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Low (Sub-1-Volt) Halfwave
Voltage Polymeric Electro-optic
Modulators Achieved by
Controlling Chromophore Shape

Yonggqiang Shi,’ Cheng Zhang,2 Hua Zhang,? James H. Bechtel,’
Larry R. Dalton,?* Bruce H. Robinson,* William H. Steier?

Electro-optic (EO) modulators encode electrical signals onto fiber optic trans-
missions. High drive voltages limit gain and noise levels. Typical polymeric and
lithium niobate modulators operate with halfwave voltages of 5 volts. Sterically
modified organic chromophores have been used to reduce the attenuation of
electric field poling—induced electro-optic activity caused by strong intermo-
lecular electrostatic interactions. Such modified chromophores, incorporated
into polymer hosts, were used to fabricate EO modulators with halfwave
voltages of 0.8 volts (at a telecommunications wavelength of 1318 nanometers)
and to achieve a halfwave voltage-interaction length product of 2.2 volt-
centimeters. Optical push-pull poling and driving were also used to reduce
halfwave voltage. This study, together with recent demonstrations of excep-
tional bandwidths (more than 110 gigahertz) and ease of integration (with very
large scale integration semiconductor circuitry and ultra-low-loss passive op-
tical circuitry) demonstrates the potential of polymeric materials for next
generation telecommunications, information processing, and radio frequency

distribution.

Electro-optic (EO) polymers have been under
development for several years (/). The interest
in these materials derives from the need for
high-speed (wide bandwidth), low-drive-volt-
age, EO modulators for fiber optic communi-
cation links, in which the modulator encodes an
electrical driving signal onto an optical trans-
mission beam. Improvement in link perfor-
mance depends on decreasing the halfwave
voltage (V), because link gain is inversely
proportional to ¥, and the noise figure is di-
rectly proportional to V2 in the low-gain limit
(2). In earlier work, Teng (3) demonstrated a
traveling wave polymer modulator at 40 GHz.
Recently, polymer modulators have been dem-
onstrated operating at over 100 GHz and
LiNbO, modulators at over 70 GHz (3, 4).
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However, in each case the required radio fre-
quency (1f) drive voltage has remained persis-
tently high (V. ~ 5 V) (3, 4). The “holy grail”
of the wide bandwidth optical modulator field is
a V_ <1 volt device, which would make the
distribution of millimeter wave signals via pho-
tonic techniques practical and would signifi-
cantly increase the efficiency of fiber optic (and
satellite) communication systems. Although the
focus of this report is on improvement of V_
voltages realized for polymeric modulators, we
note that implementation of clever modulator
designs has permitted the extension of interac-
tion lengths for lithium niobate modulators with
a corresponding reduction in V_ (5). In the case
of polymeric materials, current improvements
reflect (and future improvements will likely
continue to reflect) the development of im-
proved materials as well as improved device
concepts.

Chromophore-containing polymeric materi-
als have held the promise of exceptionally high
EO coefficients (r,;) through the systematic
chemical design of chromophores with large
hyperpolarizability (8), but unanticipated prob-
lems in translating microscopic to macroscopic
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work made use of the Materials Research Science and
Engineering Centers (MRSEC) Shared Facilities sup-
ported by NSF under award DMR-9400334. This work
was supported primarily by the MRSEC Program of
NSF under award DMR 98-08941.
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optical nonlinearity have slowed progress.
Great progress has been made in understanding
the molecular origins of hyperpolarizability,
and many molecules exhibiting exceptional B
values have been synthesized (/, 6). It has,
however, been difficult to incorporate these
molecules into a host material with sufficient
noncentrosymmetric molecular alignment to
achieve device-appropriate EO activity. Recent
theoretical analysis by Dalton et al. (I, 7) has
shown that the dipole-dipole interactions
among chromophores makes it impossible to
achieve a high degree of noncentrosymmetric
order unless undesirable spatially anisotropic
intermolecular electrostatic interactions are
minimized by modification of the shape of
chromophores to sterically inhibit such interac-
tions. Here we report the realization of a ¥_ ~
0.8 V and a V_L (voltage interaction length)
product ~ 2.2 V-cm in optical intensity modu-
lators using a new, structurally modified, highly
nonlinear optical chromophore, CLD-1 (8)
(Figs. 1 and 2). Recently, comparable results
have been achieved by researchers at Lock-
heed-Martin Corporation (9) using an FTC-type
chromophore (Figs. 1 and 2).

