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Abstract In this paper, we will review the state-of-the-art of
LiNbO3; based integrated electro-optic modulators and will show
how micro-structuring techniques such as etching, domain inver-
sion and thin film processing can be used to realize new configu-
rations which can take the performance to unprecedented levels.
In particular, we will review recent results on the use of domain
inversion on a micron scale and we report on the fabrication
of a chirp-free modulator having ~ 2 V switching voltage and
bandwidth of 15 GHz designed by placing the waveguide arms
of the Mach-Zehnder interferometer in opposite domain oriented
regions. We also review some of the new modulation formats
(e.g. DQPSK) that can represent an application development of
the presented micro-structured devices. Finally, we address the
issue of the integration of the modulator chip in a transmitter
board comprising tunable laser, bias-control electronics and RF
driver. The requirements of integration can even push further the
reduction in size of modulator chips, thus making more crucial
the use of micro- and nano-structuring techniques.

Mach-Zehnder modulator exploiting domain inversion for ultra-
low voltage operation.
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1. Introduction

Over the past decade the demand for telecommunication
services has strongly increased and the consequent require-
ment for ever larger bandwidth communication system has
boomed accordingly. In this scenario, optical networks play
a fundamental role as main carriers of information and are
continuously growing in importance due to their increasing
presence in last-mile connections and fiber-to-the-home
(FTTH) links [1]. Inside optical transmission systems, high-
speed optical modulators are one of the fundamental build-
ing blocks (see Fig. 1 for a typical scheme of an optical
link). Among them, external lithium niobate (LiNbO3) mod-

ulators are extremely effective [2], in particular for long
haul and metro applications, as it is shown by their recent
increasing commercial volume. Indeed, total worldwide
revenue for digital dense wavelength division multiplexed
(DWDM) transmission doubled over last year. This is re-
flected by the LiNbO3 modulators’ market (see Fig. 2) [3].
Note that data refer only to digital communications. These
facts are well understood taking into account that LiNbO3
modulation possesses very good performance in terms of
extinction ratio, insertion loss, chirp feature and optical
transparency — the latter particularly important taking into
account the increased use of tunable laser sources. More-
over, with respect to modulators based on semiconductor or
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Figure 2 (online color at: www.Ipr-journal.org) Trends in
LiNbO3 modulators market for digital telecommunications. [3]

other materials, LiINbO3 market share could even become
larger if performance, integration and cost further improve.
Among others, the required improvements should include
at the same time high modulation efficiency (i.e. large mod-
ulation bandwidth at low driving voltage) and robust and
economic large-scale fabrication process.

Even though the use of velocity matched (VM) traveling
wave electrodes configurations [2,4] greatly increase the
modulation bandwidth (BW), the potential of LiNbO3 in
terms of modulation efficiency has been far from being
fully exploited. In fact, the frequency dependent microwave
loss limits the bandwidth of VM modulators: the higher the
frequency the higher the microwave loss. Thus, for a given

length L, the effective modulation length reduces at higher
frequency, so does the efficiency. This makes BW inversely
proportional to L, similarly to the switching voltage (V)
that is needed to obtain a full swing along the modulation
curve. Therefore a trade-off exists between V,. and BW and
the ratio BW/V . is used as a figure of merit. To improve the
efficiency (increase of BW/V ), better coupling between
the microwave and optical fields is required. Many different
solutions [5-23] have been proposed to this end and in
Sect. 4 we review some of them focusing our review on
modulators’ structures that can be fabricated with scalable
processes that can be implemented in mass production. In
particular, ridge and thin plate modulators can provide a
step forward by enhancing the microwave field confinement
thus increasing the overall electro-optic interaction.

Besides these approaches that require more additional
fabrication steps with respect to standard ones, the exploita-
tion of the polarizability (i. e. domain structure) of LiNbO3
opens interesting scenarios in the micro-engineering of de-
vices toward a higher efficiency. Domain inversion (DI)
in ferroelectrics, as LiNbOs3, has been widely exploited
in all-optical processes, from quasi-phase-matched sec-
ond harmonic generation to optical parametric oscillation
and WDM frequency conversion [24-27]. So far its use in
electro-optics, has been mostly limited to quasi-velocity-
matching devices using periodic structures [19, 28] or to
achieve a desired chirp value for high-frequency and broad-
band modulators [12]. More recently, domain engineering
of z-cut LiNbOj structures has been proposed to produce
large bandwidth and very low voltage modulators where
the push-pull effect in the interferometric structure has been
obtained by placing the waveguides in opposite-sign electro-
optic coefficient regions (i.e. opposite-oriented domains)
and under the same electric field [20]. This is in contrast
with previous high frequency modulating structures in sin-
gle domain crystals where the two waveguides are placed
under two distinct electrodes having different (usually op-
posite sign) voltages [2]. With respect to those structures,
the proposed DI symmetric scheme allows to achieve at the
same time maximume-efficiency, chirp-free and single-drive
operation all at once. As an example, we report in this paper
on the design, fabrication and test of a DI modulator with
13.5 GHz bandwidth and ~ 2V switching voltage.

