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Phase-change Photonics

Tunable Volatility of Ge,Sb,Te; in Integrated Photonics

Nathan Youngblood, Carlos Rios, Emanuele Gemo, Johannes Feldmann, Zengguang Cheng,
Anna Baldycheva, Wolfram HP Pernice, C. David Wright, and Harish Bhaskaran*

The operation of a single class of optical materials in both a volatile and
nonvolatile manner is becoming increasingly important in many applications.
This is particularly true in the newly emerging field of photonic neuromorphic
computing, where it is desirable to have both volatile (short-term transient)
and nonvolatile (long-term static) memory operation, for instance, to mimic
the behavior of biological neurons and synapses. The search for such mate-
rials thus far have focused on phase change materials where typically two
different types are required for the two different operational regimes. In this
paper, a tunable volatile/nonvolatile response is demonstrated in a photonic
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applications include reflective displays!
and tunable optical metasurfaces.!
In the data storage arena they provide
the active layer in rewritable optical
disks (such as the Blu-ray RE format),
and have recently emerged as the basis
for a new generation of electrical and
photonic memory devices to replace
and/or supplement conventional silicon-
based memories.’'2l In these applica-
tions, nonvolatile switching of the PCM

phase-change memory cell based on the commonly employed nonvola-

tile material Ge,Sb,Te; (GST). A time-dependent, multiphysics simulation
framework is developed to corroborate the experimental results, allowing us
to spatially resolve the recrystallization dynamics within the memory cell. It

is then demonstrated that this unique approach to photonic memory enables
both data storage with tunable volatility and detection of coincident events
between two pulse trains on an integrated chip. Finally, improved efficiency
and all-optical routing with controlled volatility are demonstrated in a ring
resonator. These crucial results show that volatility is intrinsically tunable in
normally nonvolatile GST which can be used in both regimes interchangeably.

1. Introduction

Phase-change materials (PCMs), such as the well-known
chalcogenide alloy Ge,Sb,Tes (GST), are best known for their
use in the field of data storage!'? although more recent
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between its amorphous and crystal-
line states is exploited to provide binary
(or multilevel) storage that is stable for
many years.>13l However, in new and
developing application areas, such as the
rapidly growing realm of brain-inspired
or neuromorphic computing, it is most
desirable for devices to exhibit both vola-
tile (short-term transient) and nonvola-
tile (long-term static) behavior. Indeed,
a single device displaying both these
characteristics would potentially have
the ability to mimic many of the basic
processing and storage operations of the
mammalian brain by, for example, providing the short-term
plasticity (STP) and long-term potentiation (LTP) observed
in synapses,'*17 as well as delivering essential neuronal
features such as the distinctive time-decay of the membrane
potential (the “leaky” part of the so-called leaky-integrate-
and-fire neuron model).'31%) Applications in the emerging
field of reservoir computing can also be envisaged. In reser-
voir computing, it is crucial that the dynamics of the reser-
voir be on the same order as the time scale of the temporal
application.??l Therefore, a device with controllable vola-
tility could act as a volatile, nonlinear element in a reservoir
computing network for applications such as speech recogni-
tion (where volatility on time scales on the order of tens of
milliseconds would be required)?!! or robotic control systems
(time scales ranging from tens of milliseconds to several
seconds).[22:23]

The ability for combined volatile and nonvolatile opera-
tion in a single device could also be used to detect coinci-
dent events between multiple inputs. Such coincidence
detection is also known to occur in biological neurons,
where it is thought to lie at the heart of the processing of
information that is embedded in the spatiotemporal struc-
ture of neuron spiking patterns (rather than in their mean
firing rate).?Yl Coincidence detection also has broader sig-
nificance, for example in the training of neural networks!?’!
and identifying correlated signals for machine learning
applications.2°]

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Unfortunately, the operation of a single class of optical mate-
rials in both a volatile and nonvolatile manner, along with suc-
cessful integration into a practicable device format, has so far
been elusive. Here we demonstrate just such an approach by
using PCMs and working in the photonic domain to exploit
the potential advantages (in terms of speed, bandwidth, and
power consumption) of the silicon photonics “revolution.”/?”]
Although the control of the optical properties of photonic
devices has been demonstrated by employing other materials,
such as vanadium oxide, metal oxides,?*3% and even silicon,*3!
such control is essentially volatile (e.g., via the thermally
induced semiconductor-to-metal phase transition in VO,). In
contrast, we demonstrate here that Ge,Sb,Te;, a nonvolatile
PCM by design,>1%13 also displays a tunable volatility on a
photonic waveguide in the presence of a continuous power
optical probe. By exploiting this tunable behavior, we demon-
strate both nonvolatile multilevel storage and volatile coinci-
dence detection in a single, integrated photonic device.