Traditional EO polymer modulators use a
Mach-Zehnder interferometer architecture with
only one arm modulated with a microstripline
electrode (3, /0, 11). The V_ of such a mod-
ulator can be expressed as

L, M
"= LT (1)

where \ is the optical wavelength, 4 is the gap
between electrodes, » is the index of refraction,
ry; is the EO coefficient of the polymer
waveguide layer, L is the interaction length, and
I is a modal overlap integral. Low ¥, can be
achieved by adjusting one or several parameters
in Eq. 1. However, many factors such as reduc-
ing gap distance or increasing interaction length
are limited by optical insertion loss and modu-
lation frequency requirements. The most effec-
tive approach for low V_ is to increase the EO
coefficient r,;, which is directly proportional
(in the limit of no intermolecular electrostatic
interactions) to the product of molecular dipole
moment () and the hyperpolarizability B with
the number density N of the nonlinear chro-
mophores in the polymer matrix. In this first-
order approximation, the higher the w8 and N,
the higher the EO coefficient. However, for
chromophores with large dipole moments and
polarizabilities (o), intermolecular electrostatic
interactions among the chromophores become a
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major barrier to achieving high EO coefficients
at high chromophore loadings (Z, 7).

For dipole moments greater than 10 Debye
and o values greater than 10722 ¢m?®, intermo-
lecular interactions can extend over consider-
able distances (>1 nm). At modest concentra-
tions of chromophores [typically 20 weight %
(wt %) in the polymer matrix], electrostatic
interaction energies can exceed thermal ener-
gies. Even for spherically symmetric chro-
mophores, the effect of intermolecular electro-
static interactions among chromophores is to
favor overall centrosymmetric ordering of chro-
mophores. Theoretical calculations (/, 7) pre-
dict that r,, will exhibit a maximum, as a func-
tion of NV, that will shift to lower N with increas-
ing p and a (Fig. 2). Theoretical calculations
explicitly considering the effects of chro-
mophore shape (/, 7) predict that the attenuation
of desired noncentrosymmetric order will be
most severe for chromophores of prolate ellip-
soidal shape (Fig. 2). Indeed, as the major-to-
minor axis ratio is increased (for constant chro-
mophore volume), the position of the maximum
shifts to lower number density (Fig. 2). Thus, a
simple design strategy is suggested by
theoretical analysis. Derivatization of chro-
mophores with bulky groups that inhibit close
approach along the minor axes of the chro-
mophore should result in an increase in the
maximum realizable EO activity. We have
sought to test this theory by derivatizing chro-
mophores with bulky substituents (/, 6). In all
cases, including the examples presented here
(Figs. 1 and 2), we have observed significant
enhancements in the maximum achievable EO
activity (7).

We have also incorporated an optical push-
pull modulator architecture (/2) in the design of

REPORTS

our low V_ device. A new electrode implemen-
tation can achieve optical push-pull while min-
imizing the processing steps and preventing air
dielectric breakdown. This electrode design also
exploits the processing flexibility afforded by
polymers in that the molecular alignment orien-
tation can be defined arbitrarily by the applied
electric field. During electric field poling, the
chromophores in the two interferometer arms
are aligned in opposite directions by the pol-
ing field (Fig. 3A). The modulation drive
signal is applied to the top electrode, while the
two bottom electrodes are grounded. The
driving field is along the poling direction in
one arm and against the poling direction in the
other arm (Fig. 3B). The index modulations in
the two arms are always of opposite sign and,
therefore the total phase difference is twice as
large as that in the single arm modulation
case. The V_ is reduced by a factor of 2 as
compared to that in Eq. 1. Because no other
device parameters are changed in an optical
push-pull modulator design, the reduced V_ is
achieved without compromising performance.
The three-section poling and driving elec-
trodes can be easily adapted to a high-speed
microstripline with a split ground electrode
for wideband application (/3).

To demonstrate application of the CLD-1
chromophore and optical push-pull in optical
intensity modulators, we have fabricated sev-
eral modulator chips using a CLD-1/poly-
(methylmethacrylate) (PMMA) guest-host
system (30 wt %) as an active waveguide
material. The modulator chips consist of a
3.2-pm-high polyurethane lower cladding
layer, a 1.4-pm-high CLD-1/PMMA guiding
layer, and a 2.9-pm-high ultraviolet light—
curable upper cladding layer. The waveguides

Fig. 1. Structures and
abbreviated names of
the chromophores dis-
cussed here. OTBDMS
stands for the tetra-
butyldimethylsiloxane
protecting group; OAc
stands for the acetate
protecting group.