Further increase in efficiency for optical links can be
achieved not only by improving the performance of mod-
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ulators but also adopting new modulation formats. These
type of formats like differential phase shift keying (DPSK)
and differential quadrature phase shift keying (DQPSK)
improve spectral efficiency (bits/s/Hz) reducing the cost of
information transport. Modulators targeted for these novel
communication formats can benefit from the micro- struc-
turing techniques and designs reviewed in this paper. More-
over, current trends in advanced applications of optical
modulators are also discussed in this review paper, for ex-
ample we address the integration with lasers, driving and
control electronics in a single packaged device.

The paper layout is as follows: in Sect. 2 we will out-
line some background concepts on integrated electro-optic
(EO) modulators, while in Sect. 3, the basic modeling and
simulation procedures will be presented. In Sect. 4 we will
pay attention to the different structures that can be used in
the design of modulators, the performance characteristics
attainable with each one, and the fabrication techniques
involved. One particular design of ultra low-voltage modu-
lator using DI will be presented. Sect. 5 will introduce the
devices for new modulation formats as well as integration
possibilities of modulators with tunable lasers and driving
electronics. Finally, in Sect. 6 we will draw some conclu-
sions.

2. Mach-Zehnder modulators

To review the key points in modulators design and fab-
rication we hereafter summarize the main principles and
equations of a traveling wave Mach-Zehnder (MZ) LiNbO3
modulator [2,29]. The basic working principle is illustrated
in Fig. 3. An input optical field £ = 2 is equally split be-
tween two waveguide branches. In each branch the optical
field undergoes a phase shift A¢ which is opposite in phase
for the two branches. After the optical signal is recombined
it has an electric field E = €749 4+ ¢ 74% = 2cos A
which results in the optical power modulation curve plotted
in Fig. 3. In Fig. 4 we sketch the microwave fields and the
cross sections of the basic configurations for a) single drive
x-cut modulator, b) single drive z-cut modulator and c) dual
drive z-cut modulator. The difference between the z-cut and
the x-cut type is the use of optical TM or TE mode respec-
tively for the coupling with the radio-frequency (RF) signal
so that the largest EO tensor component (r,.) is always
exploited. The difference between the single and dual drive
configuration is the possibility of driving with different
voltages (V; and V;) the two arms of the Mach-Zehnder.
For these modulators the traveling microwave voltage along
each arm, apart from an initial phase term, can be written as

V(z) = Voe *Um)Z sin(kpdz) (1)
where V} is the amplitude of the wave, ky, = 270 /Am,
is the microwave wave-number, 6 = 1 — ngpy /7y, is the
relative mismatch between the index of refraction of the
microwave (ny,) and optical (ngpt) waves, fn, is the mi-
crowave frequency corresponding to the wavenumber k.
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Figure 3  (online color at: www.lpr-journal.org) Modulator
schematics and electrical-to-optical transfer curve.

Realistically, we included in Eq. (1) the microwave losses
a occurring during propagation and that are related to fre-
quency as a(f) = aopy/f (see [30]) and which can be
estimated using finite element method (FEM) (see Sect. 3).

Driven by the microwave, the phase change experienced
by the optical wave at the end of the modulator can be

written as
277 nopt /
A2 G

where L is the length of the arms of the modulator itself, A
is the optical wavelength, r is the electro-optic coefficient
(in our case for z-cut LiNbO3, r = r,.), G is the spatial
gap between the two electrodes and I is the overlap in-
tegral between the optical and microwave electric fields
defined as [4]

A(fm) = 2)Vosin(kmoz)dz, (2)

G [ Ew - |Eopt|?dS

= LB Lopl 7 3
VE] f|Eopt|2dS ( )

with Yy, and E, representing the microwave and optical
fields and the integration domain in the modulator cross-
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Figure4 (online color at: www.lpr-journal.org) Cross sections
of conventional Mach-Zendher modulators: a) x-cut single drive,
b) z-cut single drive, c) z-cut dual drive.

section. The function p(z) = +1 in Eq. (2) accounts for
changes in the EO response along the modulator due to
changes in the EO response of LiNbOj3, as in the case
of domain inversion. In Fig. 4a we plot for reference the
optical and RF field in a classical MZ modulator. Now start-
ing from Eq. (2), the electro-optic response for a classic
single-drive single domain (unpoled) z-cut modulator, hav-
ing p(z) = 1 everywhere as in Fig. 3a, can be defined as
the normalized quantity

