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Abstract—In this paper, we experimentally demonstrate a 

highly sensitive on-chip photonic electromagnetic wave sensor 

operating at 14.1 GHz with a 3 dB bandwidth of 4.84 GHz. The 

demonstrated electromagnetic sensor has several important 

advantages over conventional electrical electromagnetic sensors 

including high sensitivity, compact in size and strong immunity to 

electromagnetic interference (EMI). The sensor is comprised of a 

bowtie antenna and an asymmetric Mach-Zehnder interferometer 

(MZI). One arm of the MZI is an electro-optic (EO) polymer 

infiltrated one-dimensional (1D) slot photonic crystal waveguide 

(SPCW) and the other is a strip waveguide with teeth of 

subwavelength pitch. Bowtie antennas are designed and optimized 

to effectively collect 14.1 GHz microwave signal and applies it 

across the SPCW. The phase of the light guided in the SPCW 

therefore changes, and so does the amplitude of the output end of 

the MZI. The sensor is only 4.6 mm × 4.8 mm in size and has a low 

insertion loss of ~ 10 dB. Experimental results show the limit of 

detection at 14.1 GHz is 4.31 mW/m2, which is corresponding to a 

minimum detectable electric field of 1.8 V/m 

 
Index Terms—Slow light, microwave photonics, photonic 

crystal, optical polymer, microwave receiver, integrated optics. 

 

I. INTRODUCTION 

n-chip photonic electromagnetic (EM) wave sensors have 

been attracting considerable attention in recent years [1-4]. 

This photonic sensing approach detects microwave signals via 

photons and thus eliminates the need of discrete electronics 

components for high-speed signal transmission, amplification, 

and power conditioning, which are commonly used in 

conventional electrical microwave sensors [5, 6]. Therefore, 

photonic EM wave sensors have eminent advantages over the 

traditional electrical counterparts in terms of immunity to 

electromagnetic interference (EMI), high speed operation, 

power consumption, and footprint [4, 7]. These advantages 

make high sensitivity and accurate on-chip EM sensors a 

promising approach for high performance wireless 

communication [2, 8, 9]and sensing applications [1, 3, 10]. 
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One crucial element in a high performance on-chip photonic 

EM wave sensor is an efficient electro-optic(EO) phase shifter, 

in which the enhanced electrical field provided by antennas 

modulates the refractive index of the active material with EO 

effect and subsequently changes the phase of light guided in the 

phase shifter. Various phase shifter designs have been proposed 

such as plasmonic/EO polymer hybrid structure [4], EO 

polymer waveguides [1, 2], lithium niobate waveguides [8], and 

silicon/EO polymer hybrid structure [11, 12]. Among these 

structures, plasmonic/EO polymer hybrid structure shows 

smallest footprint and is intrinsically capable of operating at 

high frequency due to the small resistance. However, the high 

propagation loss (>1 dB/μm) of plasmonic waveguide [13] and 

the high insertion loss of the mode converter limit the 

performance due to the trade-off between interaction length and 

optical loss. Moreover, the stringent fabrication alignment (<50 

nm) between metal and waveguide makes it difficult to 

implement. The pure EO polymer and lithium niobate 

waveguides are not compatible with standard complementary 

metal-oxide-semiconductor (CMOS) fabrication process.  In 

addition, both materials have lower refractive indices compared 

to silicon, resulting in large footprint. EO polymer infiltrated 

silicon slot waveguides, which combine the advantages of the 

high refractive index of silicon and large EO effect in EO 

polymer, have also been studied intensively [14, 15]. When 

equipped with slow light structures, the effective in-device r33 

in slow light slot waveguide can be greatly enhanced, making it 

a promising candidate for high performance EM wave sensors. 

