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Abstract

We simulate thin-film based electro-optic modulator structures to target low drive voltage, high-speed modulation,
and small device size by using BaTiO3 ferroelectric film as an exemplary device material with optimizing film thickness.
The calculations are performed for both the case of an experimental film having reff = 35 pm/V and the case of an ideal
thin-film having r51 = 730 pm/V. For the case of r51 = 730 pm/V, a new relation between the drive voltage and the inter-
action length is derived with respect to the special configuration of BaTiO3 thin-films. For the optimal case of the film
thickness and the waveguide design, the frequency–voltage-size performances that can be achieved include: >2.5 GHz
with 0.75 V Vp and 31.1 mm length, 10 GHz with 1.5 V Vp and 7.8 mm length, > 40 GHz with 3.0 V Vp and 1.9 mm
length, and > 100 GHz with 4.8 V Vp and 0.8 mm length. Various physical factors unique to the frequency–voltage-size
performance trade-off of the thin-film EO modulator structures are discussed.
� 2005 Elsevier B.V. All rights reserved.
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1. Introduction

High-speed optical intensity modulators based
on ferroelectric crystals are important in optical
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communication networks because of their linear
response and low frequency chirping. In particu-
lar, waveguide electro-optic (EO) modulators
based on LiNbO3 have been the most widely used
in the industry. Current interests in ferroelectric
modulator device technologies include the realiza-
tion of higher speed (�40 GHz), lower driving
ed.
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Fig. 1. Schematic of the Mach-Zehnder waveguide EO
intensity modulator using a BaTiO3 films on MgO substrate
with CPW electrodes, Ws = side electrode width, G = gap size
between electrodes, Wm = middle electrode width (at ground),
Tm = electrode thickness, V0 = modulation voltage, where the
middle one is for the ground and one side electrode is for the
drive signal, and the other one is used for reference.
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voltage (�1 V), and smaller device size [1]. High
speed requires the EO modulator to have a large
3 dB frequency response. A lower switching volt-
age can be achieved by using a non-linear material
with a larger EO coefficient. For high-speed oper-
ation, various design factors have to be consid-
ered. First is the velocity matching between the
optical signal and the traveling RF signal, the sec-
ond is the interaction length between the RF and
optical signals, and the third is the characteristic
impedance matching between the driving micro-
wave electrode and the external electronic signal
generator. Ferroelectric materials with high EO
coefficients typically have high dielectric constants
as well, resulting in a large phase velocity mis-
match and low modulation frequency in spite of
their shorter device length.

Electro-optic modulator technologies based on
LiNbO3 waveguides have been pushed close to
their performance limits using special techniques
including ridge structures, buffer layers, and the
shielding plane to achieve better velocity matching
and other requirements for high-speed operations
[2–4]. EO modulators having modulation band-
widths of higher than 40 GHz are receiving exten-
sive research interest. The intrinsic EO coefficient
of LiNbO3 (r33 = 31 pm/V) and its microwave
attenuation due to both conductor and dielectric
propagation losses are the main factors limiting
the 3 dB frequency response of LiNbO3 modula-
tors to 40 GHz modulation frequency at about
5 V switching voltage with device lengths of 2–
4 cm [1–4]. In this paper, we show that with use
of a thin-film structure it is possible to lower the
effective dielectric constant of the RF wave and in-
crease the operational bandwidth. We explore the
case of a ferroelectric material possessing a much
larger EO coefficient than LiNbO3, and achieve
lower effective dielectric constant of the RF wave,
lower switching voltages, and relatively high mod-
ulation frequencies and short device lengths. As a
specific numerical example, we take the case of
barium titanate (BaTiO3) as the high EO coeffi-
cient material [5,6]. In terms of increasing modula-
tion bandwidth and shortening device size (or
lowering modulating voltage), thin-film ferroelec-
tric materials have additional degrees of freedom
to achieve performance optimization over their
bulk forms. Recently, EO modulators based on
BaTiO3 thin-films have been demonstrated with
straight waveguide phase modulation structures
[7,8], and Mach-Zehnder interferometer (MZI)
type intensity modulation structures [9,10]. While
the initial demonstration has not quite achieved
the material parameters of an ideal BaTiO3 thin-
film, it showed the feasibility of such a modulator
structure. It is thus of interest to explore how the
variation of the thin-film EO modulator structure
would affect the modulation voltage and band-
width, thereby leading to certain optimal design
depending on application requirements.
2. Optimization for low drive voltage and short

