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Abstract: A silicon microring circuit embedded gold film with unique characteristics is proposed for Hall effect,
current, and temperature sensing applications. The microring circuit is operated by the input polarized laser
sources, in which the space-time distortion control can be employed. A gold film is embedded at the microring
center. The whispering gallery mode (WGM) is generated and applied for plasmonic waves, from which the
trapped electron cloud oscillation is formed. Through the input port, the input polarized light of 1.55um
wavelength fed into the space-time control circuit. Spin-up |1~> (10) and spin—downl ¢> (1)) of polarized

electrons results when the gold film is illuminated by the WGM. The electric current passing through the gold film
generates a magnetic field (B), which is orthogonal to the electric field. Hall voltage is obtained at the output of
the circuit, from which the microring space-time circuit can operate for Hall's effect, current, and temperature
sensing device. The simulation results obtained have shown when the input power of 100mW-500mW is applied,
the optimum Hall effect, current and temperature sensitivities are 0.12pVT-!, 0.9uVA"! and 6.0 x10 “2uVK-!,
respectively. The Hall effects, current, and temperature sensors have an optimum response time of 1.9fs.

Research Highlight

[1]-Hall effect sensors using polarized electron cloud spin is novel.

[2]-This is a compact device with realistic parameters that can be fabricated and implemented.
[3]-The proposed circuit can be applied for voltage, current and temperature sensors.

[4]-By using the electron cloud spin, the related microspic sensors can be applied.

[5] The wireless (remote) sensor is also possible.

Keywords: Hall effect sensors; Voltage sensor; Current sensor; Temperature sensor; Plasmonic sensors

1. Introduction

The Hall effect is the effect that results from the electric field that is orthogonal to the magnetic field in a thin film
or any metallic material where the electrical current passes through generating an electric field. The Hall voltage
(V) results from the Hall effect generated by electrical current in a conductor, where the magnetic field is formed
and orthogonal to the electrical current. The most popular use of the Hall effect is in sensing (Alpert et al., 2019;
Ramsden, 2006; Anuchin et al., 2019). Sun et al. (Sun et al., 2016) have designed a wireless electrical current
sensor, which consists of a wireless module, Hall sensor, and energy harvester. The wireless Hall current sensor
is applied for sensing and energy harvesting. The generated power is 4.3 uW when 1A zip-cord is applied with a
load resistor of 217Q. From which a 4A zip-cord is applied with a power of 68.80 W, which is suitable for Hall
wireless current sensors. The sensitivity of the work is 0.85 mVA-!, with current ranging from 1A to 130A. The
size of the wireless Hall current sensor is in millimeters (mm). Weiss et al. (Weiss et al., 2019) designed a coreless
current sensor that is employed for Hall-effect sensing. The current sensor is based on a closed-loop principle,
from which the close loop current sensor tends to have large bandwidth, and higher accuracy when compared to
the current sensor based only on magnetic field circular arrays. The close and open-loop operations are employed
for sensing. Both close and open-loop operations use the fluxgate and Hall effect sensors. The experimental results
have shown that the Hall sensors can reduce the sensitivity drift more than the fluxgate sensor. The accuracies of
0.2% and 0.4 % are achieved for fluxgate and Hall sensors, respectively. The Hall sensor in open-loop and closed-
loop operations have a sensitivity of 2.67 mVA! and 0.5 mVA"!, respectively. The fluxgate sensors in open-loop
and closed-loop operations have a sensitivity of 3.35 mVA-! and 0.50 mVA-!, respectively. The size of the coreless
current is in millimeters (mm). Itzke et al. (Itzke et al., 2019) studied the importance of conductor position in Hall
effect electrical current sensor. The Hall effect sensor is based on the magnetic field of circular arrays, which have
been theoretically and experimentally studied. The experimental study involves 6 Hall effect sensors that are
uniformly arranged. The study involves the calculation of the current for all 6 Hall-effect sensors employed in the
experiment. The Kelvin-Stokes theorem is employed in the calculation of the current. The size of the circular Hall
effect sensor is in millimeters (mm). The sensitivity measurements have been taken several times with the average
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sensitivity value of -1.71 mVA-!. Dewi et al. (Dewi et al., 2016) developed a new DC current sensor, where the
sensitivity measurements have been taken several times with the average sensitivity value. The DC sensor is
designed and employed for Hall-effect sensing. The size of the current sensor is in millimeters (mm), where the
sensitivity of 1.2 mVG! is achieved. Kachniarz et al. (Kachniarz et al., 2019) developed a new Hall-effect sensing
device. The device has a sensing material that is graphene. The sensor is employed for sensing the magnitude of
the magnetic field. The size of the new hall effect sensor is in millimeters (mm). The sensitivity of 50 V (AT)! is
achieved. White et al. (White et al., 2018) designed a large micro device that is based on the principle of Hall
effect. The device can measure both the temperature and the current from the line current. The temperature range
of -183°C to 252°C is employed for the study. The sensitivity of the Hall effect sensor is in the range of 8OVA-IT-!
to 113VA-IT-L. The sensitivity of 113VA-IT-! is obtained at 25°C, while the sensitivity of 80VA-'T"! is obtained at
2520C. Ciuk et al. (Ciuk et al., 2019) designed a Hall sensor device. The device consists of graphene grown on a
4H-silicon carbide substrate. The device serves as a temperature Hall sensor. The temperature range of 300K to
770K is employed for the investigation. The sensitivity of 80VA-!T-! is obtained. Oszwaldowski and Berus
(Oszwaldowski and Berus, 2007) designed a temperature Hall sensor, which is an experimental study. The device
consists of indium antimonide grown on gallium arsenide. The temperature range of 200K to 800K is employed
for the study. The sensor sensitivity of 0.1VA-'T-! is obtained. Recently, we have found that the use of microring
embedded metallic films have shown the interesting results for various applications, especially, for electro-optic
behaviors are involved (Ali et al.,, 2018; Arumona et al., 2020a; 2020b; Pornsuwancharoen et al., 2017;
Ponsuwancharoen et al., 2019 ). In this present work, the space-time microring circuit is employed for Hall effects,
temperature, and current sensing. The microring circuit is a space-time control circuit, which has three advantages
in this work. Firstly, its side is small. The area of the microring system is 12 X 20 pm? which is very small
compared to other Hall effects and current sensing devices. Secondly, the microring system has a dual mode of
operation. That is, it can operate via a wireless(remote) connection or by cable connection. Finally, the microring
system can be employed for Hall effect and Hall effect current sensing. The simulation programs involved in this
work are the Optiwave FDTD and Matlab programs. The Optiwave FDTD is first used to simulate the structure,
where the whispering gallery mode (WGM) is observed at the microring center (Pornsuwancharoen et al., 2017;
Punthawanunt et al., 2018), and from the simulation results, parameters are extracted. The Matlab program
employs the extracted parameters to simulate the Hall effect, temperature, and current sensing.

