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Abstract

:

This paper presents theoretical studies of Fano resonance based electric-field (E-field) sensors. E-field sensor based on two electro-optical (EO) materials i.e., barium titanate (BaTiO   3  , BTO) nanoparticles and relaxor ferroelectric material Pb(Mg    1 / 3   Nb    2 / 3   )O   3  -PbTiO   3   (PMN-PT) combined with nanostructure are studied. As for the BTO based E-field sensor, a configuration of filling the BTO nanoparticles into a nano-patterned thin film silicon is proposed. The achieved resonance quality factor (Q) is 11,855 and a resonance induced electric field enhancement factor is of around 105. As for the design of PMN-PT based E-field sensor, a configuration by combining two square lattice air holes in PMN-PT thin film but with one offsetting hole left is chosen. The achieved resonance Q is of 9,273 and an electric field enhancement factor is of around 96. The resonance wavelength shift sensitivity of PMN-PT nanostructured can reach up to 4.768 pm/(V/m), while the BTO based nanostructure has a sensitivity of 0.1213 pm/(V/m). If a spectrum analyzer with 0.1 pm resolution is considered, then the minimum detection of the electric field   E  m i n    is 20 mV/m and 0.82 V/m for PMN-PT and BTO based nanostructures, respectively. The nano-patterned E-field sensor studied here are all dielectric, it has therefore the advantage of large measurement bandwidth, high measurement fidelity, high spatial resolution and high sensitivity.
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1. Introduction


Electric field (E-field) sensor is oftentimes employed in chip malfunction location and electromagnetic interference (EMI) or electromagnetic compatibility (EMC) testing [1,2]. With the development of 5G communication, electronics operate at a faster speed and have higher degree of integration [3]. It therefore requires better characterization tools in order to meet the challenges of measurement with the smaller size and the larger operation bandwidth. In addition, microwave electric field detection finds applications in many fields, such as high voltage/power electromagnetics (EM) measurement [4], electric field detection under magnetic resonance imaging (MRI) environment [5], plasma environment [6] and so on. In order to meet the challenge of different E-field sensing applications, there is a need to investigate E-field sensors with high spatial resolution, high measurement fidelity, high sensitivity, large dynamic ranges and large measurement bandwidth.



There are different principles can be used to implement for E-field sensing. Traditionally, a metal probe with resonant antenna structure is employed for scanning electromagnetic radiation [7]. However, an E-field sensor containing metal materials will couple with the field to be measured [8,9], making it difficult to know the accurate information of the original field to be measured. All optical E-field sensor which is immune to EMI, is a promising solution for high E-field fidelity measurement.



In terms of optical E-field sensor material, the E-field sensors based on electro-optic (EO) reported in the literature are mostly to use silicon, lithium niobate (LiNbO   3  , LN) and EO polymer. Silicon slanted ridges combined with narrow water gap and two gold nanoparticles exhibits an intensity enhancement of   10 6   through plasmonic nanoantennas and slanted bound-states-in-the-continuum (SBIC) cavities [10]. A LN integrated optical waveguide with an asymmetric Mach-Zehnder interferometer (MZI) configuration is investigated for intense electric pulse measurement. The asymmetric geometry is employed in order to set the working point of the sensor, and it has a dynamic range from 2.7 kV/m to 56.7 kV/m, a flat frequency response from 100 kHz to 1 GHz [11]. A pigtailed nanostructured LN thin film crystal is shown for high fidelity E-field measurement. It has a spatial resolution of around 20  μ m and a flat frequency measurements from DC to 5.9 Thz [12]. The sensitivity of an electric field sensor based on the exploitation of the symmetry protected mode (SPM) exciting within LN is achieved 4 pm.m/V. It has ultra-high Q-factor resonances up to   1.2 ×  10 6    [13]. A record-high single-photon EO coupling rate is achieved with an organic molecules filled silicon slot waveguide based MZI configuration. It is highly sensitive for detecting terahertz intracavity fields below 20 V/m and it has a field intensity dynamic range of 70 dB [14]. Though nano-patterned LN thin film has shown to have a large measurement bandwidth and a high spatial resolution [12,15], it has moderate sensitivity and and nano-patterning LN is a challenging task. As for EO polymer based E-field sensor, the poor long term stability is an unsolved issue. Bulk barium titanate (BaTiO   3  , BTO) has EO effects exceeding 1000 pm/V which is among the highest, but it lacks of mechanical stability [16]. Recently, high crystalline quality of BTO nanoparticles has been demonstrated with a large EO effect of 37.04 pm/V [17]. It has the advantages of compatible to any substrate and does not require complicate nano-fabrication technique. Relaxor ferroelectric crystal (  1 − x  )Pb(Mg    1 / 3   Nb    2 / 3   )O   3  -xPbTiO   3   ((  1 − x  )PMN-xPT) have been mostly investigated for ultrasonic transducer due to its high piezoelectric effect. Advancement in the crystal growth makes it a potential good optical material with a smaller optical loss, large transparency window and a high EO coefficient [18,19]. In addition, nano-patterning PMN-PT has been demonstrated for piezoelectric devices with higher performance [20,21].



