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Electro optic modulators with self assembled
superlattice waveguides
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Abstract: This paper reports a new waveguide electro-optic ( EO) modulator with self assembled superlat-
tice (SAS) electro-optic films. T his work focuses on the measurement for the EO coefficient of SAS films
and the optim ization for the devices structure. In order to have a precise and effective design, we test the
angle dependence of the second harmonic generation of incident laser beam to determine the effective EO co
efficient. We study he absorptive loss of electrodes of devices with the optical propagation theory of multr
layered films and optimize the devices structure to obtain the lowest drive voltage. The paper gives the
structure of experimental samples and the scanned electronic microscopy ( SEM) pictures of our fabricated
devices. Finally, 1.0 dB/cm optical propagation loss of the EO modulators is achieved, which agrees with
the experimental results.
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1 Introduction

An electro-optic ( EO) modulator is the central
component in the modern optical communication.
Its main performance is evaluated in terms of the
so~ called modulating bandwidth, which depends on
both the EO cofficient of materials and the struc
ture of devices. Organic materials containing
molecular units with large second-order nonlinear
susceptibilities are attractive for high speed light

UF3] In particular, polymerbased

wave modulation
electraoptic (EO) modulators have been studied
for a few decades and had impressive accomplislr
ments in research such as the demonstration for
higlrspeed modulation from 40 GHz to 110
GHZ”>. Polymers, as new kinds of EO materials
in highrspeed devices, have essential advantages
over conventional ferroelectric materials such as
LiNbO3 in the EO properties of the material, the
ease in fabrication of devices, and the convenience
in geom etrical design and performance optimization
of devices. Polymers have similar microwave dr
electric and light wave dielectric constants, which
enable higlr speed EO modulators with significant
potential in optimization. Polymer based devices
are easy to be fabricated with micro-strip electrode
geometries that give a large optical/ electrical over

1451 However, poly

lap in modulation of devices
mers, especially the poled polymers, still present
critical challenges before polymer based EO devices
are commercialized. These challenges include an
undesirable intrinsic optical absorption, poling irr
duced damage to the physical properties, and a lack
of substantiated proof of longterm stability. T he
self-assembled superlattice ( SAS) classes of materrt
al!®® have potentially larger nonlinear EO re
sponses than conventional glassy polymers and do
not require electric field poling. Thus, they are at-
tractive for higlr speed, low drive voltage EO mod-
ulating devices and have temporal stability of the
EO properties’’. The SASbased EO modulator

requires different considerations in device optimiza

tion from those of poledpolymer EO modulator
structures. T his paper reports an optimized struc
ture to achieve low modulation voltages in SAS
based modulators with mmnimum absorption loss

while maintaining high modulation speed.

2 Calculation and analysis for optical

loss

The SAS samples have been characterized by a
variety physicochemical techniques, including optr
cal spectroscopy, aqueous contact angle measure
ment, specular X-ray reflectivity, atomic force mr
croscopy, and angle dependent polarized second
harmonic generation as shown in Fig. 1, and then
the EO coefficient with a referenced material hav-
ing the known EO coefficient. The current chat
lenge for using SAS materials in waveguiding EO
modulators is the SAS thickness in order to have an
efficient electrical/ optical overlap in the SAS film.
Recently, the reliable SAS thickness that can be
achieved was increased to 0. 2~ 0.4 Pm. Howev
er, this thickness is insufficient for the SAS conr
ponent to be the sole core layer of an EO modulator
waveguide. Thus, the polymer benzocyclobutene
(BCB), which has a refractive index close to that
of the SAS film, is introduced with the SAS film in
the device structure. Figure 2 shows a schematic of

a modulator using the SAS material as the EO-ac

tive component. Here the upper cladding layer is
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Fig.1 SHG response as a function of fundamental beam
incident angle from a float glass slide having an

SAS bilayer on either side
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a fast and efficient theoretical method has been
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Fig.2 Schematic of an SAS based EO modulator

the polymer CYTOP, the lower cladding layer is
Si02, and the electrode is gold'®'!'. An EO
waveguide phase modulator is firstly required to
have a relatively low halfwave drive voltage de
fined by,

where A is the wavelength of light wave in free
space, r the EO coefficient of the SAS film, n the
optical refractive index of the SAS film, D the dis
tance between the upper and lower electrodes, and