CLD-1 R = OTBDMS
CLD-2 R=H
CLD-3 R=H
FTC-1 R=0Ac,R'=H
FTC-2 R=0Ac

R' = CH,CH,CH,CH;

and electrode arrangements were fabricated
like the cross-section view in Fig. 3. After
cooling down to room temperature and re-
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Fig. 2. Graphs of r5; as a function of chromophore
number density are shown for several CLD- and
FTC-type chromophores (Fig. 1). (A) Data for
CLD-2 (circles) and CLD-3 (diamonds) show the
effect of chromophore shape on maximum
achievable r53. The B values are somewhat dif-
ferent for CLD-2 and CLD-3, making the initial
slopes of the curves different. (B) Analogous data
for FTC-1 (diamonds) and FTC-2 (circles) chro-
mophores, again showing the influence of chro-
mophore shape on achievable EO activity. Also
shown are theoretical simulations assuming no
intermolecular electrostatic interactions (solid
straight line), full intermolecular interactions with
chromophores treated as spheres (dashed line),
and full intermolecular interactions with chro-
mophores treated as ellipsoids (solid curving line).
The ellipsoidal shape was defined by Spartan
(WAVEFUNCTION, Inc,, Irvine, California) calcu-
lations. (C) Experimental (solid circles) and theo-
retical (solid line) data compared for a variant of
CLD-1, where the OTBDMS (tetrabutyldimethyl-
siloxane) protecting group has been replaced by a
methoxy group. The theoretical curve was com-
puted without adjustable parameters and explic-
itly incorporates nuclear repulsive interactions (as
well as electronic interactions) treating chro-
mophores as ellipsoids. The somewhat poorer
agreement [relative to the FTC simulation of (B)]
reflects neglect of higher order self-consistency
(medium dielectric) effects in the calculations.
Experimental data were taken at 1060 nm.
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moving the applied poling field, modulator
V.. at low frequency (330 Hz) was measured
on a waveguide test bench with a 1318-nm
diode-pumped Nd-yttrium-aluminum-garnet
laser source. The modulator chip characteris-
tics are summarized in Table 1. From Table
1, the average V. L products were 2.46 V-cm
and 2.16 V-cm for modulators with 3-cm and
2-cm interaction lengths, respectively. The
difference in ¥, L can be attributed to differ-
ent applied poling voltages. An EO coeffi-
cient over 60 pm/V was achieved at 1318 nm,
in agreement with measured ;5 values based
on two-level model (/4) extrapolation to
1318 nm. A digital oscilloscope trace show-
ing a ¥, = 0.769 V is shown in Fig. 4.
Modulator performance parameters other
than ¥, also affect the link gain and noise figure,
and a complete engineering evaluation requires
measurement of a broad range of parameters.
The objective of this report is to point out the
significant improvements in EO coefficients in a
device-quality material and the achievement of
very low V¥ in a structure that is compatible
with high-speed operation. However, we have
also characterized the optical loss of the struc-
turally modified CLD-1 chromophore/PMMA
material. Typical waveguide losses were 1 deci-
bel (dB)/cm at 1300 nm and 1.6 dB/cm at 1550
nm, measured by a sliding liquid prism method
(15, 16). Based on the measured loss in this
material (and in other polymers containing the
CLD chromophore) and assuming a 3-cm-long
device with ~1-dB coupling loss at the fiber
input and output (/), an insertion loss of ~6 dB
is predicted for the polymer devices (/7). This
value is close to that of commercial lithium
niobate modulators. Because of the low glass

Fig. 3. Schematic cross sections of polymer
modulator electrodes and waveguide layers. (A)
Push-pull poling. (B) Push-pull driving. V., is the
modulation or driving voltage. The black arrows
indicate local electric field direction. The white
arrows indicate local chromophore orientation.