This work aims at developing an all dielectric E-field sensor with high spatial resolution and high sensitivity. For this, the above-mentioned two novel EO materials with high EO coefficient are investigated in order to design all dielectric E-field sensors which has intrinsic property of large measurement bandwidth. In terms of sensor geometry, MZ configuration [22] and a millimeter size of bulk Pockels cell [23] are oftentimes employed. They require a long optical path length to accumulate enough phase change in order to achieve a high sensitive thus cannot have high spatial resolution. Here, a Fano resonance based nanostructure is chosen since it yields a steep resonance line-shape and a high quality factor which are beneficial to achieve high sensitivity and high spatial resolution concomitantly.



This paper is structured as follows: The next two sections present the geometric optimization of the two different EO materials based E-field sensor. Plane wave expansion (PWE) method is employed here for the dispersion band diagram calculation and three dimensional fintite time domain difference (3D-FDTD) fullwave simulation is employed for the geometry optimization and the E-field sensitivity evaluation. As to the E-field sensor geometry based on BTO nanoparticles, it is a nanopattern of thin film silicon on quartz substrate, where the constructing holes are of different radius and they are filled with BTO nanoparticles as shown in Figure 1a. As to the E-field sensor based on PMN-PT, a configuration of PMN-PT thin film combined with two air holes of different hole left offsets is chosen as shown in Figure 1b. It allows to excite a Fano resonance via normal incident light with electric field confined in the PMN-PT material. The last section summaries the main results and some states of the art E-field sensor are compared.




2. Geometry Optimization and Sensitivity Evaluation of E-Field Sensor


The geometry optimization begins from two dimensional (2D) structure simulation by PWE and then 3D structure simulation by fullwave 3D-FDTD. The eigen modes of periodic nanostructure versus different wave vector   k →   which is the dispersion diagram are oftentimes calculated in order to tune the geometry parameters. Here, PWE method is employed for 2D structure geometry optimization where the thickness is considered as infinite. An eigen mode with low group velocity is a good candidate to a sensor with high sensitivity and in order to facilitate the latter sensor assembling, a mode that can be normally excited is desired. Therefore, the criteria of choosing parameter from band diagram is that a mode that lies in the  Γ -point of the   k →   space and with a flat band property. The parameters determined from 2D PWE modelling are then finely tune by 3D-FDTD simulation where the thickness of the EO material is considered. An optical field enhancement factor is employed to quantify the nanostructured induced light confinement. The optimized structure is employed for E-field sensing application and the electric field sensitivity is evaluated by the resonance wavelength investigation method. It is achieved by taking into account the E-field induced refractive index variation into the simulations.