interaction length

2.1. General discussion

The challenge for the next generation of EO
modulators is to simultaneously achieve low mod-
ulation voltage (or small device size) and fast mod-
ulation speed. BaTiO3 has a large EO coefficient
and is capable of being grown as thin-films up to
several microns in thickness on MgO substrates
[7,8]. In Fig. 1, we show a schematic of a waveguide
EO intensity modulator using a c-axis BaTiO3 film
grown on an MgO substrate with a coplanar RF
waveguide (CPW) structure for the propagating
RF signal. The middle electrode is the ground.
One of the two side electrodes carries the drive
voltage, and the other side electrode is used for
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reference purpose. In this device geometry, the elec-
tric field is applied along the x-axis and the optical
beam propagates along the y-axis. BaTiO3 belongs
to crystal symmetry class 4 mm, and its electro-
optic tensor has five non-zero components: r13,
r23, r33, r42, r51, with relations of r13 = r23,
r51 = r42. In Fig. 1, the external electric field is
applied along the x-axis. Therefore, only r51 is
involved. The EO modulation of refractive index
has a quadratic relation with r51 and external elec-
tric field E as [11]

Dn ¼ n3or
2
51E

2

2 1
n2e
� 1

n2o

� � ; ð1Þ

where no and ne are the optical refractive indices of
ordinary and extraordinary light waves, respec-
tively. Now we still define the drive voltage that
can produce a half-wave phase change as Vp.
Then, with Eq. (1), we have a relation between
the half-wave drive voltage Vp and the interaction
length L in the modulation case as

V 2
pL ¼ kG2ðn2o � n2eÞ

n5on2er
2
51C

2
; ð2Þ

where k is the optical wavelength, G is the elec-
trode gap, n is the optical refractive index of the
EO material, L is the interaction length between
the optical and RF signals, and C is the overlap
integral factor of the optical and the RF electric
fields given by [12]

C ¼ G
V

R R
Ee Eoj j2 dx dzR R
Eoj j2 dx dz

; ð3Þ

where Ee and Eo are the amplitudes of electric field
and optical field, respectively. Note from Eq. (2)
that the large r51 of BaTiO3 provides an intrinsic
advantage for achieving a low V 2

pL value. Further-
more, a small G and a large C will be conducive for
further minimizing V 2

pL. Further note from Eq. (2)
that the relation between wavelength k and V 2

pL is
still linear, but all other parameters: G, C, no and
ne are higher powered.

2.2. Optical field discussion

For practical EO modulator applications, low
optical insertion loss is important. The optical
absorption induced by the metal electrodes could
be a dominant source of optical loss if the optical
field has substantial energy at the electrodes.
Thus, the electrodes shown in Fig. 1 must be
placed far away from the waveguide channels to
prevent the light from incurring substantial
absorption due to the electrodes. This contradicts
the requirement for a small gap G between two
electrodes, as indicated by Eq. (2). For our pur-
pose here, the effective size of the optical mode
of interest is defined as the distance of the points
where the electric field amplitude of the optical
mode is at 5% of its peak value, and the optical
power at this point is 0.25% of its peak value.
The half-width of the effective size will be referred
to as half-width at 5% and expressed as WD5%.
Because the device length is much shorter than
the counterpart of LiNbO3 based devices, the
optical power absorption by the metal electrodes
is not so high as that of the longer LiNbO3 based
devices. We only require the electrodes to be lo-
cated at the half-width (i.e. WD5%) or further
away from the mode center, G P 2WD5%. Conse-
quently, in order to have the EO modulator sys-
tem satisfying the requirements of low optical
loss and low V 2

pL product defined by Eq. (2),
parameter WD5% should be as small as possible
for small mode size. As will be seen below, it
turns out that while G P 2WD5% is more than
sufficient to reduce the electrode metal-induced
optical loss to a negligible value, the lower limit
of gap G is further restricted by the requirement
of matching with 50 X transmission line imped-
ance. This requires G to be even wider than
2WD5%. In the regime, we are discussing here, be-
cause a CPW is employed (Fig. 1), only the hori-
zontal component of the RF electric field (Ex) is
of interest. A coordinate system and the device
geometry are presented in Fig. 2. In Fig. 2, Wr

is the width of the ridge waveguide and the coor-
dinates are defined by the x-, y- and z-axes as
shown.

