree of
slow-wave effect can be adjusted by other dimensions of the slot while keeping the breach width l1
as small as possible. Thus with proper design, slotted electrodes will only cause a very slight drop
in modulation efficiency.
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Fig. 5. (a) Simulated TE optical mode profile with 400-nm-thick LN and 400-nm-tall, 400-nm-wide
silicon-rich nitride ridge waveguide. (b) Simulated microwave index of the slotted slow-wave electrode
and the conventional CPW electrode. (c) Simulated RF S21 (left Y axis) and E-O S21 (right Y axis) of
2-cm-long modulators with the slotted slow-wave electrode and the conventional CPW electrode.

2.3 Modulation Bandwidth

To prove the advantages of this slotted slow-wave electrode in high-speed and low-voltage modu-
lation, here we adopt the waveguide design in our previous work [27]. The rib-loaded waveguide
is formed consisting of 400-nm silicon-rich nitride ridge layer (n = 2.501 at 1550 nm) and 400-nm
LN slab layer. This hybrid rib-loaded waveguide can achieve both low bending radius (50 μm) and
high modulation efficiency.

The simulated optical TE mode profile at 1550 nm wavelength is shown in Fig. 5(a), the optical
mode confined in LN slab is greater than 72%, and the waveguide group index no is 2.35. On the
condition of 6- μm electrode gap and 50-� impedance match (g = 6 μm and w = 16 μm), nm of
the conventional CPW electrode is 2.08, which is 0.27 different from ng. This condition requires the
use of slow-wave electrodes with optimized dimensions. Based on the aforementioned discussion,
the slot dimensions are chosen as: p = 50 μm, tAu = 1 μm, w1 = 4 μm, w2 = 3 μm, l1 = 5 μm, w

= 24 μm, l2 = 10 μm. As is shown ub Fig. 5(b), the simulated nm of the optimized slotted electrode
is around 2.36 from 10 to 100 GHz, which indicates that the velocity mismatch is almost eliminated
(�n < 0.01).

Fig. 5(c) shows the simulated RF S21 and E-O S21 of 2-cm-long modulators with the slotted
slow-wave electrode and the conventional CPW electrode. The −6.4 dB RF S21 of the slotted
electrode is 95 GHz, which is 18 GHz higher than that of the traditional CPW. The E-O response is
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calculated from the equation given in [25]:

r (ωm ) =
∣∣∣∣1 − ρ1 · ρ2

1 + ρ2
· V+ + ρ2 · V−

eγ ·l − ρ1 · ρ2 · e−γ ·l

∣∣∣∣ (7)

where r(ωm) is the modulation response, ρ1 = (Zc − Zs )/(Zc + Zs ) and ρ2 = (Zt − Zs )/(Zt + Zs ) are
the input and output reflection coefficient, Zs and Zt are the source impedance and terminating
impedance. V+ and V− are the single pass average voltage experienced by a photon due to co-
propagation and counter-propagation between microwave and optical wave, where V± = e± j ·φ± ·
(sinφ±/φ±) and φ± = l/2 · (− j · γ ∓ βo), and βo is the complex phase of optical wave.

The calculated 3-dB E-O bandwidth of conventional CPW is 12 GHz, which is mainly limited by
the velocity mismatch (�n = 0.27). By contrast, the 3-dB E-O bandwidth of the slotted electrode
is 81 GHz and it is close to the RF −6.4 dB bandwidth. One must note that the microwave loss is
taken into consideration in (7), the E-O bandwidth can be further improved with thicker electrode
or optimized substrate specification. This simulated result indicates that, for a low-voltage TFLN
modulator design, the slotted slow-wave electrodes have advantages of higher E-O bandwidth
compared to conventional CPW electrodes. The calculated V π · L of the slotted electrode and the
conventional CPW are almost at the same. Which are 2.32 V · cm and 2.28 V · cm, respectively.

As presented above, the key advantage of the slotted slow-wave electrode is that velocity
mismatch can be almost eliminated, which is the main bandwidth limiting factor in the low-voltage
modulator design. In addition, the fabrication of this slotted slow-wave electrode does not require
any complex manufacturing process and it can be done with one-step lithography and standard
lift-off process.

3. Conclusion
In summary, the slotted slow-wave electrode in thin-film lithium niobate (TFLN) platforms are
proposed. Compared to conventional CPW electrodes, the microwave index of slotted electrodes
can be adjusted among a large range (2.3∼3) while maintaining high modulation efficiency and
impedance match. Equivalent-circuit model is proposed and finite-element simulation of the slotted
electrode is performed. By utilizing this approach, the limitation of E-O bandwidth due to velocity
mismatch can be eliminated and The E-O 3-dB bandwidth of a 2-cm-long modulator is expected
to reach 81 GHz, which is 69 GHz larger than that of the modulator with CPW electrodes. This
approach has great potential to achieve sub-1 V operating voltage and high-speed modulation up
to 100 GHz.
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