2.1. E-Field Sensor Based on BTO


The 3D BTO based nanostructure is shown in Figure 1a, and the different 2D cross sections are shown in Figure 2. Here, the refractive index of BTO is considered as 1.6 and the silicon is considered as 3.48. The XY-cross section is shown in Figure 2a which is a unit cell of two dimensional BTO based nanostructure employed in dispersion diagram modeling. The size of the rectangle is labeled as 2a×a. In order to generate Fano resonance at normally incident light, the symmetry of the rectangular structure is broken by scaling the hole radius. The two BTO holes radius are labeled as   r 1   and   r 2   and the scaling factor   r a s c a l   is defined as   r a s c a l   =   r 1  /  r 2  . The XZ-cross section of the structure is shown in Figure 2b where the silicon slab thickness t is labeled. The PWE method from the commercial software Rsoft BANDSOLVE is employed for dispersion diagram modeling. In general, low group velocity eigen mode and flat band is favored because it facilitates a high Q resonance. The aim is to find the appropriate filling ratio   r a   (defined as   r 1  /a) and asymmetric hole radius scaling factor   r a s c a l   which allows a slow mode located in the  Γ -point above the light line. However, slow light mode tends to be more likely to occur at edge points in the dispersion diagram. The broken symmetry of the rectangular lattice will band fold the edge slow mode to the left of the Brillouin zone.



As shown in Figure 3a, the solution of y-polarized eigen slow mode with the following parameter   r a   = 0.225 and   r a s c a l   = 1.1 is the optimized results and the mode is circled out which lies at the normalized frequency of a/ λ  = 0.2. By putting the operating wavelength around 1550 nm in order to compatible with most telecommunication equipment, therefore the corresponding lattice constant is a = 310 nm. From the parameter determined by PWE calculations i.e.,   r a   = 0.225,   r a s c a l   = 1.1, assuming the silicon slab thickness t = 200 nm and vary a between 310 to 360 nm, 3D-FDTD is employed to model the normalized transmission spectra of the unit cell structure with finite thickness, where the transmission is normalized by the maximum. A larger period a will red shift the resonance and when a = 350 nm, the resonance is located at the vicinity of 1550 nm.



Next, studies of how the resonance varies with respect to the thickness of thin film silicon t while fixing other parameters such as a = 350 nm, the radius of one circular holes is fixed at   r 1   = 80 nm,   r 2   = 85 nm are carried out. The calculated transmission is shown in Figure 3b and from which one can see that the resonance wavelength is red shifted with the increasing of the thickness t, but the resonance Q is decreasing. Therefore, the thickness of silicon slab is chosen t = 200 nm. By fixing parameters of a = 350 nm, t = 200 nm,   r 1   = 80 nm, a study of varying   r a s c a l  , which is related to the degree of asymmetry, is carried out. The result is shown in Figure 3c, from which can see two resonance peaks one located around 1550 nm and the other around 1780 nm.



As the   r a s c a l   approaching to 1 i.e., the difference between the radius of two circular holes becomes smaller, a sharper resonance peak corresponding to a higher Q is achieved. If the   r a s c a l   = 1 i.e., the structure becomes a square lattice, then the Fano resonance will not able to observe in the transmission spectrum. This is because the Q of the corresponding mode is infinite with symmetrical structures. A continuous wave excitation at different resonance wavelength for   r 2   = 85 nm is carried in order to obtain the field distributions. Figure 3d shows the normalized electric field distribution corresponding to   r 2   = 85 nm which is defined as   E =  (  E i  −  E  m i n   )  /  (  E  m a x   −  E  m i n   )   , the resonance wavelength   λ  r e s    = 1541.16 nm which is circled out in Figure 3c as black dotted circle. And Figure 3d shows the normalized electric field distribution at the resonance wavelength   λ  r e s    = 1780.25 nm which is circled out in Figure 3c as blue dotted circle. One can see that the electric field around 1550 nm is mostly localized in BTO material from Figure 3d, and the electric field of the resonance peak around 1780 nm is mostly localized in thin film silicon in Figure 3e.



