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Implementing on-chip non-volatile optical memories has long been an actively pursued goal,
promising significant enhancements in the capability and energy efficiency of photonic integrated
circuits. Here, we demonstrate an non-volatile optical memory exclusively using the most common
semiconductor material, silicon. By manipulating the photon avalanche effect, we introduce a trapping
effect at the silicon-silicon oxide interface, which in turn demonstrates a non-volatile reprogrammable
optical memory cell with a record-high 4-bit encoding, robust retention and endurance. This silicon
avalanche-induced trapping memory provides a distinctively cost-efficient and high-reliability route to
realize optical data storage in standard silicon foundry processes. We demonstrate its applications in
trimming in optical interconnects and in-memory computing. Our in-memory computing test case
reduces energy consumption by approximately 83% compared to conventional optical approaches.

Data storage has become a crucial requirement in modern photonic systems,
encompassing applications like optical interconnects, optical computing,
and photonic quantum circuits. Photonic data storage can significantly
improve the performance of existing photonic systems by eliminating the
latency associated with electronic memories, reducing the need for optoe-
lectronic conversion, and minimizing static energy consumption. In optical
computing, for instance, optical memories can eliminate the von-Neumann
bottleneck by reducing the traffic between the optical processor and elec-
trical memory', and facilitate system architectures such as spiking neural
networks’ and in-memory optical computing’. However, achieving the
storage of light poses a significant challenge due to the inherently weak
interaction of photons. In response, many efforts have been made over the
past decades to develop optical memories. Similar to electronic memories,
optical memories are broadly classified into two main categories: volatile
and non-volatile memories’. Volatile optical memories, that lose the stored
data when the power is off, can be implemented through bistable optical
devices™’, optical ion excitation’, and recirculating loop arrangements”.
Non-volatile optical memories, on the other hand, can maintain the stored
data without power. They can be achieved by altering the material properties
interacting with light, including phase-change memories (PCMs)"", fer-
roelectric memories'”™"*, micro-electro-mechanical systems (MEMS)'*™",
floating-gate memories"™, and optical memristors**". PCMs are char-
acterized by thermal energy-dependent properties, transitioning between

amorphous and crystalline states. This reversible transformation leads to
significant changes in optical properties, affecting both the real and ima-
ginary components of the complex refractive index. The representative
PCM material is germanium-antimony-tellurium alloy (GST), which
requires additional sputtering on photonic integrated circuits (PICs)"".
Ferroelectric memories can toggle between two polarization states, which
also require additional integration of ferroelectric materials, such as lead
zirconium titanate (PZT), barium titanate (BTO), polyvinylidene flouride
(PVDE), and hafnium oxide (HfO,), on the Si chip. MEMS devices employ
various mechanisms, such as electrostatic, electrothermal, electromagnetic,
and piezoelectric methods. Electrostatic actuation, in particular, allows low-
power MEMS on a pure silicon (Si) platform. Extensive efforts have been
dedicated to integrating MEMS into the standard Si photonics process,
progressing from multi-layer MEMS to single-layer MEMS. However, the
movable parts of MEMS still necessitate several additional processes for
release'”"®. Additionally, the switching voltage of MEMS tends to be very
high. Optical floating-gate memories, akin to their electrical counterparts,
involve a thin oxide dielectric layer and a floating gate, which are compatible
with complementary-metal-oxide-semiconductor (CMOS) technology.
The application of a bias voltage to the floating gate induces a high electric
field, facilitating carrier injection into the oxide layer. Consequently, the
reflective index of the device undergoes changes owing to the plasma dis-
persion effect. The current Si photonics foundries also require additional
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doping and Si/III-V bonding processes for optical floating-gate memories.
Optical memristors are also CMOS-compatible, which can be integrated on
Si PICs through heterogeneous integration®. But similar to floating-gate
memories, an extra memristor layer is needed in the devices, such as HfO,,
zinc oxide (ZnO), titanium dioxide (TiO,), tungsten oxide (WO,), and
tantalum pentoxide (Ta,Os)”. Besides that, the yield and reliability of
menristors still face certain challenges”.

Unlike the aforementioned technologies of non-volatile optical
memories, here we demonstrate an optical avalanche-induced trapping
memory (ATM) exclusively utilizing the most common semiconductor
material, Si. The wavelength shift is driven by the plasma dispersion effect,
which is the predominant tuning mechanism in Si and is widely employed in
Si photonics due to the absence of alternative mechanisms like the Pockels
effect. Consequently, the Si optical memory is built on the standard Si
photonics process, eliminating the need for additional materials, layers, or
processes in the current Si photonics foundries. In the microelectronic
community, bias temperature instability (BTT) has become a serious pro-
blem today as the size of metal-oxide-semiconductor field effect transistors
(MOSEFETs) shrinks. When the gate of a heated MOSFET is heavily biased, a
strong electric field through the oxide layer results in the degradation of the
MOSEFET threshold voltage. Over the past decade, experimental evidence
has confirmed that charge trapping is the cause of BTT"**. While BTI poses
a significant challenge in microelectronics, the associated charge trapping
may hold promise for non-volatile memories. Here, we employ charge
trapping at the Si-silicon oxide (SiO,) interface using the photon avalanche
effect to achieve Si optical memories. Different from MOSFETS, there is no
gate or vertical electric field on the oxide layer. Instead, traps at the Si-SiO,
interface are charged by unbalanced free carries originating from avalanche-
multiplying photocurrent to avoid extremely high electric fields and the
resulting instability. This mechanism allows for a hysteresis effect on the Si-
SiO, interface, imparting non-volatile switching characteristics to the
optical memory device. The program and erase states of the optical memory
are implemented through a standard Si P-N junction, ensuring full com-
patibility with existing Si photonics devices. Consequently, the Si ATMs
offer a groundbreaking approach to achieving photonic data storage.
Leveraging the existing fabrication process, it presents a simple, cost-effi-
cient, and high-yield pathway to integrate optical memories into Si PICs,
directly applicable in areas such as optical interconnects, optical computing,
and photonic quantum circuits.

