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Abstract
A micro-ring space-time control circuit is proposed for micro-supercapacitor application. The center micro-ring circuit 
consists of sandwiched titanium dioxide (TiO2) thin film. The input light fed into the circuit via the input port is of 1.55 µm 
wavelength. The input space source is multiplexed with time at the add port to form the space-time function. A whispering-
gallery mode is formed using suitable parameters, which results from the nonlinearity effect induced by the small rings 
at the sides of the center micro-ring. The light that excites the gold metal surface leads to electron cloud oscillations that 
form the electron density, which can be transported via wireless connection by employing the whispering-gallery mode or 
via cable connection. Areal specific capacitance of 0.4 F cm−2 and areal power density of 0.31 MW cm−2 are obtained. In 
application, the micro-ring circuit can be employed in microsystems that require high specific capacitance and high power 
for their operations.
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1  Introduction

A supercapacitor is an electric storage device with high spe-
cific capacitance and low voltage. It is a type of capacitor and 
is usually known as an ultracapacitor. It can charge/discharge 
rapidly. Supercapacitors have three general forms [1]. The first 

form is the double-layer capacitor, where charges are stored 
electrostatically. The second form is the pseudocapacitor, 
where charges are stored electrochemically, while the third 
form is the hybrid capacitor, where charges are stored both 
electrostatically and chemically. The supercapacitor comes in 
different physical sizes and scales including micro and nano 
sizes. The specific capacitance of a supercapacitor can be mass 
specific capacitance, areal specific capacitance, or volumetric 
specific capacitance [2], depending on the size. Yun et al. [3] 
fabricated a micro-supercapacitor based on carbon material 
and reduced graphene oxide film. A one-step laser curving 
technique was employed for the fabrication. A frequency range 
of 0.01 Hz to 100 kHz was employed for the study, and a time 
range of 0–150 s was observed. Areal specific capacitance of 
37.95 mF cm−2 was obtained. Yu et al. [4] developed a flex-
ible micro-supercapacitor based on graphene material. A laser 
preparation technique was employed for the fabrication, with 
a frequency range of 0.01 Hz to 10 kHz and a time range of 
0–22,500 s. Areal specific capacitance of 2412.2 mF cm−2 was 
obtained. Bencheikh et al. [5] developed a nanowire/nanopar-
ticle micro-supercapacitor using silicon and ruthenium for the 
nanowire and nanoparticle material, respectively. Electroless 
and vapor–liquid–solid techniques were used. A frequency 
range of 0.03 Hz to 1 MHz was employed, and a time range 
of 0.1800 s was observed. An areal specific capacitance of 
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36.25 mF cm−2 was obtained. Zhang et al. [6] developed a 
micro-supercapacitor based on titanium carbide material, 
using vacuum filtration and laser cutting techniques. A fre-
quency range of 0.1 Hz to 100 kHz was employed, while 
the time range was 0–400 s. An areal specific capacitance of 
−19 mF cm−2 was obtained. Feng et al. [7] developed a micro-
supercapacitor based on a graphene network. Mask-free pat-
tern and chemical vapor deposition techniques were used, with 
a frequency range of 0.01 Hz to 100 kHz and a time range of 
0–100 s. An areal specific capacitance of 0.75 mF cm−2 was 
obtained. Yang et al. [8] fabricated a micro-supercapacitor 
based on carbon material. A facile approach was employed for 
the fabrication of the micro-supercapacitor, using a frequency 
range of 0.01 Hz to 500 kHz and a time range of 0–320 s. An 
areal specific capacitance of 13.7 mF cm−2 was obtained. In 
this work, a space-time control circuit is employed for micro-
supercapacitor applications. The space-time control consists of 
a center micro-ring with a sandwiched thin film that is based 
on titanium dioxide (TiO2). Compared with other works men-
tioned above, a frequency range of 200–600 THz is employed 
for this study and a time range of 0–5.10 fs is observed. The 
space-time function control [9, 10] is employed for the opera-
tion of the circuit for the micro-supercapacitor application. 
The OptiFDTD program is employed as a first step in simu-
lating the micro-ring circuit and the whispering-gallery mode 
(WGM) [11, 12] from where parameters will be extracted. 
The Matlab program employs the extracted parameters from 
the OptiFDTD program and simulates the micro-ring circuit 
using the space-time control for supercapacitor characteristics.

