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Abstract—We present the design, fabrication and character-
ization of a compact and highly sensitive integrated photonic
electromagnetic field sensor based on a silicon-organic hybrid mod-
ulator driven by a bowtie antenna. Slow-light effects in the electro-
optic (EO) polymer refilled silicon slot photonic crystal waveguide
(PCW), together with broadband electric field enhancement pro-
vided by the bowtie antenna, are utilized to enhance the inter-
action of microwaves and optical waves, enabling an ultra large
effective in-device EO coefficient over 1000 pm/V and thus a high
sensitivity. The EO polymer refilled slot PCW is designed for low-
dispersion slow-light propagation, high poling efficiency, and high
optical mode confinement inside the slot. The bowtie antenna acts
not only as a receiving antenna, but also as poling electrodes during
the fabrication process. A bowtie antenna integrated on doped sil-
icon slot PCW is demonstrated to have a broad operational band-
width, with a maximum resonance at the frequency of 10 GHz.
The strongly enhanced broadband electric field is used to directly
modulate the phase of the optical waves propagating through the
slot PCW embedded inside the feed gap of the bowtie antenna.
The phase modulation is then converted to intensity modulation
using an external reference arm to form a Mach-Zehnder interfer-
ometer in our experimental setup. The sensing of electromagnetic
field at 8.4 GHz is experimentally demonstrated, with a minimum
detectable electromagnetic power density of 8.4 mW/mz, corre-
sponding to a minimum detectable electric field of 2.5 V/m.

Index Terms—Antennas, electromagnetic fields, electrooptic
modulators, integrated optics, microwave photonics, optical sen-
sors, photonic crystals, polymers, silicon photonics, slow light.
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I. INTRODUCTION

HE detection, measurement and evaluation of electromag-
T netic fields have attracted a significant amount of atten-
tion in recent years [1]—[3]. Electromagnetic field sensors have
shown promising applications in high power microwave and
electromagnetic pulse detection, environmental electromagnetic
interference analysis, electromagnetic compatibility measure-
ments, radio frequency (RF) integrated circuit testing, process
monitoring and control, as well as in the research of electromag-
netic radiation effects on human health. Traditional electronic-
based electromagnetic field sensors [4], [5] normally have large
active conductive probes which perturb the field to be measured
and also make the device bulky. In order to address these prob-
lems, integrated photonic sensing of electromagnetic field has
been developed, in which the optical signal is modulated by
an RF signal collected by an antenna [6]-[11]. The antennas
used here can potentially be designed to be small enough or all-
dielectric [12] to minimize the perturbation of high-frequency
electric field under measurement. The key element of such de-
vices is an efficient electro-optic (EO) modulator. One common
structure of EO modulators is a Mach-Zehnder interferometer
(MZI), in which an electric-field-induced optical phase modu-
lation is converted into an optical intensity variation [13], [14].
These integrated photonic electromagnetic field sensors have a
few inherent advantages over conventional electronic sensors,
such as compact size, high sensitivity, broad bandwidth, good
galvanic insulation and noise immunity [15].

Recently, silicon-organic hybrid (SOH) technology [16]
has shown to enable high performance integrated photonic de-
vices such as compact and low-power EO modulators [17], [18],
high-speed optical interconnects [19], [20], and sensitive pho-
tonic sensors [21]. Benefiting from the large EO coefficient
(r33) of active organic polymers [22], [23] as well as the strong
optical mode confinement made possible by the large index
of silicon [24], [25], SOH integrated photonic electromagnetic
field sensors are promising for achieving high sensitivity, com-
pact size, and broad bandwidth.