Results

Device structure

The schematic diagram of the non-volatile Si optical ATM is presented in
Fig. 1a, the device is fabricated on a (100) orientation, 220 nm-thick Si-on-
insulator (SOI) wafer. The optical memory incorporates an all-pass
microring resonator (MRR) structure, with the MRR waveguide doped to
form a Si P-N junction. The waveguide core region is doped with P-type and
N-type dopants to create a depletion interface inside the core region. A
standard SiO, layer covers the entire Si all-pass MRR. The imperfect tran-
sition between crystalline Si and amorphous SiO, leads to some unbonded Si
atoms, creating unpaired electrons that localize on the defect Si atoms and
forming dangling bond traps. The configuration of Si-SiO, interface is
depicted in Fig. 1b, with potential traps including: 1) E’ oxide trapping
center, O; = Si’, which comprises of an unpaired electron localized on a Si
atom while back-bonded three oxygen atoms; 2) Py, interface center,
Siz = Si', which involves an unpaired electron and back-bonded three Si
atoms; and 3) Py, interface center, Si,O = Si’, characterized by an unpaired
electron and back-bonded two Si atoms and one oxygen atom. E’ traps have
levels near the middle of the SiO, bandgap, facilitating hole capture from the
Si layer, thereby exhibiting donor-like traps®. P,y and Py, trap centers only
show donor-like states within the Si bandgap allowing for hole capture™.
These donor-like traps are electrically neutral when empty and positively
charged when occupied by holes. The occupation of the traps varies
according to the stress conditions applied to the device. The charged traps in

the Si-SiO, interface establish a localized electrical field that repels dopant
charges of the same polarity in the Si waveguide away from the interface.
This space charge distribution relocates the doping profile of the Si P-N
junction, thereby changing the effective refractive index of the waveguide
through the Si plasma dispersion effect. As a result, by occupying/emptying
the interface traps, the Si MRR waveguide exhibits different refractive
indices and thus distinct resonant wavelengths in its optical spectrum. It is
worth noting that the trap occupation ratio changes under specific stress
conditions, therefore, once this device is programmed/erased, it will exhibit
a multi-level non-volatile wavelength shift.

Program and erase characteristics

The program and erase conditions of the Si ATM are depicted in Fig.1a. For
programming, the Si P-N junction is reverse-biased close to its avalanche
breakdown voltage while an O-band laser is fed into the MRR to generate a
considerable photocurrent I, of ~ 100 uA. This notable I, arises from the
combination of photon-assisted tunneling, resonant enhancement, and
avalanche gain®. Under this condition, the Si-SiO, interface traps will gra-
dually capture holes. The positively charged traps redistribute the doping
profile of the waveguide, and the device exhibits the program state. The
photocurrent is crucial during the program progress; otherwise, the resonant
wavelength shift relying solely on high reverse bias voltage would be very
small. This is because, to generate more free holes for trap capture, both
photoillumination and impact ionization are required. Impact ionization
itself, i.e., high reverse bias stress, cannot offer enough extra holes to sig-
nificantly change the trap occupancy. In contrast, only electrical stress is
required during the erase progress. The Si P-N junction is forward biased to
generate a forward current Iy, of around hundreds yA. The large Iy, can
discharge the traps, therefore, reset the optical memory to the erase state. The
detailed analysis is described in the Mechanisms and simulations section.

The switch in resonant wavelength of the optical memory are pre-
sented in Fig. 1, from bottom to top, measured at 25 °C, 50 °C, and 75 °C,
respectively. All data points are recorded with electrical power off, with even
scan indices taken after erasing and odd scan indices after programming.
The program state demonstrates a red-shifted resonant wavelength com-
pared to the erase state across all three temperatures. Specifically, the reso-
nant wavelength shift Al is ~ 17 pmat 25 °C, ~20 pmat 50 °C,and ~42 pm
at 75 °C. The difference between two states AA increases with temperature.
This indicates that hole trapping is a temperature-dependent process. One
possible explanation is that hole trapping is a non-radiative multi-phonon
process (NMP)’', wherein the traps are required to be thermally excited
before they can capture holes followed by structural relaxation, see Sup-
plementary Note 1. Given that devices under 75 °C show the most significant
memory shift, the subsequent results were measured at 75 °C unless
otherwise specified. The corresponding transmission spectrum within three
cycles of the optical memory at 75 °C is shown in Fig. 1d. The three erase state
curves and the three program state curves overlap well, respectively, indi-
cating the optical memory device has stable and reproducible states. The red-
shifted AA of ~ 42 pm results in an extinction ratio (ER) of ~ 18 dB.