2. Results

Our photonic device, illustrated in Figure 1a, is formed by a
2 um long and 10 nm thick strip of GST passivated by a 10 nm
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layer of Indium-Tin-Oxide (ITO) on top of a SizN, photonic
waveguide. Optical WRITE pulses are used to initiate phase
transitions while an optical probe is used to continuously
monitor the transmission state of the GST. We use the term
“optical probe” to denote a variable-power optical signal used to
both read and manipulate the state of the material, rather than
simply reading out the transmission state without affecting
the material itself. Both reading and manipulating the state of
GST simultaneously has important consequences as we dis-
cuss in more detail below. Light is coupled to the waveguides
via grating couplers which are shown in Figure 1b. The center
input grating coupler is split into two waveguides which forms
the photonic device with GST (right) and a reference arm with
no GST (left), allowing us to determine the total transmission
of the waveguide and two grating couplers without absorption
loss from GST.”) A false-color SEM image of the GST strip and
Si3N, waveguide can be seen in Figure 1c. In order to maxi-
mize the interaction between the optical mode and the GST, the
sample is annealed at 250 °C for 10 min to crystallize the GST,
which increases optical absorption. By applying optical pulses
of 50 ns or less, we are able to switch the material between
its amorphous (low absorption) and crystalline (high absorp-
tion) states in a nonvolatile manner. Finite difference time
domain (FDTD) simulations were performed using Lumerical
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Figure 1. Phase-change photonic device. a) Illustration of device and measurement scheme. Optical WRITE pulses are used to switch the GST to a
partial amorphous state while a counter propagating, variable-power optical probe is used to control the recrystallization dynamics. b) Optical image
of single device with input grating coupler (center), reference waveguide and output coupler (left), and device waveguide and input/output coupler
(right). (Scale bar is 50 um) c) False-color SEM image of the GST vertical strip overlaying the Si;N, waveguide. (Scale bar is 1 um) d) FDTD simulations
of the power flow from left to right through the region of GST (outlined by white dashed lines) when GST is in both the amorphous and crystalline
states. e) Experimental optical transmission of device with increasing optical probe power. At low probe powers (black line), the device remains in the
amorphous state for nonvolatile operation, while increasing the probe power causes recrystallization of the GST. f) Simulated optical transmission and
crystallization dynamics of the device during volatile operation.
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Solutions to calculate the optical transmission through the
waveguide when the GST strip is in the amorphous and crys-
talline states. Figure 1d shows a top-down view of the power
flow in the x-direction through the waveguide (edges defined
by black lines) in the region of the GST strip (edges defined
by white, dashed lines), showing a significant reduction in the
waveguide transmission when GST is in the crystalline state.
Figure 1e illustrates the observed transmission dynamics of
our device when operated in the volatile regime. When an optical
WRITE pulse encounters crystalline GST, the pulse is partially
absorbed which quickly raises the temperature of the material. If
the pulse energy is high enough, a portion of GST will be heated
above melting temperature before rapidly quenching below the
glass transition temperature, leaving that region in the amor-
phous state. If we introduce an optical probe to read out the
state of the material, some of the optical power is absorbed and
converted into heat, depending on the transmission state of the
GST strip. For a low-power probe, it is possible to read the trans-
mission state of the GST in a manner that does not influence
the physical state of the material (black line in Figure 1e). This is
nonvolatile memory which we have demonstrated previously**!
and is useful for storing long-term data with a retention time
of more than ten years.>!3 Further details on both stability and
multilevel operation are included in Sections S1 and S2 in the
Supporting Information. For higher power probes, however,
the absorbed optical power can heat the GST near or above the
glass transition temperature which causes recrystallization to
occur after the initial WRITE pulse as shown in Figure le. This

memory is volatile with a retention time that is dependent on
both the power of the probe and the transmission state of the
GST after the WRITE pulse. We note that while the use of con-
stant-power laser irradiation has been previously used to simply
crystallize GST in rewritable optical discs,* what we present
here is an integrated device that allows full optical control of the
data retention life time and can be exploited for various uses as
discussed later. Figure 1f shows a typical recrystallization curve
obtained with custom multiphysics simulations (see Section S3
in the Supporting Information) demonstrating the dynamics of
both the optical transmission and the corresponding crystalliza-
tion fraction (i.e., fraction of GST in the crystalline state).

