
   

Copyright  and  Reuse:  Copyright  and  Moral  Rights  remain  with  the  author(s)  and/or

copyright  holders.  Copies  of  full  items  can  be  used  for  personal  research  or  study,

educational, or not-for-profit purposes without prior permission or charge, unless otherwise

indicated,  provided  that  the  authors,  title  and  full  bibliographic  details  are  credited,  a

hyperlink and/or URL is given for the original metadata page and the content is not changed

in any way. For full details of reuse please refer to City Research Online policy.

City Research Online:            http://openaccess.city.ac.uk/            publications@citystgeorges.ac.uk

Citation:  Wu, D., Yang, X., Wang, N., Lu, L., Chen, J., Zhou, L. & Rahman, B. M. 
A. (2022). Resonant multilevel optical switching with phase change material GST. 
Nanophotonics, 11(15), pp. 3437-3446. doi: 10.1515/nanoph-2022-0276 

This is the published version of the paper.

This version of the publication may differ from the final published version. To cite 
this item please consult the publisher's version.

Permanent repository link: https://openaccess.city.ac.uk/id/eprint/28471/

Link to published version: https://doi.org/10.1515/nanoph-2022-0276

City Research Online
City St George’s, University of London

https://openaccess.city.ac.uk/policies.html
mailto:publications@citystgeorges.ac.uk
http://openaccess.city.ac.uk/


Nanophotonics 2022; aop

Research Article

Di Wu, Xing Yang, Ningning Wang, Liangjun Lu*, Jianping Chen, Linjie Zhou and B. M. Azizur
Rahman

Resonant multilevel optical switching with phase
change material GST
https://doi.org/10.1515/nanoph-2022-0276
Received May 14, 2022; accepted June 7, 2022;
published online

Abstract: We demonstrate a multilevel optical memristive
switch based on a silicon Fabry–Perot resonator. The
resonator is constructed by a pair of waveguide Bragg
gratings at the ends of a multimode interferometer (MMI)
covered with sub-micrometer-size Ge2Sb2Te5 (GST) thin
film on top. The interaction between the optical field and
GST is greatly enhanceddue to the resonant effect. TheGST
phase transition is triggered by applying electrical pulses
to thedoped-siliconmicroheater. Light is transmittedwhen
GST is amorphous while it is highly absorbed by the
crystalline GST at the resonance wavelength, leading to
a higher on-off extinction ratio (ER) compared to the
non-resonant device. The resonant device achieves a
maximum transmission contrast of 10.29 dB and a total of
38 distinct nonvolatile switching levels. Our work provides
an effective solution to improving the multilevel switching
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performance of phase-change devices and paves the way
for future nonvolatile silicon photonics devices.

Keywords: integrated optics; optical memristive switch;
phase change material; silicon photonics.

1 Introduction
Silicon photonics combines the low-cost complementary
metal-oxide-semiconductor (CMOS) compatible manufac-
turing technology with photonic technologies to deal
with optical signal processing and transmission, which
has become a research hotspot in both academia and
industry [1]. Switching is a fundamental operation and
is commonly implemented by refractive index (RI) mod-
ulation in photonic devices. Traditional silicon photonic
devices use the free-carrier plasma dispersion (FCD) or
the thermo-optic (TO) effects to realize RI modulation.
However, the relatively weak RI tuning mechanism results
in a long active waveguide length. Moreover, both the FCD
andTOeffects require a constant power supply to retain the
desired RI change, resulting in considerable static power
consumption. Therefore, it has become a bottleneck for
further scaling down the active devices and reducing the
power consumption.

Phase change materials (PCMs), such as Ge2Sb2Te5
(GST), are capable of reversible conversion between the
amorphous (am) and the crystalline (cr) states and possess
pronounced contrast in electrical and optical properties
[2–4]. Introducing GST into silicon photonic devices using
hybrid integration can provide a wide range of effective RI
adjustment in a minimal volume, thus allowing for high-
density integration and low power consumption [5–7].
Another advantage of GST lies in its non-volatility, which
requires no power to maintain any particular state [8]. It
has also been demonstrated that phase change can be
triggered thermally [9, 10], optically [11–15], or electrically
[16–18]. Owing to these merits of GST, it has been widely
explored for various applications including optical switch-
ing [19–21], nonvolatile memory [22–24], and optical
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computing [25–27].Withacontrolledvolumeratiobetween
the crystalline GST (cr-GST) and the amorphous GST
(am-GST), multilevel optical switching with steady inter-
mediate states is possible. The different switching levels
can represent the storagebits in thephotonicmemories [22]
or the synaptic weights in the optical neural networks [28].
The number of distinguishable switching levels is limited
by themaximum transmission contrast between “ON” and
“OFF” states, i.e., the switching extinction ratio (ER). Most
of the reported multilevel switching devices have a low
ER, and hence the functionality and the scalability are
hard to be further improved. Although a higher ER can
be obtained by increasing the volume of the GST cell, it
degrades the operation speed and the repeatability of the
phase change process [29]. In 2021,Wu et al. demonstrated
a programmable phase-change metasurface on a silicon
nitride waveguide with a high ER [30]. However, the phase
transition is triggered optically. The active region and
directional coupler formodeconversionare relatively long,
which increases the device footprint.