REPORTS

transition temperature (7,) of PMMA, the ther-
mal stability of the modulator reported here is
only about 65°C. However, we have recently
prepared modulators using a higher 7, polymer
{poly[bisphenol A carbonate-co-4,4'~(3,3,5-tri-
methylcyclohexylidene) diphenol], amorphous
poly(carbonate) (APC), 7, = 205°C}, which
increases the thermal stability of EO activity to
>100°C. Because of the higher dielectric con-
stant of APC, somewhat higher EO coefficients
are obtained, as predicted by theory. We have
also prepared double-end—cross-linkable (DEC)
variants of CLD-1 that exhibit thermal stability
in excess of 120°C. These DEC materials also
exhibit good stability in the presence of 1300-
nm light and gamma radiation. However, heavi-
ly cross-linked CLD-containing DEC materials
have yet to be evaluated in devices. Even in
the relatively soft materials reported here, we
have observed no photodecomposition for the
modest power levels used; the same observa-
tion holds for the Lockheed-Martin studies (9).

Like other EO modulators, V. is expected to
increase as the modulation frequency increases.
The increase in V. at high frequencies is due to
two factors: the velocity mismatch between the
optical wave and the rf wave, and the rf loss of
the traveling wave structure. The inherent ad-
vantage of the polymers is the relatively low
difference in wave velocity between the optical
and rf waves. Mismatch effects are therefore
not seen in typical polymer devices until mod-
ulation frequencies of over 100 GHz are used.
Specially designed traveling wave structures
can be used to overcome the velocity mismatch
in crystalline modulators, but this typically re-
duces the overlap between the rf and optical
fields and results in an increased V... On the
other hand, the polymer devices, even up to 100
GHz, remain simple microstrip line structures
with a high overlap integral. The rf loss is
typically determined by the conductivity of the
metal electrodes and is independent of the EO
material used (/8). The V. typically increases
by a factor of 2 at ~40 GHz as compared to the
low frequency value for a device with an inter-
action length of 2 to 3 cm. Bias point stability
can be achieved with the use of electrically
compatible polymer cladding layers in the mod-

Table 1. Operational characteristics of polymeric
modulators.

MZ094 MZ096
Parameters . .
chip chip
Interaction length (cm) 30 20
Total film thickness (w.m) 73 73
Poling voltage (V) 500 750
Poling temperature (°C) 87 87
Devices per chip 6 6
Optical wavelength (nm) 1318 1318
Measured V. range (V)  0.77-0.93 1.03-1.10
Average V. (V) 0.82 1.08
Average r3; (pm/V) 57.8 65.6
Measurement uncertainty <10% <10%

ulator (/9). No bias point instability has been
observed for the modulators discussed here, but
this point needs to be addressed in a carefully
controlled test over a substantial period of time
under actual practical operating conditions.
The ¥, reported here proves the long await-
ed feasibility of sub—1-V V. devices. Polymer
modulators can be directly integrated with the
fastest very-large-scale integration (VLSI) elec-
tronics without the use of low-noise (and band-
width-limiting) amplifiers. Thus, the stage is set
for exploitation of the recently demonstrated
integration of VLSI electronics and polymer
modulators to fabricate high-bandwidth opto-
chips (I, 20). Moreover, our current results
must be viewed in the context that we have
recently prepared chromophores that when in-
corporated into PMMA and APC polymer ma-
trices yield r;; values approximately twice
those of CLD-1 (nearly four times that of lith-
ium niobate) at telecommunication wave-
lengths (21). Optical loss is comparable to that
obtained for CLD-1—containing materials, and
thermal stability is actually improved (21).
These new materials involve incorporation of
dithiophene units in the chromophore bridge or

extending the isophorone structure by use of

multiple fused rings (27). Steric modification
has been used to both inhibit unwanted inter-
molecular electrostatic interactions and to in-
crease the planarity (m-orbital overlap) of the
Tr-electron system. However, these materials
have yet to be incorporated into devices and
evaluated under device-relevant conditions; nu-
merous processing issues must be addressed.
Although final judgment must be withheld con-
cerning the detailed performance limits of poly-
mer modulators, there is good reason to antici-
pate considerable improvement in the near fu-
ture. Practical implementation of sub-1-V EO
polymer modulators will open up wide appli-
cations for polymeric materials, including direct

AN AN

WANE

Fig. 4. A V_ measurement snapshot showing a
V., = 0.77 V. The measured V_ is displayed as
the voltage difference (a channel 2 reading of
769 mV) between two cursors on the upper
trace. The positions of the two cursors are
determined by the two turning points on the
modulator output waveform (lower trace). The
x-axis time divisions correspond to 500 ps.
Data are for a wavelength of 1318 nm.
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integration with high-speed electronic circuits
(1, 20) and the realization of lossless micro-
wave links.
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Dilational Processes
Accompanying Earthquakes in
the Long Valley Caldera

ver

Douglas S. Dreger,’* Hrvoje Tkalci¢,” Malcolm Johnston?

