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ABSTRACT

The Ge2Sh2Te5 phase-change alloy (GST) is known for its dramatic complex refractive index (and electrical) contrast
between its amorphous and crystalline phases. Switching between such phases is also non-volatile and can be achieved on
the nanosecond timescale. The combination of GST with the widespread SiN integrated optical waveguide platform led to
the proposal of the all-optical integrated phase-change memory, which exploits the interaction of the guided mode
evanescent field with a thin layer of GST on the waveguide top surface. The relative simplicity of the architecture allows
for its flexible application for data storage, logic gating, arithmetic and neuromorphic computing. Read operation relies on
the transmitted signal optical attenuation, due to the GST extinction coefficient. Write/erase operations are performed via
the same optical path, with a higher power ad-hoc pulsing scheme, which locally increases the temperature and triggers
either the melt-quench process (write) or recrystallization (erase), encoding the information into the GST crystal fraction.
Here we investigate the physical mechanisms involved in the write/erase and read processes via computational methods,
with the view to explore novel architecture concepts that improve memory speed, energy efficiency and density. We show
the achievements of the development of a 3D simulation framework, performing self-consistent calculations for wave-
propagation, heat diffusion and phase-transition processes. We illustrate a viable memory optimization route, which adopts
sub-wavelength plasmonic dimer nanoantenna structures to harvest the optical energy and maximize light-matter
interaction. We calculate both a speed and energy efficiency improvement of around one order of magnitude, with respect
to the conventional (non-plasmonic) device architecture.

1. INTRODUCTION

Phase-change materials (PCMs) exhibit strong variation in their physical properties between amorphous and crystalline
phase, and can be switched between such phases quickly (hanosecond or less) and repeatedly (many billions of times),
characteristics that are very desirable for many optical and electronic applications2°, in particular for non-volatile
memories’ 311 Indeed, both optical (e.g. rewritable DVD and Blu-Ray discs) and electrical (e.g. Intel® Optane)
commercially available memory devices exploit PCMs. One of the archetypal PCMs is the Ge2Sh2Te5 alloy (GST),
which shows a significant variation of both the complex refractive index and the electrical conductivity between phases®>-
7. Added to the characteristic transition time on the nanosecond scale and high endurance (i.e. large number of switching
cycles), these material properties are of extreme interest for fast and non-volatile photonic applications. Indeed, the
combination of GST with the low-loss SiN integrated optical platform led to the proposal of the all-optical integrated
phase-change memory*81°, which exploits the propagating wave evanescent field interaction with a thin layer of GST
deposited on the top surface of the integrated waveguide. In such memory architecture, the phase-state of the GST layer
(referred to as optical unit cell) is responsible for the modulation of the waveguide transmission T, which is encoded within
the optical cell crystal fraction X. The concept is illustrated in Fig. 1(a).

The read operation is carried out with a low-power optical probe, whose interaction with the optical cell drives the
transmission modulation?. Information encoding operations use the same optical path, by delivering relatively high-power
pulses. The energy absorbed by the optical cell gives rise to the necessary temperature increase to either trigger GST
melting (which is followed by rapid cooling to freeze in the amorphous state), or to induced rapid crystallization (of a
previously amorphous cell). More specifically, the amorphization (or write) operation is typically performed by use of a
single high-power pulse of short duration (i.e. 1-100 ns) whereas the crystallization (or erase) operation is carried out by



delivering longer pulses that increase the optical cell temperature above the crystallization temperature but below melting
point, inducing both nucleation and crystal growth, depending on local temperature, thermal history, and surface or defect
presence. For the erase operation, both pulse trains'®and double-step?*pulses have confirmed to be effective to achieve a
predetermined crystal fraction (and hence the respective transmission modulation). Also, the use of a continuous low-
power read signal is capable to tune the volatility of such memory?.

Beyond memory applications, this class of devices can also be applied for novel computing architectures including:
arithmetic calculation?®, neuromorphic processing?, and logic gate operations?®, all of which have been experimentally
investigated and demonstrated. Such results pave the way for the photonic implementation of non-von Neumann arithmetic
and biologically-inspired computing platforms?®.