It has been demonstrated in [15] that low half-wave voltage
(V) high input driving voltage (electric field), and large input
optical power of EO modulators can improve the sensitivity
of the photonic electromagnetic field sensors. To enhance the
sensitivity through V. reduction, silicon slot photonic crystal
waveguides (PCWs) refilled with large EO coefficient (r33)
EO polymer can be employed due to the slow-light enhanced
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light-matter interaction [26], [27]. The enhanced light-matter
interaction also enables a compact device size [28], [29]. The
silicon in the SOH slot PCW modulator can also be doped
to achieve high speed operation [30], [31]. For example,
modulation speeds up to 40 GHz or over 40 Gbit/s have been
demonstrated in [32], [33]. Furthermore, the antenna can be
designed for broadband resonant electric field enhancement
(FE) [34], [35], which is equivalent to increasing the input driv-
ing voltage of the modulator, thereby increasing the sensitivity
of the sensor. The geometrical dimensions of the antenna are
much smaller than the wavelength of the electromagnetic field
to be measured. This antenna can be combined with the SOH
slot PCW modulator to achieve even higher sensitivity over
wide frequency bandwidth. Such a combination of integrated
RF photonics [36] and SOH technology [16] offers a viable
platform for high frequency electromagnetic field sensing.

In this paper, we design and demonstrate an integrated pho-
tonic electromagnetic field sensor based on a bowtie antenna
coupled SOH slot PCW modulator. The measured S-parameters
show that the bowtie antenna with slot PCW embedded inside
its feed gap has broadband characteristic, with a resonance peak
at 10 GHz. High frequency electromagnetic field sensing is ex-
perimentally demonstrated through EO modulation at 8.4 GHz,
with a minimum detectable electromagnetic power density of
8.4 mW/mQ, corresponding to an incident electric field as small
as 2.5 V/m. To the best of our knowledge, this is the first silicon-
organic hybrid device used for the photonic sensing of electro-
magnetic fields.

II. DESIGN
A. Device Overview

The key parts of our photonic electromagnetic field sen-
sor consisting of an EO polymer refilled silicon slot PCW
phase modulator coupled with a gold bowtie-shaped antenna are
shown schematically in Figs. 1(a)—(e). An EO polymer, SEO125
from Soluxra, LLC, with a large 733, low optical loss, and good
temporal stability, is used to refill the silicon slot PCW. This
EO polymer refilled silicon slot PCW with a slot width (S,,)
of 320 nm is band-engineered to achieve low-dispersion slow-
light propagation over a broad wavelength range of 8 nm [37],
as well as high optical mode confinement inside the EO polymer
refilled slot. The slow-light enhanced effective in-device r33 of
this SOH modulator can be over 1000 pm/V [18], [37], which is
beneficial for high-sensitivity sensing. The slot PCW is embed-
ded in the feed gap of the bowtie antenna, and the silicon layer is
selectively implanted with different ion concentrations for high
frequency operation [38]. The bowtie antenna is used as a receiv-
ing antenna, driving electrodes, and poling electrodes. Here the
bowtie antenna with capacitive extension bars has a simple de-
sign, and a broadband characteristic. With the two bowtie arms
as receivers, a confined resonant electric field with strong en-
hancement factor can be generated in the gap between them [34].

The working principle of this integrated photonic electro-
magnetic field sensor is discussed as follows. A continuous
wave (CW) laser input is coupled into and out of the device.
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Fig. 1. (a) A schematic view of the key part of the electromagnetic field sensor
consisting of an EO polymer refilled silicon slot PCW phase modulator and a
bowtie antenna. An external arm combined with this phase modulator forms an
MZI structure, converting phase modulation to intensity modulation. (b) SWG
coupler. (c) Strip-to-slot mode converter. (d) Magnified image of slot PCW.
(e) Tilted view showing the cross section of the antenna-coupled slot PCW, with
dimension parameters and two levels of n-type silicon doping concentrations.
Note: the EO polymer layer covered on top of the device is not shown in (b)—(e)
for better visualization.

