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Design and Fabrication of Novel Ridge Guide
Modulators in Lithium Niobate

Miguel García-Granda, Hui Hu, J. Rodríguez-García, and W. Sohler

Abstract—A thorough theoretical analysis of Mach–Zehnder-
type ridge guide modulators has been performed in this paper.
A novel electrode/waveguide structure was identified, yielding
low driving voltages for high bandwidth operation. Based on this
design, the fabrication of improved modulators was developed,
introducing various novelties: low-loss Ti-indiffused wet-etched
ridge guides in LiNbO�, a complete ridge guide interferometer,
and a specific electrode structure to be used with ridge interferom-
eters. The operation of the modulator was demonstrated, yielding

� � �� V and � � �� V cm at low frequencies and an
ON–OFF extinction ratio of 20 dB.

Index Terms—Electrooptic modulators, lithium niobate, ridge
waveguides, wet etching.

I. INTRODUCTION

E xternal modulators based on lithium niobate (LiNbO ) are
key components for high-bit-rate optical communication

systems due to their high modulation bandwidth, low insertion
loss, low frequency chirp, and nearly wavelength-independent
characteristics. Nowadays, commercial devices offer a modula-
tion bandwidth exceeding 40 GHz combined with a low
driving voltage in the range of 4–5 V, with a voltage-length
product of the order of 12–15 V cm at low frequencies.

Due to the limitations of electrical modulator drivers, lower
drive voltages are essential to enable higher bit rates and re-
duce the cost of modulator operation. Therefore, the reduction
of the driving voltage of LiNbO modulators is an extremely
important issue for realizing future high-speed optical transmis-
sion systems. Driving voltages in the range of 2 V are desired
in order to use inexpensive SiGe drivers for high-bandwidth
applications.

There has been a lot of work to develop modulator struc-
tures matching these requirements. For example, thin sheet
approaches, in which layers of single crystalline LiNbO of
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micrometer thickness are exploited, have been demonstrated
[1]–[3]. Ferroelectric domain inversion (DI) in LiNbO was
also used in some designs to develop new electrode structures
or tailor the electro-optical response [4]–[6]. Even folded inter-
ferometric structures have been proposed in order to reduce the
size of the devices [7], [8].

Finally, slow light effects in photonic crystal structures have
also been exploited in amplitude modulators to get a further
miniaturization and reduce [9].

A suitable technique for near-future industrial fabrication is
the use of ridge waveguides. For experimental devices, it has
been demonstrated that ridge waveguides can improve the mod-
ulator characteristics, leading to of the order of 8–9 V cm
[10]–[12]. At the same time, the waveguide geometry and
traveling-wave electrode can be optimized to get impedance
matching and high-bandwidth performance [13].

In this paper, we present the results of a thorough modeling
of ridge waveguide modulators in LiNbO . The outcome is a
high-bandwidth design with a novel electrode/waveguide struc-
ture that further reduces . By using advanced fabrication tech-
niques, we were able to fabricate such modulators with a of
2.14 V only and a of 5.35 V cm.

II. FUNDAMENTALS OF INTERFEROMETRIC MODULATORS

In a Mach–Zehnder (MZ) interferometric modulator, the
change in refractive index in each waveguide of the
interferometer is

(1)

where is the applied electric field by the electrodes and is the
relevant electro-optic coefficient. The best choice for LiNbO
is , which is the highest one, and , where is the
extraordinary refractive index.

As the field is not homogeneous throughout the guided
mode area, an overlap factor must be introduced. This factor
can be defined [14] as follows:

(2)

where is the gap between the electrodes (see Fig. 1), is the
peak applied voltage, and and are the modulating and
optical fields, respectively.

The applied voltage needed in order to obtain a complete
destructive interference is called the driving voltage and
depends on the interaction length of the device. The relation
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Fig. 1. Cross-sections of: (a) traditional CPW electrode structure on a ridge
guide interferometer and (b) novel SACPW structure.

between both of them is called the voltage-length product and
can be calculated as follows:

(3)

In high-bandwidth modulators, the electrodes are designed as
microwave (MW) waveguides. The best modulation efficiency
is obtained when the modulating wave travels at the same ve-
locity as the optical wave (velocity-matching condition). This
means that the effective indexes of the MW signal and
the optical wave are equal. Moreover, the characteristic
impedance of the electrodes should be, ideally, similar to
the 50 value used in MW circuitry and devices [15].