Stemming from the photonic memory concept illustrated above, we here describe a novel concept which takes advantage
of the well-known plasmonic field-enhancement effect to further improve the optical interaction with the GST cell?’. Such
a concept combines the aforementioned material-phase dependent optical properties of the GST, with a metallic
nanoantenna fabricated on top of the integrated waveguide. The concept is illustrated in Fig. 1(b). The main aim of our
design is to maximize light-matter interaction, to reduce the active GST material volume and yet maintain a sufficient
contrast between phase-dependent transmission. This directly links with a reduction of energy requirements for write and
erase operations, as well as a reduction of the time of the same. Indeed, our numerical findings reveal that such results can
be achieved, and in the following sections we illustrate the methodology adopted, the numerical results and our preliminary
experimental results, which confirm the predicted plasmonic-enhanced architecture optical behavior.

Figure 1. Schematics of the phase-change memory device (green, waveguide; orange, GST; grey, Ag). For scale comparison,
the waveguide width is 1300 nm. (a) Conventional architecture and operation principles. Blue beams depict the read
operations; red ones represent the write and erase operations. (b) Plasmonic-enhanced architecture.

2. NUMERICAL METHODS

To illustrate with sufficient clarity the findings reported in this work, we need to briefly address the numerical research
tool and approximations we adopted.

Our numerical investigation relied on the FEM modelling of the conventional photonic memory device, based on the
commercial software package COMSOL® along with the MATLAB® environment. Due to the intrinsic 3D nature of the
device, the analyzed system can not be described by use of 2D models, which would allow for much faster calculations.
Thus, our model relies on a 3D description, which also exploits the planar symmetry (along the propagation axis) to
decrease the calculation complexity.

Our model tries to solve the following phenomena: light propagation across the integrated device, heat diffusion arising
from the optical energy absorption, and phase transition triggered by the consequent temperature increase. The model
geometry consists of a portion of the waveguide, substrate and air cladding, with the GST cell centered within the model.
The shape of the investigated model consists of the extrusion of a circular area along the waveguide axis (with the circular
areas being perpendicular to the propagation axis), which allows for a reduction of computational requirements while



minimizing numerical errors. The length of the waveguide portions before and after the device is roughly 1 pm to 2 pum,
to allow the correct and artefact-free simulation of the accommodation of the waveguide propagating mode to the device-
influenced propagating mode. The width and thickness of the model are roughly 2xA (with A being the free-space radiation
wavelength, here 1550 nm), which is sufficient to prevent numerical artefacts and allow for reasonably fast calculations.

For the optical characterization, the waveguide mode input (i.e. the electromagnetic modal profile) is calculated once, as
it is invariant during any of the subsequent calculations. The external surfaces are set as 2" order scattering boundaries, to
prevent numerical artefacts, and once more to reduce the computational requirement with respect to the commonly used
PML conditions. The symmetry plane boundary condition is set to that of a perfect electric conductor, as the assumed
modal profile is TE. The model then solves the wave propagation equation, from which we can determine the following:
transmission T, reflection R, absorption A and diffusion D, as well as the space-dependent optical losses.

For the characterization of the temperature variation, the outer surfaces of the model corresponding to the waveguide and
the bottom areas are set to fixed ambient temperature, to provide the required model heat sink. The other surfaces (as well
as the surfaces belonging to the symmetry plane) are set instead to thermal insulation, which prevents heat from flowing
outside the model. The model solves for the heat diffusion equations, taking as a heat source the previously calculated
optical volumetric losses (absorbed optical energy).

To simulate the phase transition, which is also responsible for the variation of both the optical and the thermal properties
of the GST cell, we implemented the classical nucleation-growth model?® in a cellular automata environment, in
conjunction with a bespoke melting mechanism. Thus, the phase transition model accounts for three separate phases,
whose change is determined by the local temperature (and previous phase-state), the temperature assumed to be non-
variant during each time step. The result of this calculation consists of a space-dependent raster of phase values (crystal-
amorphous-molten), with a spatial resolution corresponding approximately to the size of the GST fcc crystal lattice (0.82
nm). The model time-step is determined by use of the Euler method by observation of the main model outputs (crystal
fraction, PCM maximum temperature and device transmission). For the characterization of the optical behavior during the
read operation, we neglect any temperature increase — phase transition, and assume a stationary state solution (i.e. the
solution is not time-dependent during a read). The material optical and thermal parameter adopted for our investigation
can be found in Table 1.