The bowtie antenna harvests incident electromagnetic waves,
transforms it into high-power-density time-varying electric field
within the feed gap, which directly interacts with the light prop-
agating along the EO polymer refilled slot PCW embedded
within the feed gap (i.e., interaction region). The refractive in-
dex of the EO polymer is controlled by the applied electric field
via the EO effect, which modulates the phase of the optical wave
within the low-dispersion wavelength regime of the slot PCW.
For measurement, we convert this phase modulation to an inten-
sity modulation using an external arm enabled MZI structure.
Finally, by measuring the modulated optical intensity at the out-
put end of the MZI, an incident electromagnetic field from free
space can be detected through optical means. This integrated
photonic electromagnetic field sensor can reduce the impact
of perturbing fields, since it is based on an optical modulation
technique.
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Fig.2. (a) Layout of the strip-to-slot mode converter, PCW coupler and band-
engineered PCW. The black area corresponds to unetched silicon, and the gray
area corresponds to the etched silicon. The red-color holes indicate the PCW
taper section. The s;,s2, and s3 indicate the lattice shift direction in band-
engineered PCW section. WG: waveguide. (b) Cross-sectional view of strip
waveguide mode profile. (c) Cross-sectional view of slot waveguide mode pro-
file. (d) The small variations of n, over about 8-nm wavelength range, for the
band-engineered slow-light PCW and PCW coupler. The lines of different col-
ors represent the n, at different positions along the PCW coupler as indicated
by the dashed lines of corresponding colors in (a). This indicates a smooth
transition of n, from the beginning of the PCW taper to the band-engineered
PCW.

B. Design of SOH Slot PCW Modulator

The layout of the slot PCW is shown in Fig. 2(a), including
strip waveguide, mode converter, slot waveguide, PCW cou-
pler and band-engineered PCW. This slot PCW is designed
on a silicon-on-insulator (SOI) substrate with 250 nm-thick
top silicon and 3 pm-thick buried oxide layers. The PCW
holes and slot are assumed to be filled with EO polymer,
SEO125, which has a refractive index of 1.63 at 1550 nm.
SEO125 exhibits an exceptional combination of large EO coeffi-
cient, good near-infrared transparency, excellent chemical- and
photo-stability, and improved processability [37]. Additionally,
a lattice-shifted slot PCW is used to achieve low-dispersion
slow light [39], where optimized values of the lattice con-
stant (a = 425 nm), hole diameter (d = 300 nm), slot width
(S, = 320nm), center-to-center distance between two rows
adjacent to the slot (W = 1.54(\/3)a), relative lateral shift of
the first three rows (s; = 0,59 = —85nm, s3 = 85 nm [indi-
cated by the arrows in Fig. 2(a)]) are utilized. A group index
(ng) of 20.4 (+10%) over about 8 nm optical wavelength is
achieved [37], as shown by Rsoft BandSolve simulations in
Fig. 2(d), thereby enabling a relatively large operational optical
bandwidth of sensor device compared to non-band-engineered
PCW designs with typically narrow optical bandwidth of <1 nm
at n,>10 [40]. Note that the large slot width of S, = 320 nm
in the PCW not only supports a confined optical mode, but
also helps in increasing the poling efficiency by suppressing
the leakage current in EO polymer poling process [37], [41].
In order to efficiently couple light between the slow-light mode
of the slot PCW (n, ~ 20.4) and the fast-light mode in the

JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 32, NO. 20, OCTOBER 15, 2014

slot waveguide at the mode converter end (n, ~ 3), a PCW
taper consisting of non-band-engineered PCW (¢ = 425 nm,
d=300nm,s; = 0,59 =0,s3 =0,S5, =320nm) is designed
and inserted between the two device components, as indicated
in Fig. 2(a), in which W increases parabolically from W =
1.45(v/3)ato W = 1.54(v/3)a from the beginning to the end of
the PCW taper. Fig. 2(d) shows the n, variation of the PCW
taper over about 8 nm wavelength range for the engineered
slow-light PCW and the PCW coupler. The colored dashed lines
show the gradual increase in the group index from the interface
with the mode converter to the interface with the high n, band-
engineered PCW. What is more, a new type of strip-to-slot mode
converter that we have recently developed [42] is used to cou-
ple light between the strip waveguide and the 320 nm-wide-slot
PCW waveguide more efficiently compared to conventional V-
shape mode converters [43]. In addition, subwavelength grating
(SWG) couplers [44], [45], as shown in Fig. 1(b), are used to
couple light into and out of the device using single mode fibers.