The frequency response of the device is also influenced by the
MW loss generated both in the conductive and dielectric mate-
rials. The frequency dependence of this loss can be calculated
as [16] follows:

(4)

where and are, respectively, the conductor and dielec-
tric loss parameters normalized at 1 GHZ, and is the fre-
quency. The frequency response can be calculated as function
of the phase shift at DC, (DC), and a frequency ,
as [17]

(5)

III. DESIGN OF RIDGE GUIDE MODULATORS

Previous attempts made with ridge in LiNbO were based
on partial etching of the substrate around the waveguides in the
interaction area (along the parallel arms of the interferometer)
[18], [19]. This allowed a reduction of , thus improving the
velocity matching.

However, the waveguides in previously reported ridge de-
vices were fabricated by using diffusion techniques (typically,

Ti in-diffusion or proton exchange), yielding a bidimensional
graded index waveguide before the ridge fabrication [18], [19].
This approach was sometimes necessary to isolate the optical
mode from the rough ridge walls. However, it does not make
the best use of a ridge structure, as the lateral confinement of
light is not completely achieved by the interface air–LiNbO .

Moreover, previous ridge modulators used traditional
coplanar waveguide (CPW) electrode structures for guiding
the MW modulating signal [12], [18], [20], which is not the
optimum electrode design for a ridge structure.

In our approach, we introduce various technological novelties
with the aim of improving modulator performance: low-loss and
high-confinement Ti-indiffused ridge waveguides in LiNbO , a
complete ridge guide interferometer, and a new electrode struc-
ture specifically designed for our ridge interferometers.

A. Ridge Waveguides

In order to achieve a strong reduction of , one needs to
find, at the same time, the highest value for the overlap factor

and the smallest possible value for the gap between the
electrodes . To do this, the large mode profiles of indiffused
waveguides (even indiffused index profiles inside a broad
ridge) play a negative role, as they limit the minimum distance
between parallel waveguides to prevent coupling.

Therefore, we propose the use of ridge waveguides in which
the lateral confinement is created by the ridge walls, thus ob-
taining high confinement and reduced cross section. This re-
quires a suitable fabrication process in which the wall roughness
is reduced in order to prevent additional optical loss.

B. Complete Ridge Guide Interferometer

One important property of the ridge waveguides is that they
potentially allow sharper waveguide bendings [21], which, used
in an MZ-type interferometer, might also decrease the length of
the Y-splitters. Moreover, preventing transitions between indif-
fused and ridge waveguides in the device reduces losses due to
mode mismatch, and simplifies the fabrication process.

Therefore, our proposal is to develop a complete-ridge inter-
ferometer (with interaction section, Y-splitters, and input and
output waveguides, all made of ridge waveguide) by adapting
the recently developed methods to fabricate high-quality ridge
waveguides in Ti:LiNbO [22].

C. Electrode Structure

When implementing a traditional CPW electrode structure on
a ridge modulator, the vertical component of the applied elec-
tric field (parallel to the Z crystal axis) is not optimally used.
Moreover, nonnegligible values of horizontal electric field can
be reached in the waveguides, giving place to undesired effects
on the polarization of light.

Therefore, we introduce the surface-asymmetric CPW
(SACPW) design (see Fig. 1), which includes three electrodes
at the same level of the LiNbO surface, whereas the ridge
waveguides are defined by etched areas below the electrode.
The signal electrode and one of the ground electrodes consist
of narrow metal stripes with the same width as the ridges.
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Fig. 2. Calculated distribution of optical modes and vertical component of elec-
tric field for (a) the CPW on ridge and (b) the SACPW structures. Distance be-
tween waveguide centers is 20 �m. Ridges are 9 �m wide and 4 �m high.