The amount of GST amorphized by a single WRITE pulse
is influenced by the probe power as shown in Figure 2a. We
define the change in transmission as AT = (T — Tin)/ Tiin
where T, is the transmission of the probe when the device
is in the fully crystalline state. The maximum AT plotted in
Figure 2a is the observed change in transmission occurring
after the initial WRITE pulse. In addition to causing recrys-
tallization, increasing the probe power heats the material and
increases the absorption of the WRITE pulse through both
thermo-optic and electronic effects in GST.3>3¢ This is clearly
observed in Figure 2a where the maximum change in transmis-
sion increases with increasing probe power.

In order to further determine the role of optical probe on the
recrystallization dynamics of our device, we fixed the WRITE
pulse energy at 485 p] while varying the probe power. Figure 2b
shows the normalized time-dependent transmission of our

a b
=2 104 Probe Power
& 18+ s —099mW
c ‘B —1.13mW
S 161 £ 084 —1.28mW
P 14 £ —1.42mW
= 2 — 156 mW
I 12 1 g 0.6 —%‘gmw
4 —1.84m
g 10 < —198mW
< 81 3 041 —213mW
g 6 1 Probe Power %
£ i £
> ] —o—128m o
g g ——od3mw | = o] SR A N W N NN
300 350 400 450 500 550 600 650 700 104 10° 0.01 0.1 1 10
Pulse Energy (pJ) Time (s)
c d _
L 10 Pulse Energy g
. S —570pJ =
- 3 ——540pJ S
2] . £ 08 —505pJ 3
£ . & —461pJ o
= & 064 —#7p) ~
> . = —381pJ
2 013 . <
8 = 041
& . 8
[] © i
0014 . g 0.2
=
4 By
S 00 ; ; , A0 g
10 12 14 16 18 20 22 104 103 0.01 01 1 Y Position (nm)

Probe Power (mW) Time (s)