 Slow light two-dimensional (2D) photonic crystal 

silicon/polymer hybrid phase shift structure has high optical 

propagation loss [16] and is frail to fabrication errors [17]. One-

dimensional (1D) slot photonic crystal waveguide (SPCW) has 

been reported with lower optical propagation loss when 

compared with 2D SPCWs, due to less etched surface area 

overlapped with optical mode while maintaining similar slow 

light effect [18]. Among EO polymer infiltrated 1D SPCW, 2D 

SPCW and conventional slotted waveguide, 1D SPCW has the 

best figure-of-merit f = σ ∙ 𝑛𝑔 ∙ 𝐿3𝑑𝐵 [19] where σ is the ratio of 
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optical mode in the EO polymer region, 𝑛𝑔 is the group index, 

and 𝐿3𝑑𝐵 is the length of the phase shifter in millimeters with 3 

dB propagation loss. Therefore, EO polymer infiltrated 1D 

SPCW has the potential to perform better than 2D SPCW and 

slotted waveguide as an EO phase shifter.  

In this paper, we design and demonstrate a compact and 

highly sensitive on-chip photonic EM waver sensor operating 

at 14.1 GHz with 3 dB bandwidth of 4.84 GHz. 14.1 GHz falls 

into Ku band and can be applied to satellite communications for 

both civilian and military networks [20]. The proposed sensor 

features a set of bowtie antenna and a Mach-Zehnder 

interferometer (MZI) structure with one arm of slow-light 

enhanced EO polymer infiltrated 1D SPCW and the other arm 

of silicon strip waveguide with teeth of subwavelength pitch, as 

shown in Figure 1(a). The device region is doped with two-step 

ion implantation. The doping profile is tailored so that the 

resistance at the implanted region is greatly reduced and Ohmic 

contact is formed. Therefore, signal voltage drop is mostly 

across the slot while the absorption loss is still low. A bowtie 

antenna is designed to harvest and concentrate electrical field 

of the EM wave and applies it onto the slow light enhanced EO 

polymer infiltrated SPCW to modulate the phase of the guided 

optical wave. Inverse taper couplers with polymer overlay are 

adopted to efficiently couple light in and out from the sensor. 

The proposed sensor structure takes advantages of low loss and 

strong slow light effect of the 1D SPCW, high electric field 

enhancement of the bowtie antenna, and large EO coefficient of 

the EO polymer, which enable the detection of an EM wave 

with electric field intensity of 1.8 V/m. Compared to 2.5 V/m 

minimum detectable electric field at 8.4 GHz reported in EO 

polymer infiltrated 2D SPCW paper [3], this work shows 

improvement due to the lower propagation loss of 1D SPCW 

structure while maintaining similar slow light effect. The device 

is only 4.6 mm × 4.8 mm in size with active region of 300 μm 

offering a compact solution for a vast range of EM wave 

applications.  

 

Fig. 1. (a) Schematic of the proposed sensor based on bowtie antenna 
coupled MZI structure. Light coupled from inverse taper coupler is spitted into 

two arms: one is EO polymer infiltrated 1D SPCW, and the other is strip 

waveguide with teeth. The phase is modulated at the arm of 1D SPCW arm and 
subsequently causes the output optical intensity variation when the light of the 

two arms interfere. (b) Schematic plot of the slow light enhanced EO polymer 

infiltrated 1D SPCW, which consists of a slot and two sections of teeth 
connected to bulk silicon. 