In this work, we demonstrate an effective way to
improve the ER by utilizing a Fabry–Perot (F-P) resonant
cavity. Resonant structures can enhance light–matter
interaction and increase optical absorption by the lossy
medium [31]. By combining this feature with the large
RI change and the partial crystallization ability of the
GST, a multilevel electro-thermal switch with a compact
volume and a high ER is implemented. Unlike the previ-
ously reported PCM switching devices based on microring
resonators, there is no crucial requirement for our device
to operate at the critical coupling to attain a high ER.
The increased loss of crystalline GST is helpful to switch
off light transmission since light inevitably goes through
the GST absorption region. Benefiting from the multimode
interferometer (MMI) structure, we integrated a silicon
resistive microheater to electrically control the device
state within a compact volume. The experiment reveals
that the number of transmission levels can be increased
considerably by the introduction of the F-P resonator
compared to the non-resonant device.

2 Device structure and working
principle

Figure 1a illustrates the schematic structure of the resonant
optical memristive switch. It is composed of a 1 × 1 MMI
inserted in anF-P cavity. The input/output is a single-mode
silicon strip waveguide with a cross-sectional size of 220
nm (height)× 500nm (width). Thedimension of theMMI is

12.4 μm× 2 μm. Sidewall Bragg gratings form the front and
rear mirrors of the F-P cavity. In the center of the MMI, a
crossing strip with a 1 μmwide P++-doped region is placed
perpendicularly. Gold (Au) electrodes are positioned on
the two sides and the separation distance isWstrip = 3 μm.
A thin film of GST with a disk shape is placed on top of
the MMI at the crossing center. The GST thickness is HGST
= 30 nm and the disk radius is RGST = 0.5 μm. To protect
the GST film, another 30 nm-thick indium-tin-oxide (ITO)
film covers the GST on top. The phase change is induced by
resistiveheatingwhenanelectrical pulse is applied. Figure
1b and c shows the cross-sectional view and top view of the
active region, respectively. Figure 1d shows the structure
of the Bragg grating reflector. The sidewall grating has a
duty cycle of 50%. The Bragg resonance condition can be
expressed as:

𝜆 = 2Λneff
m (1)

where𝛬 is the grating period, neff is the effective refractive
index of the grating waveguide, and m is the diffraction
order (m= 1 in our design). The grating corrugation width
is set to 𝛥w = 200 nm and the grating period is calculated
to be 𝛬 = 337 nm in order to set the Bragg resonance
wavelength at 𝜆= 1550 nm.

To analyze the output characteristics of the resonant
switch, theGST-gatedMMI is regarded as awaveguidewith
a variable loss (change with the GST phase state). Then,
the transmittance of the resonant switch can be expressed
as [32]:

T = It
I0

= (1− Rg)2𝛼
(1− Rg𝛼)2 + 4Rg𝛼 sin2(𝜙+ 𝜙r)

(2)

where Rg =
|||rg

|||
2
is the power reflectivity of the Bragg

grating, 𝜙r is the reflection phase of the Bragg grating, 𝜙
and 𝛼 are the one-way phase and the power loss factor of
the F-P cavity. The reflection coefficient rg is expressed as:

rg =
−𝜅 sin h(𝛾L)

i𝛾 cos h(𝛾L)+Δ𝛽 sin h(𝛾L)
(3)

where L is the grating length,𝜅 is the coupling coefficient,
𝛾 =

√
𝜅2 −Δ𝛽2, and Δ𝛽 = 2𝜋neff

(
𝜆−1 − 𝜆−10

)
, 𝜆0 is the

Bragg wavelength. The loss factors for am-GST and cr-GST
are distinct: 𝛼am is close to 1 and 𝛼cr is close to 0. The
operating wavelength is set to the resonant wavelength
at the amorphous state. The ER, defined as the peak
transmission contrast between the am-GST and cr-GST
states, is then derived as:

ER = Tam− max
Tcr− max

= 𝛼am(1− Rg𝛼cr)2

𝛼cr(1− Rg𝛼am)2
(4)
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(a)

(b) (c) (d)

Figure 1: Schematic diagram of the proposed resonant optical memristive switch.
(a) Three-dimensional perspective view of the optical memristive switch. (b) Cross-sectional view of the active region in the center of the
MMI. (c) Top view of the device active region. (d) Top view of the Bragg grating mirror.

