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ABSTRACT

Chalcogenide phase change materials (PCMs) are a unique class of compounds whose switchable optical and electronic
properties have fueled an explosion of emerging applications in microelectronics and microphotonics. Key to any
application is the ability of PCMs to reliably switch between crystalline and amorphous states over a large number of
cycles. While this issue has been extensively studied in the case of microelectronic memories, current PCM-based optical
devices suffer from much inferior endurance. To understand the failure mechanisms limiting endurance of PCMs
specifically in microphotonic devices, we have developed an on-chip resistive micro-heater platform and an automatic
multi-modal characterization system to analyze cycling performance of optical PCMs. Reversible switching of large-area
PCM devices over 50,000 cycles was demonstrated.
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1.INTRODUCTION

Phase change materials (PCMs) generally refer to a group of chalcogenide compounds which exhibit distinctively different
electrical and optical properties in their amorphous (a-) and crystalline (c-) states' ™. These materials can be reversibly
switched between the two structures as well as intermediate states (corresponding to mixtures of the two material phases)
via transient thermal pulses®”’. The different levels are derived from either progressive phase transition where the two
phases are spatially separated by a moving boundary®, or intermediate states of PCMs containing crystalline phases
precipitated from an amorphous matrix across the entire PCM volume®. They are also known to be non-volatile, i.e. capable
of maintaining the structure state for an extended period when the thermal stimuli are removed!®. Furthermore, it has been
shown that PCMs can offer giant index change without incurring optical absorption!!~'4, a crucial advantage over free-
carrier based modulation. These collections of remarkable attributes have motivated a surge of interest in their applications
in reconfigurable photonics in recent years'>2, Examples of emerging PCM-based devices include photonic memories?’~
30, reflective displays (similar to electronic papers)*!=%, self-holding optical switching devices**** for signal routing (e.g.
in data centers* or wavelength division multiplexing networks*®), reconfigurable metasurface optics*’>* exemplified by
zoom or autofocus lenses®>-®, programmable photonic circuits®’ %2, optical limiters®, smart glazing®, adaptive optics with

giant tunability®>-%7, and neuromorphic optical computing systems by mimicking the complex behavior of synapses and
neural circuits® 72,
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Large switching endurance, i.e. long cycling lifetime, is a key requirement for most photonic applications. While PCM
endurance has been heavily vetted for electrical data storage, the distinct switching mechanisms and material compositions
employed in photonics entail unresolved challenges that limit current low-loss PCMs’ endurance’. To understand the
failure mechanisms limiting endurance of PCMs specifically in photonic devices, we have developed an on-chip micro-
heater platform and an automatic multi-modal characterization system to analyze cycling performance of optical PCMs.

2.MICRO-HEATER PLATFORM

The fabrication process flow of the micro-heater platform is illustrated in Figure 1. The micro-heaters were fabricated on
a silicon-on-insulator (SOI) platform with 220 nm Si on 3 um SiO». The heater fabrication was carried out at the Lincoln
Laboratories foundry. The n++ doped regions were implanted with phosphorous ions at 80 kV and 10'® cm™ area doping
density followed by rapid thermal annealing for 10 s at 1000 °C. The doping region can be seen in (Figure 1) with heater
sizes from 100 to 200 pm. Another way to dope the silicon can be done via spin coating and patterning spin-on-dopant.
10 nm of SiO, were grown on the device and an etch to the doped Si regions was performed. An adhesion layer of 10 nm
Ti and 20 nm TiN was deposited, followed by an etch back to define the contact regions with the doped Si. 350 nm of Al
were deposited for contacts. The chip was patterned with photolithography using 2 um AZ nLOF 2035, and developed
with AZ 300 MIF. The PCM was deposited via thermal evaporation in a custom system from PVD Products Inc. at a
typical base pressure of 2x10° Torr from a pre-weighted source to exhaustion. The mass was pre-calibrated for a target
thickness. Depositions were done with total film thicknesses of 50 nm up to 180 nm. R.D. Mathis Tantalum baffle boats
were used as source material carriers and resistive elements for heating. A pre-soak step of 4 minutes was done before
increasing the power to the boat and initiating the deposition. The substrate was neither heated nor rotated during the
deposition. The photoresist was removed in acetone. The GSST was encapsulated via atomic layer deposition in 20 nm
Al>O3 and then further encapsulated in a thicker protective layer. This second layer was plasma enhanced CVD SiNy. The
deposited protective layer is removed from above the contact pads using SFs and Ar reactive ion etching (RIE) or CHF;
and CF4 RIE using a hard-baked AZ 3312 mask. After the etch-back, the remaining resist is removed via O, plasma ashing.
The heaters are connected to a printed circuit board via wire bonding with gold wire using a ball bonder.
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Figure 1. Schematic fabrication process flow of the micro-heater platform for PCM characterization