The basic sensing principle is based on the EO modulation
inside the EO polymer refilled silicon slot PCWs. The required
PCW interaction length for achieving a 7 phase shift is given
as L = 1/(20) x (n/An) x A/n, = 255.9 ym, where 0 = 0.33
is the fraction of the energy in the slot calculated using Band-
Solve simulations, n = 1.63 is the index of the EO polymer,
An = 0.0007 is the change in the index of the EO polymer when
voltage V' =1 V is applied, and A = 1550 nm is the free-space
wavelength and n, = 20.4 is the group index. The change in the
EO polymer index is calculated using An = —n’133V/(2S,),
where the estimated 733 = 100 pm/V at 1550 nm is consistent
with the large r33 value of 125 pm/V of SEO125 thin films
at 1.3 pm after considering the dispersion factor and the nearly
100% poling efficiency demonstrated in 320 nm-wide slots [37].
Therefore, from these calculations, the figure of merit of the
modulator is V; Xx L=1V x 2559 um = 0.0256 V x cm.
Such a small V; x L promises a compact and efficient EO
modulator, and thus a highly sensitive integrated photonic elec-
tromagnetic field sensor. The expected effective in-device r33 is
then calculated as [46]

ASy,

733 effective =
Our another recent work has experimentally demonstrated the
V. x L and effective in-device r33 on the same order [37].
Conservatively, the length of the active section of the PCW used
in our work is chosen to be 300 pm.

C. Design of RF Bowtie Antenna

To achieve modulation (or sensing) in GHz frequency regime,
both the silicon PCW layer and the bowtie antenna need to be
specially designed and carefully optimized. It is known that the
RC time delay of a device is one key factor limiting its oper-
ational bandwidth. In order for our sensor to operate at a high
frequency, the top silicon layer is doped to reduce the electri-
cal resistivity of the PCW, while maximizing the electric field
inside the slot. The designed two-level doping condition in the
silicon slot PCW is shown in Fig. 1(e). The resistivity values of
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Fig. 3. (a) Cross-sectional view of RF (10 GHz) electric potential distribution
across the doped silicon slot PCW filled with EO polymer. (b) Electric potential
along the red dashed line in (a), indicating that a large percent of voltage is
dropped across the slot filled with EO polymer.

the highly-doped silicon (donor, 1 x 10?° cm~*) and low-doped
(donor,1 x 10" em3)are9 x 107 Q- mand9 x 1074 Q- m,
respectively [47]. For reference, the intrinsic doping con-
centration of the undoped top silicon on our SOI wafer is
1 x 10" em™3. Note that an ion doping concentration of
1 x 10'7 cm™ in the waveguide region close to optical mode
does not cause significant impurity-induced scattering optical
loss [48]. Based on our previous work [17], [41], [49], [50], in
the case of 320 nm-wide slots, we use the EO polymer resistiv-
ity (pro) value of about 10° €2 - m and RF dielectric constant
(err.po) value of 3.2. The change in the RF dielectric con-
stant of silicon (egpr gi) due to the doping is also taken into
account [51]. Then, effective medium approximations [52] are
used for the calculation of both the effective RF dielectric con-
stant (egy of ) and the effective resistivity (pe ) in the region of
EO polymer refilled silicon PCW shown in Fig. 1(e) [hexagonal
lattice, filling factor (volume fraction): f = 0.444]. The effec-
tive RF dielectric constant (electric field in x-direction) in this
region is given as [53]

err,eo (14 f) +erpsi (1= f)
errpo (1= f) +errsi (1+f)
The effective resistivity in this region is estimated as [54]

1+f
Pei = Ps (1 — f) 3)
where, ps; is the resistivity of un-patterned silicon.

Fig. 3(a) shows the cross-sectional view of the RF electric
potential distribution (1V4 ¢, 10 GHz) across the doped silicon
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Fig. 4. (a) Schematic top view of the designed bowtie antenna. Arm length,
L = 3 mm, and flare angle, a = 60°. (b) Magnified image of the feed gap
region in (a). (c) Top view of electric field enhancement distribution inside the
feed gap of the antenna. The electric field enhancement distribution is shown
inside the EO polymer refilled slot at y = 0.125 pm, where y = 0 corresponds
to the horizontal interface between the silicon layer and the buried oxide layer.
(d) Variation of the field enhancement factor inside the slot versus incident RF
frequency.

slot PCW, simulated by COMSOL MULTIPHYSICS, with the
antenna replaced by perfect conductors. Fig. 3(b) shows that the
voltage drop (>90%) mostly occurs inside the slot. As the RF
frequency (frr) increases, the impedance of the slot (1/(Cw)),
where C is slot capacitance and w = 27 fry ) decreases, and the
fraction of the voltage dropped across the slot is reduced due
to the finite resistance of the silicon PCW. For this two-level
doping condition, a simulation using LUMERICAL DEVICE
software shows that the total resistance of our 300 pm-long
silicon PCW is 189 (2 and the slot capacitance is 38.6 fF, so the
limiting RF frequency bandwidth of the device can be estimated
to be 1/(27RC) = 22 GHz.