In addition to the non-volatile change in the optical domain, the device
also exhibits a shift in the electrical domain. Figure 1e shows the measured
dark current versus bias voltage ranging from +1 V to -8 V, where the solid
lines are the erase state and the dash lines represent the program state. First of
all, the device in the program state has a higher dark current at reverse bias at
all temperatures, possibly due to the charged traps leading to a higher surface
leakage current. Besides that, a voltage shift phenomenon is observed in both
the avalanche region and forward region. In the enlarged plot of the ava-
lanche region, it is evident that the breakdown voltage of the programmed
optical memory is approximately 25 mV higher than that of the device in the
erase state. The charged traps repel dopants of the same polarity, causing an
expansion of the depletion layer and, consequently, an increase in break-
down voltage. Conversely, the optical memory in the erase state exhibitsa ~
50 mV higher forward bias voltage for the same current value compared to
that in the program state. This voltage shift is attributed to the variation in the
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Fig. 1 | Si optical avalanche-induced trapping memory (ATM) device and its
characteristics. a Schematic diagram of the Si ATM based on microring structure
(inset: microscope image of the device), and the program and erase process within the
memory waveguide. b Configuration of the Si-SiO, interface and associated traps, with
Si atoms shown in orange, oxygen atoms in blue, and traps in purple. ¢ Measured
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resonant wavelength switches of the Si optical ATM at 25 °C (green),
50 °C (orange), and 75 °C (purple). d Measured optical spectrum of the Si ATM in the
erase (green) and program (purple) states at 75 °C. e Measured dark current of the Si
ATM at 25 °C (green), 50 °C (orange), and 75 °C (purple), along with expanded current
curves in the avalanche region (program region) and the forward region (erase region).

built-in voltage V4 of the Si P-N junction, which is expressed as

kyT . [N, Np
where kg is the Boltzmann constant, T'is the temperature, q is the elementary
charge, N, is the acceptor concentration, Np is the donor concentration, and
n; is the intrinsic carrier concentration. The charged traps in the program
state repel the N, doping concentration, leading to a decrease in the V4.
Consequently, the optical memory is an optoelectronic device that displays
nonvolatile memory effect in both optical and electrical domains.

Memory performance
The Si P-N junction-based optical memory can be optoelectronically pro-
grammed and electronically erased, showcasing clear and repeatable

switching capabilities. To quantify the performance of the Si ATM, we
conducted additional measurements. Figure 2a illustrates the optical spec-
trum of the Si MRR, recorded at 60-second intervals during programming.
The spectrum gradually red-shifts as the program time increases, indicating
that this optical memory exhibits multiple states depending on the duration
of programming. At the resonant wavelength of the erase state (approxi-
mately 1313.52 nm, as marked by the black dashed line in Fig. 2a), the optical
power levels of these multiple states are plotted in Fig. 2b. These states were
averaged over five measurements, with standard deviation error bars shown.
The optical power transmission increases almost linearly with program
time, supporting 26 distinct states, with optical power ranging from
approximately 0.0 to 0.16. The average standard deviation (o) across these
26 optical power states is about 0.004. These multiple states arise from
varying levels of trap occupation, as the process of traps capturing holes
follows a rate equation, making the number of charged traps a function of
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Fig. 2 | Performance of the Si avalanche-induced trapping memory (ATM).

a Measured optical spectrum of the Si ATM during programming, recorded every 60 s,
progressing from left to right over time. b Multiple optical power states versus program
time of the Si ATM at the wavelength of ~ 1313.52 nm, as indicated by the black dash
line in Fig. a. The error bars for different states were measured based on five trials.

¢ Corresponding resonant wavelengths versus program time. d Corresponding quality
factors (Q) of the microring Si optical memory from Lorentzian shape fitting.

e Retention measurements of non-volatile resonant wavelengths of the program (pur-
ple) and erase (green) states within a 24-hour period. f Endurance measurements of the
Si optical ATM with 100 cycles of program and erase.

program time. Figure 2c shows the corresponding resonant wavelengths
from Fig. 2a versus program time. As expected, the resonant wavelengths
increase with program time similar to an exponential function 1 — e The
red-shifted resonant wavelength indicates an increased refractive index of
the waveguide. According to the well-known plasma dispersion effect of Si,
changes in doping that result in an increase in refractive index also lead to a
reduction in free carrier absorption loss. The corresponding Q factors are
depicted in Fig. 2d, aligning with the anticipated increasing trend versus
program time. The fluctuation of the Q factors is attributed to uncertainties
arising from the Lorentzian fitting of the optical spectrum.

One critical parameter for non-volatile memory is its retention cap-
ability. The resonant wavelengths of the optical ATM were monitored every
10 minutes over a 24-hour period in both the program and erase states. As
illustrated in Fig. 2e, both program and erase states demonstrate stable
resonant wavelengths. The program state has an average resonant wave-
length of ~ 1313.56 nm with a standard error of ~ 1.49 pm, and the erase
state has an average resonant wavelength of ~ 1313.52 nm with a standard
error of ~1.24 pm. Given the lack of any observable decay in either state, the
device is expected to remain stable well beyond the 24-hour measurement
period. The remarkable stability over one day highlights the retention
capability of the Si optical memory. Cyclability is another important figure
of merit for memory performance. To evaluate this, the optical ATM was
subjected to a cycling test by alternately programming and erasing. The
program operation is reverse biased near the breakdown voltage with a
photocurrent I, of ~100 pA for 2500 s, while the erase operation is forward
biased with hundreds yA current Iy, for 600 s. Due to the relatively long
cycle time, 100 cycles have been measured for this device to mitigate the risk
of instability in the experimental setup over extended durations. The
measured resonant wavelengths after programming and erasing are plotted
in Fig. 2f, the optical memory shows consistent and repeatable switching
behavior over 100 cycles, confirming its endurance capability.