2. Theoretical Background
The fabrication structure and the sensing diagram of the microring circuit are shown in Figure 1. The Hall sense
probe is formed by passing the electric current through the gold film embedded at the center microring, which is
given by an equation (1)(Preston and Dietz, 1991).

Ein=BV, 1
where Ejy, is the input polarized source via the input port of the system which is given in equation (2), B is defined
as strength of magnetic field, and V4 is defined as the drift velocity of the electrons which is given by the following

equation.
The input polarized light (optical field) is given as (Arumona et al., 2020c):
Ein=E,exp( — ik,z) 2

2
k,= 771, is the wave number, and the field’s amplitude is defined by Ey, the distance of propagation is defined by

z, and the input optical field wavelength is defined by A. The drift velocity is given as (Preston and Dietz, 1991):
I 3
" ngA

Va

where the electron density is defined by n, the electron charge is defined by g, the electric current is defined by 1,
and the area of the gold film is defined by A.
The space-time function control is given as:
Eqaa=F e*™! 4
where the amplitude is defined by F, o is defined as the angular velocity, and time is defined by t. The * sign
shows the axis in both side of time, which is applied for spin projection direction. The refractive index induced by

the nonlinear Kerr effect is given as N =ngtnP/ Aeff, where ngis defined as linear refractive index,n; is defined
as the nonlinear refractive index. The optical power is defined by P, the waveguide’s effective core area is defined
by Aefr.
The Drude model (Werner, 2017; Tunsiri et al., 2019), which describes the electron behavior and coupling
of light in the gold film is given as:
nq? 5
€omw?