IV. SIMULATION RESULTS

In order to calculate the performance of different modulator
structures, the experimental waveguide geometry obtained by
wet etching of Z-cut LiNbO was taken into account [22]. As
refractive index profile, we used the one obtained by the diffu-
sion of a Ti stripe of the same width as the ridge into a planar
substrate and neglected the part of the diffusion profile beyond
the ridge walls [23]. Comparison of calculated modes based on
this model with measured mode distributions in ridge waveg-
uides showed a good agreement.

A finite-difference method was used to calculate the quasi-
static distribution of optical and electrical fields in the cross sec-
tion of the modulator. From these data, the key modulator pa-
rameters ( , and ) were calculated.

Fig. 2 shows the cross sections of CPW on ridge and SACPW
modulators as seen in the simulations. The optical mode profiles
are depicted by thin dashed lines. The gray scale and numerical
labels show the amplitude of the vertical component of the ap-
plied electric field when a voltage of 1 V is applied be-
tween the electrodes. It is evident that the SACPW produces a
more symmetric distribution of the electric field and improves
its overlap with the optical modes. In this way, both waveguides
receive a higher electric field, and the chirp effect of the modu-
lator is reduced.

In order to analyze the performance of the ridge devices, the
modulator characteristics ( , and ) were calculated
for the proposed SACPW structure as a function of the ridge
height and taking the distance between waveguides, , and
the electrode and buffer layer thicknesses, and , as param-
eters. The results are shown in Fig. 3.

In Fig. 3(a), we observed that there is an optimum ridge height
around 4 m, which agrees with previous calculations made for
other types of ridge structures [16]. In this calculation, different
values of electrode thickness were omitted as they do not change

Fig. 3. Calculated modulator characteristics of the proposed SACPW struc-
ture: (a) driving voltage-length product; (b) effective index of the modulating
microwave; and (c) characteristic impedance. In (b), the optical effective index
is depicted as a dashed horizontal line at � � � � ����.

the result significantly. It is clear that the thinner the buffer layer
is, the lower the driving voltage becomes. In this way, the higher
voltage imposed by a structure with more separated waveguides
can be notably compensated if a thinner buffer layer can be used.

In Fig. 3(b), we observed that the effect of ridge height is
to reduce the value of . In order to get velocity matching
(marked by the dashed horizontal line) around m, one
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Fig. 4. Calculated modulator parameters as function of the buffer layer thick-
ness �� � for the SACPW and CPW on ridge structures as depicted in Fig. 1.

of the best options is the use of a small distance (18 m) with
thin buffer layer (around 0.6 m) and relatively thin electrodes
(8 m). An alternative is the use of higher distance (24 m), but
this requires either the use of thick buffer layer (1 m or more)
or thicker electrodes, which also implies a more complicated
and sensitive fabrication process.

Fig. 3(c) shows that the ridge height contributes to the in-
crease of impedance, so as the buffer layer does. The closest
values to 50 are obtained when larger distance is used. How-
ever, the impedance mismatch is usually mitigated by using ta-
pered electrodes and matched terminations.

Based on these results, we can now compare the performance
of the proposed SACPW structure with the traditional CPW
electrode on ridge, both with a ridge height of 4 m. This can
be seen in Fig. 4 as a function of the buffer layer thickness .
For these calculations, the distance between waveguide centers

has been taken as a parameter and has been set to 8 m.

A waveguide and electrode width of 9 m was chosen as a best
tradeoff between low optical loss and high optical mode con-
finement [24].

Fig. 4(a) shows the voltage-length product, , as a func-
tion of the buffer layer thickness. One can see that the SACPW
structure reduces the by about 5% in comparison with the
CPW structure for the same geometry. As we may expect, the
smaller the distance is, the lower the results. Neverthe-
less, a minimum separation is needed in order to prevent cou-
pling between waveguide modes. Values of in the range of 16
to 20 m would already result in coupling of conventional dif-
fused waveguides.

In Fig. 4(b), we observed that a significant improvement is
provided by the SACPW structure in which, for between 0.5
and 0.7 m, the MW index matches the optical index (

, shown in the graph as a horizontal dashed line). It can be
seen that velocity matching can be obtained with thinner buffer
layer for SACPW than for CPW, which means that the driving
voltage of the final device will be lower.