II. DEVICE DESIGN 

A. EO polymer infiltrated 1D SPCW phase shifter  

The active arm of the MZI is the slow light enhanced EO 

polymer infiltrated SPCW where light slows down and is 

modulated by interacting with EO polymer based on the 

enhanced Pockels effect. The 1D SPCW is comprised of center 

EO polymer slot, and two sections of the silicon teeth as shown 

in Figure 1(b). Compared to previous reported design[19], a set 

of narrow teeth is used to connect the 1D SPCW to the bulk 

silicon region so that the voltage drop of the modulation signal 

mostly occurs in the slot region. The narrow teeth have 

subwavelength width and thus do not affect the propagation of 

the optical modes. The 1D SPCW is designed and optimized for 

220 nm silicon-on-insulator (SOI) wafer with 3 μm buried 

oxide layer. An EO polymer, SEO125 (n=1.63), from Soluxra, 

LLC, which shows large bulk EO coefficient r33 of 135 pm/V, 

low optical loss, and good temporal stability is chosen to refill 

the silicon slot PCW as the top cladding layer [11]. This 1D 

SPCW is optimized using plane wave expansion targeting at 

large group index, optical confinement in slot, and slow light 

wavelength in vicinity of 1550 nm. The optimized period (a), 

tooth width a (Wa), tooth width b (Wb ), tooth length a (La), 

tooth length b (Lb), slot width (Wa), and rail width (Wr) are 370 

nm, 148 nm, 74 nm, 250 nm, 1750 nm, 100, and 150 nm, 

respectively. The 1D SPCW length is 300 μm. The photonic 

band diagram and the group index simulation results are shown 

in Figure 2, which indicates that the group index can achieve 

38.05 at 1564.8 nm and the optical confinement in the EO 

polymer slot σ is 0.24.  

 
Fig. 2. (a) Photonic band diagram and (b) Group index versus wavelength of 

1D SPCW using plane wave expansion method, inset is the optical modal 
profile. 

To reduce the strong reflection at high group index interface 

of the 1D SPCW, we design a step taper between the 1D SPCW 

and regular slot waveguide using three dimensional (3D) finite 

difference time domain (FDTD) simulation. The coupling 

efficiency increases from 37% to 62% at 1554 nm as shown in 

Figure 3. The step taper has five periods with pitch a =350 nm, 

tooth width (Wt) =140 nm, tooth length (Lt) = 250 nm, and rail 

width (Wr) = 200 nm.  
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Fig. 3. (a) Schematic of the step taper section connecting silicon strip 

waveguide to regular slot waveguide (b) Simulated transmission spectra with 

(show in red) and without the step taper (show in black). 

 

The other arm of the MZI is a strip waveguide with teeth 

designed also for electrical connection purpose. The structure is 

optimized using plane wave expansion and 3D FDTD.  The 

optimized period, center silicon strip width, tooth width, and 

tooth length are 400 nm, 79.2 nm, and 1175 nm, respectively. 

The waveguide length is also chosen to be 300 μm. The 

simulated group index is 3.79 at 1550 nm. The inverse taper 

coupler design has been reported in previous paper [21] where 

the silicon waveguide width is adiabatically tapered from 450 

nm (device end) to 160 nm (fiber end). A 3 μm x 3 μm SU-8 

polymer waveguide is overlaid on the silicon waveguide to 

match the modal area of input lensed fibers. The measured 

averaged coupling loss per inverse taper can achieve as low as 

0.62 dB. 

B. Bowtie antenna and ion implantation design for 14.1GHz 

operation 

A gold bowtie antenna with a pair of extension bars attached 

to the bowtie vertexes are designed to make full use of the entire 

length of EO interaction range [22, 23] . This antenna provides 

uniform electrical field enhancement in the feed gap along the 

extension bar direction and therefore is suitable for integrating 

the MZI structure in the gap. To assure the majority of the 

enhanced RF electrical field falls across the EO polymer 

infiltrated slot, two steps ion implantation are adopted to reduce 

RC time delay induced by bulk silicon and silicon teeth. 