Mechanisms and simulation

The imperfect interface transition between (100) Si and amorphous SiO,
introduces dangling bond traps, and these traps undergo filling and emp-
tying during program and erase operations. The following charge switch of

traps results in the hysteresis effect of the Si P-N junction-based waveguide.
The transient behavior of donor-like traps is described by the rate equation

dF, Ep —
T;D = VpOp {P(l —Fp) — FaegFion; exp (tr;(T)]

1 —Fpn, E —E
—VNON |:NFtD _ ( Fd tD)nl exp( 1kBTtD):| ,
g

@

where Fyp is the occupation probability of donor-like traps, vp and vy denote
the thermal velocities for holes and electrons, op and oy are the trap capture
cross-sections for holes and electrons, P and N represent the concentrations
of free holes and electrons, Fueg is the degeneracy factor, #; is the intrinsic
carrier concentration, Eip and E; are the donor-like traps and intrinsic
energy levels®. There are four distinct terms on the right side of Eq. (2): (1) a
charge rate by capturing valence band holes, (2) a discharge rate to the
valence band, (3) a discharge rate through conduction band electrons, and
(4) a charge rate due to the emission of electrons to the conduction band.
These charge/discharge rates linearly depend on the trap cross-sections op
and oy, which describe the interaction between carriers and traps.
Therefore, op and oy are functions of trap location distance d into the SiO,,

0p(d) = opg exp(—xy,d), 3)
ox(d) = oy exp(—«.d),

where the constants opy and oy, are about 107° cm? and 1077 cm?

respectively”*". x;, and «, are the evanescent wavectors for electrons and

holes,

2 2my(Ep — Ey)
K = ————

" @

4
2 _ 2mi(Ec — Eyp)
Ke - hZ ?

where m] and m are the effective masses of holes and electrons, Ey and E¢
stand for the conduction band edge and valence band edge. In the
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Fig. 3 | Program and erase mechanisms of the Si avalanche-induced trapping
memory (ATM). Schematic of the mechanism of the Si optical ATM: band dia-
grams, current density distributions, and free carrier number distributions of the Si
P-N junction during the program (a) and erase (b) operations. During the program
operation, electrons (purple particles) undergo impact ionization along the x-
direction, resulting in an exponentially increased electron current density Jy. The
complementary hole current density Jp is then plotted. The corresponding carrier
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number distribution reveals an excess of holes compared to electrons. During the
erase progarm, the junction is forward biased, the electron and hole current densities/
carrier numbers become nearly equal. ¢ Band diagrams of the Si-SiO, interface during
the program and erase operations. Excess holes (green particles) are captured by
interface traps during the program operation and discharged into the valence band
during the erase operation. d, Simulated trap occupation probability of the Si optical
ATM at the virgin, program, erase, post-erase stay, and post-program stay states.

subsequent simulations, it is assumed that the trap spatial density is uniform
up to a certain depth and zero above that, and the traps are considered to be
monoenergetic. The band diagram of the Si P-N junction under program
operation is illustrated in Fig. 3a. At a high reverse bias close to the
breakdown voltage, avalanche gain occurs inside the depletion region. The
photon-generated carriers accelerate within the depletion region due to the
high electric field, leading to the impact ionization events. Due to the
significant difference between the ionization coefficients of holes () and
electrons (a) in Si, impact ionization predominantly happens in
electrons™". The current density contributed by electrons, Jy, exhibits an
exponential-like growth from left to right due to the increasing number of
impact ionization-generated electrons. As the current density is uniform
across the entire junction, the complementary hole current density, Jp, is
represented by the red curve in the middle chart of Fig. 3a. The average
Jp > ]y inside the depletion region because of the electron-preferred impact
ionization. The electron and hole number distribution can then be extracted
from the current density by N = J/qV 4y and P = Jp/qVgp, where V 4 and
Vgap are the drift velocities of the electrons and holes. As Jp > Jiy and
V>V e, the hole concentration P is much higher than the electron
concentration N inside the depletion region. Therefore, the first term on the
right side of Eq. (2), VpopP(1 — Fyp), dominates the transient behavior. The
Si-SiO, traps get charged by capturing holes. Conversely, the Si P-N junction
is forward-biased to erase the memory. The band diagram and current
density distribution of the erase-operated junction are shown in Fig. 3b. The
Jx and Jp are almost at the same level due to the similar acceptor and donor
doping concentrations, Ny and Np, iznside the Si junction. The electron
concentration at — xp is N(—xp) = n—A e1V/%T and the hole concentration
at xy is P(xy) = ;—;eq"/ kT indicating that the P and N have similar
concentrations. Therefore, the discharge term contributed by electrons is
not negligible, the rate equation will lead to a new balance state with a
smaller Fp.