Table 1. Adopted optical and thermal material properties?’.

material fi C, VK] K [W/mK] 3 [Kg/m®]
GSTq 6.11" + 0.83i" 210 0.58 6150
GSTam 3.94" + 0.045i" 210 0.2 5780
SisNg 1.98" 774" 18.4" 2750
SiO, 1.44 697" 137" 2270
Si 3.48 700 157 2330
Ag 0.145 + 11.445i 235 145 10820
“Temperature dependent parameters; the stated value refers to room temperature.

3. NANOANTENNA OPTICAL BEHAVIOR

We first focus on the nanoantenna element. In the proposed concept, the nanoantenna couples the propagating mode with
the plasmonic resonant mode, whose strength is known to be highly dependent on both size and chemical environment.
We find that a relatively simplistic design, consisting of a disc dimer nanoantenna placed symmetrically with respect to
the waveguide propagation axis, is highly effective to sustain such behavior. To quantitatively evaluate the resonance
strength, we calculate the enhancement factor (EF), determined as the square of the average electric field calculated in the
nanoantenna gap, divided by r the (square of the) peak electric field in the unperturbed waveguide. Such resonant strength
can be magnified by optimization of four main degrees of freedom: optical properties, nanoantenna radius, thickness and
gap sizes.

The material composing the nanoantenna is indeed one of the main factors responsible of such behavior. Our calculation
finds that any plasmon-supporting metal is capable to sustain a resonant mode; from literature?®, we find that silver is



indeed used in similar photonic nanoantenna designs, spectral ranges and applications, and our simulation study confirms
that Ag nanoantennas show stronger resonances than gold or aluminum. From this point onward we will then refer to Ag
nanodiscs. The remaining three degrees of freedom are discs’ radius, thickness and size of the gap between them. A
simulation study of the effect of these parameters shows how a decreasing gap and thickness allows for stronger
enhancement factors, but that the nanodisc radius provides the primary resonance tuning effect. In Fig. 2 we represent the
results of our calculation, where along with the EF we evaluated the absolute value of transmission T, reflection R,
absorption A and diffusion D. We represent the case for a gap and thickness of 10 nm, and we then report the results for
the EF only as a function of the variation of the size of these features.
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Figure 2. Optical behavior of the devised Ag nanotantenna, fabricated on top of the SisN4rib waveguide. (a) EF (left axis) and
Transmission T, Reflection R, Scattering S, and Absorption A (right axis) for a thickness and gap sizes of 10 nm. The depicted
behavior shows two distinct resonances (dipolar, around a value of the radius of 100 nm; quadrupolar, for 210 nm), and the
consequent modulation of the transmission. The plot also show how the scattering contribution is significantly higher than
both absorption and reflection. (b) Comparison of the EF variation as a function of the feature sizes (in legend: g for gap, t for
thickness). The inset magnifies the behavior at low values of the EF.

4. PLASMONIC-ENHANCED MEMORY OPTICAL BEHAVIOR

After illustrating the nanoantenna behavior, we now turn our attention to what happens when we introduce the PCM (GST)
element into the gap region. As mentioned above, the electric field peak is found at the center of the resonant mode field
distribution (i.e. within the nanoantenna gap), and our aim is to place the PCM within such narrow cavity. More
specifically, in the model we identify the PCM volume as the one contained within a would-be circle of radius 30 nm,
centered at the nanoantenna gap.