The schematic of the designed bowtie antenna and the 

implantation distribution is shown in Figure 4(a) and (b). The 

antenna stands on the buried oxide layer and has a thickness of 

4μm, arm length of 2.3 mm, flare angle of 60 degree and 

extension bars of 8.4 μm × 300 μm. The gap between the 

extension bars is 8.4 μm. This antenna is designed to operate at 

14.1 GHz. The center 7.35 μm of the MZI structure is designed 

to be implanted to 1×1017 cm-3 so that the increased optical loss 

induced by free carrier absorption isn’t significant, as shown in 

Figure 4(b) [24]. While the two bulk silicon regions adjacent to 

the center region are designed to be implanted to 1×1020
 cm-3 to 

provide low enough resistance and ensure the Ohmic contact 

between the gold antenna and implanted silicon. Figure 4(c) and 

(d) show the electric field distribution simulation results 

between the antenna bars at 14.1 GHz with consideration of 

effective radio frequency(RF) dielectric constant and effective 

resistivity of silicon and EO polymer are calculated based on 

filling factor [25, 26]. The enhanced 14.1 GHz alternative 

voltage (AC) electric field are accumulated at the EO polymer 

slot region of the 1D SPCW and has 47.72% voltage drop in the 

EO polymer slot region calculated by integrating the electric 

field in the slot divided by voltage applied on the antenna. The 

voltage drop percentage dedicates the resistance of the teeth and 

bulk silicon is low enough and the device performance won’t 

be limited by RC delay at 14.1 GHz. 

 
Fig. 4. (a) Side view and (b) Top view of the bowtie antenna with extension 

bars and ion implantation distribution (c) Side view and (d) Top view of 
simulated electric field distribution over the antenna gap region feeding with 

14.1GHz. 

 

III. DEVICE FABRICATION  

The fabrication flow of the EM wave sensor is shown in 

Figure 5. The fabrication starts with an SOI chip with 220 nm 

device layer and 3 μm-thick buried oxide layer implanted with 

phosphorus of 1×1017 cm-3. The cross-shaped platinum 

alignment marks are patterned for e-beam lithography 

alignment as illustrated in Figure 5(a). The sample is then 

implanted on designed opening regions with phosphorus to 

1×1020 cm-3 and rapid thermal annealed at 1000
∘

C for 10 

seconds [see Figure 5(b)]. Next, the MZI structure, Y-junction 

splitter & combiner, and silicon taper for inverse taper couplers 

are patterned by Jeol 6000 FSE e-beam lithography system and 

etched by reactive ion etching (RIE) [see Figure 5(c)]. The 

silicon device layer in the antenna region is then etched away 

through photolithography and RIE so that the antenna can sit on 

the buried oxide layer to reduce the EM wave reflection [see 

Figure 5(d)]. The 3.8 μm thick antenna is electroplated using 5 

nm/100 nm chromium/gold seed layer with the MZI structure 

region protected to avoid the contamination in the slot and teeth 

region. After the seed layer removal with gold and chromium 

etchant [see Figure 5(e)], the SU-8 inverse taper overlaid layer 

is patterned [see Figure 5(f)]. Finally, EO polymer is formulated, 

coated, and cured at 80°C in vacuum oven for overnight. 

Scanning electron microscope (SEM) images of the sensor are 

shown in Figure 6, which indicate good fabrication accuracy 

and fine alignment between each fabrication steps. The EO 

polymer is poled to align the chromophores and initiate the EO 

effect before waveguide cleaving and the following testing. The 
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poling process is conducted at the EO polymer glass transition 

temperature of 150°C, with an external electric field of 120 

V/μm. The sensor is then cleaved at the inverse taper coupler 

region for light coupling. 

 
Fig. 5. Complete fabrication process: (a) 1st implanted bare sample with Pt 

alignment marks, (b) 2nd implantation and anneal, (c) waveguide patterning and 
etching, (d) Antenna region etching, (e) Gold seed layer deposition, 

electroplating, and seed layer removal, (f) SU-8 inverse taper overlaid 

patterning, (g) EO polymer coating and curing. 
 

 
Fig. 6. SEM images of fabricated device: (a Ttop view of MZI structure with 

antenna (colored with orange), (b) Tilted cross-section view of the MZI with 
antenna (colored with orange), (c) Top view of 1D SPCW region with 5 sets of 

step taper, (d) Tilted cross-section view of 1D SPCW. 