In this study, we assume that the BaTiO3 film
is epitaxial on an MgO (100) substrate and that
the film consists of a single ferroelectric domain
with polarization normal to the film surface.
The optical constants for this system are taken
as the typical values for BaTiO3 crystal at the
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Fig. 3. (a) WD5% (half-width at 5%) vs. ridge width. (b) The
effective optical refractive index vs. ridge width for six different
values of film thickness: 0.5, 1.0, 2.0, 3.0, 4.0, and 5.0 lm.
Hr/Tf = 0.4 for 1.0–5.0 lm thick films; Hr/Tf = =0.2 for 0.5 lm
thick film.
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wavelength of 1.55 lm, for which the ordinary
and extraordinary refractive indices are given by
no = 2.289 and ne = 2.282, respectively, the micro-
wave constants are taken as ex = 2200 and ez = 56
[6], and the optical refractive index and the micro-
wave dielectric constant of MgO material are ta-
ken as 1.7147 and 8.1, respectively [13]. We
calculate the WD5% for six different BaTiO3 film
thickness, (0.5, 1.0, 2.0, 3.0, 4.0, and 5.0 lm) to
obtain the relation between the WD5% and the
ridge width (Wr) by selecting a fixed ratio of 0.4
between the ridge height and the film thickness
(Hr/Tf = 0.4) and by considering the regime where
the waveguide supports near single optical mode
horizontally. Near single mode means up to 2
possible modes in which it is still easy to excite
mainly the fundamental mode since the second
mode has odd symmetry for its electric field
(fundamental mode has even symmetry) and is
relatively far away from the fundamental mode
in terms of wave-guiding angle. These assump-
tions are for the purpose of exploring parameter
space. Actual design will depend on applications
(e.g., pure single mode may be needed for
stringent applications). Multimode below will re-
fer to waveguides that support more than two
guided modes. The obtained data for the six film
thickness values are presented graphically in Fig.
3, where Fig. 3(a) is for WD5% vs. Wr and Fig.
3(b) for the optical effective refractive index of
the propagating optical beam vs. Wr.

Note from Fig. 3 that there is always a smallest
value of WD5% for each film thickness, which is the
optimal point of this regime. We will refer to these
optimal points for the six film thickness values as
the optimal waveguide designs below. We summa-
rize the waveguide parameters for these optimal
points in Table 1. In Table 1, parameters related
to WD5% are listed and include the ridge width,
the optical effective refractive index, and the mode



Table 1
Optimal waveguide design parameters for the six values of BaTiO3 film thickness: 0.5–5.0 lm

Items 0.5 (lm) 1.0 (lm) 2.0 (lm) 3.0 (lm) 4.0 (lm) 5.0 (lm)

Ridge width (lm) 1.5 1.5 2.5 4.0 5.0 6.5
WD5% (lm) 2.219 1.743 2.754 3.794 4.552 5.461
Nop 2.0466 2.1714 2.2503 2.2711 2.2782 2.2821
Mode depth Dmd (lm) 0.170 0.209 0.276 0.350 0.409 0.507
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Fig. 4. The electric field Ex along the x-axis for the six different
values of the film thickness (0.5–5.0 lm) with optimal wave-
guide designs when a voltage of 1.0 V is applied. The gap G

between electrodes is set as 2WD5%.
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depth (Dmd). The mode depthDmd is defined in Fig.
4 and is used for expressing how deep the optical
mode center is from the top surface of the
BaTiO3 film where the electrodes are deposited.
This parameter also affects the value of the overlap
integral factor between the microwave electric field
and the optical field. The closer to the top surface
of the BaTiO3 film the mode center is, the higher
the overlap integral factor C. Further note from
Table 1 that the optical effective refractive index
is larger in a thicker film than in a thinner film.
In practice, the vertical optical mode size shall also
meet the condition that its WD5% point at the sur-
face side be away from the surface of the BaTiO3

film to minimize optical loss. This consideration
would be dependent on the actual quality of the
film surface and ridge sidewalls. Note from Table
1 that the mode center gradually goes down with
increasing thickness of the BaTiO3 films.