I" the overlap integral of optical and electrical fields

in the waveguide.
3 Theoretical study

In order to achieve a low half-wave drive volt-
age it is desirable to minimize the distance be
tween the top and the bottom Au electrodes by
minimizing the upper and lower cladding thick-
ness. However, when the cladding thickness is
small, the optical modes will begin to have sub
stantial optical loss, especially for the TM modes,
due to optical absorption by the Au electrodes. A
other impact of changing the electrode distance is
the change in the propagation impedance of the
parallel plate transmission lines formed by the top
and bottom electrodes referred to as microstrip
electrodes. Namely, a low optical loss design is
crucial for an SAS-based EO modulator when the
thickness of SAS film is insufficient as a sole core of

the modulator waveguide. So to achieve this goal,

the modal properties in a waveguide with an arbr
trary refractive index distribution. T his method ef
ficiently approximates a planar waveguide cross
section by a finite number of thin dielectric layers
into a 2% 2 transfer matrix to relate adjacent lay-
ers. If the waveguide system contains N layers la
beled by 1, 2,..., N, and the layer O is the sub
strate, the angle for the lowest-order guided mode
corresponds to the lowest angle that results in a lo
cal maximum for the field excitation in the waveg
uide, which is referred to as the fundamental
mode, and hence a local maximum transmittance is
formed in the waveguide. This angle can be used to
propagate through the medium and calculate the
field at each layer in the waveguide as a function of
space. At the interface between layer ¢ and layer i
+ 1, the corresponding indices are ni and ni+ 1,
and the corresponding angles are 0; and 6+ 1, the
formula for calculating ;1 1 is given by 64 1= arc
sin[ (n;sin 0;)/n;+ 1]. The TE propagation vectors
on each side of the interface are then g= (27n;cos
0)/ANand h= (2Tny 1cos Gy 1)/ A The TM
propagation vectors are g= (2%cos 0;)/ M; and h
= (2%cos 0+ 1)/ M 1. The transmission and re
flection coefficients at the interface are T'= 2¢/( g
+ h) and R= (g— h)/(g+ h) for the leftrhand
side of the interface and Tp = 2h/(g+ h) and R
=(g—- h)/(g+ h) for the righthand side of the
interface. If E1 and E1 are the electric fields of
the forward and backw ard beams in the input side,
respectively, and K and Ey are the electric fields
of the forward and backward beams in the output
side, respectively, the relation between the output

side and the input side of the system can be defined

b [9-10]
Ey N-1 E
E;V = (LHAJ : E_] ? (2)

where A; is defined by
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R,

-~ exp(jhd) 0 N I'T,~ RR, T,
‘ 0 exp(-jhd) _R 1
RP TP

(3)
For any detailed discussion on the numerical
method and the use of relevant transfer matrix,

please see Refs. 10 and 11.

4 Optimization for optical loss

In this work, we are mainly concerned with
the optical absorption loss of Au, so we only simur
late the TM mode. In the simulation, the wave
length in free spaceis A= 1550 nm. At this wave
length, we take the refractive index of the core lay-
er material BCB as ny= 1.54, which is very close
to the measured value of refractive index of the
SAS film,
cladding layer SiO> ny= 1. 45, and the refractive

the refractive index of the lower

index of the upper commercially available cladding
layer CYTOP nc= 1. 342"
Au, as the electrode material, has a complex index

expressed as n= 0.38+ 10.4i. We know that the

thickness of the core layer, and of the upper and

In addition, the

the lower cladding layers directly impacts the Au
electrode absorption loss, and both the upper and
the lower Au electrodes have the same level of abr
sorption losses. In order to have same easily
testable samples, we omitted the upper Au elec
trode by using a sufficiently thick CYTOP upper
cladding layer. In accordance with the experimerr
tal results,
cladding layer CYTOP is 1. 0 Hm, the absorption

loss induced by the upper Au electrode can be ig-

when the thickness of the upper

nored. Accordingly, we mainly studied the infhr
ences of the waveguide core layer BCB thickness
and the thickness of the lower cladding layer,
Si02. First, two typical results are the relationship
between the Au absorption loss and BCB thickness
as shown in Fig. 3(a), and the relationship be

tween the Au absorption loss and Si0» thickness as

a8
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Fig.3(a) Au absorption vs. BCB thickness for different
Si0; cdadding thicknesses: solid squares are for
2.0 Bm SiO; and solid circles are for 2. 5 Hm

Si0»
12 — e

E

o a

~ 10.

3 1\

2 \

g 6 \\

2

B 4}, N

I A B NN

E 2 \‘\. \'\-

< 0 \.\""o-.:::

20 22 24 26 28 3.0
$i0, thickness / um

Fig. 3(b) Au absorption vs. SiO; thickness for different

BCB thickness: solid squares are for 1. 2 Hm
BCB and solid circles are for 1.4 Bm BCB

shown in Fig. 3(b) .
thickness of both the lower cladding layer Si0; and

Note from Fig.3(a) that the

the waveguide core layer impacts the optical ab
sorption loss of the bottom Au electrode. At both
the 2. 0 Hm and 2. 5 Pm thickness of SiO2, the op
tical absorption loss of the Au film quickly decreas
es with the thickness of the waveguide core layer
BCB in the range from 1. 1~ 1.4 Hm, but i slowly
decreases when the BCB thickness is larger than 1.