Fig. 4(c) shows the impedance as a function of with as
parameter. When the SACPW structure is used, the impedance
values are higher and closer to 50 . Nevertheless, shorter
means a lower value of , which is not ideal. However, as afore-
mentioned, one can reduce the influence of the mismatch by
using a proper tapering of electrodes and matched terminations.
Therefore, the most critical device parameters, and ,
are notably improved by the ridge structure and, in particular,
the SACPW design.

Another important issue related to the electrode design is the
losses that it can produce both in the optical signal and the MW
signal.

We saw that the ridge structure (and, in particular, the
SACPW design) allows to obtain velocity matching with
thinner buffer layer than conventional designs. This is advanta-
geous as it improves the attainable values of . Nevertheless,
one should also note that a minimum buffer thickness is neces-
sary in order to prevent optical losses at the conductor. To get
an idea about that loss in our designs, we used a finite-elements
method to compute the optical mode profile, taking into account
the proximity of a conductor and evaluating the imaginary part
of the resulting modal propagation constant. The result can
be seen in Fig. 5, from which we can conclude that values
of beyond 0.5 m provide a negligible optical loss (in the
order of dB/cm) in comparison with the rest of sources
of optical loss such as fiber-to-waveguide mode mismatch,
surface roughness, wall roughness (in the case of ridge waveg-
uides), loss at Y-junctions (in interferometers), irregularities
in Ti concentration, or intrinsic defects of the substrate. This
is also reasonable due to the fact that the high index contrast
between the LiNbO and the SiO (2.14 and 1.44, respectively,
at 1.55 m wavelength) creates a high confinement, such that
the optical field does not penetrate the buffer layer beyond,
roughly, 100 nm.

The conductor losses in the MW transmission line shown in
(4) can be calculated by using Wheeler’s rule as [15], [25]

(6)
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Fig. 5. Calculated optical loss due to the electrode as function of the buffer
layer thickness �� � for the TE and TM modes in a Ti indiffused waveguide.

Fig. 6. Calculated conductor loss as a function of the buffer layer thickness with
the distance between waveguide centers and electrode thickness as parameters.
Velocity-matching conditions for each design are marked with X.

where is the conductivity of the electrode, and are,
respectively, the impedance and the capacitance of the electrode
in vacuum, is the electrode gap, is the electrode width, and

is the electrode thickness. The result of the calculation applied
to SACPW and CPW structures can be seen in Fig. 6.

In Fig. 6, we observed that the conductor loss for both types
of electrodes is very similar. For comparison, two pairs of points
have been highlighted, which represent the value of necessary
to obtain velocity matching in each configuration. We see that,
in the velocity-matching condition, the SACPW implies an in-
crease in loss of, approximately, only 3%.

The dielectric losses can be calculated as [17] follows:

(7)

where are the confinement factors of MW power in each ma-
terial (LiNbO or SiO buffer), are the relative dielectric con-
stants, and are the loss tangents, which take typical values
of for LiNbO and for SiO [26]. By doing these
calculations, typical values of were found in the range

Fig. 7. Calculated frequency response for the SACPW modulator structure
using �� � , and � as parameters. Optical 3 dB level is shown (horizontal dashed
line at�� dB level), as well as the electrical 3 dB threshold (shown at���� dB
level).

to dB cm GHz . Obviously, the domi-
nant influence in the modulation performance will be that of the
conductor losses up to frequencies around 40 GHz [27].

Taking into account the results found for the SACPW struc-
ture, the frequency response was calculated using (5)
and evaluating the effective voltage along the electrodes using a
method similar to that described in [17]. The calculation was ap-
plied to devices with m [see Fig. 7(a)] and m
[see Fig. 7(b)], with an active length of 25 mm.

In both graphs, a case with quasi-velocity matching was in-
cluded. On one side, m and m for m
(which provides V cm and V), and on
the other side, m and m for m
(which provides V cm and V). These
cases are highlighted in the figure with the label q.v.m. Also
cases with the same parameters and m were included
for sake of comparison with nonvelocity matched designs.