2.3. Electric field strength and overlap integral

factor

To achieve electro-optic modulation, an electric
field is first produced by the applied voltage V to
the BaTiO3 thin-film waveguide shown in Fig. 4.
The electric field induces a change in the refractive
index of the optical mode in the waveguide, result-
ing in an optical phase shift. The MZI geometry
then transfers the phase shift to intensity change.
The intensity modulation is dependent on the EO
coefficient reff (here it is r51) as well as the strength
of the electric field. We calculate the horizontal
Table 2
Electric field value at the mode center and electrical/optical overlap
BaTiO3 film thickness: 0.5–5.0 lm

Items 0.5 (lm) 1.0 (lm) 2.0 (

Ex (·104 V/m) �6.3490 �8.1330 �5.0
E/O overlap 0.5664 0.5720 0.5
component of the electric field distribution
(x-direction of the system) for the six film thick-
ness values with the optimal waveguide designs
by taking the gap G = 2WD5% and obtain the re-
sults of the electric field strength Ex at the mode
center located at z = �Dmd as shown in Fig. 4.
The electric field strength gradually decreases with
increasing thickness of BaTiO3 film because the
optical mode center gradually moves down with
increasing BaTiO3 film thickness. We obtained
the overlap integral factors C for the six film thick-
ness values with optimal waveguide designs, which
are shown in Table 2. We see that the electric field
integral factor value at the optimal points for the six values of

lm) 3.0 (lm) 4.0 (lm) 5.0 (lm)

830 �3.6555 �3.0296 �2.5097
635 0.5595 0.5560 0.5539
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strength increases substantially in a thinner film.
The larger the optical effective refractive index
(or propagating refractive index), potentially the
closer the matching of the optical effective refrac-
tive index with the RF microwave effective refrac-
tive index, a requirement for achieving velocity
matching between the optical and microwave
fields. The increase in the microwave effective
refractive index (hereafter referred to as RF effec-
tive refractive index) with the thickness of the
BaTiO3 films increases is faster than that of the
optical effective refractive index, and in some cases
might lower the amount of velocity matching in-
stead, resulting in a net advantage for thinner
films.

2.4. Calculations for V 2
pL

From Eq. (2), we see that a large EO coefficient
r51 will strongly reduce V 2

pL, as will a large overlap
integral factor C and a small electrode gap G. The
V 2

pL can also be reduced in other ways, such as by
varying the ratio of the ridge height to the film
thickness [2–4]. The effective EO coefficient reff is
dependent on the EO properties of materials and
the crystalline direction. An ideal BaTiO3 film
can have an EO coefficient of r51 = 730 pm/V [6].
EO coefficients in early experimental films were
estimated to be around 35 pm/V [7,8], and they
have been improved recently [14]. Our simulations
of V 2

pL for the EO modulator regime are per-
formed with the experimental film and the ideal
film, respectively, and the results are shown in
Table 3(a) and (b), respectively. These simulations
are done for the six different thickness values of
BaTiO3 films with the optimal waveguide designs
Table 3
V 2

pL values of the (a) ideal and (b) experimental film case for the six va
the optimal waveguide designs, and the corresponding values of L fo

Items 0.5 (lm) 1.0 (lm)