When there is no Bragg grating, the device becomes
a non-resonant structure. In this case, Rg = 0 and ER =
𝛼am/𝛼cr, which indicates the transmission contrast is dic-
tated by the MMI loss variation upon phase change. When
Rg increases toapproach 1, theER increasesmonotonously.
It hence suggests that the introduction of the resonant
cavity increases the transmission contrast. It should be
noted that the insertion loss (IL) at the amorphous state
is also increased. Figure 2a shows the calculated ER and
IL as a function of the Bragg grating reflectivity. In the
simulation,weassume𝛼am=0.9and𝛼cr=0.03, consistent
with the practical device. The grating reflectance in our
device is chosen to be Rg = 0.5 to make a compromise
between ER and IL.

We used the three-dimensional finite-difference time-
domain (3D-FDTD) method to simulate and optimize the
device design. By changing the number of grating periods,
we can adjust the grating reflectance and hence the output
transmission. The number of grating periods is calculated
to be N = 20 to get Rg = 0.5 at the Bragg resonance
wavelength. Figure 2b shows the calculated reflectance for
the grating. The full width at the half maximum (FWHM)

exceeds 40 nm. Figure 2c and d shows the electric field
intensity distributions in the non-resonant and resonant
switches, respectively.WhenGST is in the amorphous state
with its complex refractive index being 3.98+ 0.0244i, the
insertion loss of the device is low and the switch state
is “ON”. When GST changes to the crystalline state with
its complex refractive index increased to 6.49 + 1.054i,
it possesses strong absorption and turns the switch state
to “OFF”. The complex refractive indices were adopted
from the measurement by spectroscopic ellipsometry. The
F-P cavity generates a noticeable resonance in the MMI,
which enhances light absorption at the MMI center in
the crystalline state. As a result, the optical transmission
contrast between two phase states at the Bragg resonance
wavelength is largely enhanced.

Figure 2e shows the simulated transmission spectra
of the non-resonant and resonant switches at the “ON”
and “OFF” states. At the 1550 nm wavelength, the “ON”
state loss of the non-resonant switch is 0.48 dB and
the “OFF” state loss is 15.41 dB. The ER is 12.82 dB. In
contrast, prominent resonance peaks can be observed for
the resonant switch at the “ON” state. One of the F-P
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Figure 2: Theoretical calculation and simulation results of the device.
(a) Calculated IL and ER as a function of Rg. (b) Simulated reflectance of the Bragg grating with the number of periods N = 20. (c, d)
Simulated electric field intensity distributions in (c) the non-resonant switch and (d) the resonant switch. (e) Simulated transmission spectra
of the non-resonant and resonant switches at am-GST and cr-GST states.

resonances occurs at 1550 nm. Light is more strongly
absorbed by cr-GST in the cavity, leading to a reduced
transmission level in the Bragg reflection band. At the 1550
nm wavelength, the “ON” state loss is 1.65 dB and the
“OFF” state loss is 19.31 dB. The ER is 17.65 dB, increased
by 4.8 dB compared to the non-resonant device.

3 Device fabrication
The memristive switches were fabricated on a silicon-on-
insulator (SOI) substrate with a 220 nm-thick top-silicon
layer and a 2 μm-thick buried-oxide layer. The silicon
waveguide patterns were first defined in the CSAR 6200.09
positive resist using a Vistec EBPG5200+ electron beam
lithography (EBL) system. The patterns were transferred to
the silicon layer by inductively coupled plasma (ICP) dry
etching. Next, a 2 μm-thick positive-tone PMMA electron-
beam resist was spin-coated and patterned to open the
window for the following boron ion implantation. The

ion implantation dose is 3 × 1015 ions/cm2. The chip was
then annealed at 1100 ◦C for 15 s to activate the dopants
after ion implantation. After that, a 1 μm-thick PMMA
was spin-coated, and a third-time EBL was performed to
define the GST deposition window. A 30 nm-thick GST film
and a 30 nm-thick ITO protective film were deposited by
magnetron sputtering. The sputtering conditions are 15
sccm Ar flow rate and 30 W RF power for GST deposition
and 25 sccm Ar flow rate and 200 W DC power for ITO
deposition. The GST/ITO films were patterned by the
lift-off process. The metal electrodes were defined using
a fourth-time EBL. In order to form a good ohmic contact
with thedopedsilicon, thechipwas immersed inabuffered
oxide etchant (BOE, 10:1 HF (49%) and NH4F (10%)) for 15
s at ambient temperature to remove the thin native oxide
before metal deposition. The metal layers consisting of 20
nm-thick Cr and 100 nm-thick Au were deposited using
electron-beam evaporation followed by a lift-off process.
Figure 3a shows the microscope image of the fabricated