4 Bm. Our simulation shows that the thickness
range of the waveguide core BCB layer for single
mode operations at 1 550 nm wavelength is 1.0~

1.4 Bm. Note from Fig. 3(b) that when the SiO2
thickness is larger than 2. 6 Bm and the BCB thick-
ness is 1.4 Bm, the Au absorption is less than 1.0
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dB/cm. For the EO waveguide modulator, the Au
absorption loss of less than 1. 0 dB/ em is sufficient
for achieving a low halfwave drive voltage Vn and
very helpful for increasing the device length in fabr
rication of SAS based EO modulators. The absorp
tion loss induced by the top electrode can be simu
lated with an inverse construction as that in the
case of bottom electrode, and the sum of these two
cases is total absorption loss of the system. In ac
cordance with the simulated results as shown in
Fig. 3(a) and Fig. 3(b), we fabricated some de
vices having different thickness values of SiOz: 2.0
Hm and 2. 65 Em, and two different thickness vat
ues of BCB layers: 1. 2 Bm and 1.4 Hm. These
samples are used for analyzing the waveguide qualr
ty and the propagation loss measurements. A typical
SEM perspective image of the waveguide before the
upper cladding CYTOP was coated is shown in
Fig. 4(a), and a typical SEM crosssectional image
of device after the upper cladding was coated is
shown in Fig. 4(b). The experimental results are
summarized in Table I. In the experiments, the
coupling loss at the two ends of the test device
could be estimated. Note that the experimental re
sults agree well with the simulated values.

Tab.1 Experimental results of optical loss induced

by the bottom electrode ( A== 1 550 nm)
Si0» Core BCB

Thickness Thickness I\E[ 3;33/1 C];))ss
(Hm) (Hm)
2.00 1611 ~
2,65 LE1.2 ~ 7.0
2,65 1L31.4 <10

5 Discussion

The present simulation and experimental re
sults provide important guidance not only for fabrr
cation of SAS based EO modulators with BCB co-
guiding layers, but also for the modulators having
SAS materials as the exclusive guiding layer. With
the efficient loss minimizing design of devices, the

reliable physical properties, and steadily increasing

Fig.4(a) SEM perspective image of BCB and SAS based

waveguide channel before upper cladding layer
CYTOP deposition for EO modulator.

Fig.4( b) SEM cross sectional image of an SAS based EO
modulator

thicknesses obtained for SAS films, relatively high
EO coefficients of more than 15 pm/V, and pro
gressively decreased half-wave drive voltages have
been achieved with 1.5 em long devices''*'¥. In
the future, with further improvements in SAS
physical properties and increased of thickness of
SAS films, combined with the performance optr
mization of devices discussed here to maximize the
electrical/ optical overlap factor, halFwave drive
voltages will be continuously decreased to less than
1~ 5 V. The above studies on minimizing optical
propagation loss are for the case in which the thick-
ness of SAS film is not sufficient and a filling
waveguide material (in this case BCB) is used to
compensate the waveguide core layer. Thus, the
optical constants in the present simulation are from

the filling material. With the improvement of SAS
film growth techniques, the thickness of SAS film
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will be progressively increased without loss of EO
properties.

As mentioned above, another main factor im-
pacting the half-wave drive voltage Vr is the elec
trical/ optical overlap integral I'. Forthe EO modu
lator shown in Fig. 2, the SAS film is placed at the
bottom of the core layer of waveguide, which is the
most convenient way of placing the SAS film. In
fact, it can be put at any height within the core
layer of waveguide in order to obtain a maximum

electrical/ optical overlap integral.

6 Conclusions

In summary, as a new kind of electrooptic
material, the SAS films discussed here have high
EO coefficients without external field poling, so
they offer many advantages over poled polymers.
In fact, this feature is especially attractive for mod
ulating devices. Previously, the thickness of SAS
films has not been sufficient as a sole waveguide
core layer, so it has been necessary to implement
the loss minimizing design reported here in multr
player structures, and a desirable half-wave drive

voltage has been achieved. However, even when

the thickness of SAS films is sufficient for a waveg-
uide core layer, the loss minimizing designs pre
sented will still be advantageous. The present re
search shows that the two main optical constants of
the SAS films, the refractive index and the absorpr
tion coefficient at the wavelength of 1 550 nm, are
somewhat higher than that of BCB co- guiding lay-
er. In this work, excellent agreement betw een ex-
perimental and the simulated results of optical loss
have been achieved. In addition, the impact of the
optimization of the electrical/ optical overlap inte
gral has been analyzed in terms of the location and
thickness of the SAS film. T herefore, this work is
not only a necessary step to achieve low loss in the
SAS-based EO modulators, but it also gives us corr
fidence achieving half-w ave drive voltage below 1~

5V when the thickness of the SAS film is suffr
cient to be the sole waveguide core layer. Second
generation SAS materials with far higher r coeffr
cients should improve these parameters even bet

ter.
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