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Electro-optic (EO) modulator plays a very critical role in the optical communication systems. Here, we report a stimu-
lated thin-film lithium niobate (LN) modulator with a half-wave voltage-length product of 1.8 V·cm, which can suc-
cessfully achieve modulation and demodulation of a 1 GHz sinusoidal signal with an amplitude of 5 V in experiment. 
The optical loss caused by metal electrodes is reduced by optimizing the waveguide structure and depositing silica 
onto the waveguide, and group-velocity matching and characteristic impedance matching are achieved by optimizing 
the buffer silica layer and the electrode structure for larger bandwidth, which simultaneously improves the modulation 
efficiency and bandwidth performance. Our work demonstrated here paves a foundation for integrated photonics. 
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Electro-optic (EO) modulators, converting electrical sig-
nals into optical signals, are extremely critical devices in 
the optical interconnection networks for long-distance 
and high-speed information transmission[1,2]. In order to 
meet people's needs for high-speed optical interconnec-
tion, especially the needs for new business scenarios 
such as the artificial intelligence, the internet of things 
and 5G, modulators based on many photonic platforms 
have been explored, such as lithium niobate (LN)[3-6], 
silicon[7,8], III-V semiconductors[9,10], polymers[11,12], in-
dium phosphide[13,14], graphene[15,16], plasmon[17,18]. 
Among them, LN is the most widely used material for 
commercial EO modulators, which is due to its excellent 
EO properties of linear EO response (Pockels effect), 
large EO coefficient (30.8 pm/V), wide optically trans-
parent window (0.4—5 μm) and stable physical and 
chemical properties[19]. However, traditional LN 
waveguides in EO modulators are usually fabricated by 
titanium (Ti) diffusion or proton exchange methods[20,21], 
which have weak confinement for the optical field (∆n < 
0.02). Large optical mode size means that the metal elec-
trodes must be placed far away from the optical 
waveguides to avoid excessive optical loss, usually re-
sulting in a much larger footprint and lower modulation 
efficiency. 
  The emergence of thin-film lithium niobate (TFLN) 
effectively solves the dilemma of bulk LN and the excel-
lent EO properties of bulk LN are preserved.  

The commercial LN-on-insulator (LNOI) wafer is fab-
ricated by smart cutting method[22] through which LN 
film is bonded directly onto a low-refractive-index sub-

strate. Compared with the traditional Ti diffusion 
waveguides, LN waveguides fabricated by dry etching 
have a large refractive index difference (∆n>0.7) be-
tween the cladding and the core, resulting in a smaller 
mode area and tighter optical confinement. Many EO 
modulators based on TFLN have been demonstrated[23-25]. 
However, the non-ideal waveguide morphology after dry 
etching, low overlap between the electric and optical 
fields, group-velocity mismatch and impedance mis-
match limit the bandwidth, footprint, and modulation 
efficiency, which is an urgent issue to be solved for 
modulator improvement. 

In this paper, we demonstrate a TFLN Mach-Zehnder 
modulator (MZM) (Fig.1(a)) that meets the requirements 
of large modulation bandwidth, small footprint and high 
modulation efficiency simultaneously, which is fabri-
cated by Ar+-based inductively coupled plasma (ICP) 
etching. It can achieve modulation and demodulation of a 
1 GHz sinusoidal signal with an amplitude of 5 V and the 
stimulated half-wave-voltage length product (or modula-
tion efficiency) is 1.8 V·cm. We make the following two 
improvements to address the shortcomings of traditional 
modulators based on TFLN. Firstly, optical loss of the 
LN waveguides is reduced by depositing a layer of sili-
con dioxide (SiO2) after the waveguides and electrodes 
are prepared. Secondly, group-velocity matching be-
tween the optical field and the radio frequency (RF) field 
and characteristic impedance matching are realized to 
improve the bandwidth of the modulator by optimizing 
the electrode structure parameters and the thickness of 
the buffer SiO2 layer.
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Fig.1 (a) Schematic diagram of the TFLN-MZM (The 
insert is the cross-sectional view of the modulator); (b) 
Field distribution of the TE0 mode when the 
waveguide height is 380 nm and the waveguide width 
is 1 μm 

 
The schematic of the device structure is shown in 

Fig.1(a). Fig.1(b) is the optical field distribution of the 
high-performance TFLN-MZM, where the thickness of 
x-cut LN (H) is 660 nm, the width (w) and the height (h) 
of ridge waveguide are 1 μm and 380 nm, respectively, 
the thickness of the electrode is 0.5 μm and the electrode 
gap (g) is 5 μm. Submicron-scale optical confinement is 
realized using those parameters, under which the elec-
trodes are allowed to place closer to the waveguide and 
thereby improving the modulation efficiency.  