From these results, we see that high-speed devices with
low driving voltage and a 3 dB optical bandwidth beyond
40 GHz can be obtained when velocity-matching conditions are
fulfilled. One of the greatest advantages of the proposed ridge
structure in this case is the ability to obtain velocity matching
with thin buffer layers, which notably improves the driving
voltage for high-bandwidth devices. On the other side, we
can see that the possibility of using small separation between
waveguide centers (e.g., 18 m) provides the chance to obtain
velocity matching with thin electrodes (8 m). This fact can
be an advantage from the technological point of view as the
processes involved in thinner electrodes fabrication are less
sensitive and provide easier fabrication.
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Fig. 8. Micrograph of a ridge sample in which self-alignment technique was
performed to coat the top of the interferometer ridges with Ti. The Ti layer is
seen in light gray, the LiNbO is seen in dark gray, and the bottom of the etched
grooves is seen in black.

V. MODULATOR FABRICATION

Based on the results obtained from the simulations, and ap-
plying advanced fabrication techniques developed by us, we
fabricated SACPW modulators using mm and the geo-
metric parameters given before.

An e-beam written mask is used to transfer the interferom-
eter pattern to a Cr layer (100 nm thick) deposited on the sur-
face of the face of LiNbO . Then, the Cr mask is annealed at
300 C for 3 h in order to improve its adhesion. By a wet etching
process in a mixture of HF, HNO , and ethanol, the ridge struc-
ture is fabricated [22]. The samples are etched with vigorous
stirring at a constant temperature of C, which gives
an etching rate of, approximately, 0.5 m/h. After the desired
depth is reached (3 to 4 m), the ridge structure is thoroughly
cleaned using an RCA-1 process and then coated with photore-
sist (OIR907-17). Then, a short-time flood exposure with UV
light is made. If the exposure and development times are accu-
rately chosen, only the photoresist on top of the ridges will be
removed, and it will remain at the bottom of the etched parts and
on top of the lateral planes (typical times are around of the
time used to completely expose and develop the same photore-
sist on a planar substrate). Then, the samples are coated with
a 70 nm-thick Ti layer and a liftoff is made. This leaves a Ti
strip covering only the top of the ridges. Subsequently, the Ti
in-diffusion is performed. This self-alignment process, which
will be further described and applied to different devices in a
forthcoming publication [28], has two advantages. On one side,
there is no need for an additional lithographic alignment step,
which reduces the fabrication cost and time. On the other side,
the in-diffusion process after wet etching reduces the roughness
of the walls and leads to a decrease of optical losses. This is
fundamental if a strong light confinement is desired, which is of
capital importance in order to obtain the maximum performance
of ridge structures.

Fig. 8 shows a micrograph of a sample after the self-align-
ment process in which only the ridges of three parallel interfer-
ometers are coated with Ti.

In Fig. 9, SEM images of a fabricated sample are shown.
Fig. 9(a) shows the splitting point of a ridge Y-splitter made

with an angle of 0.34 between the output waveguides. In
Fig. 9(b), the section of the parallel waveguides that form
the interferometer arms can be seen. The SiO buffer layer is
clearly visible in this micrograph.

The fabrication of electrodes proved to be a great challenge,
due to the areas where the electrodes have to cross the etched

Fig. 9. SEM images of (a) a ridge-waveguide Y-splitter in a fabricated
SACPW modulator at the point where the two interferometer waveguides split
and (b) the parallel waveguides in the interferometer coated with a 0.5 �m-thick
SiO buffer layer. The orientation of the crystal axes is shown in (b).

Fig. 10. Micrograph of the fabricated SACPW electrodes (white) on a sample
with several ridge interferometers.

grooves. Fig. 10 shows three sets of parallel ridge waveguides
in the horizontal direction, corresponding to three independent
interferometers. The electrodes are seen in white, performing a
bend to reach the interferometer to be addressed, which is the
upper one. At the top right corner, the electrodes are already
aligned with the ridge waveguides at the point where the inter-
action length begins.

Usually, thick electrodes for MW applications are fabricated
by using electroplating. This process needs a thin Au coating
of the sample as precursor for the Au electrodeposition. After-
wards, a thick resist shapes the electrodes during the plating
process, and finally, the thin layer is etched in order to open the
gaps between the thick electroplated electrodes.