As shown in Figs. 4(a) and (b), the antenna is a conventional
bowtie antenna with capacitive extension bars attached to the
apex points of the bowtie, in order to obtain an extended area
with a strong uniform electric FE. The extension bars have a
length of 300 pm, which is the same as the length of EO polymer
refilled slot PCW. The narrow feed gap width between the two
capacitive bars is 8.4 pm, for the generation of highly enhanced
local electric field under RF illumination. The thickness of the
gold filmis chosen to be 5 m, which is far beyond the skin depth
of gold at the RF frequency of operation. This gold antenna is
designed with bow arms on silicon dioxide to avoid the impact
of conductive silicon region. In the actual device fabricated on
an SOI substrate, the top silicon region everywhere apart from
the PCW region is entirely etched away, as shown in Fig. 5(b),
letting the buried oxide layer be directly underneath the bow
arms to fit this design. The silicon handle underneath the buried
oxide layer is taken into account in the simulation.

Generally, the antenna system can be considered as a typical
LC circuit, which is mainly composed of the inductive bowtie
metallic arms and capacitive bars filled with EO polymer, giving
rise to an LC resonance determined by antenna geometry [55].
In this work, this resonance effect is characterized by FE factor,
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Fig. 5. Fabrication flow. (a) SOI wafer, (b) Silicon photonic waveguide, pat-
terned by electron-beam lithography, RIE, photolithography, and RIE again,
(c) first ion implantation, (d) second ion implantation, followed by rapid ther-
mal annealing (e) Gold bowtie antenna, patterned by seed layer deposition,
photolithography, electroplating, and seed layer removal, (j) Spincoating of EO
polymer (indicated by the circle area), followed by vacuum oven baking and
EO polymer poling.

defined as the resonant electric field amplitude (inside the slot)
divided by the incident electric field amplitude at the specific
observation point. With the feed gap width and capacitive bars
fixed, the resonant frequency of a bowtie antenna is mainly de-
termined by the length of each bow arm and the flare angle [L
and « in Fig. 4(a)] [56]. This bowtie antenna structure together
with the effective-medium approximated silicon RF dielectric
constant and conductivity values is used for COMSOL MULTI-
PHYSICS simulation. With bow arm length L = 3 mm and flare
angle o = 60°, the bowtie antenna is optimized with a central
resonant frequency at around 10 GHz, and a uniform electric
field enhancement over the entire feed gap is created. Fig. 4(c)
show the top view of the local resonant electric field amplitude
inside the antenna feed gap at 10 GHz. The electric field is
mainly confined in the feed gap region, which is similar to the
performance of a typical dipole antenna [57]. Additionally, as
explained above, the electric field is actually concentrated inside
the slot of the silcon PCW, and this increases the FE even further.
Fig. 4(d) shows the FE spectrum from simulations, indicating
that the electric field radiation compressed inside the slot of the
silicon PCW is enhanced by a maximum factor of ~10,000 at
10 GHz, with a 1-dB RF bandwidth over 9 GHz. This strongly
enhanced RF field directly modulates the optical wave propa-
gating along the EO polymer refilled doped silicon slot PCW
which is embedded inside the feed gap. No extra connection
lines between the antenna and EO modulator and no external
electrical power supply are required [11]. Furthermore, similar
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to a typical dipole antenna, the bowtie antenna has spatially
wide angular beamwidth in its radiation pattern, which enables
our sensor to detect electromagnetic fields from a large range of
incident angles.