e(w)=1-

Where the relative permittivity is defined by €g. The electron mass is defined by m. The plasma frequency results
from the angular frequency at resonance and is given as:

g1~ /2 6
Wp = [eTm
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wZ
Where n = qf;eom is the electron density derived from an equation (5).
Hall effect potential difference (Hall voltage, V) is given as (Preston and Dietz, 1991):
IB 7
" nqd
where d is the thickness of the gold film embedded at the center microring. The Hall coefficient (Ry) is given as
(Mirmira, and Fletcher, 1998):
Vyd 8
Ru="1p
Hall mobility is given as (Mirmira, and Fletcher, 1998):
W, = onRy 9

Vh

where 0 is the conductivity.
The equations describing the output fields of the system (Phatharacorn et al., 2016) are given as:

Ein = m3Ei + m3Eqqq 10
Eq=msEqqq + meE, 11

where my,m3,ms, mg are well explained Phatharacorn et al. (Phatharacorn et al., 2016).
The system output are normalized intensities given as:

Itn Ewn]? 12
o= 5]

I, Eq 2 13
Im E_m]

The change in temperature(AT) is given as (Preston and Dietz, 1991):

Pind

_ fm 14
AT= Ko

where Pjy, is defined as the input light power, K 4, is defined as the thermal conductivity of gold film.

From Figure 1, the z-axis is a propagation axis, while the space-time control axes are x- and y-axes. Hence,
the magnetic field components perpendicular to the electric field are projected to x- and y-axes to obtain the Hall
effects results at the drop port. The optical feedback is protected by an optical isolator. The throughput port output
can be connected to the transmission network for long-distance links. The space-time distortion control is input
via Add port, from which the electron cloud spins are formed and calculated by the Matlab program.

3. Results and Discussion

The microcircuit system consists of two linear waveguides, a microring center with two phase modulators at its
sides, and a gold film embedded at the center microring. The space-time control circuit is proposed for electron
cloud spin orientation and projection (Arumona et al., 2020d; Buruangses et al., 2020). The fabrication structure
and sensing diagram is as shown in Figure 1. The system has two outputs namely the throughput port labelled Eth,
and drop port labelled Ed. The input port is labelled Ein while the add port is usually for modulation or multiplexing
is labelled Eadd. The Optiwave FDTD program version 12.0 (OptiFDTD, 2020) is used as a first step to simulate
the structure. The mesh cell size of 399, 71, 456 in the X, y, and z axes are employed with the automatic
implementation of the grid size by the Optiwave program. The simulation is run for 20,000-time steps to obtain
resonant results and parameters extracted, which are employed by the Matlab program. Matlab program simulates
the Hall effect and Hall effect current sensing. The surrounded environmental changes on the sensing circuit and
affect the Hall sensor sensitivity, from which the related measurement can be obtained. As given in equation (2)
the input light of 1.55um wavelength through the input port enters the system as given in equations (10) and (11).
The electric current passing through the gold film generates a magnetic field (B) that is orthogonal to E (electric
field) as given in equation (1). As given in equation (4) the signal at the add port is the space-time function where
the gold film becomes the Hall effect sensing probe and at the space-time control circuit output the Hall voltage
(Vg) is produced. The spin up |1~> (l0Y) and spin down | J,> (1)) of electrons results when the gold film is

illuminated by light where the electron density[n = %Eom]is formed by the electron cloud oscillations. The

electrons are trapped inside the microring and via cable connection can be transported. Figure 2 shows the
Optiwave graphical results where the WGM is observed at the microring center with suitable parameters given in
Table 1. The WGM phenomenon is made possible because of the nonlinearity effect induced by the two-phase
modulators at the sides of the microring center.

The plot of the normalized output (as given in equations (12) and (13)) is shown in Figure 3. the input light
power is varied from 100-500mW. The polarized electron spin-up (blue) spin-down (red) are shown at the
throughput and drop ports in Figure 3 (a)-(e), respectively. The plot of the Hall effect sensor is shown in Figure 4.
The input power is varied from 100-500mW. The Hall voltage is directly proportional to the magnetic field strength
(B). From Figure 4 with the input power of 100mW, the electric current passing through the gold film generates a
high magnetic field strength (B) and with the input power of 200mW-500mW respectively, the magnetic field
strength decreases. That is, the increase in the input light power leads to a decrease in the magnetic field strength
generated by the embedded gold film in the space-time control circuit. The sensitivity of the Hall effect with the
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input power of 100mW-500mW as shown in Figure 4 are 0.05pVT-!, 0.08uVT!, 0.10uVT-!, 0.11pVT!, and
0.12uVT-! respectively. The sensitivity increases as the input power increases and decreases as the input power
decreases. That is, the lower the sensitivity the greater the magnetic field strength value while the higher the
sensitivity value the lower the magnitude of the magnetic field strength. The plot of the Hall mobility and the
electron density is shown in Figure 5. Hall mobility is the movement of electrons as a result of the Hall effect,
which is directly proportional to the electron density. Input power is varied from 100mW to 5S00mW as shown in
Figure 5, the output is constant for all the input light power. The plot of the Hall effect current sensor is shown in
Figure 6. The input power is varied from 100mW to 500mW. The Hall voltage is directly proportional to the
electric current. From Figure 6 with the input power of 100mW, the electric current value is small and with the
input power in the range 200mW-500mW, the value of the electric current increases. That is, the increase in the
input light power leads to an increase in the value of the electric current in the space-time control circuit.