In order to fabricate a high-performance TFLN EO 
modulator, we need to design a low-loss single-mode LN 
waveguide. First, the ridge waveguide height (h) is fixed 
to be 380 nm. Fig.2 shows the relationship between the 
effective refractive index and the waveguide width (w) 
for different transverse-electric (TE) optical modes. It 
can be seen from Fig.2 that the effective refractive index 
increases with the increase of the waveguide width. Fur-
thermore, the three TE modes distribute mainly in the 
ridge waveguide when the waveguide width is more than 
1 μm. However, the effective refractive indexes of the 
TE1 and TE2 modes are almost constant when the 
waveguide width is less than 1 μm, which means that the 
two TE modes mainly exist in the slab LN layer. When 
the two modes propagate in the slab layer, the optical 
energy will be almost completely absorbed by the metal 
electrodes. Only the fundamental TE0 mode can be left 
propagating in the ridge waveguide when the waveguide 
width is set to less than 1 μm. So, the optimal waveguide 
width is set to be 1 μm when the modulator operates in 
the single-mode state.  

Second, when the waveguide width is set to be 1 μm, 
the relationship between the mode area of the fundamen-
tal TE mode and the waveguide height is shown in Fig.3. 
As the waveguide height increases, the mode area be-
comes smaller, which means the optical confinement 
effect of the waveguide is enhanced. The mode area does 
not change much when the waveguide height is more 
than 380 nm, indicating that the 380-nm-high waveguide 
is enough for tight optical confinement. After compre-
hensive analysis, the width and height of the ridge 
waveguide in our later simulation are fixed to be 1 μm 

and 380 nm, respectively. Under this situation, the effec-
tive refractive index of the TE0 mode is calculated to be 
1.88. 

 

Fig.2 Relationship between the effective refractive 
index of three TE modes and the ridge width (The 
ridge height is set to be 380 nm) 

 

Fig.3 Relationship between the mode area and the 
ridge height (The ridge width is set to be 1 μm) 

There is always a trade-off between the 
half-wave-voltage length product and the modulation 
bandwidth. When the electrodes are placed closer to the 
LN waveguide, a smaller half-wave-voltage length 
product can be realized, thus improving the modulation 
performance. However, closer electrode gap also means 
more optical loss caused by the absorption of the metal 
electrodes. To avoid excessive optical loss, the electrode 
gap is usually larger than 10 μm[24]. Therefore, we dem-
onstrate that a layer of 1-μm-thick SiO2 be deposited 
after the LN waveguides and the Au electrodes are fabri-
cated for reducing the optical loss caused by the elec-
trodes. It can be seen from the simulation results in Fig.4 
that the optical loss caused by the electrodes is reduced 
after depositing a layer of SiO2 when the electrode gap 
varies from 2.0 μm to 4.0 μm. 

Another difficulty that limits the performance of the 
modulator is the group-velocity mismatching and char-
acteristic impedance mismatching between the optical 
field and the electric field. Because the dielectric con-
stants of LN at optical frequencies and RF are 5 and 28[1], 
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respectively, they cannot propagate at same speed and 
result in phase mismatch. The characteristic impedance 
matching ensures the RF can pass through the interface 
between the modulator and the external loads. The stan-
dard impedance of external loads is typically 50 Ω, 
which means the characteristic impedance of electrodes 
should be as close to 50 Ω as possible. For TFLN-MZM, 
a large part of the electric field distributes in the substrate, 
so we can achieve group-velocity matching and charac-
teristic impedance matching by optimizing the thickness 
of the buffer SiO2 layer and the parameters of the 
co-plane electrodes. The relationships between the effec-
tive refractive index/characteristic impedance and the 
ground electrode width are shown in Fig.5(a). We can 
find the change of the ground electrode width has a 
minimal effect on the effective refractive index and 
characteristic impedance. When the ground electrode 
width is set to be 36 μm, the effective refractive index 
and characteristic impedance are 1.86 and 51 Ω, respec-
tively. When setting the ground electrode width to 36 μm, 
the relationships between the effective refractive in-
dex/characteristic impedance and the signal electrode 
width are shown in Fig.5(b). When the width of the sig-
nal electrode is 14 μm, the effective refractive index and 
characteristic impedance are close to 1.88 and 50 Ω, re-
spectively. After analyzing Fig.4(a) and Fig.4(b), we set 
the width of signal electrode and ground electrode to be 
14 μm and 36 μm, respectively.  
 

 

Fig.4 Relationship between the optical loss and the 
electrode gap for the conventional TFLN-MZM and the 
SiO2-deposited TFLN-MZM 

 

 

Fig.5 Relationship between the effective refractive 
index/characteristic impedance and (a) the ground 
electrode width and (b) the signal electrode width 

  Then, we optimized the thicknesses of the buffer layer 
and the electrode to realize the group-velocity matching 
and characteristic impedance matching, which are close 
to 1.88 and 50 Ω. As shown in Fig.6(a) and Fig.6(b), 
when the thicknesses of the buffer layer and electrode are 
0.8 μm and 0.5 μm, respectively, the group-velocity and 
characteristic impedance matching can be realized.  