III. FABRICATION

The fabrication flow is briefly illustrated in Fig. 5. The fabri-
cation starts with an SOI wafer with a 250 nm-thick top silicon
and a 3 pum-thick buried oxide layer, as shown in Fig. 5(a). The
silicon slot PCW is fabricated using electron-beam lithography
and reactive ion etching (RIE). Next, all of the top silicon region,
except the area with the slot PCW, is completely removed by
photolithography and RIE, as shown in Fig. 5(b). Then, the sili-
con slot PCW is first implanted with P+ at an energy of 92 keV
and a dose of 1.05 x 10" ecm~2 to reach an ion concentration
of 1 x 10'7 cm™3 [see Fig. 5(c)]. Next, the device is patterned
by photolithography and implanted with P+ at an energy of
92 keV and a dose of 1.05 x 10'> cm~? to reach an ion concen-
tration of 1 x 10?° cm™ at the outer sides of the silicon rails
which will be connected to the bowtie antenna in order to form
Ohmic contacts [see Fig. 5(d)]. A rapid thermal annealing at
1000 °C for 10 sec in a nitrogen environment is then performed
to annihilate the induced defects and to activate the implanted
ions, which also improves the optical performance of the ion-
implanted waveguides [58]. Next, a 50 nm-thick gold seed layer
with a 5 nm-thick chromium adhesion buffer is deposited by
electron-beam evaporation, and a buffer mask for the bowtie an-
tenna is patterned on a 10 um-thick AZ9260 photoresist using
photolithography. Then, a 5 um-thick gold film is electroplated
using Techni-Gold 25ES electrolyte under a constant current of
8 mA. The AZ9260 buffer mask and gold seed layer are finally
removed by lift-off and wet etching, as shown in Fig. 5(e). SEM
images of the fabricated device are shown in Fig. 6. The inner
sides of the extension bars of the bowtie antenna are connected
to the outer sides of silicon rails which are heavily doped for
Ohmic contact between the antenna and the PCW, as shown in
Fig. 6(b).

Next, the EO polymer, SEO125, is formulated and infiltrated
into the holes and the slot of the silicon PCW region by spincoat-
ing, as shown in Fig. 5(f), followed by baking at 80 °C in vac-
uum oven for 12 h. To align the polymer chromophore noncen-
trosymmetrically, the EO polymer is poled at a constant electric
field of 110 V/um at the EO polymer glass transition temper-
ature of 145 °C, in which the bowtie antenna serves as poling
electrodes. During this poling process, the monitored leakage
current density remains below 8.8 A/m? which is comparable to
that measured in a thin film configuration (1 — 10 A/m?) [37],
indicating that the 320 nm-wide slot dramatically reduces the
leakage current through the silicon/polymer interface compared
to sub-100 nm slot designs [37], [41].

IV. CHARACTERIZATION
A. Bowtie Antenna Characterization

In order to demonstrate the broadband characteristics of the
fabricated bowtie antenna, a network analyzer (HP 8510C) is
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Fig. 6.

(a) SEM image of the fabricated device. (b) Magnified SEM image of the yellow rectangular region in (a) showing the slot PCW region and bowtie

antenna overlay. (c) SEM image of the strip-to-slot mode converter for efficient coupling between strip waveguide and the 320 nm slot PCW. Note: in (a)—(c) the
device is not covered by EO polymer, just for better visualization. (d) SEM image of the cross section of the EO polymer refilled silicon slot PCW. PCs: photonic

crystals. (e) Magnified SEM image of the blue rectangular area in (d).
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Fig. 7. Measured transmission signal of the broadband bowtie antenna. The

inset shows a top-view microscope image of the fabricated device.

used to measure the Si; parameter (reflection coefficient) of
the bowtie antenna. A ground-signal (GS) microprobe (Cascade
Microtech ACP40GS500) is used to couple RF power from the
network analyzer into the bowtie antenna, and the S;; param-
eter over a broad frequency range from 1-16 GHz is recorded.
Assuming negligible loss, the transmission factor can be in-
ferred from the S;; measurements, as shown in Fig. 7, from
which a broadband response can be clearly seen. The maximum
response occurs at 10 GHz, which agrees well with the simulated

maximum field enhancement at 10 GHz in Fig. 4(d). Consider-
ing the reciprocity of the bowtie antenna, this result indicates
that our sensor can be used to receive the electromagnetic field
over a broad frequency bandwidth in the GHz regime.