Regional distance seismic moment tensor determinations and broadband wave-
forms of moment magnitude 4.6 to 4.9 earthquakes from a November 1997
Long Valley Caldera swarm, during an inflation episode, display evidence of
anomalous seismic radiation characterized by non—double couple (NDC) mo-
ment tensors with significant volumetric components. Observed coseismic
dilation suggests that hydrothermal or magmatic processes are directly trig-
gering some of the seismicity in the region. Similarity in the NDC solutions
implies a common source process, and the anomalous events may have been
triggered by net fault-normal stress reduction due to high-pressure fluid in-
jection or pressurization of fluid-saturated faults due to magmatic heating.

The Long Valley Caldera (LVC) of eastern
California (Fig. 1) is tectonically and volcani-
cally active. The 15-km-wide and 30-km-long
caldera has produced numerous eruptions since
the penultimate event 730,000 years ago that
ejected 600 km? of rock and formed the caldera
through subsequent collapse. The current seis-
mic unrest in the LVC began in 1980 with
episodic earthquake swarms and the inflation of
a resurgent dome (/) (Fig. 1). As a result of this
activity the U.S. Geological Survey initiated
extensive seismic, ground deformation, and
chemical monitoring in 1982. These surveys
have revealed episodic seismicity swarms that
correlate with the inflation of the resurgent
dome, but confirmation of direct fluid involve-
ment in the seismicity has been elusive.

In May 1980, four magnitude (M) 6 earth-
quakes occurred: two south of the LVC in the
vicinity of the Hilton Creek fault, and two in
the south moat of the caldera (Fig. 1). Two of
these events, one located at the caldera mar-
gin and the other 12 km to the south, as well
as an earlier event in 1978, were found to
have significant non—double couple (NDC)
seismic moment tensors (2).

The latest episode of LVC deformation be-
gan in 1997 and first became apparent in two-
color laser geodimeter data as increased infla-
tion of the resurgent dome in June followed by
earthquake swarm activity in the south moat in
July. Deformation rates and swarm activity
continued to increase through October to rates
exceeding 2 cm/month and 100 M > 1.2 earth-
quakes per day. Swarm activity, strain, and tilt
rates increased on 22 November 1997, with the
onset of a series of M > 4 earthquakes. A
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borehole strain meter recorded a transient signal
over the next week. Dome inflation, deforma-
tion, and swarm activity returned to background
rates in early 1998 (3).

We investigated anomalous radiation char-
acteristics of the 1997 earthquake swarm using
a moment tensor methodology. The seismic
moment tensor, Mij, provides a general repre-
sentation of the seismic source and can be
determined by the linear inversion of observed
seismic ground motions with appropriately cal-
ibrated Green’s functions (4). Mij is commonly
decomposed into double couple (DC), compen-
sated-linear-vector-dipole (CLVD), and isotro-
pic components (5), where each of the compo-
nents of the moment tensor decomposition is
represented as a percentage of the total (6). The
DC consists of two vector dipoles of equal
magnitude but opposite sign, resolving shear
motion on faults oriented 45° to the principle
eigenvectors of Mij. The CLVD consists of a
major vector dipole with twice the strength and
opposite sign to two orthogonal, minor vector
dipoles and can describe the separation or com-
pression of a fault with no net volume change.
The isotropic component has three orthogonal
vector dipoles of equal magnitude and resolves
volumetric changes.

NDC seismic moment tensors have been
observed in a variety of tectonic and volcanic
environments. Several mechanisms such as
multiplanar rupture (7, &), nonplanar rupture
(9), and tensile failure (/0) have been pro-
posed to explain observed NDC moment ten-
sors. In principle it should be possible to
determine the isotropic components given
body and surface wave data; however, they
are difficult to resolve (/1), and only a few
studies have reported significant volumetric
components (12, 13).

Routine analysis of seismic moment tensors
by the Berkeley Seismological Laboratory re-
vealed that a number of events in the November
1997 swarm displayed unusual seismic radia-
tion patterns (/4). Seven events (Table 1) have
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