 

 

Fig.6 (a) Relationship between the effective refractive 
index and the buffer SiO2 layer thickness; (b) Rela-
tionship between the characteristic impedance and 
the buffer SiO2 layer thickness  

  Finally, we simulated the transmittance versus modulator 
voltage of the device. According to the electro-optical 
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effect formula of LN, we obtained the relationship be-
tween the transmittance and voltage, as shown in Fig.7. 
We can see that the transmittance is close to 0 and 1 
when the voltage is −3.4 V and 0.2 V, respectively and 
the half-wave voltage Vπ is 3.6 V. In the real experiment, 
the existing signal source in our laboratory can only take 
some discrete voltage and cannot be arbitrarily selected. 
So we chose 5 V, which is the closest to 3.4 V. 

 

Fig.7 Transmittance as a function of voltage 
 
Fig.8 shows the device fabrication process. A com-

mercial x-cut LNOI wafer from NANOLN is shown in 
Fig.8(a), where a 660-nm-thick TFLN layer is bonded on 
the top of the SiO2/Si-stack substrate. Fig.8(b) shows the 
fabrication process of etching mask. A layer of photore-
sist is spun coat on the top of the LNOI wafer. Then, the 
waveguide pattern is defined on the photoresist by li-
thography and transferred into the LN layer by using 
Ar+-based ICP etching (Fig.8(c)). The residual resist is 
removed by using acetone, isopropanol, and deionized 
water sequentially (Fig.8(d)). Fig.8(e) and Fig.8(f) show 
the fabrication process of the electrodes. The electrode 
patterns are first defined in the same way as in step (b). 
The electrodes (6-nm Cr and 0.5-μm Au) are fabricated 
along the LN waveguide by using electron beam evapo-
ration (Fig.8(e)) and lift-off (Fig.8(f)). A layer of 
1-μm-thick SiO2 is deposited on the waveguides and 
electrodes by using plasma enhanced chemical vapor 
deposition (PECVD) (Fig.8(g)). Finally, sticking the fab-
ricated modulator on the top of a printed circuit board 
(PCB), connect the modulator’s electrodes with the 
PCB’s contact pad by using wire bonding process 
(Fig.8(h)). 

The fabricated modulator is shown in Fig.9(a). Be-
cause the efficiency of fiber coupling with on-chip sys-
tem will affect our device testing, we tested the per-
formance of our device based on our research group's 
previous work on efficient coupling of fiber and inte-
grated photonic device[26]. The sinusoidal signal with an 
amplitude of 5 V generated by a high-speed signal source 
is loaded on the modulator. The modulated optical wave 
passes through a high-speed photodetector and is dis-
played on the oscilloscope. The waveform on the oscil-
loscope shows the SiO2-deposited TFLN-MZM can re-

spond well to the loaded 1 GHz microwave signal with 
an amplitude of 5 V, as shown in Fig.9(b). However, the 
device has relatively high insertion loss of about 10 dB, 
which is mainly due to the rough side wall of the etched 
LN waveguide and limits the bandwidth. This is one of 
the problems that we are going to solve next. 

 

 

Fig.8 Device fabrication process: (a) The x-cut LNOI 
wafer; (b) The waveguide pattern defined in photore-
sist by lithography; (c) Transferring the waveguide 
pattern into the LN film by ICP etching; (d) Removing 
the residual resist; (e) Evaporating 0.5-μm-thick metal 
electrodes along the LN waveguide; (f) Lift-off; (g) 
Depositing 1-μm-thick SiO2 on the top of electrode 
and waveguides; (h) Wire bonding (Au line)  

     
(a) 

 

Fig.9 (a) The photography of the fabricated TFLN-MZM; 
(b) The measured result when a sinusoidal signal with 
an amplitude of 5 V is loaded 

In summary, we propose a modulator that satisfies 
high modulation efficiency, high speed, and small size 
simultaneously. The optical loss can be reduced by 
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depositing 1-μm-thick SiO2 onto the waveguides and 
electrodes, which further improves the modulation effi-
ciency. There is always a large difference in group veloc-
ity between the optical frequency and RF. In our de-
signed TFLN-MZM, the group velocity and characteris-
tic impedance matching are realized by optimizing the 
substrate thickness and electrode structure parameters 
without sacrificing the EO modulation efficiency. Com-
bining the above two points, high performance EO 
modulator based on TFLN is realized, which has a  
stimulated half-wave voltage-length product of 1.8 V·cm 
and can successfully achieve modulation and demodula-
tion of a 1 GHz sinusoidal signal with an amplitude of 
5 V in experiment. 
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