(4)
with £ = 27 fr, (nm — Nops) /o and ¢ being the speed of
light in vacuum. Using Eqs. (2) and (4) we can derive the
expression for the switching voltage — corresponding to a

phase change of 7 and producing a theoretical zero optical
output — and an estimate of the bandwidth (in GHz) for
lossless (g = 0) propagation:

NG 0.181
Vei=——F——=, BWyo=
on3 LrI’ 0

opt

&)

T(Nm — Nopt) L

This expression clearly shows the inverse dependence on
the length of the modulator for BW and V. In the case of
dual-drive modulators [2], any asymmetry or deviation in
the electrodes or waveguide geometry leads to unbalance
in the modulator response, thus introducing a chirp in the
modulated signal. This effect is estimated by the chirp
parameter 7 defined as:

I -1y

=12 6
=TT ©)

where [ and I'; are the overlap integrals between optic and
microwave fields in the first and the second waveguide arms
respectively. Especially in long haul transmission, the ideal
case is when 7 = 0. For this reason, besides bandwidth and
switching voltage, the chirp parameter is also considered in
the design and fabrication of modulator to be employed in
optical links.

In order to increase the efficiency of a modulator the
ratio BW/V . is to be increased. A direct way to obtain this
is to increase the overlap integral I". To this end, some solu-
tions have been proposed (see Fig. 6). In these geometries
the increased overlap is achieved either through a defor-
mation of the modulating field lines (ridge and thin plate)
or the placement of the waveguides under a narrower and
more efficient electrode (DI inverted push-pull) as we detail
in later sessions.

3. Modeling and design

The ideal modulator has large bandwidth, low drive volt-
age, and a microwave impedance well matched to standard
RF drive electronics. However, the fabrication character-
istics on which these modulator properties depend often
involve trade-offs, e.g. long interaction length limits band-
width and decreases drive voltage. Modulator design thus
entails understanding the design objective and choosing
a suitable modulator structure which adequately balances
these tradeoffs. Realistically, the large number of structural
characteristics impacting modulator performance make it
difficult to experimentally sample the entire modulator de-
sign parameter space. This difficulty makes computational
simulation a natural method for exploring the modulator
design space to predict and enhance modulator properties.
Due to the nature of the electro-optic interaction, the design
of the modulator in the transversal (cross-section) and lon-
gitudinal (propagation) direction can be decoupled. At the
end the two designs will be put together and the necessary
trade-offs will be searched. As underlined in Sect. 2, the
fundamental parameters to be determined are the effective
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" Optical TM mode 5 E (b)

Figure 5  (online color at: www.Ipr-journal.org) Comparison
of RF field (potential curves in colour) and optical mode of the
waveguides (black contour) for a) classical Mach-Zehnder and b)
ridge modulator.

microwave index (n,,) which gives the velocity mismatch
(9) previously defined, electrical loss («) and the electrical
impedance all along the modulator (Z,,,) which is typically
matched to 50 2 to avoid microwave power reflection. To
evaluate the microwave frequency dispersion of a coplanar
waveguide (CPW) electrode, a full-wave analysis is nec-
essary, and different types of full-wave FEM solvers have
been developed [17,30,31].

From Maxwell’s equations, we can derive the vector
wave equation for the microwave field E,;, as

VxVxEy—kLe"Ey =0 (7)

where k,, is the free-space wavenumber and €™ is the
diagonal relative permittivity tensor. If we consider a y-
propagating microwave as in Fig. 5a, the field can be writ-
ten:

En (2,9, 2) = En(z, 2)e/mY ®)

and Eq. (7) becomes an eigenvalue problem of the type:

[K{Ew} = BA[M{Ewn} )

where the matrices [K], [M] and the discretized RF field
{Em} follow the definition of Koshiba [31]. In general
the propagation constant 3y, is complex and gives two
important features of the modulator. Indeed, from 3 we can
derive both n,, and « as:

_ D

e a=—Im(Bn) (10)

Nm
The characteristic impedance of the CPW electrode is cal-
culated using the powerii-current definition

2P
.= T (1
where P is the modal power, and [ is the total y-directional
current carried by the center electrode. They are related to
the field quantity E,, corresponding to the eigenvector of 7
and the magnetic field H,, calculated from E,, using the
following relations:

P = %//(Em x H}) - nydadz (12)

I= // ocE, -n.dxdz (13)

where the integration is done over the entire waveguide
cross section for P and over the center electrode for I, o is
the electrode conductivity, n,, and n_ are the unit vectors in
the y- or z-direction respectively and the asterisk denotes
complex conjugation.