(a) Ideal film
V 2

pL ðV2 cmÞ : r51 ¼ 730 pm=V 1.75 2.05
L (cm):Vp = 5 V 0.07 0.04

(b) Experimental film
V 2

pLðV2 cmÞ : rexp ¼ 35 pm=V 110.0 126.3
L (cm):Vp = 5 V 4.4 2.64
given in Table 1 with G = 2WD5%. Note that as
expected, the V 2

pL value increases with the thick-
ness of the BaTiO3 films. For the purposes of this
comparative study, we assume that the experimen-
tal film has the same dielectric constants as the
ideal film, with ex = 2200 and ez = 56.
3. Study for matching condition and frequency

response

3.1. Principle

The 3 dB frequency response of an EO intensity
modulator is given by [3]:

mðf Þ ¼ 1� 2e�aL cos 2uþ e�2aL

ðaLÞ2 þ ð2uÞ2

" #1=2

; ð4aÞ

u ¼ pfLðN rf � NopÞ=c; ð4bÞ

where a is the microwave RF propagation loss
coefficient, c is the velocity of light in vacuum, L
is the interaction length (i.e., the electrode length),
and Nop and Nrf are the effective indices of the
optical wave and microwave, respectively. The
absolute value of jNrf � Nopj indicates the amount
of velocity matching between the microwave and
optical wave. If this velocity matching condition
is completely satisfied, i.e., jNrf � Nopj = 0, in the
case where RF propagation loss a = 0, the 3 dB
frequency response will become infinitely large in
Eq. (4). In fact, it is difficult to have complete
velocity matching because BaTiO3 has relatively
large microwave dielectric constants. Even if the
velocity matching condition is completely satisfied,
other factors such as the microwave propagation
lues of BaTiO3 film thickness: 0.5–5.0 lm and G = 2WD5% with
r Vp = 5V

2.0 (lm) 3.0 (lm) 4.0 (lm) 5.0 (lm)

2.71 5.22 7.62 11.05
0.11 0.21 0.30 0.44

170.6 328.7 479.7 696.0
6.82 13.15 19.19 27.84
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attenuation can strongly affect the 3 dB frequency
response of the modulator system when the device
length is long [1–3,15].

The characteristic impedance Zm needs match
the external microwave generator impedance (typ-
ically 50 X) to minimize reflected power. The char-
acteristic impedance Zm can be calculated via [3]

Zm ¼ 1

c
ffiffiffiffiffiffiffiffiffi
CC0

p ; ð5Þ

where C is the capacitance of the EO modulator
system and C0 is the capacitance value when all
the dielectric materials in this system are replaced
by air. Characteristic impedance Zm is generally
determined by both the microwave electrodes
and the waveguide geometry, and can be altered
by changing the geometrical structure of the EO
modulators.

3.2. Simulation for Zm

Using Eqs. (3) and (5), we obtain the simulation
results of Zm for all six thickness values of the Ba-
TiO3 films from 0.5 to 5.0 lm assuming the opti-
mal waveguide designs shown in Table 1. The
results are shown in Table 4(a). For the simula-
tion, we selected the electrode thickness Tm to be
0.5 lm and the middle electrode width Wm to be
8.0 lm. The gap G between two electrodes is set
as G = 2WD5%. We find that the characteristic
impedance of the BaTiO3/MgO based EO modula-
tors is generally small (20–25 X), in comparison to
the typical 50 X required. In order to increase the
characteristic impedance, we changed the gap G

to G = 2WD5% + 24.0 lm, and obtained the higher
characteristic impedance values shown in Table
4(b). Note that the characteristic impedance of
the system has been increased from about 20–
Table 4
Zm for the six values of BaTiO3 film thickness (0.5–5.0 lm) when G

waveguide designs

Items 0.5 (lm) 1.0 (lm) 2.0 (lm)

(a) 2WD5%

Zm 25 19 20

(b) 2WD5% + 24.0 lm
Zm 52 45 38
25 X to about 40–50 X. In particular, the value
of Zm is increased from 25 to 52 X at the film
thickness of 0.5 lm, which is close to the typical
matching condition of system characteristic
impedance. However, the corresponding V 2

pL val-
ues also increase as shown in Table 5(a), and the
comparative values of V 2

pL for the experimental
film are shown in Table 5(b). On the average, the
V 2

pL values are increased by 40 times for the exper-
imental film with rexp = 35 pm/V and the ideal film
with r51 = 730 pm/V, respectively, after the gap
between electrodes is changed from G = 2WD5%

to G = 2WD5% + 24.0 lm. As we know, the in-
crease in V 2

pL values will require an increase in
the interaction length for the same drive voltage.
According to Eq. (4), this will further decrease
the 3 dB frequency response. The results also show
that Zm can become smaller with the increase in
the BaTiO3 film thickness.
4. Frequency response