D. Wu et al.: Resonant multilevel optical switching with PCM | 5

device. Figure 3b and c shows the scanning electron
microscope (SEM) images of the MMI structure and the
Bragg grating, respectively.

4 Measurement
We used a tunable laser source (Agilent 81600B) and an
optical power monitor (Agilent 81636B) to measure the
transmission spectrum. Continuous-wave (CW) from the
laser source was adjusted to the quasi-transverse-electric
(TE) mode through a polarization controller and then
vertically coupled into the device through the grating
coupler at an angle of about 10◦. The coupling loss is
∼4–4.5 dB/facet at the 1550 nm wavelength. An arbitrary
waveform generator (AWG, Agilent 81150A) was used to
generate the electrical pulses, which were applied to the
Au electrodes via a pair of metal probes.

Figure 4 shows the measured transmission spectra
of three resonant switches with grating periods of 337
nm, 347 nm, and 357 nm, together with the non-resonant
control device. The spectra were normalized to a reference
straight waveguide. Due to the fabrication errors, the
Bragg resonant wavelengths were blue-shifted compared
to the simulation. The operation wavelengths of the three
devices can be chosen as 1525.20 nm, 1540.89 nm, and
1557.69 nm to get themaximum transmission contrast. The
as-fabricated devices are initially at the “ON” state, where
GST is amorphous. In order to obtain the “OFF” state, the
deviceswereheatedonahotplateat 180 ◦C temperature for
3min to convert the initial am-GST to cr-GST. The “ON” and
“OFF” state loss of the non-resonant switch at the 1550 nm
wavelength is 0.37 dB and 6.13 dB, respectively. Therefore,
the ER is calculated to be 5.76 dB. We select the resonant
switchwith a grating period of 357 nm for comparison. The
“ON” state loss (IL) is 3.65 dB and the “OFF” state loss is
20.56 dB, resulting in an ER of 16.91 dB. It should be noted
that the resonant devices have the same design as the
non-resonant device expect the additional Bragg gratings.
The abovemeasurements clearly indicate the effectiveness
of the ER enhancement by the F-P resonances.

Based on the theoretical model of Eq. (2), we can
perform curve fitting of themeasured spectra to extract the
keyparameters.Thefittingmatcheswellwith themeasured
ones, as shown by the dashed black cures in Figure 4. The
obtained coupling coefficient of theBragg gratings is about
2000 cm−1 and the peak reflectance is 0.83, which is larger
than our design. This deviation also causes the increased
IL of our fabricated device, as predicted by Figure 2a.

The non-resonant MMI switch with a doped silicon
microheater has been proved to have good repeatability

and high performance in multilevel memory and logic
operation [29]. We characterized the multilevel switching
performance of the resonant switch following the same
method. The response time of the amorphization and
crystallization processes is around 100 ns. The initial
state of the device is set to amorphous by using a pre-
amorphization electrical pulse with a width of 20 ns and
anamplitude of 9V. Thedevice output transmission is high
(level 0) at the beginning.

Starting from level 0, we performed the stepwise
crystallization using consecutive single-step electrical
pulses. Each pulse is temporally separated by 1 s. The
output power from the device was monitored by a pho-
todetector. Figure 5a shows the normalized transmission
change under a sequence of crystallization pulses with
a width of 120 ns and an amplitude of 3.5 V. Since the
measured resistance of the devices is approximately 360
𝛺, the applied pulse energy is ∼4.08 nJ. The resonant
switch with a 357 nm grating period was chosen for this
experiment. The other two devices have similar perfor-
mances. Thenormalized transmission change is defined as
ΔT = 10 log10(T∕T0),whereT is theoutputpower forapar-
ticular transmission level andT0 is theoutputpower for the
lowest transmission (GST nearly fully crystallized) as the
baseline. The resolvable transmission levels are limited
by the noise level of the photodetector. We used 0.1 dB
as the minimum distinguishable output difference for
decision. We can see that the transmission difference
between the two adjacent output levels first increases
and then decreases. For the non-resonant switch, there
are 7 distinguishable switching levels. For the resonant
switch, the number of switching levels increases to 11
in the crystallization process. Due to the higher ER of
the resonant switch, each phase change step produces a
more pronounced change in the transmission than the
non-resonant switch. The total “ON-OFF” transmission
contrast of the resonant switch is 14.39 dB, which is much
larger than the4.64dBcontrast of thenon-resonant switch.