 

IV. DEVICE CHARACTERIZATION 

A. Transmission spectra measurement and group index 

calculation 

Transmission spectra of the fabricated devices are obtained 

using a broadband TE-polarized amplified spontaneous 

emission (ASE) source with 3 dB bandwidth of 1530 nm to 

1610 nm and optical spectrum analyzer (OSA). Two lensed 

fibers are used for light coupling and positioned on motorized 

6-axis stage with precise position control by Newport XPS-Q8 

motion controller. A testing 300 μm long 1D SPCW coated with 

EO polymer on the same chip is firstly tested for optical 

transmission spectrum. Figure 7 shows the normalized 

transmission spectrum of the EO polymer infiltrated 1D SPCW. 

A clear band gap at 1569 nm with more than 20 dB extinction 

ratio can be observed. The lowest optical loss had been 

measured is 4.39 dB at 1578.32 nm. The ripples showed in the 

transmission spectrum comes from mode and group index 

mismatching at the interfaces between slot waveguide and step 

taper, as well as the step taper and 1D SPCW. 

 
Fig. 7. Measured transmission spectrum of 300 μm long EO polymer 

infiltrated 1D SPCW. 

  

The transmission spectrum of the poled MZI structure without 

applying voltage on the electrodes was then measured as shown 

in Figure 8. Due to the group velocity difference between the 

two arms and the corresponding optical path difference, 

interference pattern is observed and plotted in Figure 8. As the 

group velocity of the 1D SPCW increases at the bandgap, the 

period of the interference pattern become smaller. The group 

index of each arm has the relationship [19]: 

𝑛𝑔,𝑃𝐶𝑊 = 𝑛𝑔,𝑟𝑒𝑓 +
𝜆𝑚𝑖𝑛×𝜆𝑚𝑎𝑥

2×𝐿(𝜆𝑚𝑖𝑛−𝜆𝑚𝑎𝑥)
                  (1) 

where the ng,pcw is the group index of the arm with 1D SPCW, 

and ng,ref = 3.9 is the group index of another arm of silicon strip 

waveguide with teeth. L=300 μm which is the physical length 

of the phase shifter. The λmax and λmin are the wavelength at 

local power maxima and minima on the spectrum. As shown in 

Figure 8, the group index of the 1D SPCW can achieve 19.3 at 

1545.75 nm. The optical bandwidth of the slow light region 

(ng>10) covers 5.13 nm, from 1545.75 nm to 1550.853 nm. The 

measured slow light wavelength region is blue-shifted 18 nm 

compared to simulation due to fabrication errors. 
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Fig. 8. Measured transmission spectrum of EO polymer infiltrated MZI 

structure and the calculated group indices of the 1D SPCW as a function of 

wavelength. 

B. Antenna frequency response measurement 

The bowtie antenna is characterized using HP-8510C vector 

network analyzer (VNA) and GS high speed probe for S11 

parameter to understand the frequency response of the bowtie 

antenna. As shown in Figure 9, the measured S11 parameter 

shows good accordance with simulation results which were 

performed using ANSYS HFSS with detailed setting reported 

in other papers [25-29].A dip at 14.086 GHz with 3 dB RF 

bandwidth of 4.84 GHz. The electrical bandwidth of the sensor 

device is primarily determined by the bowtie antenna since 

other factors such as EO polymer frequency response and RC 

delay of the doped silicon won’t limit the sensor bandwidth. 

Therefore, bowtie antenna frequency response can be treated as 

the sensor frequency response.  

 
Fig. 9. Measured and simulated S11 parameter from in Ku band. 

C. EM wave sensing measurements 

The EM wave sensing experiment is then conducted and the 

setup is shown in Figure 10. Same VNA is used as a microwave 

source. The microwave signal is amplified and then fed into a 

standard gain horn antenna. The horn antenna emits wireless 

microwave signal at normal incidence with respect to the 

surface of the sensor. The distance of the horn antenna and the 

device is greater than 40 cm to ensure the far field radiation 

distance calculated by 2𝐷2/𝜆  , where D is the largest 

dimension of the horn antenna aperture and λ is the wavelength 

of the microwave signal. A polarized tunable laser source at 

center wavelength of 1546nm is fed into the device using the 

same setup as the passive optical spectrum testing. The output 

light of the device is connected to New Focus 1014 high speed 

photo diode (PD) and then connected to HP 8563E microwave 

spectrum analyzer (MSA) to analyze the signal. As shown in 

Figure 11, when 6.7 dBm 14.1 GHz signal inputs into the 

antenna, the MSA reads -82.8 dBm which indicates the optical 

signal is successfully modulated at the same frequency.   