The optical field is usually modeled for a fixed polariza-
tion (either TE or TM) depending on the type of substrate
and/or electrode configuration involved. Thus, the eigen-
value equations for a y-propagating field with a propagation
constant B,p¢ is written as [32]:

V2 + (n(x, 2)°k2 — Bop )t =0 (14)

where v = E,, H, if either TE or TM mode is considered
and n(z, z) is the refractive index profile that provides the
waveguiding mechanism. Typically the index profile one
that comes from titanium indiffusion [33-35].

Once optical and RF fields are computed the overlap
integral can be calculated by expression 3 and the corre-
sponding VL product can be derived from Eq. (5). For
comparison, we show in Fig. 5 the computed fields for both
RF and optical wave. Note that in the ridge waveguide
configuration Fig. 5b, the RF field is much more confined
in the waveguide region and the overlap is larger, as it
is confirmed by the computed parameters reported in the
same figure.

4. Micro-structured integrated modulators

The design methods exposed in Sect.3 have been em-
ployed to explore a wide variety of configurations for Mach-
Zehnder modulators. In the following Sect. 4.1 we review
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some of the most promising and innovative approaches to
enhance modulators performance. In Sect. 4.2 we report on
the fabrication techniques that are required by the new gen-
eration of modulators and in Sect. 4.3 we show an example
of a 10 Gb/s ultra-low-voltage modulator with V; ~ 2V
fabricated using micro-engineering of domain inversion.

4.1. Device structures

As underlined in Sect. 2, driving voltage and velocity match-
ing are the two most fundamental parameters that define the
modulator performance. Both of them are strongly related
to waveguide design. In particular, the confinement of light
is a fundamental issue if one intends to make the best use
of the available electric field. High confinement of opti-
cal modes is not easily attainable in diffused waveguides
in LiNbO3 due to the gradient index profiles. In contrast,
ridge waveguides provide step index contrast in the lateral
direction, whereas a diffusion technique is conventionally
used to create the confinement in the vertical direction. This
allows a stronger lateral confinement which significantly
reduces the optical mode size. In a similar way, the ridge
structure in a z-cut modulator also provides a better confine-
ment of electrical modulating field within the waveguide
region (see Fig. 6a). Therefore, the overlap between optical
and modulating fields is optimized with respect to conven-
tional indiffused waveguides. The high confinement also
allows reducing the distance between parallel waveguides
in a Mach-Zehnder structure, with subsequent enhancement
of the push-pull effect.

Another advantage of the ridge waveguides is their
ability to decrease the effective refractive index of the mo-
dulating microwave. This is possible because part of the
LiNbOj; around the waveguide is substituted by a low index
medium as air and/or SiO,, which implies a reduction of
the average dielectric constant of the material surrounding
the electrodes.

Theoretical studies have been carried out with the aim
of finding the best cross-section designs which provide low
voltage as well as velocity matching [36, 37]. Calculated
results showed that ridge modulators in LiNbO; are able
to reach simultaneous velocity and impedance matching
operating in the range of 30 to 40 GHz [17,30]. The effect
of the ridge also implies that electrodes do not need to
be so thick as in planar structures (typically in the range
of 20 um) in order to get the matching conditions. The
product V. L predicted for these devices was in the order
of 8 to 9 Vem compared to a typical value of 12 Vem for
standard modulators (see Table 1) [36]. Moreover, it was
also predicted that the ridge allows smaller bending radius
in waveguides without increasing losses, thus improving
the integration level of photonic devices [38].

Fabricated ridge structures in MZ modulators have
shown bandwidths in the order of 40 GHz with driving
voltages as low as 3V [39,40]. Also very high bandwidth
devices have been made with the use of ridged structures,
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between different modulator schemes: a) ridge, b) domain inverted
push-pull, ¢) thin plate.

reaching a bandwidth of 100 GHz with driving voltage in
the order of 5V [41].

Most of the developed ridged modulators were based
on a combination of channel diffused waveguides and later
selective etching of ridges in the cross section. Neverthe-
less, it has been recently demonstrated the possibility of
creating complete interferometer structures by using high
quality ridge waveguides in which the lateral confinement
is created only by the ridge walls, and not by a lateral
diffusion profile [13].