This etching procedure was very difficult to perform due to
the wall shape. A short circuit between electrodes was usually
found, created by metal deposits formed at the bottom of the
grooves near the base of the ridges. Even the buffer layer below
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Fig. 11. Optical profile of modes guided by interferometer arms in the cross
section of the device. The profile of the ridge structure is depicted as a dashed
line.

the Au was sometimes damaged before the metal could be com-
pletely etched by inductively coupled plasma (ICP) etching. For
this reason, a liftoff technique was chosen to successfully fab-
ricate 2 m-thick evaporated Au electrodes in order to test the
low-frequency performance.

Nevertheless, this technique is not compatible with a tradi-
tional electroplating process. The way to create thick electrodes
in these and similar structures is being studied by the authors
and will be presented in the near future.

VI. MODULATOR CHARACTERIZATION

The loss of fabricated waveguides was measured using a
Fabry–Perot resonance setup [29]. For a waveguide width
between 8 and 9 m, and 3 m height, the typical losses were

dB/cm for the TM mode and dB/cm for
the TE mode. These results match the sequence published in
[22] for narrower waveguides. The full-width at half-maximum
(FWHM) of the TM mode was 4.3 and 3.3 m in the horizontal
and vertical directions, respectively. Broader waveguides
showed lateral multimode behavior, which is not suited for an
interferometric modulator.

The typical insertion loss of our devices, measured via fiber
butt-coupling, was in the range of dB. Considering the loss
of straight waveguides, the excess loss induced by the Y-junc-
tions and bendings was around 8 dB.

Fig. 11 shows the profile of both modes guided by the inter-
ferometer arms in a cross section of the structure. It becomes ob-
vious that a waveguide separation of only 10 m is more than
sufficient to prevent mode coupling. Even smaller separations
would be possible in order to further reduce the driving voltage.
However, one should take into account the resulting reduction
of electrode impedance [see Fig. 2(c)].

In Fig. 12, the electro-optic response of a modulator with
m, m, and m is shown when a 1 kHz

triangular signal is applied. The obtained driving voltage is 2.14
V and the extinction ratio is 20 dB. As the interaction length of
fabricated samples is 25 mm, the obtained is 5.35 V cm.

According to the calculations, this configuration would pro-
vide a greater than 30 GHz if the proper thick electrodes
were implemented.

Samples with a ridge height lower than 3 m were multi-
mode, showing the first horizontal higher order mode, due to the
diffusion of Ti into the substrate beyond the lateral walls. This

Fig. 12. Measured optical intensity output and applied voltage as function of
time. A driving voltage of � � ���� V results from this measurement.

fact dramatically decreased the modulator performance. There-
fore, ridge heights above 3 m are needed when using this fab-
rication technology and the parameters given before. In devices
with a ridge height between 3 and 4.5 m, no significant depen-
dence of the driving voltage on the ridge height was found.

According to Fig. 12, the lower value of , in comparison
with the calculation results, might be due to the nonideal mod-
eling of the Ti in-diffusion and, therefore, the refractive index
profile.

VII. CONCLUSION

An extensive theoretical investigation of MZ-type ridge guide
modulators has been done. A novel SACPW structure was iden-
tified to yield lower driving voltage and higher bandwidth than
conventional CPW designs on ridge and planar substrates.

Such a modulator, consisting of a complete ridge structure, in-
cluding Y-junctions and input and output waveguides, has been
developed. Novel fabrication techniques of high-confinement
and low-loss ridge waveguides, as well as a self-alignment tech-
nique were applied with the aim of simplifying the fabrication
process. Thin electrodes were fabricated in order to measure the
low-frequency behavior.

The complete fabrication process was developed and dis-
cussed, and critical issues were analyzed. Finally, fabricated
modulators were characterized, yielding a V, a
of 5.35 V cm, and an ON-OFF extinction ratio of 20 dB when
driven by a low-frequency signal. These results are substantially
better than the parameters of commercial modulators as well as
previously published results.

The characterization was limited to low frequencies due to
the difficulties encountered in the electrode fabrication on this
ridge structure. Nevertheless, the authors are currently devel-
oping an electrode fabrication process, overcoming the existing
problems.
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