The band diagrams of the Si-SiO, interface during the program and
erase operations are shown in Fig. 3c. The traps are charged due to the
significantly higher P concentration during the program operation, and they
are discharged as the P ~ N during the erase operation. After the program
and erase operations, the Si ATM is left unbiased, yet the alteration in the
traps’ charge endures, continuing to influence the waveguide’s refractive
index. The simulated occupation probability of traps, Fyp, is plotted in
Fig. 3d. In the virgin state, the device has not been probed at all, the traps are
empty. During the program operation, the occupation probability gradually
increases with time, and the saturation time is on the order of 10’ s. On the
contrary, the erase operation discharges the traps, where the erase speed is
faster than the program due to the higher free carrier concentrations. The
Fip quickly reduced from ~ 74% to ~ 22%, and then reaches a steady state.
To show the non-volatility of this Si optical ATM, we also simulate the
steady state after the erase and program operations, where P and N values
are zero as there is no bias and current through the device. The occupation
probability of traps remains constant without voltage.

In order to validate the model of the Si optical ATM, an additional
device on the same chip has been measured to demonstrate the virgin,
program, and erase states. Figure 4a shows the measured optical spectrum of
the device, where the virgin state exhibits the shortest resonant wavelength,
the program state shows the longest resonant wavelength, and the erase state
has a slightly red-shifted resonant wavelength compared to the virgin state.
The measured results align well with our simulated occupation probability
in Fig. 3d, the erase operation cannot fully empty the charged traps. The
corresponding resonant wavelength is plotted in Fig. 4b, the optical ATM
can program/erase several times, allowing a repeatable non-volatile wave-
length shift of more than 40 pm. The program and erase speeds are also
measured to further verify our model. As depicted in Fig. 4c, the resonant
wavelength versus operation time is measured every 60 s during the pro-
gram (purple dots) and every 10 s during the erase (green dots) operations.
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Fig. 4 | Mechanism validation measurements of the Si avalanche-induced trap-
ping memory (ATM). a Measured optical spectrum of the virgin (red), erase (yellow
and green), and program (blue and purple) states of the Si ATM. b Corresponding

resonant wavelength of the Si ATM. ¢ Resonant wavelength versus time during
program (purple) and erase (green) operations.

The program operation takes about 1500 s to fully shift the Si optical
memory, while the erase operation only requires 300 s to set the memory
resonant wavelength back. The speed measurement also agrees well with the
simulated results of our model. It is noteworthy that Fy is a normalized
probability, the resonant wavelength shift is also influenced by the trap
density at the Si-SiO, interface. While the two Si optical memories reported
here demonstrate a comparable non-volatile resonant wavelength shift of ~
42 pm, the hero device on this chip enables a shift of ~71 pm, corresponding
to an ultra-high ER of ~ 26 dB. Detailed spectrum and resonant wavelengths
are provided in Supplementary Note 2.

The occupied traps at the Si-SiO, interface place a fixed charge on the
surface of the Si waveguide. This charge induces a doping redistribution
within the Si P-N junction, thereby altering the refractive index of the
waveguide. In Fig. 5a, the simulated doping concentration profiles of the Si
P-N junction are compared without trapped charge (erase state) and with a
charged trap density of 5 x 10" cm™> (program state). Given that the
occupied traps carry positive charges, the P-type dopants are repelled from
the surface, while the N-type dopants are attracted close to the surface. The
corresponding transverse electric (TE) optical mode of the Si P-N junction-
based waveguide can then be simulated for different doping profiles, as
depicted in Fig. 5b. The traced effective refractive index change versus
trapped charge concentrations is plotted in Fig. 5¢. At a trapped defect
density of 5 x 10" cm™?, the effective index increases by approximately
9.6 x 107°. At the same time, the free carrier absorption loss of the Si
waveguide is reduced. As the orange curve shows, the loss reduces by ~ 1.3
dB cm ™. The calculated resonant wavelength change, derived from the
simulated effective index change, is presented in Fig. 5d, where the Si MRR
memory could shift about 45 pm with a 5 x 10" cm ™ charged trap density.
In order to verify the trap density, the corresponding Q factor and ER trends
are plotted in Fig. 5e. The Q factor, ~ 6300, increases with higher trap
density, and the ER rises from about 25 dB to 27 dB. Both trends align well
with the measured results in Fig. 2a. The simulated wavelength shift, Q
factor, and ER collectively corroborate the experimental measurements,
affirming the consistency between simulation and device performance.

Applications

The Si optical ATM showcases multiple non-volatile states using the stan-
dard Si photonics process, enabling the direct integration of memory
functionality into existing Si photonic systems. For instance, MRR-based
optical interconnects encounter a challenge in fabrication variances, as the
resonant wavelength of MRR is sensitive to such variances*'. Fine-tuning
becomes necessary to align the MRR resonant wavelength precisely and
avoid channel crosstalk. Leveraging the Si optical memory, this trimming
process becomes straightforward, as the program/erase process of the MRR
memory does not interfere with the volatile tuning of the Si MRRs. Con-
sequently, it eliminates the need for energy-intensive thermal tuning in
current optical interconnects. Figure 6a illustrates the measured optical
spectrum of a 5-channel dense wavelength division multiplexing (DWDM)

MRR modulator array before and after programming. Fabrication variances
resulted in uneven channel spacing, with the narrowest gap between
channels (ch) 5 and 1. To correct this, the chl MRR was programmed to
induce a non-volatile redshift. The programmed spectrum, shown by the
purple curve, exhibits a more uniform channel spacing compared to the
initial spectrum, represented by the green curve. The difference in spacing
between ch5-chl and chl-ch2 was reduced by approximately 0.1 nm,
bringing it closer to the ideal spacing. The coupling of crosstalk from the
adjacent modulation channel in the DWDM array is plotted in Fig. 6b,
where the optical power is shown on a linear scale and ch5 is modulated back
and forth"”. After programming, chl is positioned farther from ch5 com-
pared to its initial state, effectively reducing crosstalk, as reflected by the
optical power change at modulation frequencies in the top subplot of Fig. 6b.
This reduction in optical crosstalk results in an improvement of about 2.5
dB. Such crosstalk improvements are even more pronounced with DWDM
arrays with narrower channel spacing.