2 � Theoretical background

The micro-ring space-time circuit is shown in Fig. 1. The input 
space source is given in Eq. (1) as [13]: 

where kz =
2�

�
 is the wave number and λ is the input wave-

length. The amplitude is given as Eo and the propagation 
distance as z. The space-time function is given as:

where e±iωt is the control time, and ± indicates both sides of 
time. The Drude model [14] describes the behavior of the 
electrons in the gold metal, as given in Eqs. (3) and (4) as:

where ɛ0, n, m, e and ω are relative permittivity, electron 
density, electron mass, electron charge, and angular fre-
quency. At resonance, angular frequency becomes plasma 
frequency:

(1)Ein = Eo ⋅ exp
(

−ikzz
)

(2)Eadd = S ⋅ e±i�t

(3)�(�) = 1 −
ne2

�om�
2

where Eq.  (4) gives the relation of electron density 
n =

�2
p

e2
�om . The Kerr effect which is the nonlinear effect, 

where n = no + n2I = no + n2P∕Aeff  is the variably the 
refractive equation, where n0 is the linear refractive index 
and n2 is the nonlinear refractive index. I and P are the opti-
cal intensity and power, respectively. Aeff is the effective core 
area. The normalized intensities are written as:

The output fields of the micro-ring circuit are 
described as [15]:

where the terms in (7) and (8) are defined in the given ref-
erence. Equation (9) gives the capacitance of the micro-
supercapacitor circuit, which is inversely proportional to the 
frequency. The motivation for using this equation is based on 
the input space source (given in Eq. 1) which has an input 
wavelength of 1.55 μm and travels with the speed of light.

(4)�p =

[

ne2

�om

]
1

2

(5)
Ith

Iin
=

[

Eth

Ein

]2

(6)
Idrop

In
=

[

Edrop

Ein

]2

(7)Eth = m2Ein + m3Ead

(8)Edr = m5Ead + m6Ein

Fig. 1   The space-time control circuit. At the center is sandwiched 
TiO2 thin film, where the top layer is gold metal and the bottom is 
silicon substrate. Ein is the input port, Ed is the drop port, Eth is the 
throughput port, and Eadd is the add port. R indicates the center ring, 
RR is the right small ring, and RL is the left small ring. K1–K4 are the 
coupling coefficients. An isolator is applied to protect the feedback
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where I is the current, V is the voltage, f is the frequency, 
and f = c

�
, c is the speed of light. Equation (10) gives the 

areal specific capacitance of the micro-supercapacitor cir-
cuit, which is inversely proportional to the area of the metal 
contact. The motivation for using this equation is based on 
the materials employed for the micro-supercapacitor, which 
in this case are the gold metal and TiO2 thin film, where 
only the area is considered. The areal specific capacitance 
is given as [3]:

where I is the discharge current, Δt is the discharge time, A 
is the area of the metal contact, and ΔV is the voltage win-
dow. Equation (11) gives the areal energy density, which is 
directly proportional to the areal specific capacitance, where 
the voltage window is the difference between the final volt-
age discharge and initial voltage discharge. Equation (12) 
gives the areal power density, which is directly proportional 
to the areal energy density, where the discharge time is also 
the time constant of the micro-supercapacitor. The areal 
energy density and areal power density [3] are given as:

3 � Results and discussion

The micro-supercapacitor system consisting of gold metal 
at the top, TiO2 thin film in the middle, and silicon at the 
bottom, as shown in Fig. 1, is designed and simulated by 
the OptiFDTD version 12 program [16] in the first step. The 
grid size is implemented automatically for the simulation 
program. The micro-supercapacitor system is fed with input 
light of 1.55 µm wavelength via the input port. The small 
rings at the sides of the center micro-ring act as phase modu-
lators and induce the nonlinearity effect in the micro-ring 
circuit. The nonlinearity effect of two side rings results in a 
small increase in terms of the optical path length of the light 
pulses (trapped electrons) in the center micro-ring, where 
the WGM is formed as shown in Fig. 2a, and the generation 
of plasmons in the WGM formed with electrons at the gold 
surface propagating with the intense electric field as shown 
in Fig. 2b. The suitable parameters are given in Table 1. 
The number of time steps is 20,000 for resonant results to 

(9)C =
I

Vf

(10)SCareal =
IΔt

AΔV

(11)Ea =
SCarealΔV

2

7200

(12)Pa =
Ea(3600)

Δt

be achieved in the simulation. The Matlab program employs 
the extracted parameters from the simulation results of the 
OptiFDTD program to simulate the micro-supercapacitor 
circuit characteristics. The micro-supercapacitor system is 
described by Eqs. (7) and (8), where the operation of the 
circuit is based on the space-time function. The space-time 
function resulting from the input space source (as given in 
Eq. (1)) via the input port is multiplexed with the time at 
the add port as given in Eq. (2), and at the output ports, the 
normalized electron density (as given in Eqs. (5) and (6)) is 
obtained. Figure 3 shows the plot of the output of the system 
in the wavelength and frequency domains.  