Next, we reduced the amplitude of the electrical
pulses to 3.4 V and re-performed the multilevel optical
switching. The pulse energy was reduced to 3.85 nJ.
Figure 5b shows the transmission change with time. The
first three crystallization pulses do not induce significant
change to the output transmission, probably due to the
low nucleation rate caused by the decreased temperature
in the GST layer [33, 34]. Nevertheless, the total number of
distinguishable switching levels increases to 13 and 19 for
the non-resonant and resonant switches, respectively. The
“ON-OFF” transmission contrast is 4.16 dB and 10.62 dB
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Grating 
coupler

GST/I
TO
GGSTSTT/I/I/I/I/I/I/I/I/I/I/II
TTTOOO

P++

Au
(b)

2 μm GST/ITO

1 μm50 μm

(c)

(a)

Figure 3: Fabricated devices.
(a) Microscope image of the fabricated resonant memristive switch. (b, c) SEM images of (b) the MMI structure and (c) the Bragg grating.

Figure 4: Measured transmission spectra of (a) the non-resonant switch and (b–d) the resonant switches with grating periods of (b) 337 nm,
(c) 347 nm, and (d) 357 nm in am-GST and cr-GST states. The black dashed lines are the fitted curves of the spectra when the resonant
devices are in the am-GST state.
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Figure 5: Multilevel switching performance.
(a, b) Multilevel switching of the non-resonant switch and the resonant switch using single-step crystallization pulses with the pulse energy
of (a) 4.08 nJ, and (b) 3.85 nJ. (c) Multilevel switching of the resonant switch using single-step crystallization pulses with the pulse energy of
3.40 nJ.

for the non-resonant and resonant switches, respectively,
which is lower than the previous higher-energy operation.

There is still room to insert more levels as can be seen
in Figure 5b. Figure 5c shows the stepwise transmission
of the resonant switch when the electrical pulse energy
is reduced to 3.40 nJ by setting the pulse width to 100
ns and the amplitude to 3.5 V. The first four steps are
hard to distinguish due to the reduction of the electrical
pulse energy. After that, the transmission level drop is
significant.There isa totalof38observableswitching levels
with a maximum transmission contrast of 10.29 dB.

5 Discussion
Benefitting from the enhanced ER of the resonant switch,
we can obtain more transmission levels generated by

consecutive crystallization pulses, which outperforms the
non-resonant switch. Due to the phase change properties
of GST material, when the applied pulse energy is low,
the nucleation rate of crystallization is slow, and multiple
pulses are required to switch the device from level 0 to
level 1. Since the low pulse energy limits the maximum
temperature of the GST thin film in the crystallization
process, increasing the pulse number cannot achieve fully
crystalline GST. By programming the electrical pulses,
such as progressively increasing the phase change pulse
energy, it is possible to increase the ratio of the cr-GST
and generate more evenly distributed intermediate levels,
further increasing the number of output levels. Employing
a low-noise photodetector can also improve the resolved
transmission levels.
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Table 1: Comparison of reported multilevel switching devices.

Ref. Phase change method Max trans. contrast (𝜟T linear) # Of levels

[24] Optically 0.83 dB (21%) 8
[35] Optically 0.79 dB (20%) 11
[23] Optically 1.37 dB (37%) 34
[30] Optically 16.5 dB (4369%) 64

[36] Electrically & optically 0.03 dB (0.7%, elec.) –0.19 dB (4.5%, opt.)
[29] Electrically 6.02 dB (300%) 5
[17] Electrically 2.23 dB (67%) 20
This work Electrically 10.29 dB (969%) 38

Although we have performed the switching in a
stepwise manner, the transition between any level can
be easily achieved. When switching from a lower-level
x (x ≥ 0) to an arbitrary higher-level y (y > x), we can
use a set of y–x crystallization pulses. When switching
from a higher-level y to an arbitrary lower-level x, we can
first use an amorphization pulse with higher energy to
reset the device state to level 0, then switch to level x
with x crystallization pulses. The transmission state of the
switch can likewise be changed by applying crystallization
pulses with different energies. It is also possible to use one
double-step pulse instead of multiple stepwise pulses for
switching between arbitrary levels [25]. The double-step
pulse is composed of a high-energy step to erase the
previous state followed by a low-energy step to crystallize
and determine the final transmission level. By combining
amorphizationandcrystallizationprocesses, transmission
levels could be switched by a single programmed pulse,
which further improves the switching speed of the device.