4.1. Microwave conductor propagation loss

In high-speed EO intensity modulators, the
modulating electric fields are microwave signals
which experience attenuation induced by both
the resistance of the metallic conductor due to re-
duced skin penetration depth at high frequency
and the dielectric propagation losses [1]. In partic-
ular, the conductor propagation loss plays a dom-
inant role in the 3 dB frequency response.
Generally, the conductor propagation loss cannot
be ignored when the frequency response is higher
than 10 GHz in conventional LiNbO3 modulators.
The conductor propagation loss coefficient ac is
expressed as [3]
is set at (a) 2WD5% and (b) 2WD5% + 24.0 lm with the optimal

3.0 (lm) 4.0 (lm) 5.0 (lm)

21 21 21

36 35 35



Table 6
Performance of typical regimes of EO intensity modulator with the ideal films of BaTiO3: 0.5–5.0 lm when G = 2WD5% + 24.0 lm

Items 0.5 (lm) 1.0 (lm) 2.0 (lm) 3.0 (lm) 4.0 (lm) 5.0 (lm)

Nop 2.0466 2.1714 2.2503 2.2711 2.2782 2.2821
Nrf 4.4725 5.4422 6.9841 8.1542 9.1829 9.9104
a0(dB/GHz 0.5 cm) 1.96 2.25 2.69 2.86 2.98 2.98

Table 5
V 2

pL values of the (a) ideal and (b) experimental film case for the six values of BaTiO3 film thickness: 0.5–5.0 lm and
G = 2WD5% + 24.0 lm with the optimal waveguide designs, and the corresponding values of L for Vp = 5 and 10 V

Items 0.5 (lm) 1.0 (lm) 2.0 (lm) 3.0 (lm) 4.0 (lm) 5.0 (lm)

(a) Ideal film
V 2

pL ðV2 cmÞ : r51 ¼ 730 pm=V 71.7 65.6 78.0 90.6 100.8 113.0
L (cm):Vp = 5 V 2.88 2.63 3.12 3.62 4.03 4.52
L (cm):Vp = 10 V 0.72 0.66 0.78 0.91 1.01 1.13

(b) Experimental film
V 2

pL ðV2 cmÞ : rexp ¼ 35 pm=V 4515 4133 4908 5705 6346 7117
L (cm):Vp = 5 V 180.6 165.3 196.3 228.2 253.8 284.7
L (cm):Vp = 10 V 45.2 41.3 49.1 57.1 61.0 71.2
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ac ¼
Rs

2Z0Zm

oZm0

o~n
; ð6Þ

where Rs is the surface resistance of the electrode,
Z0 the impedance of free space, Zm0 the free-space
characteristic impedance of electrode and
oZm0=o n! indicates the derivative of Zm0 with re-
spect to the incremental recession of the electrode
surfaces.
4.2. Calculation for the frequency response

In this section, we will consider designs for both
the cases where Zm = 50 X and Zm = 25 X, respec-
tively, for the calculation of device performance.
The main parameters of interest are the 3 dB fre-
quency response, the conductor propagation loss,
and the RF effective refractive index. For the
experimental BaTiO3 films, only the velocity
matching limitation is considered in the calcula-
tion for the 3 dB frequency response and the veloc-
ity limited frequency response is expressed by
Df_vel. But, for the ideal BaTiO3 films, both the
velocity matching factor and microwave attenua-
tion induced by the conductor propagation loss
are considered and the velocity/loss limited fre-
quency response is expressed by Df_vel/loss.