The elecric field distribution at   λ  r e s    = 1541.16 nm for XZ and YZ are shown in Figure 4. Figure 4a is the XZ section through the left of the circle and Figure 4b is the YZ section through the left of the circle   r 1   = 80 nm. It can be clearly seen that the electric field is well localized in BTO.



In fact, the above result is in consistent with the dispersion diagram modelling. The mode property with the electric field mostly confined in the air holes corresponds to air mode in the dispersion diagram while the neighbor mode corresponds to a dielectric mode with the electric field mostly confined in the dielectric slab. In order to exploit the EO effect of BTO here, a mode which allows confining light in the material is chosen. An enhancement factor   f  o p t    is employed to the quantify the optical electric field localization capability. It’s defined as the ratio between volume integration of the electric field amplitude in all the EO material regions of nanostructure and the volume integration of the electric field amplitude in the same region but without the nanostructure:


   f  o p t   =    ∫ ∫  ∫  s t r u c t u r e d    | E  ( x , y , z )  |  d x d y d z   ∫ ∫  ∫  n o n − s t r u c t u r e d    | E  ( x , y , z )  |  d x d y d z     



(1)







Table 1 summarizes the variation of the enhancement factor   f  o p t    and quality factor Q versus different   r 2  , i.e., asymmetric degree, while other parameters are fixed at a = 350 nm,   r 1   = 80 nm, t = 200 nm. It can be seen that a high Q can lead to a large   f  o p t   , which results in a potentially high effective EO effect.



From the above optimization, the chosen optimal structural parameters of E-field sensor based on BTO are a = 350 nm,   r 1   = 80 nm,   r 2   = 85 nm, t = 200 nm, which will be used for analysis in next section.




2.2. Sensitivity Analysis Based on BTO


Thin film BTO generally can be achieved via molecular beam epitaxy (MBE) [24] and bottom-up synthesis [25]. The reported EO coefficient of the MBE growth thin film reachs up to  γ  = 148 pm/V [24]. However, the MBE growth film is an expensive process and it is not compatible to any substrate. The reported EO coefficient of the bottom-up synthesis BTO nanoparticle is about  γ  = 37.04 pm/V [17], which is lower than the MBE growth film but is comparable to LN. In addition, the BTO particle based film can be spin coated on any type of substrate. Here the chosen BTO is based on nanoparticles which the refractive index is considered at 1.6 because of considering the duty rate of air in the BTO holes. Therefore the BTO nanoparticle effective EO coefficient of  γ  = 37.04 pm/V is employed for the sensitivity analysis of BTO based nanostructure E-field sensor.



The principle of EO based E-field sensor is the EO effect where the presence of applied electric field in EO material will result in a change of the refractive index of EO materials. Assuming the EO effect is along the z-axis, then the index variation is as follows:


  Δ n = −   1 2    n 3  γ  E z   



(2)




where the  γ  is the EO coefficient and   E z   is the applied E-field amplitude.



The nanopatterned structure will confine the electric field in the EO material and it is quantified by the enhancement factor   f  o p t   , therefore the effective induced EO effect will be enhanced. The Pockels effect which takes into account the nanostructure induced field enhancement is as follows [26]:


  Δ n = −   1 2    n 3   γ  e f f    E z   f  o p t  2   



(3)







The sensitivity is evaluated by substituting different field amplitude to be measured into Equation (3), and then a 3D-FDTD simulation of the structure with EO effect induce   Δ n   is performed. Under applied E-field amplitude of   1 ×  10 5    V/m, the result is shown in Figure 5a. From Figure 5a one can see that the resonance wavelength   λ  r e s    red shifts 11.6 nm with the applied electric field   E z   =   1 ×  10 5    V/m and a decrease in the resonance extinction ratio.