Table 1 compares this work with other reported mul-
tilevel switching devices based on PCMs. To facilitate the
comparison, we also list the relative transmission change
in percentage as adopted by some work in the literature,
which is expressed as ΔTlinear = (T − T0)∕T0. Our device
achieves the maximum transmission contrast and the
highest number of switching levels among the electrically
triggered multilevel switching devices. Although optically
induced phase change could support all-optical operation
and high transmission contrast, it is more suitable for
individual devices or small integration since it has to
use separate pump light to trigger the phase change of
GST. The routing complexity of the pump light increases
considerably with the number of devices to be controlled.
Thismakes it challenging tobeused in large-scalephotonic
integrated circuits [20, 37]. In comparison, the electrically
induced phase transition has more convenience to be
applied in large-scale integration. The micro-heaters can

be integrated anywhere phase change is required without
intervening in the optical paths. It can be potentially
applied to large-scale optical switches, reconfigurable
optical processors, and neuromorphic optical computers,
etc., where the elementary optical components need to be
driven electrically.

6 Conclusions
We have demonstrated a resonance-enhanced multilevel
optical memristive switch based on the phase change
material GST. F-P resonances are generated due to the
presence of Bragg gratings at the input and output ends
of the MMI. Electrical pulses are applied to the silicon
resistivemicroheater to trigger the phase change of theGST
cell on top of the MMI. We use consecutive single pulses
to perform stepwise crystallization to study the multilevel
switchingcapabilityof resonantandnon-resonantdevices.
It reveals that the resonant device has a much larger
transmission change and possesses more distinguishable
intermediate states. We achieve a maximum transmission
contrast of 10.29 dB with 38 output levels. Benefiting from
the nonvolatile property of GSTmaterial, our device can be
used in multilevel optical memory, in-memory computing
[26], and neuromorphic computing [38] with compact
size and low power consumption. This work represents a
significant step toward low-power, high-speed, and highly
integrated on-chip reconfigurable devices on the silicon
photonics platform.

Acknowledgements: The authors thank the Center for
Advanced Electronic Materials and Devices (AEMD) of
Shanghai Jiao Tong University (SJTU) for support in device
fabrications.
Author contributions: All the authors have accepted
responsibility for the entire content of this submitted
manuscript and approved submission.



D. Wu et al.: Resonant multilevel optical switching with PCM | 9

Research funding: This work was supported in part by
the National Key R&D Program of China under Grant
2021YFB2801300, the National Natural Science Founda-
tion of China under Grants 62090052, 62075128 and
62120106010, and 62135010.
Conflict of interest statement: The authors declare no
conflicts of interest.

References
[1] S. Y. Siew, B. Li, F. Gao, et al., ‘‘Review of silicon photonics

technology and platform development,’’ J. Lightwave
Technol., vol. 39, no. 13, pp. 4374−4389, 2021..

[2] K. Shportko, S. Kremers, M. Woda, D. Lencer, J. Robertson,
and M. Wuttig, ‘‘Resonant bonding in crystalline
phase-change materials,’’ Nat. Mater., vol. 7, no. 8,
pp. 653−658, 2008..

[3] X. Sun, A. Lotnyk, M. Ehrhardt, J. W. Gerlach, and B.
Rauschenbach, ‘‘Realization of multilevel states in
phase-change thin films by fast laser pulse irradiation,’’ Adv.
Opt. Mater., vol. 5, no. 12, p. 1700169, 2017..

[4] M. S. Arjunan, A. Mondal, S. Durai, K. V. Adarsh, and A.
Manivannan, ‘‘Impact of crystallization process in multilevel
optical switching in Ge2Sb2Te5 and Ag5In5Sb60Te30
phase-change materials,’’ J. Phys. D Appl. Phys., vol. 53,
no. 49, p. 495303, 2020..

[5] J. Zheng, A. Khanolkar, P. Xu, et al., ‘‘GST-on-silicon hybrid
nanophotonic integrated circuits: a non-volatile
quasi-continuously reprogrammable platform,’’ Opt. Mater.
Express, vol. 8, no. 6, pp. 1551−1561, 2018..

[6] Y. Zhang, J. B. Chou, J. Li, et al., ‘‘Broadband transparent
optical phase change materials for high-performance
nonvolatile photonics,’’ Nat. Commun., vol. 10, no. 1, p. 4279,
2019..