Apart from ridge modulators, another way of enhanc-
ing the field confinement is given by thin plate modula-
tors [7,42] (see Fig. 6b). For those, the EO crystal is uni-
formly thinned down to dimensions of the order of 10 pm,
by precise lapping and polishing, after an appropriate bond-
ing on a low dielectric constant substrate (e.g. SiO,), that
is used to decrease the effective microwave index. There-
fore, the modulating electric field is subjected to a higher
confinement and forced to be parallel to the crystal z-axis.
Note that, contrary to the ridge and domain inversion ge-
ometries in z-cut crystal, the thin plate geometry requires
an x-cut crystal. Consequently, the positioning of the opti-
cal waveguides with respect to the electrodes changes, so
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Table 1 Comparison of the performances

Structure VeL(V-cm) I Chirp (o) RF drive 5 .
of different configurations.

LiNbOs physical limit ~ 3.6 1 0 Single

Standard CPW [2] ~ 12 0.3 #0 Single

Dual drive CPW [2] ~ 8 0.45 arbitrary (= 0) Dual

CPW with longitudinal DI [12] ~ 12 0.3 ~0 Single

Ridge [38,43] ~ 8 0.6 ~0 Single

Thin plate [7,42] ~9 0.4 ~0 Single

Domain inverted push-pull [20] =~ 9 0.4 0 Single

that the maximum EO tensor component (7 ) is exploited.
Waveguide fabrication relies on traditional techniques like
Ti-indiffusion and no SiO, buffer is needed due to the
configuration of electrodes required for x-cut LiNbO3; mod-
ulators.

While both ridge and thin plate modulators work on
the optical and/or RF field confinement, DI aims at improv-
ing the coupling by allowing simpler electrode configu-
rations. For instance, as sketched in Fig. 6¢ the opposite
phase change in the two arms of z-cut modulator can be
obtained by DI letting the waveguides being under the same
electrode. The advantage of such a configuration consists in
the fact that chirp-free operation is guaranteed and a higher
overlap integral with respect to classical configuration (see
Table 1) can be obtained. Note also that in Fig. 6¢ there is a
silica buffer layer between the hot electrode and the lithium
niobate substrate. This layer ensures at the same time low
optical loss by keeping the evanescent optical field low in
the lossy metal electrodes and velocity matching between
the traveling optical and microwave fields.

As it is pointed out in Table 1, with respect to previous
structures of CPW modulators driving voltages (for simi-
lar device length) are close to those offered by dual drive
structures (two waveguides under two hot electrodes driven
by opposite sign voltages), with the advantage of being
single drive, hence in the absence of any synchronization
issue between two different microwave lines. On the other
hand the typical single-drive structure in single-domain
z-cut has one of the two waveguides under the ground elec-
trode, which induces a lower electro-optic effect due to
field spreading compared to the other waveguide under the
narrower hot electrode. The result is that the typical driv-
ing voltage is about 1.5 times that of a dual-drive structure
and 1.4 times that of the proposed geometry. Instead in
the DI structure chirp-free operation is a consequence of
the symmetry of electrodes with respect to waveguides, so
that optical fields traveling in the two Mach-Zehnder arms
experience same-amplitude (though opposite in sign) phase
shifts. This feature makes the modulator usable in a broad
range of applications.

Moreover, pyroelectric effects which are detrimental
for thermal stability are reduced by the simultaneous pres-
ence of a domain inversion boundary and a symmetric
structure (both optically and electrically) . In fact, under
temperature variations domain inversion (opposite crystal
orientations) causes opposite-sign charges to develop at
the interfaces and to produce opposite sign electric fields

in the waveguides which tend to cancel each other out,
thus reducing thermal drifts. Longitudinal domain inver-
sion can be used to appropriately induce the targeted chirp
in single-drive asymmetric structure [12] or to tailor the
electro-optic response to embedding optical filtering into
the modulator [44].

4.2. Micro-engineering techniques

Etching is a very important process in the fabrication of
micro-structured devices in LiNbQOj3. In particular, it is fun-
damental in the development of ridge modulators.

Two main kinds of etching techniques can be employed:
dry etching and wet etching. Dry etching techniques gener-
ally involve the use of a plasma or ion beam to physically
(or physically and chemically) remove exposed parts of
the material. Focused ion beam etching was reported in
the fabrication of waveguides for complex devices [42].
Nevertheless, the use of a lithographic mask together with
a large area etching is more suitable for batch production.
One of the advantages of these techniques is that they are
very controllable and produce highly anisotropic result,
which leads to vertical (or slope controlled) etched walls.
Plasma etching using fluorine and argon compounds is able
to etch LiNbOj3 with accuracy, although residual deposits
of lithium compounds from the chemical reaction make
more difficult to reach very high wall slopes. Therefore, the
plasma etching of proton-exchange LiNbOs3, which has a re-
duced lithium concentration, is used to decrease the amount
of deposits and obtain vertical etched surfaces [45,46].