Here, the wavelength interrogation method is employed for the E-field sensing. How the resonance wavelength shift versus applied electric field is carried out in Figure 5b, from which one can see that the   λ  r e s    varies quasi-linearly with   E z   which is desired for sensing application. By fitting the linear equation of the resonance wavelength and the amplitude of the applied electric field as    λ  r e s   = 0.1213 ×  10  − 3    E z  + 1541.16  . The slope of the fitted equation represents the sensitivity of the E-field sensor that the sensitivity is defined as


  S =    Δ  λ  r e s     E z     



(4)




where the   Δ  λ  r e s     is the magnitude of resonance wavelength drifts. Therefore the average sensitivity is at   S  a v g    = 0.1213 pm/(V/m).



The minimum detectable electric field of the E-field sensor   E  m i n    is evaluated depending on the ability of wavelength drift   Δ  λ  r e s     and the resolution of the optical spectrum analyzer. According to   S  a v g    = 0.1213 pm/(V/m),   E  m i n    = 0.82 V/m can be obtained if an optical spectrum analyzer is used for detection whose resolution is 0.1 pm.




2.3. E-Field Sensor Based on PMN-PT


2D profiles of PMN-PT based nanostructure is shown in Figure 6. The unit cell of the structure is a rectangle lattice whose size is 2a×a in XY plane as labeled in Figure 6a. Broken structure symmetry is employed to bandfold bandedge slow mode to the  Γ -point of Brillouin zone which is the same principle as the above structure designed in BTO based E-field sensor. The asymmetricity is obtain here via offsetting s to one air holes left. The XZ-cross section of the structure, where the thickness of thin film PMN-PT of t is considered in the 3D simulation, is shown in Figure 6b. Here, the refractive index of PMN-PT is taken as 2.65 [27].



The dispersion band curve simulation of PMN-PT rectangular lattice versus different duty rate   r a   (  r a = r / a  ) and the percentage of offset   o f f X r a   is carried out where   o f f X r a   is defined as   s = a ×  o f f X r a   . Tuning the structure parameter is aim to find a mode located in the  Γ -point above the light line with slow group velocity or flat band character. The optimized result is shown in Figure 7a. It corresponds y-polarized incident light and the structure parameters are of   r a   = 0.3 and   o f f X r a   = 0.01. The chosen mode is circled out in black dotted circle which lies at the normalized frequency of a/ λ  = 0.2. By determining the working wavelength at 1550 nm, then the mode at a/ λ  = 0.2 will lead to a lattice constant a = 310 nm. Next, 3D-FDTD simulations of PMN-PT based nanostructure varying a between 310 nm to 500 nm while a fixed thin film PMN-PT thickness t = 200 nm are carried out. The result shows that when a = 480 nm, the resonance is located at the vicinity of 1550 nm.



Then simulations of varying the thickness of thin film PMN-PT t while fixed parameters of lattice constant a = 480 nm, r = 175 nm, s = 5 nm are carried out. The result is shown in Figure 7b, from which one can see that with the increasing thickness t, the resonance wavelength red shifts. The corresponding resonance Q and enhancement factor   f  o p t    are also calculated and it decreases with the increase of the thickness of t. Therefore, the thickness of thin film PMN-PT is as t = 200 nm.



Next a study of fine tuning the offset value s is carried out and the transmission spectrum versus s from 5 nm to 50 nm is shown in Figure 7c. It can seen that the resonance peak red shifts and the peak becomes steeper when reducing the offset s. The corresponding resonance Q and enhancement factor   f  o p t    are calculated and it is summarized in Table 2. With the offset value s = 5 nm which corresponds to red circled out in Figure 7c, the resonance Q can reach up to   9.27 ×  10 3    and a large   f  o p t    of 95.8 is obtained. The normalized electric field corresponding to the red circled out mode in Figure 7c is carried out in Figure 7d which shows that the electric field is mostly localized in the PMN-PT material. The elecric field distribution for XZ and YZ are carried out in Figure 8, both sections are through the left of the circle. As seen in Figure 8, the electric field is localized in PMN-PT to enhance the effective EO coefficient.