 
Fig. 10. (a) Schematic of EM wave sensing testing setup. Green path: optical 

signal; Red path: electrical signal. (b) Horn antenna as transmitting antenna at 

far field distance with respect to the device. (c) The zoom in image of the device 
and two coupling lensed fiber.  

 

 
Fig. 11. MSA reading at 14.1GHz from high speed PD when the input signal 

of the horn antenna is 6.7dBm. 
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A normalized factor is considered to exclude to frequency 

response caused by horn antenna and obtain the real response 

of the sensor. Normalized factors (NF) at Ku band are derived 

from the equation[30]: 

NF =
𝑃

𝑃𝑚𝑎𝑥
= (1 − |Γ|2)𝐺                       (2) 

where the NF is the power at the interested frequency divided 

by the power maxima within the frequency range. Γ  is the 

reflection coefficient at the horn antenna port, and G is the 

antenna gain. The Γ values are obtained using measured S11 

value with cable and antenna. G is simulated antenna gain in the 

normal incident direction. In order to determine the limit of 

detection of the EM wave sensor in terms of electromagnetic 

wave power density, the relationship between the power density 

at certain distance away from the horn antenna and the input 

microwave power into horn antenna can be firstly derived [31]: 

S =
𝐺×𝑃

4𝜋𝑅2
                                         (3) 

where S is the averaged power density (Poynting vector) in the 

unit of mW/m2, G=10 dB is the horn antenna realized gain with 

NF at the nominal direction, P is the microwave power input 

into the horn antenna, and R=42 cm is the distance between 

horn antenna phase center and sample. Limit of detection of the 

sensor can be measured by decreasing the input microwave 

power into the horn antenna when the MSA reading reaches the 

noise floor. As shown in Figure 12, the sensing signal from the 

reading of MSA versus the input microwave power into the 

horn antenna is plotted with error bars which are mainly caused 

by end-fire coupling stages and high speed photodiode. When 

the input microwave power decrease to 4.31 mW/m2, the MSA 

reading is -87.43 dBm which is less than 1 dB higher than noise 

floor. Therefore, limit of detection of the device at 14.1 GHz is 

4.31 mW/m2, which is corresponding to the minimum 

detectable electric field of 1.8 V/m using the equation [32]: 

|𝐸| = √
2𝑆

𝜀0𝜀𝑟𝐶
                                 (4) 

where ε0 is vacuum dielectric constant, εr is the dielectric 

constant of air, c is the speed of light, and S is the averaged 

power density from the horn antenna. The power of the RF tone 

from the RF spectrum analyzer is weak, because the on-chip 

bowtie antenna only captures a small portion of the RF power 

emitted from the horn antenna. 

 
Fig. 12. Measured sensing signal reading from MSA versus different 

microwave input signal power with error bars. 
 

V. CONCLUSION 

We proposed and experimentally demonstrated a compact and 

sensitive on-chip EM wave photonic sensor operating at 14.1 

GHz with 4.84 GHz RF bandwidth. The sensor is based on 

bowtie antenna coupled MZI structure with one arm of low loss 

and slow-light enhanced EO polymer infiltrated 1D SPCW and 

the other arm of silicon strip waveguide with teeth. The silicon 

teeth design in both arms are for electrical connection purpose 

with careful implantation design so that voltage drop can occur 

in 150 nm slot region. The sensor device has advantages of 

compact size (4.6 mm × 4.8 mm), low optical loss (~10 dB), 

and high sensitivity; therefore, has potential to be adopted in 

various communication and sensing applications. The limit of 

detection at 14.1 GHz is 4.31 mW/m2, which is corresponding 

to minimum detectable electric field of 1.8 V/m. 
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