Figure 2. Recrystallization dynamics of volatile memory. a) Maximum change in transmission as a function of WRITE pulse energy for three different
probe powers. Increasing the probe power increases the absorption of the WRITE pulse which is able to switch more material to the amorphous state.
b) Normalized change in transmission for a fixed energy WRITE pulse (485 p]) and various probe powers. The retention time of the material decreases
with increasing probe power. c) Recovery time (time required for transmission to recover to 10% of maximum AT) as a function of probe power as
observed from data in inset (b). d) Normalized change in transmission for a fixed probe power and various WRITE pulse energies. Lower energy WRITE
pulses only partially amorphize the GST, leading to higher optical absorption and shorter recovery times. €) Simulation of the optically induced recrystal-
lization dynamics after the initial WRITE pulse. Recrystallization is mainly by nucleation (due to the relatively low temperatures induced by the probe),
and the nucleation rate is the highest at the edge of the amorphous mark (due to the significantly higher absorption of the background crystalline phase).
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device at various probe powers during the recrystallization pro-  crystalline state, leading to more absorption of the probe which
cess. After the initial WRITE pulse at 0 s, a region of the GST  increases the GST temperature and causes a faster recovery time.
is in the amorphous state, AT is maximum, and the absorption To better understand the recrystallization process in our
of the probe is reduced. However, a portion of the optical probe  device, we developed a simulation framework by which we could
is still absorbed by the remaining crystalline region of the GST  account for time-varying optical, thermal, and crystallization
which heats the material and causes crystallization to occur ata  growth dynamics simultaneously. Since the temperature influ-
rate dependent on the material temperature.l”-38 ences both the complex refractive index and rate of recrystalli-
A clear trend is observed in the recovery time of the mate-  zation in GST, which in turn effects the optical absorption and
rial which we have defined as the amount of time required for ~ temperature of the device, it is crucial to use a time-dependent,
AT to equal 10% of AT, ., (see dashed line in Figure 2b). We iterative model (Section S3 in the Supporting Information). In
have plotted the recovery time as a function of probe power our simulations, we initialize a fixed amorphous region and
in Figure 2c and observe an exponential dependence. Our  monitor the crystal growth for different probe powers. Figure 2e
results show that optical control of the data retention time, i.e.,  shows a partial cross section of the GST volume at four different
volatility control, can be achieved over more than six orders  instances in time for a fixed 1.28 mW optical probe, showing that
of magnitude (see Section S1 in the Supporting Information  the crystal growth begins at the amorphous—crystalline interface
for retention times greater than 10 s). This ability to tune our =~ where the temperature of the amorphous region is greatest.
device’s retention time over such a wide range of recovery times The ability to operate our device in a volatile manner allows us
broadens its usefulness for various applications, including neu-  to perform coincidence detection using the nonlinear nature of
romorphic computing, reservoir computing, and coincidence  GST’s phase-change transition. As pointed out in the introduc-
detection (as discussed in the “Introduction”). tory section, coincidence detection has important applications in
To determine the influence of the WRITE pulse on the neuromorphic computing based on the spatiotemporal structure
recovery time of our device, we kept the probe power fixed at  of neuron spiking patterns,?¥l the training of neural networks*!
1.70 mW and varied the WRITE pulse energy (Figure 2d). One  and machine learning.?l In order to switch GST from a crys-
can see that both the maximum transmission and recovery time  talline to an amorphous state, a certain threshold temperature
decrease with decreasing WRITE pulse energy. This is easily — must be reached. We set the optical power of the WRITE pulses
explained by the difference in optical absorption for a device with ~ such that a single pulse will heat the GST below this switching
a small versus large amorphous region. The lower the WRITE  threshold, but two overlapping pulses will surpass this threshold
pulse energy, the greater the fraction of GST remaining in the  as illustrated in Figure 3a. Therefore, the optical transmission
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Figure 3. Detecting coincident events between two signals using volatile phase-change memory. a) Illustration of binary coincidence detection using
GST in volatile operation. Only when two pulses overlap in time will the combined optical power surpass the threshold required to reach an amorphous
state (higher transmission level). An optical probe recrystallizes the GST which “resets” the device to detect the next event. b) Total optical power of
two WRITE pulses with four different time delays measured with a fast photodetector. Peak power varies with delay, but total energy remains constant.
c) Maximum change in transmission for two 50 ns WRITE pulses with varying time delays. At 0 ns time delay, the transmission reaches a maximum
indicating the two pulses are correlated in time. d) Multipulse device dynamics using two pulse trains with varying time delays between them. When
the two pulse trains are overlapped in time, the transmission is at a maximum, indicating the two signals are correlated.
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will change only when two WRITE pulses overlap in time.
Figure 3b shows the measured optical power of four sets of these
pulses with different time delays. In Figure 3c we plot the peak
response of our device for a high-power probe when two 50 ns
WRITE pulses separated by various time delays are coincident
at the device. If we integrate the optical power in Figure 3b, we
see that regardless of the time delay between the two WRITE
pulses, the total energy remains constant at Epges = 340 + 17 pJ,
but the total peak power varies with the time delay. The non-
linear response of GST allows us to determine whether two
WRITE pulses overlap in time by observing the device’s trans-
mission as shown in Figure 3c. It is worth noting that although
the response time of our device is long compared with the time
scale of the WRITE pulses (tens of milliseconds versus tens of
nanoseconds), we are still able to clearly resolve a 5 ns difference
in time delay between two WRITE pulses due to the high speed
melting process by which GST reaches an amorphous state. In
practice, the accuracy of this technique is largely dependent on
the bandwidth and SNR of the photodetector used.

