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Abstract: Phase-change materials (PCMs) have become as promising elements in sili-
con photonic systems. We propose an optical buffer device based on vanadium dioxide
(VO2) embedded on silicon-on-insulator waveguides with a microring resonator. The upload
straight waveguide is for coupling light signal from the input port into VO2 embedded on
microring resonator and the download straight waveguide with VO2 films is for coupling
the storage signal to the output port. The optical characteristics of optical buffer device
under different structural parameters are analyzed by using finite difference mode simulation
(MODE). By controlling the phase state of VO2 in two coupling regions, the buffer speed of
the device can be up to 0.5 ps and buffer time up to 78.28 ps. The optical buffer based on
VO2 is a new way for PCM optical buffer.

Index Terms: VO2, microring resonator, optical buffer.

1. Introduction
In recent years, with the rapid growth of communication data and rapid development of the informa-
tion industry, people’s demand for information processing is increasing. Among them, optical buffer
has received extensive attention, and it plays a crucial role in many research fields [1]–[5]. The
optical buffer can store optical signals in a short time which can be used in optical storaging [6],
optical packet switching [7], all-optical signal processing [8] and etc. It can directly provide optical
storage in the optical field without the need for photoelectric conversion, which improves the speed
of signal processing and reduces the loss.

At present, the well-known optical buffer design basis mainly includes as following: optical delay
effect [9], [10], slow optical effect of optical medium [11]–[15], optical Kerr effect [16], ring resonator
coupling [17]–[20] and photonic crystal nanometer effect [21]. Although many studies on optical
buffers have been reported, few studies have been reported to achieve high speed optical buffer.
In the era of rapid data growth, high speed optical buffering is necessary.
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Fig. 1. Optical buffer structure of VO2-based microring resonator. (a) Schematic diagram of resonator
embedded with VO2 films, the lower illustration is a top view, while the left and right upper corner is the
section diagram of VO2 films on SOI. (b) Microring storage working process.

Some advances have been made in the development of high speed buffer for optical buffer
device. In 2014, Jacob Scheuer et al presented a theoretical study of trap door optical buffer based
on white light cavity-coupled particle plus/minus filter (ADF) [22]. In 2016, Weilin Liu et al proposed
to use the self-pulsating in the active microring resonator as an optical buffer for a nonlinear node
in the buffering system, enabling the stored information bits to be written, recovered, reshaping and
regenerated at a speed of nanosecond [23]. In 2019, Ajay Kumar et al had achieved high-speed
all-optical active low/high state buffer signal processing by using appropriate and effective mixing
of microring resonator structures, providing a foundation for high-speed communication and signal
processing in the optical field and its switching buffer speed can be up to picosecond [24]. In the
same year, Sayed Elshahat et al put forward a five - line (5L) photonic crystal waveguide (PCW)
which can realize compact picosecond pulse, optical buffer and low distortion data interconnect.
The high buffering performance and low distortion slow light transmission of picosecond pulse
are realized [25]. In 2020, Hongkuan Yuan et al reported an all-optical control Terahertz wave
storage device based on VO2 films which demonstrates a 1-bit and 2-bit reconfigurable terahertz
wave storage device programmed by two continuous lasers, with storage response time up to
microseconds [37]. But as the above surveys show, the research on high speed buffering of optical
buffer especially in picosecond speed is still insufficient.

In this paper, we propose an optical buffer device based on VO2 films embedded on silicon on
insulator (SOI) waveguide microring resonator due to phase transition characteristics of VO2. As
we all know, the phase transition of VO2 is essentially the transition of electrons, while the change
of carrier density is the main reason for the orderly change, and the mobility is only affected by
two factors [26]. Therefore, due to the variation of free carrier density, its dielectric properties,
refractive index [27]–[29] and extinction parameters are highly adjustable, providing conditions for
many photonic applications and especially in optical buffering. This device combines VO2 films
with existing silicon waveguide technologies to realize optical buffer, which can not only improve
the storage speed and greatly reduce the size of devices but also promote the new aspect of VO2

application in silicon waveguide.