To trigger the phase transition in the PCM, the voltage source used was a Keithley 2200-60-2 connected via USB-A to
USB-B. The function generator was an Agilent 33250 A with an RS-232 with null modem converter for serial data
communication to USB. The null modem is needed for appropriate serial communication as the transmission and reception
lines are switched in the function generator. BNC connectors were used to connect the output of the function generator
and voltage source to an N-channel MOSFET IRF 510 (power MOSFET for high power and voltage applications) used
for controlling the voltage pulse width. The control of the pulse width is done by connecting the positive end of the function
generator to the gate of the transistor, the device under test (DUT) (i.e. the heater) is connected in series with the drain of
the transistor and then the positive end of the voltage supply is subsequently connected. Optionally, for better shape fidelity
of the pulse (i.e. removing high frequency noise in the signal) bypass capacitors can be connected between the power
supply and ground. The DUT should not be placed in series with the source of the transistor as this will introduce an RC
behavior into the transistor and slow down the opening and closing process of the circuit. Ideally, the source is connected
to common ground. A diagram of the schematic can be found in Figure 2. While further methods can be enabled to smooth
the electric pulse, the system is slowed down by the thermal behavior of the heater and thus the shown schematic provides



adequate results. The DUT will normally sit at high voltage during the testing of the sample and the end of one of the
heater pads will drop to ground, allowing current flow, only when the function generator provides a pulse to the gate of
the MOSFET. The voltage given to the gate of the MOSFET can be found in the Drain-to-Source voltage diagram of the
part but typically should be between 3 and 5 V to “turn on” the transistor. The sample is connected to this circuit via wire
bonding using a printed circuit board (PCB) and various connectors can then be used to connect the PCB to the system,
one method being the use of BNC to DuPont wire connectors.
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Figure 2. Electric diagram of the circuit for voltage pulse generation with values for pulses provided for controlling the MOSFET. V1
is the function generator and V2 is the voltage source.

A CMOS color Thorlabs DCC1645C-HQ camera has been used for optical imaging connected via USB to the control
computer. A white correction should be done prior to beginning the measurements. Using a gray card in front of the
microscope with the lamp at maximum intensity on the objective desired, automatic white balance and the gains of the
three color channels can be established such that the mean values across the three color channels are equal. For verification,
a histogram of the RGB values can be analyzed on the same gray card and the three mean values should be equal, ideally
in the middle of the scale (124 for 0 to 255). This serves to remove artifacts in the reproduced color originating from the
light source intensity distribution.

The SOI platform allows for tests in both transmission and reflection in the near IR along with cycling the device to
highlight any potential issues during the lifetime of the PCM. It can be used to analyze optical and structural properties of
patterned micron and sub-micron PCM structures, including their time-temperature-transformation (TTT) diagrams’.
Because of the size of the doped silicon heaters, the platform further allows analysis and statistics of multiple PCM
structures simultaneously, being able to highlight geometry dependent behavior. Moreover, it can be used to analyze
structures that are several nanometers thin up to the micron level thick, values that span typical PCM films for waveguide
integration up to dimensions for free space metasurfaces or spatial light modulators.