To demonstrate the temporal response of our coincident
detector, we performed an additional experiment using sig-
nals consisting of multiple pulses. Here, we vary the delay
between two identical pulse trains of ten 50 ns WRITE pulses
with a 500 Hz repetition rate (Figure 3d). Although in practice
the repetition rate could be much higher (limited experimen-
tally to less than 20 MHz by our 50 ns WRITE pulse width), it
is instructive to see the response of our device between indi-
vidual WRITE pulses in the pulse train. At 0 ns time delay, the
transmission remains almost constant throughout the duration
of the pulse train with small visible spikes in the transmis-
sion where the overlapping WRITE pulses occur. As the time
delay between the two pulse trains increases, the amplitude
and duration of the transmission spikes decrease until they
are no longer overlapping. As the time delay increases further,
the transmission response disappears indicating the two pulse
trains are no longer correlated in time.

In a final experiment, we examine the volatile response of
a 0.5 um strip of GST placed on a ring resonator coupled to
two bus waveguides (see Figure 4a). In this configuration, five
1.5 ps WRITE pulses separated by 25 ns are coupled to the add
port of the resonator while the optical probe is on resonance
with the cavity (1557 nm) is coupled to the opposite input port.
When the GST is in the crystalline state, the probe is under-
coupled to the ring which results in a higher output power at
the through port than the drop port as shown in Figure 4b.
After sending a train of five WRITE pulses to the ring (total
energy of 50.5 pJ and centered at 1565 nm), the GST is in the
amorphous state and optical power from the probe is coupled
to the drop port. This provides an all-optical framework for
routing light based on the state of the GST and has been dem-
onstrated as a nonvolatile 1 x 2 all-optical switch*! and recently
proposed as a method for implementing an all-optical phase
change spiking neuron.*! In the latter case, however, the use of
a nonvolatile PCM requires additional logic to reset the device
once threshold is reached. By combining the artificial volatility
we observe in GST with such a photonic spiking neural net-
work, it could be possible to achieve optically tunable “leaky
integrate and fire” functionality without any added complexity
to the photonic architecture proposed by Chakraborty et al.[*%l

Adv. Funct. Mater. 2019, 29, 1807571 1807571 (5 of 7)

From the perspective of volatility, integrating GST in an
optical resonator has the added benefit of lowering the probe
power required for initiating volatility in addition to providing
greater contrast between two transmission states. In Figure 4c,
we show that the probe power required to recrystallize the
GST is reduced by approximately a factor of four compared
to the GST on the waveguide (see Figure 2b). Here, we fix
the WRITE pulse energy at 41.1 pJ and vary the probe power
while monitoring the drop and through ports. As discussed
previously, higher probe powers increase the material absorp-
tion and cause the WRITE pulses to amorphize a larger area
of the GST resulting in an increased maximum switching con-
trast. The ring also has the added benefit of increasing the con-
trast between the amorphous and crystalline states, which is
double that of the 2 um long GST (compare Figures 4d and 2a).
This can be attributed both to the smaller area of GST
(0.5 x 0.75 um? versus 2 x 1.3 um?) and field enhancement of
the ring itself. While these results are beneficial for applications
requiring volatility, we note that for nonvolatile applications,
such as optical routing®” or multiplexed photonic memory,!*%!
one must be aware that optical power in the resonator can have
this volatile effect on optical PCMs.

In Figure 4d, we fix the probe power at 640 uW (meas-
ured in the bus waveguide, after the input grating coupler)
while varying the energy of the WRITE pulses. Higher
switching contrast again reduces the speed of recrystalliza-
tion due to lower absorption of the probe. Previous work in
a similar (but nonvolatile) device measured the switching
speed of GST amorphization to be on the order of 200 ps
while recrystallization required a train of =600 pulses with
decreasing amplitude.?% This method, similar to previous
techniques,!'%1741 requires multiple pulses to fully reach
crystallization with speeds ranging from several to tens of
microseconds. Here, we maintain sub-nanoseconds amorphi-
zation switching speeds as with previous results, but sacrifice
some speed during the recrystallization process (maximum
recrystallization time of 850 us in Figure 4c¢) in favor of much
simpler control over the data retention time in our device.
Additionally, the rich time-dependent dynamics observed
in Figure 4c,d are not observed with nonvolatile switching
methods. While these results already show significant
improvement over the device used in Figures 1-3 in terms of
contrast, speed, and energy efficiency, further optimization in
the coupling between the bus waveguides and ring resonator
to better match the loss of the GST (i.e., “critical coupling”)
could provide much greater gains.