B. Optical Waveguide Characterization

In order to test the EO polymer refilled silicon slot PCW,
light from a broadband amplified spontaneous emission (ASE)
source (Thorlabs ASE730) is coupled into and out of the device
utilizing an in-house built grating coupler setup [44], [45]. The
optical output signal is observed on an optical spectrum analyzer
(OSA, Ando AQ6317B). Fig. 8 shows the measured normalized
transmission spectrum of the EO polymer refilled silicon slot
PCW. A clear band gap with more than 25 dB contrast is ob-
served, indicating efficient coupling into the slot PCW.

C. Electro-Optic Modulation Experiment

With the RF path and optical path separately verified, as
explained in Sections IV-A and IV-B, an EO modulation ex-
periment is then performed. An MZI system is formed, us-
ing a 90/10 polarization maintaining fiber splitter (Thorlabs
L130354603), a 50/50 polarization maintaining fiber combiner
(Thorlabs L110313487) and a variable optical attenuator (VOA,
Thorlabs VOA5S0PM-FC), as shown in Fig. 9. A low-frequency
modulation test is performed here to verify the functionality of
this MZI system.

A tunable laser source (Santec ECL200) is used to provide
TE-polarized optical input. The optical wavelength is tuned
to 1556 nm which is within the low-dispersion region of the
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Fig. 8. Normalized transmission spectrum of the EO polymer refilled silicon
slot PCW. The inset shows an SEM image of the fabricated silicon slot PCW.

Function MSA
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Laser Detector
90/10 50/50
splitter VOA combiner

Fig. 9. The schematic of the system for EO modulation experiment. VOA:
variable optical attenuator. MSA: microwave spectrum analyzer.

band-engineered PCW. The laser input is split by a 90/10 split-
ter, in which 90% of the optical power is coupled into and out
of the sensor device through SWG couplers and 10% goes to
the external arm with the VOA. Next, the VOA 1is adjusted until
the optical power at the output of the external arm is equal to
that coming out of the sensor device. A 50/50 combiner is then
used to combine the optical waves from the two arms, so that the
phase modulation can be converted into intensity modulation at
the output of this MZI system. A sinusoidal RF signal with a
peak-to-peak voltage (V,,,) of 1 V at a frequency of 100 KHz
is generated using a function generator (Agilent 33120A) and
directly applied across the two arms of the bowtie antenna.
In this case, the two arms work as lumped-element driving
electrodes and directly modulate the optical waves propagat-
ing in the slot PCW embedded in the feed gap of the bowtie
antenna. The modulated output optical signal is converted back
to an electrical signal using an amplified photodetector (Thor-
labs PDA10CS), whose power is measured on a microwave
spectrum analyzer (MSA, HP 8563E), as shown in Fig. 10(a).
The measured response signal in Fig. 10(a) indicates that the
optical signal is modulated at the same frequency as the input
RF signal. When the laser is switched off, this response signal
on the MSA disappears, confirming that the signal measured by
the MSA originates from the real EO modulation instead of RF
cross talk. The EO modulation experiment also demonstrates
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SPAN 3.000kHZ
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Fig. 10.  (a) The EO modulation response signal as measured on the MSA. (b)
EO modulation transfer function.

RF

source MSA
Transmitting ar
High
Laser speed
90/10 50/50 Detector
splitter VOA combiner
Fig. 11. The schematic of the system setup for electromagnetic field sens-

ing experiment. VOA: variable optical attenuator. MSA: microwave spectrum
analyzer.

the successful poling of the EO polymer and the functionality
of the MZI system, which is then used in the sensing experiment
in Section IV-D.

Another small signal modulation test further demonstrates
the validity of the EO modulation, in which an integrated MZI
modulator device is fabricated on a chip, with the same EO
polymer refilled PCW on both arms [37]. The modulator is
driven by a sinusoidal RF signal with V,,, <1V at 100 KHz.
The modulation transfer function is measured by a logic analyzer
(HP 1660ES) and shown in Fig. 10(b).