The sensitivity of the Hall effect current sensor with the input power of 100mW-500mW as shown in Figure
6 are 0.9uVA-!, 0.6uVA-!, 0.5uVA-!, 0.42uVA-!, and 0.38uVA"! respectively. The sensitivity decreases as the
input power increases and increases as the input power decreases. That is, the higher the sensitivity the lower the
electric current value while the lower the sensitivity value the higher the electric current value. The plot of the
response time is shown in Figure 7 (a)-(b). The Hall effect current sensor response time is plotted in Figure 7 (a)
while the Hall effect sensor response time is plotted in Figure 7 (b). The input power is varied from 100mW to
500mW. The Hall effect current sensitivity with the input power in the range 100mW-500mW is shown in Figure
7(a), where the optimum response time of 1.9fs is obtained. The Hall effect sensitivity with the input power of
100mW-500mW is shown in Figure 7(b), where the optimum response time of 1.9fs is obtained. Figure 8(a) is the
plot of the AT and Hall voltage which forms the temperature Hall sensor with the input power of 100mW-500mW.
The temperature Hall sensitivity of 0.03uVK-!, 0.015u VK™, 0.011pVK-!, 0.008uVK-!, and 0.006pVK-!' are
obtained respectively for the input power varying from 100mW to 500mW. point, which is the stopping situation.
Figure 8(b) is the plot of AT and the Hall current sensitivity with the input power varying from 100mW to 500mW.
The sensitivities of 0.9uVA!, 0.6uVA-, 0.5uVA!, 0.42u VA, and 0.38uVA-! are obtained at 100K, 200K, 300K,
400K, and 500K, respectively. Figure 8(c) is the plot of AT and the Hall effect sensitivity with the input power of
100mW-500mW. The sensitivities of 0.05uVT-!, 0.08uVT-!, 0.10pVT-!, 0.11uVT-!, and 0.12uVT-! are obtained
at 100K, 200K, 300K, 400K, and 500K, respectively. Figure 8(d) is the plot of the response time of the temperature
Hall sensitivities, where the optimum response time of 1.9fs is obtained.

4. Conclusion

A microring system is proposed for Hall effect current sensor, Hall effect sensor, and temperature Hall sensor. The
system consists of a gold film embedded at the center microring. The excitation of the gold film by the input light
(electric field) leads to electron cloud oscillation where the spin up and spin down of electrons results from the
electron density formed. The electric current passing through the gold film generates a magnetic field that is
orthogonal to the electric field and at the output of the microring system the Hall voltage is produced. The input
power is varied from 100mW to 500mW and the Hall effect sensitivities of 0.05pVT-!, 0.08uVT-!, 0.10uVT-!,
0.11pVT!, 0.12uVT! are obtained. The Hall effect current sensitivities of 0.9uVA-!, 0.6uVA-!, 0.5uVA-l,
0.42uVA-!, 0.38uVA-! are obtained. The temperature Hall sensitivities of 0.03uVK-!, 0.015uVK-!, 0.01 1p VK-,
0.008u VK-, and 0.006uVK-'are obtained. The optimum Hall effect, Hall effect current, and temperature Hall
sensors response time of 1.9fs are obtained. The results obtained show that the silicon microring circuit embedded
gold film can be employed as a sensing circuit in microsystems for Hall effect related sensing applications. The
use of the integrated Hall sensors can also be available for remote and network sensors in both wireless and cable
connections.
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Figure Captions and Table

Figure 1: Hall effects sensor system, where (a) a microring circuit with the embedded gold thin film at the centre
ring, where R;, Rp, Rs: the radii of the left, right, and centre rings, respectively. The coupling coefficients: 1, =
0.5. 14, 1s the radius of the gold plate. E,, Ein Eq> and Egqq, Tepresent the electrical fields each at the input,
throughput, drop and add ports, respectively, (b) Hall effect sensing diagram.