Dry etching techniques produce accurate shaping of the
material surface but, generally, a relatively high wall rough-
ness that can produce important optical loss in waveguides.
For the use of X-cut ridge waveguides in LiNbO3, plasma
etching is currently the best option [47]. Nonetheless, z-cut
LiNbOj; can be effectively processed by the wet etching
technique [48]. This technique uses HF based compounds
in order to selectively etch the -z crystal face. Patterning
techniques include the use of Cr metal masks [49], proton-
exchange [50], or domain inversion, which allows for con-
trol of the wall slope [51]. Even negative slopes have been
obtained by combining the wet etching techniques with
oxygen implantation [52].

As it was said in Sect. 4.1 a different approach to field
confinement is obtained by thinning down the LiNbOj3 sub-
strate to thicknesses of few microns. Indeed, in recent years
there has been much interest in obtaining single-crystal
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thin film LiNbQOj3 also because it would be useful for en-
abling integration of LiNbOj3 devices on heterogeneous
substrates. A number of different techniques have been
used to study the deposition of LiNbO; and other ferro-
electric films, such as BaTiO3z and PbTiOs3, onto various
substrates. Traditionally, thin films are obtained by chemi-
cal vapor deposition (CVD) [53], Sol-Gel processing [54],
RF sputtering [14], Pulsed-Laser Deposition (PLD) [55]
and Ion Implantation [56]. Although high-quality films
have been fabricated by these techniques, many of the elec-
trical and electro-optical properties reported are generally
not comparable to those for bulk single-crystal material.
With respect to other techniques, polishing down the bulk
crystal can provide at a time higher quality thin films and
an easy implementation in industrial process flow. At a first
stage, lithium niobate substrate is bonded to a low dielectric
constant material [15,57] that serves both for decreasing
the effective microwave index and for supporting the sub-
strate during thinning. Secondly, it undergoes a first lapping
step and is then polished to optical finish. Precision pol-
ishing machines and jigs are used to thin the device while
the thickness is periodically checked by means of a flat
glass plate.

The third micro-engineering technique that we describe
is DI. Domain inversion in ferroelectrics is a well known
phenomenon according to which the spontaneous polariza-
tion of a crystal is reversed at will by locally applying an
electric field higher than the coercive field. Several tech-
niques have been studied in recent years to obtain domain
inversion in ferroelectric crystals, mainly for nonlinear
quasi-phase-matched frequency conversion. These tech-
niques include for example electron-beam poling, [58,59]
electric-field poling, [24-26] and high-voltage atomic force
microscope [60]. Among those, electric field poling is a
powerful and simple technique usually employed for fabri-
cating periodic domain structures in ferroelectric crystals.
It requires very simple facilities and is applicable to many
nonlinear optical crystals with the possibility of being easily
introduced in mass production.

DI has different implementations even though the basic
idea consist in patterning with the desired geometry one
face of a LiNbO3; wafer so that the patterned domains to be
inverted can come into contact with a conductor — either de-
posited metal or liquid electrodes — and the other areas are
electrically insulated — either by photo-resist or SiO; layer.
A great number of domain structures have been formed us-
ing this technique. However, simple rectangular DI patterns
can be employed to enhance modulator performacne as de-
scribed in Sect. 4.1 (see Fig. 6b). Since the patterning of the
poled areas is obtained through photolithographic imprint,
it shares the same advantages and limitations. For domain
structure such as those in Fig. 6 for instance, the typical
area to be poled is hundred microns width and it should
be placed between the waveguides with 0.2 pm resolution,
features that are well within the feasibility of a standard
UV lithographic process.

The experimental setup needed to fabricate this type of
device is really simple since it requires only a high volt-

Figure7 Opposite oriented domains in a DI modulator revealed
by differential HF etching. z— domains are etched while z+ re-
main intact.

age generator and some impedances. The electric field is
applied all over the patterned surface by liquid electrodes
while the patterning is realized by opening a layer of evap-
orated SiO, or photoresist. To show the effectiveness of
the technique we report in Fig. 7 a SEM photograph of a
DI modulator where domains are revealed by differential
etching in HF.

4.3. Ultra low-voltage modulator

As an experimental demonstration of one of the modula-
tors reviewed in Sect. 4.1 and the micro-engineering tech-
niques in Sect.4.2, we report here ona single-drive DI
Mach-Zehnder with an active length of ~ 40mm. The
device is designed according to the scheme in Fig. 6c where
high-voltage (>10kV) pulsed poling is performed after
Ti indiffusion on the 0.5-mm thick crystal to obtain the
cross-sectional inverted domains.