D. Electromagnetic Field Sensing Experiment

The schematic of the experimental system setup for the elec-
tromagnetic field sensing is shown in Fig. 11. A sweep oscillator
(8620C HP, 2-8.4 GHz) is used as a high-frequency RF source
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Fig. 12.  The measured sensing signal at 8.4 GHz as a function of the electro-

magnetic power density at the position of sensor device.

to provide an RF signal at a frequency of 8.4 GHz. This RF
signal is applied to an X-band horn antenna with a gain of 6 dB.
In this case, the horn antenna works as a transmitting antenna
to generate electromagnetic field in free space, and the bowtie
antenna in our device works as a receiving antenna to detect the
electromagnetic field impinging upon it. The horn antenna is
placed at a distance of 30 cm vertically over the sensor device,
which is beyond the far-field distance of the horn antenna so that
the electromagnetic waves radiating on the sensor can be treated
as plane waves in the following experimental data analysis. To
detect the modulated optical signal at high frequency, a high-
speed photodetector (Discovery Semiconductors, DSC40S) is
used, and the sensing signal is measured on the MSA.

To characterize the sensitivity of this sensor in terms of elec-
tromagnetic power density (or electric field magnitude), the RF
power applied on the horn antenna is varied. The corresponding
variation in the electromagnetic power density radiating to the
position of sensor device is calculated based on Eq. (4) [59]

G.P,
Savg = 47 R2
where S,y, is the average Poynting vector (electromagnetic
power density, unit: mW/ m®), G; = 6dB is the gain of the
transmitting horn antenna, P, is the input RF power applied on
the horn antenna, R = 30 cm is the distance between the horn
antenna and the sensor device. The measured sensing signal as a
function of electromagnetic power density is plotted in Fig. 12.
It can be seen that the sensing signal decreases as the electro-
magnetic power density decreases. When the electromagnetic
power density decreases to 8.4 mVV/m2 (equivalent to the in-
put RF power of 2 dBm applied on the horn antenna) at
8.4 GHz, the sensing signal is below the noise level. Based on
Eq. (5), this minimum detectable electromagnetic power density
(8.4mW/m?) is used to estimate the minimum detectable elec-
tric field amplitude (| E|) as 2.5 V/m at 8.4 GHz, considering the
electromagnetic field has a predominantly plane-wave character

“4)
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within the far-field region of the horn antenna [60]

25,y
|B| =/ 2= 2.5V/m )
EpErC

where gy = 8.85 x 1072 F/m is the vacuum dielectric con-
stant, £, ~ 1 is the dielectric constant of air, ¢ = 3 x 108 m/s
is the speed of light. Given the FE, for this incident field, the
electric field inside the slot is about 2.5 x 10 V/m. In addi-
tion, the measurement of the maximum detectable electric field
is limited by the upper limit of the output power of the RF source.
In practice, the maximum detectable electric field is expected to
be very high and is determined by the breakdown electric field
of the EO polymer material (>1 x 10° V/m).

As for the electromagnetic field frequency, our sensor has
the potential to detect the electromagnetic field over a broad
bandwidth, because the bowtie antenna has been demonstrated
for broadband operation in GHz frequency regime in Section
IV-A. Our sensor is also promising for low-frequency electro-
magnetic field sensing, because an EO activity with ultrahigh
r33 of 1190 pm/V at a low modulation frequency of 100 kHz
has been demonstrated using the same EO polymer refilled slot
PCW in our another recent work [37].

V. CONCLUSION

We design, fabricate and experimentally demonstrate a com-
pact and sensitive integrated photonic electromagnetic field sen-
sor based on EO polymer refilled silicon slot PCW coupled with
a miniaturized bowtie antenna. The bowtie antenna is used as
receiving antenna, poling electrodes and driving electrodes. The
bowtie antenna with doped silicon slot PCW embedded inside
its feed gap is demonstrated to have broadband characteristics
with a maximum response at 10 GHz. Slow-light effects in the
PCW, large EO coefficient polymer, as well as broadband elec-
tric field enhancement provided by the bowtie antenna, are all
utilized to enhance the EO modulation efficiency, leading to a
very high sensitivity. The minimum detectable electromagnetic
power density is demonstrated to be 8.4 InV\/’/m2 at 8.4 GHz, cor-
responding to the minimum electric field amplitude of 2.5 V/m.
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