The PCM confinement within such narrow volume has a multi-faceted justification. First, the aim of this memory design
is to enhance the magnitude of the optical field across the PCM cross section, which is indeed achieved by placing its
volume entirely within the nanogap, where we demonstrated a theoretical EF up to 103 (see Fig. 2(a)). Location of the
PCM outside this region has a negligible, if not detrimental, effect on the transmission modulation. More subtly, the
variation of the refractive index in the near-field nanoantenna volume has a determinant influence on the resonant strength,
which allows the use of the PCM phase-dependent refractive index to tune the EF, and more importantly, the transmission
parameter. In Fig. 3 we report the calculation of EF and T as a function of the disc radii, for an optimized configuration
for disc thickness and nanogap size. We report two lines for both EF and T, color-coded to distinguish the values for the
GST amorphous and crystalline phases. As in Fig. 2, we see distinct dipolar and quadripolar resonances, and these show
a distinct blue-shift as compared to the ‘bare’ nanoantenna case. (with the degree of shift greater for crystalline cf.
amorphous GST) We also note a decrease of the EF with the introduction of GST in the gap, with the reduction being
greater for the crystalline case cf. the amorphous.
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Figure 3. Optical behavior of the plasmonically-enhanced phase-change memory device, for gap and thickness values of 40
nm and 30 nm respectively. (a) EF. Red line is reported from Fig. 2(b). The crystalline and amorphous GST configuration
show different resonant configurations, thus showing a distinctive blue shift of the resonant peak on the radius axis. (b)
Transmission (left axis, navy and wine lines) and optical contrast (right axis, red line). For sake of comparison, the optical
contrast for a different configuration is also reported (gap and thickness of 10 nm, black line).

The optical behavior reported above illustrates a memory concept which deviates from the conventional PCM photonic
memory architecture, which relies primarily on the optical cell extinction coefficient. In our case, both the extinction
coefficient and the refractive index play a crucial role in the determination of the device transmission. The phase-state of
the GST cell shifts the optimal nanoantenna resonance peak towards different values of the nanodisc radius, and for such,
the optimization of the discs radius requires, among many other parameters, to maximize the change in transmission
between the amorphous and the crystal phase configuration. From Fig. 3(b) , we determine that a radius value of 75 nm
shows a theoretical transmission of 96% for the amorphous phase, and 80% for the crystalline phase, defining a peak

optical contrast (defined as 'T“’T”_—T"y') of ~16% (for the sake of completeness, the optical contrast is also reported in Fig.
max
3(b) - black and red lines, right axis).

The values of thickness and nanogap size (of 30 nm and 40 nm respectively) reported in Fig. 3 were selected mainly to
ease the fabrication process, but we foresee further improvement of the modulation capability with the progress of the
fabrication process (see optical contrast data reported in Fig. 3(b), for values of thickness and gap of 10 nm). From the
fabrication perspective, another factor has been considered. The PCM will be deposited after the nanoantenna fabrication,
via an additional lithography step to create the circular window on the resist, followed by sputtering of the PCM helped
by use of a calibrated collimator. The PCM would inevitably be deposited also on the top of the discs, but such material
would not have any significant effect on the nanoantenna behavior due to the high field localization within the nanoantenna
gap. Thus, for sake of clarity, we only consider the PCM material that is in the gap and of the same thickness as the
nanodiscs.

5. FULL 3D TIME-DEPENDENT SIMULATION RESULTS

By implementation of the full simulation model, we determine that starting from the fully crystalline state a 2 pJ / 2 ns
write pulse is sufficient to reamorphize most of the PCM volume, shifting the crystal fraction (from 100%) down to roughly



18%, with a corresponding optical contrast value of 12%. The dead time (1/e thermal decay time) is calculated to be 0.6
ns. As for the complete erasure of the written information, we find that a first 2.25 pJ / 1.5 ns pulse, followed by a linearly
decreasing power pulse of 15 ns (total energy, 15 pJ) restores the initial crystal fraction. The complexity of the erase pulse
is due to the high temperature and crystal fraction dependence of the absorbed power, which requires the next-to-complete
re-amorphization with the first pulse (i.e. melting), followed by a tight control of the PCM temperature in order to start the
recrystallization from the external surfaces down to the center of the volume (but without melting the already crystallized
areas). The thermal decay time after erasure is calculated to be 0.4 ns. The summary of the write and erase operation can
be found in Fig. 4.
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Figure 4. Write and erase operations, as a function of the input power (see insets). Top figures (a,b) report the datasets for the
write operation; bottom figures (c,d) report the dataset for the erase operation. (a,c) Temperature profile for the PCM inclusion.
(b,d) Cristal fraction (navy, left axis) and optical contrast (burgundy, right axis).