UsingEqs. (3), (5), and (6), we first simulate some
important parameters of the waveguide EO inten-
sity modulators for the six thickness values of
BaTiO3 thin-films shown in Table 1. Table 6 sum-
marizes the simulation results when the gap G be-
tween the two electrodes is set at 2WD5% + 24.0
lm (Zm � 50 X case). Note from Table 6 that the
RF effective refractive index reduces rapidly from
9.91 to 4.47 when the thickness of the BaTiO3 film
decreases from 5.0 to 0.5 lm, while the optical effec-
tive refractive index remains around 2.0–2.3. In
order to study the effects of the velocity matching
condition and conductor propagation loss on the
frequency response of EO modulators, we chose
two typical driving voltage of Vp = 5.0 V and
Vp = 10.0 V to simulate the most important perfor-
mance of EO modulators, the frequency response
for the ideal film having r51 = 730 pm/V, and obtain
the results as shown in Fig. 5(a). The comparative
results for film having reff = 35 pm/V are obtained
as shown in Fig. 5(b). The frequency responses in
Fig. 5 were obtained by fitting the respective values
of interaction length L by using the V 2

pL shown in
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Tables 5(a) and (b), respectively. Note that increas-
ing the electrode gap for bettermatching the charac-
teristic impedancewith that of outsideRFgenerator
system further limits the frequency–voltage-length
performance of the EO modulator. Both Table 6
and Fig. 5 show an optimal thickness of 0.5 lm of
films. For instance, when the film thickness reduces
from 5 to 0.5 lm,with a drive voltage of 5 V, the fre-
quency response of the experimental film case
increases from 0.1 to 1.8 GHz and that of the ideal
film case increases from 4.6 to 87 GHz due to the
gradually improved velocity matching condition
between the light wave andmicrowave.We see from
the above results that the effective RF refractive
index of thin BaTiO3 films can be relatively lower
compared to the bulk case, which helps to reduce
the velocity mismatch and increase the frequency
response substantially [7]. Next we select the case
G = 2WD5% (Zm = 25 X) to investigate the EO
modulator frequency performance as a function of
such electrode geometries as the thickness of each
electrode, and the electrode gap G. It turns out that
besides the characteristic impedance Zm of the elec-
trodes and the RF propagation loss a, the RF effec-
tive refractive index Nrf is also dependent on the
geometrical structure of the electrodes and they
further impact the frequency response of the EO
modulator [4].

The Zm � 25 X case may not be typical, but it
can be used if the voltage source is designed to
match 25 X. In Fig. 6, we consider the case of
Zm � 25 X with G = 2WD5% for the 0.5 lm thick
BaTiO3 thin-film under the half-wave drive voltage
of 5.0 V and, respectively, show the RF effective
refractive index Nrf (Fig. 6(a)), the microwave
propagation attenuation coefficient ac (Fig. 6(b))
due to conductor absorption and the frequency re-
sponse df3 dB (Fig. 6(c)) as functions of the elec-
trode thickness. We find that the modulation
frequency becomes substantially higher. Note that
both the RF effective refractive index and the
microwave propagation attenuation coefficient
are gradually improved with the increase of elec-
trode thickness. As a result, the frequency re-
sponses approach more desirable values with the
increase of electrode thickness. For the case that
both the phase velocity match and the microwave
propagation attenuation are considered under a
drive voltage of 5 V, df3 dB is 87 GHz for 0.5 lm
thick electrodes, and it increases to 112 GHz for
6.0 lm thick electrodes. We simulate the relations
between the modulation bandwidth and the half-
wave drive voltage as shown in Fig. 7. In this sim-
ulation, two cases are considered. In one case,
both the phase velocity match and the RF wave
propagation attenuation are considered in simula-
tion, while for the other case only the phase veloc-
ity match is considered in simulation.