2. Device Structure and Principle
Here, we propose an integrated optical buffer device based on VO2 films and analyze the main prin-
ciple of device. Fig. 1 shows the schematic cross section of the optical buffer device, which consists
of one upload straight silicon waveguide, one download straight silicon waveguide embedded two

Vol. 13, No. 2, April 2021 6600411



IEEE Photonics Journal Optical Buffer Device Employing VO2

rectangular VO2 films in the coupling region and one microring silicon waveguide embedded two
arc VO2 films in the coupling region between the upload waveguide and the ring waveguide on
fused silicon substrate. The upload straight silicon waveguide is for coupling the light signal from
the input port into the microring and the download straight silicon waveguide is for coupling the light
signal from the microring to the drop port. The width and thickness of the straight silicon waveguide
and the ring silicon waveguide are the same, which are respectively w and h as shown in Fig. 1(a).
The radius of the ring waveguide and the arc length of VO2 films are R and a1, respectively. The
spacing between the ring waveguide and two straight waveguides is g. The depth of two arc VO2

films embedded in the ring waveguide is h1 and the distance between them is d1. Similarly, the
depth of two rectangular VO2 films embedded in the download straight waveguide is h2, and the
distance between them and the length of VO2 films are d2 and a2, respectively. To prevent VO2

films from being oxidized, thin ITO films with a thickness of h3 = 50 nm are coated on its surface.
ITO films are optically transparent throughout the visible spectrum, therefore, plating ITO on VO2

will not have a great impact on the transmission of light [39].
In order to prepare the designed optical buffer, the following steps are required. Firstly, the

straight waveguide and ring waveguide are fabricated by the standard SOI process. Secondly,
photolithography and etching are used to open the windows for VO2 films in the region of ring
waveguide and download straight waveguide. Then, the VO2 films can be prepared in the etched
area by coating. Finally, a layer of ITO is deposited on the VO2 films in the way of vaporization
deposition and the designed optical buffer can be made. The storage and reading of device can
be realized by controlling the embedded VO2 films phase transition states. As shown in Fig. 1(a),
We inject the pump laser with 1 × 2 beam splitter and switch light onto the embedded VO2 films
to induce a photoinduced phase change. The switching time of optical switch can be on the order
of femtosecond [42] which does not affect the storage and read of device. In 2008, M. Rini et al
elaborated the luminous fluence of VO2 films photoinduced phase transition is 250 μJ/cm2 [34].
When the injected laser fluence is less than 250 μJ/cm2, VO2 is in the insulating state, otherwise
VO2 is in the metallic state, comparable to but less than the optical fluence needed to initiate
refractive index changes in silicon (of order 1–2 mJ/cm2) [34]–[36], which shows that the externally
controlled laser will not affect the Si waveguide channel transmission.

When the light signal enters the upload straight waveguide from the input port, one part of the
light is coupled into the ring waveguide, and the other part is output directly through the upload
waveguide as shown in Fig. 1(b). The different phase states of the embedded VO2 films controlled
by the pump laser will affect the coupling coefficient in the coupling region and the mode distribution
of the waveguide. By selecting the appropriate structural parameters, the light signal of the upload
waveguide can be fully coupled and stored in the ring waveguide, and the light signal stored in
the ring waveguide can be read by the download waveguide. Fig. 2 shows the optical energy wave
amplitudes guided in the input, through, add and drop ports are respectively denoted as Einput, E1,
Eadd, E3. When VO2 films embedded in the ring waveguide are in the insulating state (U-VO2-I)
and the films embedded in the download straight waveguide are in the metallic state (D-VO2-M)
controlled by pump laser, the coupling between the waveguides in coupling region 1 is strong and
in the coupling region 2 is weak, then the light signal can be written into the ring waveguide. At the
end of the optical information writing, the pump laser is injected to make the VO2 films embedded
in the ring waveguide change to a metallic state (U-VO2-M) which makes the coupling in coupling
region 1 weak, preventing the light continuing to input into the ring waveguide. If the light signal
stored in the ring waveguide is to be read out, the pump laser is removed to make the VO2 films
embedded in the download straight waveguide transform into an insulating state (D-VO2-I). The
coupling enhancement of coupling region 2 can make the light signal in the ring waveguide be
coupled and read out from the drop port.

Fig. 2 shows the structure parameters of device in coupling regions. According to the microring
resonator’s coupling theory [40] and oscillator model [41], in the coupling region 1 between the
upload waveguide and the ring waveguide, the amplitude coupling coefficients and transmission
coefficients are k21, k12, m1, respectively, which can be calculated by formula (1) and (2), where
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Fig. 2. A schematic diagram of silicon microring storage.
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k0 = 2π/λ0 is the wave number in vacuum; λ0 is the input wavelength; neff1 is the effective
refractive index of light wave in the waveguide which depends on w, h, a1, d1, h1, R and n1; n1

and n2 are the refractive index of silicon and the air, respectively; θ is the coupling angle between
the two waveguides at x position.

In the coupling region 2 between the download waveguide and the ring waveguide, the amplitude
coupling coefficients and transmission coefficients are k23, k32, m2, respectively, which can be
calculated by formula (3) and (4),
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2, β2 = k0nef f2, neff2 depends on w, h, a2, d2, h2, R
and n1. The coupling coefficient determines the coupling efficiency of device. The transmission to
the through port and drop port can be respectively derived as formula (5) and formula (6). The
formula (7) calculates the phase ϕ, where ϕ is phase change; ϕ1 and ϕ2 respectively represent the
light passes through the phase change of two half regions; neff is the effective refractive index of
the ring waveguide; γ is the attenuation factor for the transmission of light in a ring cavity, which is
related to the length of the coupling region, a1, d1 and h1.