Another application is the optical neural network (ONN), which
recently has garnered significant interest due to its potential to drastically
boost speed and energy efficiency by several orders of magnitude®.
Unfortunately, the lack of optical memory creates a memory wall between
the ONN chip and electrical memory, resulting in significant energy con-
sumption for weight management. Our ATM device offers a solution to this
bottleneck. An example implementation of an optical matrix-vector mul-
tiplier is illustrated in Fig. 6¢c, employing the MRR optical memory weight
bank*. Incoming wavelength division multiplexed (WDM) signals are
weighted by reconfigurable MRRs to realize multiplication. The weighted
signals are then accumulated by the balanced photodiode for the output.
Since the proposed MRR optical memory is fully compatible with high-
speed MRR modulators”, ONN training can be achieved through the
volatile MRR modulation effect. Once trained, the weights can be encoded
into the MRRs using the non-volatile optical memory effect. As a result,
ONN inference entails zero static energy consumption while achieving
multiplication at the speed of light. As the ONN operates in the analog
domain, its performance is constrained by the precision and noise char-
acteristics of physical devices. To incorporate these practice parameters in
the ONN, the optical neural layer is depicted in Fig. 6d, where the weights
are normalized and then adjusted to accommodate MRR memory precision
and noise™. The demonstrated optical memory enables a precision of 26
steps, with a standard deviation of overall noise of ~ 0.004, accounting for
the MRR thermal drift and stochastic programming processes. A 4-layer
ONN is employed to simulate the handwritten-digital classification using
the MNIST dataset, as shown in Fig. 6e. The testing accuracy and loss of this
ONN are illustrated in Fig. 6f, where the dash lines represent the ONN based
on the ideal MRR with 27 precision and zero noise, and the solid lines are the
ONN with the demonstrated MRR optical memory. For MNIST classifi-
cation, the MRR optical memory-based ONN reaches a testing accuracy of
~ 94.8% and a testing cross-entropy loss of ~ 0.176, showing similar per-
formance to the ideal MRR-based ONN. Additionally, the more complex

Communications Physics| (2025)8:39


www.nature.com/commsphys

https://doi.org/10.1038/s42005-025-01934-4

Article

a Trapped Defect Density: 0 cm2
-

Trapped Defect Density: 5x1012 cm2

-

Doping (cm) b

. 5x1018

Energy (a.u.)

0

C 1.2x10 0o d s0¢ € 6400 —— 27
=S £5 | 1 &
5 i N S 2 _40f g T
< + Q= L
C gx10% | N S oE f 5 2
5 F o ©—30 ¢ ks o
3 . g 14229 | £ 6300 5
£ F AN T +« C L o
o i . s Ss20¢ o g
2 4x10° O c£5 [ c
B3 I — - o 00O F £
@ L g 2 o * measured Q ]
2 10 | .
= L | I 4 : * measured shift | * measured ER

0 F S S R S S SO S R S S S -2 0 R T R T S R S R S 6200 PR S R S S ST S TR ST S S 24

0 2x1012 4x1012 6x1012 0 2x1012 4x1012 6x1012 0 2x1012 4x1012 6x1012

Trapped Defect Density (cm-2)

Fig. 5 | Simulation results of the Si avalanche-induced trapping memory (ATM).
a Simulated doping concentration distributions of the Si P-N junction with 0 cm ™
and 5 x 10" cm " trapped defect density. b Transverse electric (TE) mode energy

distribution inside the Si P-N junction waveguide. ¢ Simulated effective index change
(purple) and loss change (orange) of the Si P-N junction waveguide versus trapped

Trapped Defect Density (cm-2)

Trapped Defect Density (cm-2)

defect density. Corresponding d resonant wavelength change, e Q factor (purple)
and extinction ratio change (orange) of the Si microring resonator memory versus
trapped defect density, where the x indicates the measured results from the pro-
grammed Si optical memory.

Fashion-MNIST dataset was trained using the same ONN, where the MRR
optical memory-based ONN achieved a testing accuracy of approximately
84.4%, also comparable to the ideal MRR-based ONN. More detailed results
for the ONN are presented in Supplementary Note 5. Thanks to the non-
volatile nature of the MRR optical memory, weight power consumption
during inference is effectively zero. Figure 6g illustrates the comparison of
inference power consumption between the N x N matrix-vector multiplier
using heater-based MRR weights and the one using optical memory-based
MRR weights. The power consumption of traditional heater-based MRR
weights increases with N*, dominating the overall power consumption. In
contrast, the optical memory-based multiplier incurs power consumption
only from the transmitter and receiver, which increases linearly with N. At
N =20, the power consumption of the optical memory-based matrix-vector
multiplier is reduced by a factor of ~ 34. For the proposed ONN in Fig. 6e,
the heater-based one exhibits an energy efficiency of 2.77 x 10* MACJ . In
contrast, the ATM-based ONN eliminates approximately 83% of the energy
consumption associated with the weights, achieving an energy efficiency of
1.64 x 10 MACJ ™", marking an improvement of about 5.9 times. Detailed
calculation is provided in Supplementary Note 6.