The chosen optimal structural parameters of PMN-PT based E-field sensor are a = 480 nm, r = 175 nm, s = 5 nm, t = 200 nm. Next section will discuss the sensitivity with this optimal parameters.




2.4. Sensitivity Analysis Based on PMN-PT


In terms of the EO coefficient of PMN-PT, there are different reported value ranging from several tens of pm/V up to several hundred pm/V due to the different crystalline growth and poling process [18,28]. Here, a (111)-oriented rhombohedral phase 0.67PMN-0.33PT, which is relatively commonly exploited in the literature, is chosen around 2.7 [19]. According to the Sellmeier equation [27] that refractive index is 2.65 at 1550 nm and the reported EO coefficient is 112 pm/V [29] at 633 nm. Note that, simulations performed here only take into account the extraordinary index since only y-polarized light is considered here. The enhancement factor   f  o p t    of 95.8 is achieved for the PMN-PT optimal structure with parameters of a = 480 nm, r = 175 nm, s = 5 nm, t = 200 nm. According to the Equation (3), a higher enhancement factor   f  o p t    results in a higher refractive index variation, so that can increase the effective EO effect.



3D-FDTD simulations with the refractive index of PMN-PT varied by Equation (3) and by applying different external electric field are carried out. The transmission spectra of no applied E-field and 10   4   V/m E-field are shown in Figure 9a, and it shows that the resonance peak wavelength red shifts nearly 48 nm and the sensitivity S is calculated to be 4.768 pm/(V/m).



How the resonance wavelength changes versus different amplitude of the applied electric field is plotted in Figure 9b. The dots are the simulation data and the linear fitting curve is    λ  r e s   = 4.774 ×  10  − 3    E z  + 1576.42  . The slope of the curve which is 4.774 pm/(V/m) represents the average resonance wavelength shift sensitivity. Notes that, the magnitude of the sensitivity is around four times higher than that of the same geometry but replacing PMN-PT into LN [15]. By considering an optical spectrum analyzer with a resolution of about 0.1 pm, then, the minimum detectable electric field   E  m i n    of (111) oriented rhombohedral phase 0.67PMN-0.33PT based E-field sensor is calculated to be 20 mV/m.





3. Discussion on the Sensitivity and Possible Fabrication Method


The above simulation presents two EO materials (BTO nanoparticles and PMN-PT thin film) combined with different nanostructures design to generate Fano resonance via rectangular lattice geometry. The nanostructure can localize the electric field on EO material, and the optical field enhancement factors   f  o p t    reach up to 105 for BTO and around 96 for PMN-PT, respectively. The optimized geometry allows to achieve a sensitivity of 0.1213 pm/(V/m) for BTO and 4.774 pm/(V/m) for PMN-PT. If an optical spectrum analyzer with resolution of 0.1 pm is considered, then the minimum detectable field is 0.82 V/m for BTO and 20 mV/m for PMN-PT.



As seen in Figure 10, the hole radius and hole position shift value have different effect on the value of resonance Q for BTO and PMN-PT nanostructure. In terms of BTO nanostructure, radius is the key parameter. As can be seen in Figure 10a, the Q value is quite robust around radius   r 2   value of 75 nm to 85 nm where the Q value degrade only down to 83% of the peak value. However, in terms of PMN-PT based nanostructure, the resonance Q value decreases sharply with the increase of the s value, i.e., the asymmetric. As can be seen in Figure 10b, when s changes from 5 nm to 10 nm, Q value will quickly drop to about 1700 down to 17% of its value at s = 5 nm.