The spin-up and spin-down of electrons result from the 
trapped electron density [ n =

�2
p

e2
�0m ] within the micro-

supercapacitor, which is formed when the WGM of light 
illuminates the gold metal, leading to the trapped electron 
cloud transport in the circuit. From Table 1, the conduc-
tivity of Mott’s type is applied, which is well explained in 
[14]. The resistivity obtained from the relation is ρ = 1/σ. 
The resistance, voltage, and current are obtained from the 
relations R =

�d

A
, P = V2/R, P = I2R, where input power (P) of 

500 mW is used, and the thickness (d) of the TiO2 thin film 
employed is 230 nm, which is used for the Mott conductivity 
of the TiO2 thin film. Figure 4a, b is the plot of the areal spe-
cific capacitance in the wavelength and frequency domains, 
respectively. The areal specific capacitance is given in 

Fig. 2   Plot of the OptiFDTD results: a the whispering-gallery mode 
formed by using suitable parameters as given in Table 1; b the plas-
mons propagating in the circuit
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Eq. (10), where the capacitance is obtained from Eq. (9). 
The areal specific capacitance increases as the wavelength 
increases, and it decreases as the frequency increases. Opti-
mum areal specific capacitance of 0.4 F cm−2 is obtained. 
Employing Eqs. (11) and (12) Fig. 5a shows the plot of areal 
energy density and areal power density, where the optimum 
areal energy density obtained is 25 pWh cm−2, while the 
optimum areal power density obtained is 0.31 MW cm−2. 
The areal energy density increases as the areal power density 
increases. The areal energy density is directly proportional 
to the areal power density. Figure 5b shows the plot of the 
relationship between the current and voltage. The relation-
ship is linear. The optimum current obtained is 2.5 kA, while 
the optimum voltage obtained is 0.25 mV. Figure 6 is the 
plot of the areal specific capacitance in the time domain. The 
time taken to reach the optimum areal specific capacitance 
of 0.4 F cm−2 is 5.10 fs.

4 � Conclusion

A micro-ring circuit is proposed and manipulated for a 
micro-supercapacitor application. The working principle 
of the circuit is based on space-time control. The input 
space source fed into the system via the input port is 

Table 1   The selected simulation parameters

Parameters Symbols Values Units

Input power P 500 mW
Silicon linear waveguide length L 16.0 µm
Silicon center ring radius R 3.0 µm
Left nano-ring radius RL 1.0 µm
Right nano-ring radius RR 1.0 µm
Gold metal area A 4.0 × 10−8 cm2

TiO2 thickness [17] d 230 nm
TiO2 conductivity [17] σ 4.79 × 109 (Ω cm)−1

TiO2 resistivity ρ 2.09 × 10−10 Ω cm
TiO2 refractive index [18] n 2.11
Coupling coefficient κ 0.06–0.7
Insertion loss γ 0.50 dB mm−1

Au refractive index [19] n 1.80
Si refractive index [20] nSi 3.42
Si nonlinear refractive index 

[20]
n2 1.3 × 10−13 m2 W−1

Input light wavelength λ 1.55 µm
Plasma frequency ωp 1.299 × 1016 rad s−1

Core effective area [20] Aeff 0.30 μm2

Free space permittivity �
o

8.85 × 10−12 Fm−1

Electron mass m 9.11 × 10−31 kg
Electron charge e 1.60 × 10−19 Coulomb
Waveguide loss α 0.50 dB (mm)−1

Fig. 3   Plot of the output of the circuit: a wavelength domain and b 
frequency domain. The vertical axis is the normalized electron den-
sity (unitless)

Fig. 4   Plot of the areal specific capacitance: a wavelength domain, 
b frequency domain. The optimum areal specific capacitance of 
0.4 F cm−2 is obtained
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multiplexed with time at the add port. When light illumi-
nates the metal surface, the electron densities formed can 
be transported via wireless connection by employing the 
whispering-gallery mode or by cable connection. Areal 
specific capacitance of 0.4 F cm−2, areal energy density of 
25 pWh cm−2, and areal power density of 0.31 MW cm−2 
are obtained. The micro-ring circuit can be applied in 
microsystems that require high specific capacitance and 
high power for their operation.
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