3. Conclusion

In conclusion, we have observed volatile behavior in a tradi-
tionally nonvolatile PCM, demonstrating that the best of both
worlds can be attained with a single material. By varying the
optical power of the probe, we observed an exponential decrease
in the data retention time of our PCM memory cell, enabling
retention times ranging from years (nonvolatile operation)
to milliseconds (volatile operation). Crucially, by developing
an advanced multiphysics model, we show that the recrystal-
lization dynamics of the materials at higher probe powers

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Improved efficiency and switching contrast using a photonic ring resonator. a) A 0.5 pum GST strip is placed on a ring resonator which is
coupled to two bus waveguides (Scale bars are 10 and 50 pm for the ring resonator and full device images respectively). The optical probe is routed
to the drop port from the through port when the GST is in the amorphous state. b) Spectrum of the resonator when GST is in the amorphous and
crystalline states. c) Recrystallization dynamics for a fixed pulse energy (41.1 pJ) and varying probe power. Increased transmission is observed at high
probe powers due to increased absorption. d) Pulse energy dependent recrystallization for a fixed probe power (640 uW). The pulse energy is reduced

by an order of magnitude from the device in Figure 2 due to the reduced size of the GST and the use of picosecond WRITE pulses.

determine its volatility, and therefore can be controlled at will.
This was achieved in a fully integrated and optical platform and
used for both multilevel data storage and detecting coincident
events between two binary signals. By operating our device in
a volatile manner, we were able to resolve timing differences as
low as 5 ns between two pulses. Further experiments showed
similar behavior between two trains of multiple pulses, indi-
cating volatile phase-change photonics could be used to detect
coincident events between two optical signals. We also reduced
the power and speed requirements for both recrystallization
and optical switching by an order of magnitude by integrating
GST in a ring resonator. This design enables greater switching
contrast and the ability to route light from one waveguide to
another with an intrinsically controllable “reset” via volatility
and features rich, time-dependent optical dynamics. Our results
demonstrate that phase-change photonics utilizing nonvolatile
elements can also be configured as volatile elements and thus
provide a promising platform for all-optical data storage and
computation.

Adv. Funct. Mater. 2019, 29, 1807571 1807571 (6 of 7)

4. Experimental Section

Sample Fabrication: The devices were fabricated using wafers coated
with 330 nm SisN, on 2 pm buried oxide. Electron-beam lithography
(EBL) was used to define the photonics layer and grating couplers with
maN-2403 resist and a subsequent RIE etch step. The sample was then
coated with poly(methyl methacrylate) (PMMA) and aligned EBL was
used to open windows for GST deposition. A 10 nm GST and 10 nm ITO
capping layer were deposited using RF sputtering with an argon plasma
(70 sccm Ar, RF power 30 W, and base pressure 2 x 107 Torr). The PMMA
and unwanted sputtered material were then removed using a lift-off
process. A 10 min anneal at 250 °C on a hot plate crystallized the GST
and increased optical absorption for subsequent optical measurements.

Measurement Setup: A fiber array containing multiple single mode
fibers was used to couple light from 1598 nm WRITE pulse and 1590 nm
probe lasers into our devices via on-chip grating couplers. 50 ns pump
pulses were generated using a CW seed laser modulated by an electro-
optic modulator (Lucent EOM) and amplified using an L-band erbium
doped fiber amplifier (EDFA). The WRITE pulse and probe were coupled
into and out of our device by opposite grating couplers such that the
WRITE pulse and probe were counter propagating in our device. The
resulting output WRITE and probe powers were monitored by a 1 GHz

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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low noise photodetector (Newport 1611) and a DC to 125 MHz low
noise photodetector (Newport 1811) respectively. Optical tunable
bandpass filters (Santec OTF-320) were used to isolate the WRITE and
probe signals before encountering the photodetectors. For ring resonator
measurements, a 40 MHz mode-locked femtosecond fiber laser (Pritel,
FFT) with 1.5 ps pulse width and centered at 1565 nm was used switch
the GST. Pulse trains of five pulses with 25 ns spacing were selected
with a homemade pulse picker, acousto-optic modulator, and 500 MHz
pulse generator. Further amplification of the pulses was achieved with an
erbium-doped fiber amplifier (Pritel, LNHPFA-33).
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