In Table 7, we summarize the voltage and fre-
quency performance for the Zm � 25 X case with
6.0 lm thick electrodes. We see that at 4.8 V drive
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voltage, the modulator bandwidth is 100 GHz; at
3.0 V drive voltage the modulator bandwidth can
be 40 GHz; the modulator bandwidth of 10 GHz
can be obtained with a low drive voltage of
1.5 V, and a modulator bandwidth of 2.5 GHz
can still be obtained with a low drive voltage of
0.75 V. The device lengths for these four cases
are 0.5, 1.9, 7.8, and 31.1 mm, respectively. This
is favorable compared with a typical commercial
LiNbO3 based EO modulator having 10 GHz
modulation bandwidth with 3.5 V Vp, 40 GHz
modulation bandwidth with 5.0 V Vp. Table 7 also
shows the RF wavelength at the modulation band-
width. We also find that although the modulator is
only a millimeter long, its size is still large com-
pared with its RF wavelength. This is because of
the large e value of BaTiO3 giving much shorter
RF wavelength. Our study here shows that
although the G = 2WD5% (25 X) case has a higher
Nrf than the G = 2WD5% + 24.0 (50 X) case at the
same value of electrode thickness, the modulation
bandwidth is higher forZm�25 X at the same drive
voltage. This is because of the shorter modulator
length required for the Zm � 25 X case. In order
to see whether the velocity matching factor or
the RF propagation loss factor is the main contrib-
uting factor to the change in the modulation
bandwidth, we study the case where the RF prop-
agation loss is set to be zero. We obtained the re-



Table 8
Four typical values of modulation bandwidth of the EO
modulator for analyzing the influences of the RF refractive
index and the RF propagation loss (Vp = 5.0 V and
G = 2WD5%)

Electrodes
thickness (lm)

Df_vel at
a = 0 (GHz)

Df_vel/loss
(GHz)

0.5 110.5 87.2
6.0 122.7 112.0

Table 7
Frequency response for EO modulator based on ideal film at four Vp values (the electrode thickness = 6.0 lm, the film
thickness = 0.5 lm, and G = 2WD5%)

Half-wave voltage Vp (V) 0.75 1.5 3.0 4.8
Frequency response df (GHz) (kRF in mm) 2.5 (19.2) 10 (4.5) 40 (1.2) 100 (0.5)
Electrode L (mm) 31.1 7.8 1.9 0.8
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sults for the frequency response at two values, 0.5
and 6.0 lm, of electrode thickness under a drive
voltage of 5 V as summarized in Table 8. Note
from Table 8 that the change in modulation band-
width due to Nrf (from 110 GHz to 123 GHz) is
close to that due to the microwave propagation
loss (from 123 to 112 GHz). Therefore the
improvement in the modulation bandwidth with
thicker electrodes is about half due to the reduced
RF loss and half due to improved velocity match-
ing as the thicker electrodes lead to lower RF effec-
tive refractive index.
5. Conclusion

We investigated the performance of EOmodula-
tors based on thin-film BaTiO3 grown on an MgO
substrate. We demonstrated the feasibility of the
fabrication of EO modulators with such perfor-
mance parameters as low drive voltage, short de-
vice interaction length, and high-frequency
response. We used numerical examples based on
an experimental thin-film and an ideal thin-film
of BaTiO3 for a wide range of film thickness values
(0.5–5.0 lm). First, the influence of the film thick-
ness on the special relation of the half-wave drive
voltage and the interaction length V 2

pL is studied.
We found that the V 2

pL value increases with the
thickness of the film. In the second stage of this
work, two matching conditions for high-speed
EO modulation, velocity matching and the charac-
teristic impedance matching, were studied. The per-
formance of an EO intensity modulator with a
BaTiO3 thin-film strongly depends on the film
thickness. We showed that the RF effective refrac-
tive index of the EO modulator system decreases
with decreasing thickness of the BaTiO3 films.
For 0.5 lm thick ideal thin-film with r51 =
730 pm/V, a modulation bandwidth of >100 GHz
with a drive voltage of 4.8 V and device length of
0.8 mm, >40 GHz with a low drive voltage of
3.0 V and device length of 1.9 mm, >10 GHz with
a low drive voltage of 1.5 V and device length of
7.8 mm, and >2.5 GHz with a low drive voltage
of 0.75 V and device length of 31.1 mm can be
achieved. In these analyses, no buffer layer is used
for reducing the microwave RF effective refractive
index, which could be used to further fine-tune the
trade-off between the modulator frequency re-
sponse and switching voltage.
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