Discussion
In this work, we demonstrate a non-volatile optical memory based on
standard Si photonic devices. Diverging from existing memory technolo-
gies, the Si ATM leverages disparate current densities of holes and electrons
from avalanche-multiplying photocurrent to generate hysteresis trapping
charge at Si-SiO, interface. With no alterations to the fabrication processes,
the Si ATM maintains full compatibility with Si photonics foundries,
making it seamlessly integrated into standard process design kit (PDK) and
directly applicable in Si PICs. Furthermore, the Si ATM is a generic device
that is not contingent on the specifications of a particular Si photonics
foundry. While the Si ATMs reported in the main text were produced at
Advanced Micro Foundry (AMF), we have successfully replicated a similar
non-volatile memory phenomenon in a Si P-N junction-based MRR fab-
ricated at CEA-Leti. The detailed results for the Leti-fabricated optical
memory are provided in Supplementary Note 3.

The showcased Si optical memory exhibits a non-volatile shift of
approximately 42 pm in its resonant wavelength, yielding a commendable
ER of ~ 18 dB. The extent of non-volatile shift depends on the interface trap

density, and the leading device on the wafer can attain an impressive
resonant wavelength shift of ~ 71 pm with an ultra-high ER of ~ 26 dB.
Consequently, enhancing the Si ATM shift is achievable through the engi-
neering of the interface trap density. This Si optical memory also facilitates
multiple states, with 26 distinct states achieved by varying the program time.
The retention performance of the Si optical memory is commendable, as
both the program and erase states maintain a highly stable resonant
wavelength for at least 24 hours. Furthermore, the cyclability of the Si ATM
is validated through 100 program-erase cycles, affirming the device’s
endurance and demonstrating consistent and repeatable switching beha-
vior. A survey of recent non-volatile optical memories is provided in
Table 1. Benefiting from the ATM mechanism, this device boasts an
exceptionally streamlined material stack Si, which necessitates no
alterations to current Si photonics foundry processes. While the
performance of the Si ATM is on par with other advanced technol-
ogies, its primary limitation lies in the relatively modest switching
speed. This speed can be enhanced through better control and
engineering of the trap charge rate. On the other hand, the gradual
charging process affords the ATM a greater number of distinct states
compared to its competitors, further enhancing its versatility.

A charge-trapping model has been developed for the Si ATM. The rate
equation of the occupation probability of donor-like traps highly depends
on the concentrations of free electrons and holes. Given that electrons are
much easier to impact ionization than holes in Si, and the drift velocity of
electrons is significantly faster than that of holes, the free holes concentra-
tion is way larger than that of free electrons within the device during the
program operation. The surplus holes thus effectively fill the donor-like
traps, establishing a non-volatile charge difference at the Si-SiO, interface.
This fixed charge offset, in turn, alters the doping profile inside the Si
junction, interacting with the optical mode within the waveguide. The
simulated results agree well with the measurements, offering an elucidation
for the observed behavior of this innovative optical memory.

The performance of the all-Si optical memory, according to the trap-
ping model’s rate equation, is highly dependent on factors such as interface
trap density, trap energy levels, trap capture cross-sections, and unbalanced
free carrier levels. Future work aims to enhance the initial performance of
the ATM by engineering and controlling the interface traps. Another pro-
mising approach to enhancing Si ATM performance is the introduction of a
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Fig. 6 | Applications of Si optical memory. Trimming of optical interconnects:
a Measured optical spectrum of a dense wavelength division multiplexing (DWDM)
microring modulator array before and after trimming (inset: microscope image of
the DWDM modulator array)*. The bottom panel provides a zoomed-in view of the
spectrum within the dashed-line box, highlighting the programmed channel 1 (ch1).
b Coupling of crosstalk from adjacent modulation channel in the DWDM array
before and after trimming. Solid and dashed lines indicate the spectrum changes
before and after modulation, while green and purple lines represent the DWDM
array states before and after trimming, respectively. The zoomed-in section in the
top chart reveals reduced crosstalk (purple) after trimming. Optical neural net-
work: ¢ Example implementation of an optical matrix-vector multiplier employing

the microring resonator (MRR) optical memory weight bank™. A DWDM laser
source is directed into the MRR memory weight bank, where the optical signals are
weighted based on the MRR memory settings and summed by balanced photo-
diodes. d A neural layer considering the precision and noise of its optical
implementation’, with precision and noise data derived from measurements of the
Si memory (inset). e Conceptual illustration of a 4-layer optical neural network for
handwritten-digital classification. f Corresponding testing accuracy and loss using
the MNIST dataset for the ideal MRR without noise (dash lines) and the MRR optical
memory (solid lines). The inset shows the testing truth table. g Inference power
consumption of a N x N optical matrix-vector multiplier with heater-based MRR
weights (black dash line) and optical memory-based MRR weights (red solid line).