Multi-level memory storage is also achievable, by application of an overwrite operation followed by the controlled
application of erase pulse. Termination of the erase pulse before complete recrystallization allows the achievement of a
particular desired crystal fraction level. We here report the calculation demonstrating a 4-level memory storage, with
optical contrast separation of ~4.2% between each level (i.e. with contrast of 0%, 4.2%, 8.3% and 12.5, corresponding to
the crystal fraction values of 0.18, 0.44, 0.72 and 1 respectively). To achieve the same starting crystal fraction for the erase
process, we find that the previously described write pulse can be used as an overwrite operation, which notably reduces
the crystal fraction to the same approximate level (level 0, X = 18%) regardless of the starting point. A summary of the
multi-level storage operativity is reported in Fig. 5.
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Figure 5. Multi-level operativity summary (crystal fraction values), demonstrating the 2-bit (4 levels) memory storage
capability. Inset show the delivered optical power. (a) Overwrite operation, applied from different starting values of the crystal
fraction. As visible, after the pulse application each line collapses to the value of ~18 %. (b) Erase pulse application effect.
Red lines depict the termination of the erase pulse, which allow to reach the previous unique crystal fraction levels.

6. EXPERIMENTAL RESULTS

The experimental confirmation of our numerical results is currently being pursued. The photonic memory devices are
fabricated using electron beam lithography NBL system on silicon nitride-on-insulator substrates in three exposure steps.
The layer stack consists of 300 nm SizN4 over 2 um SiO, deposited on a silicon carrier wafer. In a first lithography step,
windows for gold alignment markers are opened using the PMMA 950K A6 resist spun at 4000 rpm for 60 seconds to
have a resist film thickness of 200 nm. The development was carried out in a
IPA: MIBK:MEK (15:5:1) mixture for 35 seconds. After depositing 5 nm of chromium and 50 nm of gold using the HHV
Auto306 thermal evaporator, a lift-off in acetone is carried out and alignment marks for the next lithography steps are
patterned.

In a second lithography step, the waveguides are exposed using a TI PRIME adhesion promoter spun at 4000 rpm for 20
seconds and baked at 120°C for 120 seconds, and MaN 2403 negative tone resist spun at 3500 rpm for 60 seconds and
baked at 90°C for 120 seconds. The lift-off is carried out using MF 319 developer for 35 seconds, followed by Reactive-
ion etching using SFs, to pattern the photonic integrated waveguides on SisN4. The remaining resist is removed in an
acetone bath at 80°C for 10 minutes, followed by 10 minutes of sonication in the warm acetone at 80 kHz.
A third and last lithography step consists of opening the windows for the dimer deposition using the same technique used
for the markers. The deposition of silver is performed via thermal evaporation and for a thickness of 30 nm. Subsequent
resist removal is pursued chemically without mechanical aids (i.e. no sonication applied), to avoid the detachment of the
Ag nanostructures (since no adhesion layer is used). Finally, 5 nm of SiO; is deposited to inhibit Ag oxidation.

The resulting waveguide size, measured by profiler, reports an etching step of 180 nm, for a waveguide thickness of 300
nm and width of 1300 nm measured with SEM. All waveguides structures are also connected to input and output grating
couplers with a length of 50 um, a width of 10 um, a period of 1200 nm and duty cycle of 0.5. The grating couplers are
tapered down to the single-mode waveguide of 1300 nm width described above.

On the waveguide’s top surface, a set of nanoantennas is fabricated (one per waveguide), maintaining a target gap size of
40 nm, and with discs’ radii ranging from 50 nm to 240 nm. The aim is to experimentally verify the numerical prediction
of the transmission dependency on the radius size, as illustrated in Fig. 2(a) (blue line).