Figure 2: Optiwave graphical results, where (a) the WGM formed at the microring center, (b) the electric field
distribution across the circuit using the selected parameters in Table 1.

Figure 3: Plot of the output of the system in Figure 1 with the different input power, where (a) 100mW, (b)
200mW, (c) 300mW, (d) 400mW, (¢) S00mW. The spin-up and down of electrons are at the throughput and drop
ports, which are configured by the space-time orientation control. The polarized outputs at the throughput and drop

ports, which having (n/ 2) phase difference.

Figure 4: Plot of the Hall effects sensor with the different input powers, where P1: the input power of 100mW,
the sensitivity is 0.05uVT-!, P2: the input power of 200mW, the sensitivity is 0.08uVT-!, P3: the input power of
300mW, the sensitivity is 0.10uVT-!, P4: the input power of 400mW, the sensitivity is 0.11uVT-!, P5: the input
power of 500mW, the sensitivity is 0.12pVT-!.

Figure 5: The plot of the Hall mobility and electron density, with the input power, varies from 100mW-500mW,
where the output is constant for all the input power.

Figure 6: The plot of the Hall effect current sensor, where P1: the input power of 100mW, the sensitivity is
0.9uVA-!, P2: the input power of 200mW, the sensitivity is 0.6uVA"!, P3: the input power of 300mW, the
sensitivity is 0.5uVA-!, P4: the input power of 400mW, the sensitivity is 0.42uVA-!, P5: the input power of
500mW, the sensitivity is 0.38uVA-!.

Figure 7: The plot of the response time of (a) the Hall effect current sensitivity, where P1-P5 is the input power
100-500mW, the optimum response time of 1.9fs is obtained, (b) the Hall effect sensitivity for input power 100-
500mW, the optimum response time of 1.9fs is obtained.

Figure 8: The plot of the (a) the temperature Hall sensor, where P1-P5: the input power of 100-500mW, the
sensitivities are 0.03u VK-, 0.015p VK-, 0.011pVK-!, 0.008uVK-!, and 0.006pVK-! respectively, (b) Hall current
sensitivity and temperature with input power of 100mW-500mW, the sensitivities of 0.9uVA-1, 0.6uVA-!, 0.5uVA"
1, 0.42uVA-!, and 0.38uVA"! are obtained at 100K, 200K, 300K, 400K, and 500K, respectively, (¢) Hall effect
sensitivity and temperature with input power of 100-500mW, the sensitivities of 0.05uVT-!, 0.08uVT-!, 0.10uVT-!,
0.11pVT-!, and 0.12uVT-! are obtained at 100K, 200K, 300K, 400K, and 500K respectively, and (d) the response
time of the temperature Hall sensitivities, where the optimum response time of 1.9fs is obtained.

Table 1: The selected simulation parameters (Langer et al., 1997; Prabhu, 2010)
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Table 1:
Parameters Values Units
Input light power(Pin) 100-500 mW
Gold film radius (7" 44) 0.2-2.8 pm
Gold film thickness (d) 0.1-7.5 pm
Centre ring radius (Ry) 3.0 pm
Left small ring radius (Ry) 1.0 pm
Right small ring radius (Rg) 1.0 pm
Gold conductivity(c) 4.11x107 Sm~1
Gold resistivity (p) 2.44x108 Qm
Au thermal conductivity (K g.) 310 WmK-!
Coupling coefficient(k) 0.06-0.70
Si waveguide length (Lwg) 16.0 pm
Si waveguide width (W) 1.5 pm
Insertion loss (¥) 0.50 dB
Au refractive index (T gq) 1.80
Si refractive index (Ms;) 342
Si nonlinear refractive index (1z) 1.3x10-13 m>W-!
Input light wavelength() 1.55 um
Plasma frequency (@p) 1.299x1016 rads !
Core effective area (Aeff) 0.30 pm?
Free space permittivity (€o) 8.85x10712 Fm!
Electron mass (m) 9.11x10-3! kg
Electron charge (q) 1.60x10-1° Coulomb
Waveguide loss(a) 0.50 dB.(mm) ~1
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