After DI, the modulator chip undergoes standard fabri-
cation, e.g. silica buffer layer deposition, electroplated thick
electrode, etc. In Fig. 8 we show the microwave reflection
coefficient (|S11|) and the corresponding EO frequency
response (|S21]). From the figure one can see that the elec-
trical reflection is always below —10dB and the —3 dB EO
bandwidth is 13.5 GHz.

The corresponding switching voltage is ~ 2V (mea-
sured at 1 kHz). Therefore the modulator could easily be
driven with significant extinction by a low-cost Si-Ge
electro-absorption driver which typically provide less than
3V at 10 Gb/s. In Fig.9 we report the system measure-
ment setup and the eye diagram obtained form a typical
low-voltage modulator employing a Inphi 1015EA driver.
The eye opening shows a performance suitable for standard
optical communication at 10 Gb/s, including an extinction
ratio of 13.65dB and overall optical losses <2dB at a
wavelength of 1550 nm.
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Figure 8  (online color at: www.lpr-journal.org) Domain engineered (as in Fig. 6¢) modulator electrical reflection (|]S11|) and

electro-optic response (|S21]).
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5. Advanced applications

5.1. New modulation formats

LN optical intensity modulators are key components in
current long-haul WDM high-bit-rate optical communica-
tions systems. Nevertheless, novel optical modulators using
alternative modulation formats and new architectures are
being actively studied in order to match the requirements
of next generation systems. On the one hand, these systems
will require cost efficiency and adaptability to new environ-
ments, such as access networks. On the other hand, a higher
capacity over long distance links and core networks will
be necessary, primarily due to video applications. There-
fore, after years of technology development, the 40 Gb/s
is now moving to a generalized deployment phase. Vari-
ous modulation formats are today employed for 40 Gb/s
transmission, with main focus on DPSK and DQPSK, both
relying on phase modulation in place of the conventional
amplitude modulation.

In the DPSK modulation format the information is
phase encoded, with an optical phase switch occurring

o Mmasum
han) BE BT AR O |

(online color at: www.lpr-journal.org) Test setup (left) and eye diagram measures showing wide opening at 10 Gb/s (right).

between different bits. Most often, a Mach-Zehnder mod-
ulator is employed, where a modulation over 2 V causes
the phase transitions to occur between two neighboring
maxima. In this way, the two states exhibit same (full) am-
plitude, but they show opposite phase. Since modulation
occurs over 2V, low driving voltage is essential in order to
decrease the power consumption of the complete system.

While DPSK is a binary format (i.e. generates one bit
per symbol), with DQPSK two symbols per bit are encoded
(quaternary format). This allows for considerably better
spectral efficiency and brings significant advantage in terms
of tolerance to chromatic dispersion and, particularly, to Po-
larization Mode Dispersion (PMD). To realize the DQPSK
modulation, the optical modulator is a key element. This
format is generally achieved by employing a nested Mach-
Zehnder device, where two MZ modulators are included in
a larger interferometer (see scheme in Fig. 10). The inner
modulators are to be modulated over 2V, but at half rate
with respect to DPSK. Reported devices are able to deliver
80 Gb/s DQPSK signals using a double drive signal with
an amplitude of 6.5V [61,62].

Similar LiNbO3 devices are being studied also to per-
form simultaneous transmission of baseband and radio sig-
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Figure 10  (online color at: www.lpr-journal.org) Scheme of a

DQPSK modulator based on a nested MZ with two indipendent
RF inputs (RF; and RF,) and bias (Vb; and Vb,). A phase shift is
applied by the voltage Vphase to set the working point.

nals on a single optical wavelength. Due to the fast increase
of high data rate demands of wireless and wired networks
during the last years, it is desirable to merge both into a
single shared infrastructure in order to save costs. One pos-
sibility is to modulate and transmit RF and FTTH baseband
signals using one external modulator. It has been proposed
to use a nested MZ interferometric structure in LiNbO3
for this purpose. In this structure, the RF modulation is
implemented in double-side-band carrier-suppressed (DS-
BCS) amplitude modulation format with a capacity of 622
Mb/s; whereas the baseband signal at 1.25 Gb/s modulated
and transmitted using the carrier wave of the same wave-
length [63].

Single side-band (SSB) modulation format is also espe-
cially useful in optical fiber communication systems. This
format requires a narrower operating bandwidth, which
makes it adequate for high density wavelength multiplex-
ing. It is also advantageous for long-haul fiber transmission
due to less nonlinear optical effects, because of the reduced
optical power. One proposed device for this modulation
consists of a nested MZ interferometer that works as four
parallel phase modulators, driven by signals which are 7/2
shifted [64].