The simulation reveals that PMN-PT based nanostructure yields a better sensitivity. The E-field sensitivity is affected by two parts, one is the influence of the EO effect, i.e., quantified by Equation (3). The other is the resonance wavelength shift versus unit index variation. The latter one is related to the group velocity of the mode which here is optimized via PWE band diagram simulations. Here the high sensitivity of PMN-PT nanostructure is mainly due to a larger EO effect. It has a refractive index of around 2.65 and the effective EO coefficient   γ  e f f    = 112 pm/V and the optimized structure yields a field enhancement factor   f  o p t    of around 96. The effective EO coefficient of PMN-PT material has different values ranging from several tens pm/V up to several hundreds pm/V due to the different material growth and processing [19]. The effective EO coefficient   γ  e f f    = 112 pm/V employed here can be achieved via (111) oriented rhombohedral phase PMN-PT [29].



As to the possible fabrication of the BTO nanostructure, BTO nano particle with tetragonal phase is chosen since it can avoid the mechanical unstable property of bulk BTO. The BTO based structure can benefit from the mature silicon photonics device fabrication and the BTO nanoparticles can be spin coated to fill the air holes in patterned silicon [21]. The refractive index considered here is 1.6 which is smaller than bulk BTO (around 2.4), since nanoparticles based structure is not 100% densely packed. The effective EO coefficient   γ  e f f    of 37 pm/V is considered which is an averaged value for the reported BTO based nanoparticles [17].



PMN-PT is a relatively new material for optical device, but nanostructures such as nanobelts [30], nanowires [31] and nanorod [32] have been demonstrated for piezoelectronic transistor (PET) applications. Different materials poling (for instance A.C. and D.C.) will lead to different electro-optical coefficients and the transmittance of electro-optical crystals [33], i.e., the transmittance of conventional D.C. poled PMN-PT is lower than that of A.C. poled PMN-PT. Therefore, PMN-PT may be able to make EO devices with higher performance. With the advances in crystal growth, PMN-PT might be a good optical material for EO based devices.



In terms material, the two investigated EO materials have different reported EO coefficient depending on the crystalline orientation, crystal phase, polling condition [33] and growth conditions [34]. This means that for the novel EO materials, the same material can be used to obtain higher EO coefficients depending on physical properties and processing to design more sensitive EO devices.



Table 3 compares the states of the art E-field sensor with different structures, parameters such as footprint size, quality factor Q, sensitivity S and the minimum detectable electric field   E  m i n    are listed. The presented E-field sensor based on BTO and PMN-PT achieve the highest sensitivities as shown in bold size among others. In addition, in terms of the spatial resolution, the film presented here is only 200 nm which could yield a high resolution in this direction. In conclude, modes with slow group velocity and high Q property is demonstrated for highly sensitive E-field measurement, pushing the measurement limits towards weak electric fields.
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Figure 1. (a) A sketch of the proposed E-field sensor based on nano-patterned thin film silicon on quartz where the air holes are filled with BTO nanoparticles. (b) A schematic of the proposed E-field sensor which is made of nano-patterned free standing PMN-PT thin film. 
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Figure 2. (a) 2D plane diagram of a BTO rectangle unit cell in XY plane. (b) 2D plane diagram of a BTO rectangle unit cell in XZ plane. 
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Figure 3. (a) Band diagram for rectangular structure with parameters values   r a   = 0.225,   r a s c a l   = 1.1. (b) Normalized transmission spectra for a = 350 nm,   r 1   = 80 nm,   r 2   = 85 nm, varying t. (c) Normalized transmission spectra for a = 350 nm, t = 200 nm,   r 1   = 80 nm, varying   r 2  . The wavelength of black dotted circle is 1541.16 nm and the wavelength of blue dotted circle is 1780.25 nm, respectively in   r 2   = 85 nm. (d) Normalized electric field distribution at 1541.16 nm. (e) Normalized electric field distribution at 1780.25 nm. 
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Figure 4. Normalized electric field distribution at 1541.16 nm for (a) XZ and (b) YZ. 
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Figure 5. (a) Normalized transmission spectrum with applied electric field of   E z   =   10 5   V/m and without applied electric field in parameter a = 350 nm,   r 1   = 80 nm,   r 2   = 85 nm, t = 200 nm. (b) Variation of resonance wavelength   λ  r e s    with applied electric field in same parameters, the inset corresponds to the variation in the red rectangle. 
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Figure 6. (a) 2D plane diagram of a PMN-PT rectangle unit cell in XY plane. (b) 2D plane diagram of a PMN-PT rectangle unit cell in XZ plane. 
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Figure 7. (a) Band diagram for rectangular structure with parameters values   r a   = 0.3,   o f f X r a   = 0.01. The studied slow Bloch mode in  Γ -point corresponds to black circle with dotted line. (b) Normalized transmission spectra for a = 480 nm, r = 175 nm, s = 5 nm, varying t. (c) Normalized transmission spectra for a = 480 nm, t = 200 nm, r = 175 nm, varying s and the red circle corresponds to s = 5 nm. (d) Normalized electric field distribution at  λ  = 1576.42 nm. 
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Figure 8. Normalized electric field distribution at 1576.42 nm for (a) XZ and (b) YZ. 
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Figure 9. (a) Normalized transmission spectrum with applied electric field of   E z   =   10 4   V/m and without applied electric field in parameter a = 480 nm, r = 175 nm, s = 5 nm, t = 200 nm. (b) Variation of resonance wavelength   λ  r e s    with applied electric field in same parameters, the inset corresponds to the variation in the red rectangle. 
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Figure 10. (a) Q versus different   r 2   in BTO nanoparticles structure. (b) Q versus different s in thin film PMN-PT nanostructure. 
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Table 1. Resonance wavelength   λ  r e s   , Q and   f  o p t    varies for different   r 2  .
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	     r 2   ( nm )     
	60
	65
	70
	75
	85
	90