E1 = m1 − m2γ ex p(− jϕ)
1 − m1m2γ ex p(− jϕ)

Einput + −k21
2γ2ex p(− jϕ2)

1 − m1m2γ ex p(− jϕ)
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E3 = −m1m2γ1ex p(− jϕ1)
1 − m1m2γ ex p(− jϕ)
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λ0
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Due to the small photoelectric coefficient in silicon and the limitation of carrier life of injected
silicon based devices, there are some effects on storage speed and buffer time of all-silicon
optical buffer, which can be solved by using optically pumped hybrid Si-VO2 ring resonators.
When the device is embedded with VO2 films, the effective refractive index of coupling regions
can be adjusted to control the coupling coefficient of device, realizing the control of input light and
improving the performance of device. Fig. 3(a)–3(b) respectively show the relationship between w
and neff in coupling region 1 and 2 with and without the embedded VO2 films, where the neff in
coupling region 1 and 2 with the embedded U-VO2-M and D-VO2-M is significantly greater than
that without the embedded VO2 films. Similarly, the relationship between h and neff is shown in
Fig. 3(c)–3(d) that the change trend is the same as that in Fig. 3(a). The w and h of the waveguide
can’t be too large which will support higher order modes and degrade the performance of the
microring storage, so we selected w = 0.4 μm and h = 0.18 μm. In addition, we choose g = 0.1 μm
as the device parameter for satisfying coupling efficiency and preparation process. Considering the
neff of the ring waveguide and the appropriate device size, the waveguide radius selected in this
paper is R = 3.1 μm.

Based on the selection of device parameters w, h, R and g, Fig. 3(e) shows the extinction
ratio in the drop port of device with and without the embedded U-VO2-I and D-VO2-M, where
ER = 10l og10[ (Td )max

(Td )min
]. With the embedded VO2 films, the ER is sacrificed to realize the storage

performance, and the maximum ER is 16.82 dB at λ = 1.5537 μm. At the same time, Fig. 3(f)
shows the relationship between the coupling angle θ of coupling region 1 and neff in the device
embedded with VO2 films, the neff increases with the θ increasing. The coupling length is related to
θ . Fig. 3(g) shows the relationship between coupling length and coupling efficiency. The coupling
efficiency increases first and then decreases with the increase of coupling length.

When the device is in the writing state in coupling region 1, Fig. 4(a)–4(c) show the transmissions
of through port and drop port change with a1, d1, h1, respectively. Fig. 4(a) shows that the
transmission in the drop port decreases with the increase of a1 while the transmission in the
through port increases. In order to achieve better storage function, we select a1 = 0.16 μm.
Fig. 4(c)–4(f) have the same change trend as Fig. 4(a). When the device is in the writing state
in coupling region 2, Fig. 4(d)–4(f) show the transmissions of through port and drop port change
with a2, d2, h2, respectively. Finally we select h1 = 0.03 μm, a2 = 0.32 μm, d2 = 2.4 μm and
h2 = 0.03 μm. Fig. 4(b) demonstrates the transmissions of drop port and through port are minimum
at d1 = 0.757 μm.

In conclusion, according to the above analysis, the optimized device structure parameters are
as following: the height of the straight waveguide is h = 0.18 μm and the width of it is w = 0.4 μm;
The radius of the ring waveguide is R = 3.1 μm; The gap between the straight waveguide and
the ring waveguide is g = 0.1 μm; The distances between the VO2 films embedded in the ring
waveguide and the download straight waveguide are respectively d1 = 0.757 μm and d2 = 2.4 μm;
The lengths of VO2 films are respectively a1 = 0.16 μm and a2 = 0.32 μm; The depths of the VO2

films are h1 = h2 = 0.03 μm.

3. Optical Buffer Performance Analysis
We use the finite-difference model (MODE) and coupled mode-theory(CMT) [30] to simulate and
analyze the device performance. In order to obtain the optimal results, we use varFDTD (finite-
difference time-domain) method to set the perfectly matched layer (PML) boundary conditions along
the x and y directions and metal boundary conditions along the z direction. The mode of light pulse
used is TE mode since this kind of mode loss is relatively low. At the same time, the optical pulse
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Fig. 3. Parameter optimization of devices. (a) - (b) The relationship between w and neff in coupling
region 1 and 2 with and without the embedded VO2 films. (c) - (d) The relationship between h and neff

in coupling region 1 and 2 with and without the embedded VO2 films. (e) Extinction ratio (ER) of the
device’s drop port with and without the embedded U-VO2-I and D-VO2-M. (f) The relationship between
θ and neff in coupling region 1 with the embedded VO2 films. (g) The relationship between coupling
length and coupling efficiency.
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Fig. 4. Parameter optimization of the embedded VO2 films when the device is in the writing state. (a) - (f)
The transmissions of through port and drop port change with a1, d1, h1, a2, d2, h2, respectively.