3.CHARACTERIZATION OF PCM CYCLING BEHAVIOR
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Figure 3. Examples of (a) infrared transmission and (b) Raman spectra of PCM switched with the micro-heater
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Figure 4. Visual illustration of the steps to compute the DMA mask - starting with the optical images in the amorphous a)
and crystalline b) state for the device. The difference image between the two images multiplied by 10 for easier
visualization c) followed by the difference image (no multiplication) across the three-color channels d-f) and the same
images filtered by the threshold values shown above the image so that noise and the background/non-switching regions



are removed g-i). The color bars represent the value of the image on the 0 to 255 scale of the camera. The pitch of all the
structures was 5 um and the thin films were squares with sides of around 36 pm.

Figure 3 illustrates exemplary infrared transmission and Raman spectra of PCM (in this case Ge,Sb,SesTe, GSST) film
switched with the micro-heater and measured in situ in between switching tests. The data indicate reliable reversible
switching of the film between the amorphous and crystalline phases. To characterize the switching endurance, the optical
contrast over switching cycles is recorded using the color camera and processed using differential mean analysis (DMA).
In this method, the optical contrast between crystalline and amorphous states is calculated across the RGB channels and a
threshold value is established for each channel to sort pixels in regions “with PCM” and regions “without PCM”. A pixel
is assigned as “with PCM” if the difference at the location between two states is above the threshold (Figure 4g-i). The
assumption of the method is that if there is large enough contrast between the two images (or pixels for a specific position)
then that will show as a large value in the difference matrix. Potentially, the absolute value of the difference matrix can be
used instead, ignoring the assumption that typically the crystalline state will have higher reflectivity, but via manual
inspection it can be seen that typically the assumption is followed and that the results should not be significantly different
between using the absolute value of the difference or the signed value unless sample drift or illumination changes occur.
Different thresholds may have to be selected between the three channels as different noise levels will be present and this
method serves in part to remove the noise partially. Once the filtered regions are established across the three color channels,
their overlap is taken as a large matrix / mask for where the PCM was switched. The mean RGB values of the pixels in the
mask region is then obtained and divided by the mean RGB value of the pixels outside the mask. This is done to account
for brightness changes in the image. Mathematically, this can be expressed as

tcr € [JRUSG USB] 1am € [SR UGG U 6B]
icr € [SBRUSG USB] 1am & [SRU G U 6B]

where & signifies the regions of the image where the image contrast between two states is above the set threshold. This
value can be tracked over time and used, especially if quantification of what percentage of structures are still operational
(i.e. provide optical contrast) is necessary. For DMA, this quantity is labeled viable pixels (for the pixels in the mask) and
switching fraction. In principle, sample drift will show up in the viable pixel area but, in principle, it should not impact the
A DMA values significantly because they are differences of means in regions where switching was detected, regardless if
those are the same areas as in the previous images.
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Figure 5. An example of measured ADMA on a PCM device over 10,000 switching cycles

The heater platform provides a facile method to examine cycling endurance of PCMs and we were able to iteratively
improve the material and device processing to mitigate the failure mechanisms identified in these structures. Figure 5
shows an example of measured ADMA on a PCM device. The device exhibits stable switching response over more than
10,000 switching cycles. With improved PCM deposition protocols and encapsulation material processing, our latest PCM



devices have demonstrated endurance of over 57,000 cycles. We believe that the endurance performance can be further
enhanced with optimized device designs.

4.SUMMARY

To fulfill the promises of PCMs, the stability of their phase change properties must be ensured during cycling. We have
developed a micro-heater platform to support multi-modal characterization of PCMs during cyclic switching. We foresee
that the wafer-scale PCM characterization platform described herein can be coupled with high-throughput computational
methods™7¢ and combinatorial PCM synthetic approaches’” to significantly expedite the discovery and validation of
optical PCMs with enhanced endurance performance.
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