	  λ  r e s    (nm)
	1607.55
	1594.98
	1582.06
	1570.02
	1541.16
	1526.3



	   f  o p t    
	42.5
	51.6
	82.1
	93.7
	105.1
	60.1



	Q (  ×  10 3   )
	1.058
	1.734
	4.057
	9.813
	11.855
	3.469
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Table 2. Resonance wavelength   λ  r e s   , Q and   f  o p t    varies for different s.
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	s (nm)
	5
	10
	20
	30
	40
	50





	  λ  r e s    (nm)
	1576.42
	1575.79
	1573.59
	1569.78
	1564.22
	1557.32



	   f  o p t    
	95.8
	53.1
	27.4
	17.8
	13.1
	10.5



	Q
	9273.1
	1731.6
	504.3
	242.6
	144.9
	93.4
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Table 3. Different sensors and comparison of footprint size, operating wavelength, quality factor Q, sensitivity S and the minimum detectable electric field   E  m i n   .
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	Structure
	Footprint
	Q
	S
	    E min    





	The free standing LN [15]
	  19   μ m × 19   μ m × 700   nm
	1000
	0.19 pm/(V/m)
	0.5 V/m



	Si-BTO coupled photonic crystal resonator [35]
	   17   μ m × 11.4   μ m   
	1410
	0.004 pm/(V/m)
	  2.1 ×  10 5    V/m



	LN on insulator/TiO   2   nanobeam [36]
	   0.4   μ m × 1.2   μ m × 25   μ m   
	   2.6 ×  10 5    
	0.85 pm/(V/m)
	0.15 V/m



	Micro ring resonators with polymer SEO125 [37]
	The radius of 32   μ m  
	-
	-
	150 V/m



	multifunctional four-layer SPR structure based on BTO [38]
	Thickness of 50 nm Ag & 15 nm BTO
	-
	0.0129 nm/V
	-



	BTO nanoparticles [This work]
	Thickness of 200 nm
	11,855
	0.1213 pm/(V/m)
	0.82 V/m



	PMN-PT thinfilm [This work]
	Thickness of 200 nm
	9273
	4.774 pm/(V/m)
	20 mV/m
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