is incident to the structure along the positive direction of the x-axis, and the power monitor [31] is
used to calculate the transmission and electric field distribution. The mesh precision used is 1/14 of
the wavelength. When the MODE method is adopted for simulation, the fused silicon data comes
from Palik database, and the refractive index data of VO2 comes from Refs. [32], [33].

It can be seen in Fig. 5, the propagation of light signal in the microring buffer is different before
and after the VO2 phase transition in coupling region 1 and 2. Fig. 5(a)–5(b) respectively show
the electric field distribution when the device realizes the writing and reading functions. When
the device realizes the writing function, the input light signal is stored in the ring waveguide then
the device through port and drop port have almost no light signal output which can be seen in
Fig. 5(a). At the same time, the transmissions of device through port and drop port are almost zero
in Fig. 5(c) and the signal stored in the ring waveguide is shown in Fig. 5(e). When the device
realizes the reading function, the light signal can be read from the ring waveguide to the drop port
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Fig. 5. (a) - (b) The electric field distributions of the microring storage in the writing and reading state.
(c) - (d) The transmissions of device in the writing and reading state. (e) Stored signal, the illustration
is the input signal. (f) Output signal.

as shown in Fig. 5(b). Meanwhile, Fig. 5(d) shows the transmissions of device through port and
drop port that the light signal stored in the ring waveguide is all coupled and read out from the drop
port, and the signal output from drop port is shown in Fig. 5(f). At the same time, it can be obtained
that the propagation loss of the ring resonator is 2.9 × 10−5 dB/μm and the propagation loss of
the section with insulating state VO2 films is 0.43 dB/μm. The propagation loss of the section with
metallic state VO2 films is 4.63 dB/μm. The microring Q-factor is 545.473.
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Fig. 6. (a) Input pulse signal. (b) Output optical signal with rise/fall time of 0.5 ps / 0.6 ps. (c) Delay time
and wavelength, Illustrations is from Ref. [38]. (d) The relationship between the external pump laser
pulse, the input signal and the output signal of drop port.

In order to describe the speed response of the optical buffer, a picosecond pulse drive signal
is added to the input port of device. The pulse length of the input signal is 1.6 ps as shown in
Fig. 6(a). The phase transition speed of VO2 films with thickness of 50 nm and area of 1 μm2 under
250 μJ/cm2 pump laser at a wavelength of 800 nm can reach at femtosecond as reference [34],
[35] shows. The thickness and area of VO2 films in this paper are less than that of VO2 films in
reference [34],[35], thus the phase transition speed of VO2 films in this paper can also reach the
order of femtosecond under 250 μJ/cm2 pump laser at a wavelength of 800 nm. Then Fig. 6(b)
shows the output signal of the drop port where rise and fall time are respectively 0.5 ps / 0.6 ps that
are faster than the Sayed Elshahat’s research [25]. The insertion loss of the optical buffer device
is about 6.54 dB when inputting a 1.5537 μm light pulse, including the coupling loss between the
straight waveguide and the ring waveguide and the insertion loss of VO2 films in coupling region 1
and 2. Fig. 6(c) shows the relation between wavelength and delay time. The maximum delay time
of the buffer device is 78.28 ps at λ = 1.5537 μm, which is similarly to group delay time of coupled
resonator optical waveguides (CROWs) with 8∼12 open rings [38]. At the same time, Fig. 6(d)
shows the relationship between the external pump laser pulse, the input signal and the output
signal of drop port. The output signal of the drop port can be obtained by controlling the phase
state of VO2 films with an external pump laser. With the increase of buffering time, the amplitude
of output signal of drop port decreases continuously.
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4. Conclusion
In conclusion, the optical buffer device employing VO2 embedded on SOI waveguides with mi-
croring resonator is analyzed by varFDTD method. By injecting certain energy pump laser to
respectively control the phase state of the embedded VO2 films in coupling region 1 and 2, enabling
the device to respectively achieve writing, storaging and reading functions. The ER of device is up
to 16.82 dB and the buffer speed can reach 0.5 ps. Buffer time can reach 78.28 ps. Our results
prove that VO2 can be combined with waveguide devices to realize the function of optical storage
which has sub-picosecond storage speed, high ER and smaller device’s size. It can be seen that
our results are an important step towards broad, fast, low-power on-chip photons and promote the
development of optical buffer.
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