[7] Z. Fang, J. Zheng, P. Xu, and A. Majumdar, ‘‘GST integrated
silicon photonics,’’ in Active Photonic Platforms XI, vol. 11081,
SPIE, 2019, pp. 56−66.

[8] Z. Gong, F. Yang, L. Wang, et al., ‘‘Phase change materials in
photonic devices,’’ J. Appl. Phys., vol. 129, no. 3, p. 030902,
2021..

[9] M. Stegmaier, C. Ríos, H. Bhaskaran, and W. H. P. Pernice,
‘‘Thermo-optical effect in phase-change nanophotonics,’’ ACS
Photonics, vol. 3, no. 5, pp. 828−835, 2016..

[10] H. Hu, H. Zhang, L. Zhou, et al., ‘‘Contra-directional switching
enabled by Si-GST grating,’’ Opt Express, vol. 28, no. 2,
pp. 1574−1584, 2020..

[11] M. Rudé, J. Pello, R. E. Simpson, et al., ‘‘Optical switching at
1.55 μm in silicon racetrack resonators using phase change
materials,’’ Appl. Phys. Lett., vol. 103, no. 14, p. 141119, 2013..

[12] D. Tanaka, Y. Shoji, M. Kuwahara, et al., ‘‘Ultra-small,
self-holding, optical gate switch using Ge2Sb2Te5 with a
multi-mode Si waveguide,’’ Opt Express, vol. 20, no. 9, pp.
10283−10294, 2012..

[13] H. Zhang, L. Zhou, L. Lu, J. Chen, and B. M. A. Rahman,
‘‘All-optical non-volatile tuning of nanobeam resonators
using the GST phase-change material,’’ in 2019 24th

OptoElectronics and Communications Conference (OECC) and
2019 International Conference on Photonics in Switching and
Computing (PSC), IEEE, 2019, pp. 1−3.

[14] J. Faneca, S. Garcia-Cuevas Carrillo, E. Gemo, et al.,
‘‘Performance characteristics of phase-change integrated
silicon nitride photonic devices in the O and C
telecommunications bands,’’ Opt. Mater. Express, vol. 10,
no. 8, pp. 1778−1791, 2020..

[15] Z. Xu, H. Luo, H. Zhu, et al., ‘‘Nonvolatile optically
reconfigurable radiative metasurface with visible tunability
for anticounterfeiting,’’ Nano Lett., vol. 21, no. 12,
pp. 5269−5276, 2021..

[16] K. Kato, M. Kuwahara, H. Kawashima, T. Tsuruoka, and H.
Tsuda, ‘‘Current-driven phase-change optical gate switch
using indium−tin-oxide heater,’’ APEX, vol. 10, no. 7,
p. 072201, 2017..

[17] C. Wu, H. Yu, H. Li, X. Zhang, I. Takeuchi, and M. Li, ‘‘Low-loss
integrated photonic switch using subwavelength patterned
phase change material,’’ ACS Photonics, vol. 6, no. 1,
pp. 87−92, 2018..

[18] J. Zheng, Z. Fang, S. Zhu, et al., ‘‘Nonvolatile electrically
reconfigurable silicon photonic switches using phase-change
materials,’’ in Frontiers in Optics + Laser Science APS/DLS,
Washington, DC, Optical Society of America,
2019.

[19] Q. Zhang, Y. Zhang, J. Li, R. Soref, T. Gu, and J. Hu,
‘‘Broadband nonvolatile photonic switching based on optical
phase change materials: beyond the classical
figure-of-merit,’’ Opt. Lett., vol. 43, no. 1, pp. 94−97,
2018..

[20] J. Zheng, Z. Fang, C. Wu, et al., ‘‘Nonvolatile electrically
reconfigurable integrated photonic switch enabled by a
silicon PIN diode heater,’’ Adv. Mater., vol. 32, no. 31,
p. 2001218, 2020..

[21] P. Xu, J. Zheng, J. K. Doylend, and A. Majumdar, ‘‘Low-loss and
broadband nonvolatile phase-change directional coupler
switches,’’ ACS Photonics, vol. 6, no. 2, pp. 553−557, 2019..

[22] J. Feldmann, N. Youngblood, X. Li, C. D. Wright, H. Bhaskaran,
and W. H. P. Pernice, ‘‘Integrated 256 cell photonic
phase-change memory with 512-bit capacity,’’ IEEE J. Sel. Top.
Quant. Electron., vol. 26, no. 2, pp. 1−7, 2020..

[23] X. Li, N. Youngblood, C. Ríos, et al., ‘‘Fast and reliable storage
using a 5 bit, nonvolatile photonic memory cell,’’ Optica,
vol. 6, no. 1, pp. 1−6, 2019..