Each nanoantenna is characterized by SEM imaging, a typical example being shown in Fig. 6(a). From each image, we
extract the nanoantenna average radius and gap size (see the traced lines on top of the nanostructures, Fig 6(a)). The
resulting estimation of radii and gap sizes are reported in Figs. 6(b,c). We find that the error of the fabricated features size
does not strongly compromise the achievement of the aimed radius, but that achieving the target gap sizes is more
challenging (with our current fabrication process).
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Figure 6. Experimental results of the dimer nanoantennas’ fabrication and spectral characterization. (a) SEM image sample
of a nanoantenna structure. The aimed radius was 145 nm; we estimate an average radius of 159 nm. The estimated gap size
is 76 nm. Estimation traces are visible as white lines on top of the SEM image. (b) Comparison between the aimed gap size
(red line) and the experimental values (blue dots). (c) Comparison between the radii aimed values (red line) and experimental
values (blue dots). (d) Calculated transmission values (blue dots), compared with the simulation result of a 55 nm gap
nanostructure with varying radius size.

The spectral response (transmission) of each fabricated device was characterized using a fiber-coupled Agilent 8164B
tunable laser source, with wavelengths spanning from 1520 to 1610 nm. The light TE polarization is ensured by use of a
polarizer controller. Launching of light into the waveguide is by grating couplers, and the angle between the optical fibers



and the grating couplers is selected to be 14 degrees to ensure maximum coupling at the wavelength of interest (1550 nm).
By data prost-processing, we remove the grating coupler and waveguide insertion loss (IL), to calculate the isolated
nanoantenna IL contribution. From the nanoantenna IL, we eventually calculate the transmission of the fabricated devices,
and compare these with our simulated transmission. For the sake of clarity, we report the trace arising from the simulation
of nanostructures with fixed nanogap size of 55 nm (which is a representative value of the fabrication results). Datasets
are shown in Fig. 6(d), from which it can be seen that experimental results and numerical results clearly follow the same
trend, where the radius size relates with a non-linear decrease in transmission. In particular, the location of the predicted
transmission drop on the radius axis is in good agreement with experimental data (centered at 130 nm for the simulated
dataset, and at 140 nm for the experimental data). As for the discrepancy between the absolute values of the experimental
and simulated transmission, further analysis is indeed required to identify the source of this. A second sample batch is
currently being fabricated with the view to improve the features size fabrication reliability and isolate the factors
responsible for the found mismatch in absolute values of transmission. It is possible that the source of this inconsistency
could be related to a systematic error met during data collection or IL estimation (indeed, normalization of the IL datasets
reduces the transmission average error from ~ 25% to a much lower value of 4.5%).

7. DISCUSSION AND CONCLUSION

This work illustrates the progress on the exploration of the viability of a plasmonically-enhanced phase-change integrated
photonic memory architecture. This design exploits a relatively simplistic dimer disc Ag nanoatenna, fabricated on the top
surface of the integrated waveguide, with the PCM element being placed within the discs’ nanogap.

Numerical analysis shows how this concept is capable of harnessing the guided electromagnetic field, enhancing its
interaction with the optical cell, and consequently leading to memory operation times (switching times) and energy
requirements much smaller than the published data for the conventional architecture. A comparison of the predicted
behavior of our devised architecture with a similar conventional device experimental behavior finds a reduction of both
write and erase time by 1 order of magnitude, and of the required energy by 1.5 to 2 orders of magnitude. Multi-level
storage capability is also predicted; our demonstration is limited to the 2-bit capability, but only due to the arbitrary
estimation of a suitable level contrast separation of ~ 4%.

A downside of the plasmonically-enhanced approach is found in the less straightforward fabrication method, which could
eventually be mitigated by advancement of the fabrication techniques and recipes. As for the architecture’s intrinsic
limitations, we need to also point out a slightly higher insertion loss, due increased scattering contributions.

Our preliminary experimental results show a good match with the identified trends of the nanoantenna’s optical behavior
as a function of nanoantenna gap and radius sizes, although further analysis is required to justify a seemingly systematic
mismatch between numerical and experimental absolute values of the transmission. The next step will be focused on the
optimization of the fabrication process, and in the implementation of GST within the nanogap, to confirm the transmission
variation as a function of the GST crystallinity, and eventually to verify the possibility to perform reversible optical
switching.
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