Another approach for SSB modulation employs a sin-
gle MZ interferometer combined with domain inversion
(DI) and a resonant electrode. This modulator has a nar-
row operating bandwidth because of the resonance effect,
with a center frequency of 15 GHz. However, the required
modulation power is rather small compared to the traveling-
wave modulators and it is useful for radio-over-fiber (ROF)
applications [65].

Designs with a three-branch waveguide interferometer
have been recently applied to single-sideband carrier- sup-
pressed (SSBCS) modulation and optical frequency shifting
operating at a frequency of 15 GHz. Arbitrary control of
the phase of optical modulation was also obtained by us-
ing the DI engineering. These devices are able to notably
contribute to ROF systems and long-haul optical fiber com-
munications due to the optimum use of the transmission
bandwidth. Moreover, optical frequency shifting is very
attractive in precision laser spectroscopy, quantum optics,
and optical measurement systems [66].

Figure 11  (online color at: www.lpr-journal.org) Example of
ultra-small form factor modulator [67].

5.2. Integration with tunable lasers and
electronics

Although reduction in driving voltage can lead to more
compact (see Fig. 11) modulators and to an overall cost
reduction, packaging costs still account for the majority of
device cost. To address this issue there has been in the last
years an increasing interest towards integration. The possi-
bility of including several components in the same package
also enables more efficient interconnection between the
parts and better interoperability.

Lithium niobate modulators lend themselves to integra-
tion at several levels. On one hand they need an electrical
input driving signal with amplitude of few volts, which
is made available by using an RF amplifier. Integrating
the driver amplifier with the LiNbO3; modulator brings
a number of advantages. First of all, the design of the
modulator and of the driver may be optimized for optimal
mutual match including e.g. bandwidth optimization and
impedance matching. Moreover, the driver design may be
optimized so that the output driver voltage is consistent with
modulator requirements with the goal of minimizing power
consumption. In this respect, lowering the driving voltage
brings a substantial advantage. In addition, the electrical
interconnections between driver and modulator may be re-
duced in number (driver can be wire bonded to the lithium
niobate device) and optimized in performances with ad-
vantages in terms of reduced loss and electrical reflections,
and lower cost. For example, by avoiding the use of the
conventional RF connectors between driver and modulator,
a cost reduction of few tens dollars per device is achieved.

Tunability is also key in today’s optical networks. The
reason for the interest into tunable wavelengths is twofold.
Firstly, tunable sources reduce the inventory as a single
part may be employed for any transmission channel as
opposed the need for one part number per channel. Sec-
ondly, tunable sources pave the way towards reconfigurable
networks which allow for extended flexibility in terms of
wavelength management and traffic routing, with the even-
tual advantage of more efficient operation and ultimately
reduced operating cost. Also in this respect, lithium nio-
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Figure 12
DQPSK integrated modulator board comprising also laser source,
bias control electronics and driver.

(online color at: www.lpr-journal.org) Scheme of a

bate modulators find their perfect application thanks to the
material transparency across C+L band, in contrast to e.g.
electroabsorption modulators which generally limit their
operating wavelength range to few channels. Integration
of tunable laser with lithium niobate modulator is another
trend in today’s telecom market where integrated tunable
laser-modulator assemblies are already commercially avail-
able (e.g. JDSU [68]). Besides reducing costs, a key benefit
of laser-modulator integration lies in the reduced space
occupancy with respect to the discrete approach. This facil-
itates the development of small form factor linecards and
transponders, in line with today’s general effort aiming at
reducing optical interfaces’ dimensions (see Fig. 12).

6. Conclusions

The improvement of performance in lithium niobate modu-
lators can lead to lower cost and higher stability in optical
telecommunication links. The performance enhancement
goes not only in the direction of an increased bandwidth
but also in lowering the driving voltage. As reported in this
review, new modulators structures like ridge, thin plate and
domain inverted can be effective while their fabrication
processes (etching, polishing, bonding and electric field
poling) are easily scalable to large mass production. In par-
ticular, domain inversion is a simple way to readily obtain a
lower switching voltage as demonstrated by the reported ex-
ample of a modulator having V. ~2V and a bandwidth of
13.5 GHz, suitable for inexpensive ultra low-voltage Si-Ge
drivers in a 10 Gb/s transmission link.

As a future development, lithium niobate modulators
can use micro-structuring to cope also with the challenges
of the new modulation formats like DQPSK and SSB that
are directed to an increase of spectral efficiency in the
modulation which is particularly important when moving
to tenths of Gb/s networks.

In the context of telecom market the effort for improv-
ing performances needs to be completed by the reduction
in packaging costs which account for the majority of the
overall modulator price. Recent developments in integra-
tion of electronics, driver and laser source pave the way to
high integration transceiver and to more efficient and low
cost optical networks.
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