[24] C. Ríos, M. Stegmaier, P. Hosseini, et al., ‘‘Integrated
all-photonic non-volatile multi-level memory,’’ Nat.
Photonics, vol. 9, no. 11, pp. 725−732, 2015..

[25] X. Li, N. Youngblood, Z. Cheng, et al., ‘‘Experimental
investigation of silicon and silicon nitride platforms for
phase-change photonic in-memory computing,’’ Optica,
vol. 7, no. 3, pp. 218−225, 2020..

[26] C. Rios, N. Youngblood, Z. Cheng, et al., ‘‘In-memory
computing on a photonic platform,’’ Sci. Adv., vol. 5, no. 2,
p. eaau5759, 2019..

[27] H. Zhang, L. Zhou, L. Lu, J. Chen, and B. M. A. Rahman,
‘‘Optical computing and logic operation with GST-enabled
silicon photonics,’’ in 2019 Asia Communications and
Photonics Conference (ACP), 2019.



10 | D. Wu et al.: Resonant multilevel optical switching with PCM

[28] S. R. Nandakumar, I. Boybat, M. Le Gallo, E. Eleftheriou, A.
Sebastian, and B. Rajendran, ‘‘Experimental demonstration of
supervised learning in spiking neural networks with
phase-change memory synapses,’’ Sci. Rep., vol. 10, no. 1,
p. 8080, 2020..

[29] H. Zhang, L. Zhou, L. Lu, et al., ‘‘Miniature multilevel optical
memristive switch using phase change material,’’ ACS
Photonics, vol. 6, no. 9, pp. 2205−2212, 2019..

[30] C. Wu, H. Yu, S. Lee, R. Peng, I. Takeuchi, and
M. Li, ‘‘Programmable phase-change metasurfaces
on waveguides for multimode photonic convolutional
neural network,’’ Nat. Commun., vol. 12, no. 1, p. 96,
2021..

[31] H. J. Li, Y. Z. Ren, J. G. Hu, M. Qin, and L. L. Wang,
‘‘Wavelength-selective wide-angle light absorption
enhancement in monolayers of transition-metal
dichalcogenides,’’ J. Lightwave Technol., vol. 36, no. 16,
pp. 3236−3241, 2018..

[32] Y. O. Barmenkov, D. Zalvidea, S. Torres-Peiró, J. L. Cruz, and
M. V. Andrés, ‘‘Effective length of short Fabry−Perot cavity
formed by uniform fiber Bragg gratings,’’ Opt Express, vol. 14,
no. 14, pp. 6394−6399, 2006..

[33] Y. Liu, M. M. Aziz, A. Shalini, C. D. Wright, and R. J. Hicken,
‘‘Crystallization of Ge2Sb2Te5 films by amplified femtosecond
optical pulses,’’ J. Appl. Phys., vol. 112, no. 12, p. 123526,
2012..

[34] W. Zhang, R. Mazzarello, M. Wuttig, and E. Ma, ‘‘Designing
crystallization in phase-change materials for universal
memory and neuro-inspired computing,’’ Nat. Rev. Mater.,
vol. 4, no. 3, pp. 150−168, 2019..

[35] J. Feldmann, M. Stegmaier, N. Gruhler, et al., ‘‘Calculating
with light using a chip-scale all-optical abacus,’’ Nat.
Commun., vol. 8, no. 1, p. 1256, 2017..

[36] N. Farmakidis, N. Youngblood, X. Li, et al., ‘‘Plasmonic
nanogap enhanced phase-change devices with dual
electrical-optical functionality,’’ Sci. Adv., vol. 5, no. 11,
p. eaaw2687, 2019..

[37] Z. Fang, R. Chen, J. Zheng, and A. Majumdar, ‘‘Non-volatile
reconfigurable silicon photonics based on phase-change
materials,’’ IEEE J. Sel. Top. Quant. Electron., vol. 28, no. 3,
pp. 1−17, 2022..

[38] M. Xu, X. Mai, J. Lin, et al., ‘‘Recent advances on neuromorphic
devices based on chalcogenide phase-change materials,’’
Adv. Funct. Mater., vol. 30, no. 50, p. 2003419, 2020..


	1 Introduction
	2 Device structure and working principle
	3 Device fabrication
	4 Measurement
	5 Discussion
	6 Conclusions


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Euroscale Coated v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1000
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.10000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /DEU <>
    /ENU ()
    /ENN ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName (ISO Coated v2 \(ECI\))
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName <FEFF005B0048006F006800650020004100750066006C00F600730075006E0067005D>
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 8.503940
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.276 841.890]
>> setpagedevice