vertical electric field. Unlike the high electric fields required in electronic
flash memory for Fowler-Nordheim tunneling and hot-carrier injection, a
relatively low electric field could be sufficient to accelerate excess holes,
thereby increasing the trap occupation probability and improving the
response speed. These enhancements could result in a more substantial
refractive index change (i.e., a larger wavelength shift) at room temperature
and improve the switching speed by three to four orders of magnitude.
Currently, the program laser wavelength is in the O-band due to grating
coupler limitations, using a shorter wavelength laser could generate multi-
plied photocurrent more efficiently, further reducing energy consumption.
Additionally, the ATM mechanism is not confined to the MRR structure;
the non-volatile index change phenomenon can be seamlessly integrated
into other Si photonic components. In summary, an optical memory ATM
is demonstrated on the Si photonics platform with zero change of standard
processes, paving a simpler and most cost-efficient pathway to enhance the
performance of existing PICs by eliminating the electronic memory latency,

reducing times for optoelectronic conversion, and minimizing static energy
consumption. Si ATM can be applied to various applications such as
trimming in optical interconnects and inference in ONNG. By leveraging Si
ATM, ONN:Ss retain their ability to potential boost speed while minimizing
energy consumption for weight management.

Methods

Fabrication

The Si optical memories were fabricated at Advanced Micro Foundry
(AMF), Singapore. The chips are based on industry-standard 220 nm-thick
SOI wafers. The Z-shape junction was formed from Phosphorous (for
N-type) and Boron (for P-type) implants.

Measurements
The bias voltage was supplied by a Keithley 2400 source meter. An O-band
tunable laser Santec TSL-550 was used as the light source for photocurrent
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Table 1 | Survey of recent non-volatile optical memories

Reference C Rios* Z. Fang® J. G-Kremer® K. Taki®' S. Cheung® B. Tossoun®? this work
Technology PCM PCM Ferroelectric Ferroelectric Flash Memristor ATM
Material stack SbySes SboSes/ BaTiO4/Si HfZrO/AlL,04/Si  GaAs/AlO3/HfO,/Al,O4/ GaAs/Al,O5/Si Si
Graphene HfOo/Al,O45/Si
Structure Ring Ring Ring Mz| Ring Ring Ring
Max A shift 114 pm 21 pm 72 pm 33 nm 41 pm 70 pm 71 pm
Program voltage (V) +6.2 +3 +5~ 412 +200 +9 +5 -8
Erase voltage (V) +21 +5 -5~ -12 irreversible -5 —4 +1
Switch speed 1000/0.8 us 220/0.4 us 1ms 10~100s 1s 1ns 1500/300 s
Switch power (W) 7.7x107% <1.4x1072 4.6 x107° 6x10°® 1.8x 107" 5x10%4x10™* 8x10™*
22x 107" /1.5 x 10~
Loss (dB) 0.36 0.33 0.07 N/A 0.5 0.27 0.2~0.6
Non-volatile states 5 2 8 2 4 3 26
Retention time (h) N/A N/A 12 2.7 336 12 >24
Cycles 125 > 1000 300 1 100 1000 100
Available in SiPh X X X X X X v

foundry

* This refers to the electrical switching power. During programming, the laser power within the Si input waveguide is approximately 4 x 10~ W.

and optical spectrum. All spectrum and resonant wavelengths were mea-
sured without bias voltage for non-volatile performance. The optical spec-
trum of the multiple states was measured without bias voltage after every
60 s of programming. The retention results were measured after a one-time
program/erase operation, and then the spectrum was recorded without bias
voltage every 10 minutes over 24 hours. The endurance results for 100 cycles
are measured with an automatic setup that uses the same stress conditions
for all program/erase operations.

Simulations

The rate equation of donor-like traps was solved by the solve nonstiff dif-
ferential equations - low order method (ode23) in Matlab. The donor-like
traps energy level, Eip, was chosen to be 0.5 eV. The free carrier con-
centrations P and N were calculated from the current densities during
program and erase operations. The doping profiles of the Si P-N
junction under different trapped defect density, shown in Fig. 5a,
were simulated by Lumerical Charge, assuming a 6 nm thick defect
region at the interface. The simulated doping profiles were then
imported into Lumerical Mode to simulate the corresponding TE
mode in Fig. 5b and extract effective refractive index change and loss
change of the Si waveguide.

The ONN simulation utilized AnalogVNN, a PyTorch-based frame-
work designed to incorporate the precision and noise characteristics of
ONNs*, A 4-layer ONN architecture, depicted in Fig. 6¢, was utilized for the
MNIST handwritten digit classification task. The input digital image is
resized from the original 28 x 28 to 8 x 8 pixels using bilinear interpolation
to reduce the length of the input vector, which is fed into a linear optical
neural layer. The three subsequent optical neural layers comprised matrices
of sizes (8 x 8) x 20, 20 x 10, and 10 x 10. The activation function (f) for the
first two layers is a Gaussian error linear unit (GeLU) and the activation
function for the output layer is a Softmax function. The optimizer employed
was Adam.

The total power consumption of an N x N vector-matrix multiplier is
determined by the sum of power from N transmitters at the fan-in stage, N
receivers at the fan-out stage, and N” weights at the multiplication stage. It is
expressed as P, = NPrx + NPpx + NPy, where Py represents trans-
mitter power, Prx denotes receiver power, and Pyy stands for weight module
power”. In the inference power calculation of Fig. 6e, the power con-
sumption of the MRR modulator, balanced photodiode, heater-based MRR
weight, and optical memory-based MRR weight is 1.3 mW, 0.5 mW, 3 mW,
and 0 mW, respectively. More detailed power calculation is provided in
Supplementary Note 6.

Data availability
The data that support the findings of this study are available from the
corresponding author upon request.
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