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Over the past few years, extensive work on optical neural networks has been investigated in hopes of
achieving orders of magnitude improvement in energy efficiency and compute density via all-optical
matrix-vector multiplication. However, these solutions are limited by a lack of high-speed power
power-efficient phase tuners, on-chip non-volatile memory, and a proper material platform that can
heterogeneously integrate all the necessary components neededonto a single chip.Weaddress these
issues by demonstrating embedded multi-layer HfO2/Al2O3 memristors with III-V/Si photonics which
facilitate non-volatile optical functionality for a variety of devices such as Mach-Zehnder
Interferometers, and (de-)interleaver filters. TheMach-Zehnder optical memristor exhibits non-volatile
optical phase shifts >πwith~33 dBsignal extinctionwhile consuming0electrical power consumption.
Wedemonstrate 6 non-volatile states each capable of 4 Gbpsmodulation. (De-) interleaver filterswere
demonstrated to exhibit memristive non-volatile passband transformation with full set/reset states.
Time duration tests were performed on all devices and indicated non-volatility up to 24 hours and
beyond. We demonstrate non-volatile III-V/Si optical memristors with large electric-field driven phase
shifts and reconfigurable filters with true 0 static power consumption. As a result, co-integrated
photonic memristors offer a pathway for in-memory optical computing and large-scale non-volatile
photonic circuits.

Over the past few decades, processor performance has scaled accordingly to
Moore’s Law, however, there remains a fundamental limit in current
computer architectures: the von-Neumann bottleneck1,2. This inherently
places a limit on the amount of data that can be transferred frommemory to
processor. In 2008, Hewlett Packard Labs offered a potential solution
towardsnon-volatile in-memory computing that can surpass the limitations
of current von-Neumann designs3,4. These devices known as memristors
exhibit hysteretic current-voltage (I-V) behavior which enables multi-bit
non-volatile resistance states5. Memristors have thus emerged as a leading
candidate for implementing analog based neuromorphic computing sys-
tems in the pursuit of mimicking/harnessing the behavior of mammalian
brains3,5–8. These two-terminal devices allow a high degree of integration
density in the form of nm-sized crossbar arrays, thus yielding energy-
efficient and parallelized in-memory computing where data exchange
between memory and a central processing unit is uninhibited9–11. More
recently, there have been a few opticalmemristor demonstrations which fall

under three fundamental mechanisms12: (1) the phase transitions13–15, (2)
valency change16–19, and (3) electrochemical metallization20. The phase
transition effect is due to the transformation of an insulating material into
one with metallic properties and is driven by heat21. The valency effect
involves oxygenvacancy formation in transitionmetal oxides (HfO2, Al2O3,
TiO2, etc.) thus providing a conductive pathway between two
electrodes16–19,22. The electrochemical metallization effect is based on the
formation of a conductive filament composed of metal ions20. These three
fundamental mechanisms can be further classified into two groups defined
by their filamentary memristive opto-electronic functionality: (1) non-
volatile phase shifters, (2) and non-volatile absorbers20. The work described
here falls under non-volatile phase shifters where a number of electro-
optical interactions happen and are not necessarily independent. For
instance, the oxygen vacancy filamentation affects the optical refractive
index via electrical conduction, yet charge traps can also occur23–25. In
addition, the heat generated in nano-scale filamentary regions may morph
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amorphous transition metal oxides into polycrystalline or crystalline
states26. Experimentally, it is difficult to separate these mechanisms, but
experimental evidence in this paper suggests significant optical phase shifts
occur through the formation of a conductive pathway via oxygen vacancies
(VO2+). This conductive pathway has associated charge trap defects either
within the HfO2, Al2O3 or at the interface of Al2O3/HfO2 during fila-
mentation formation. These charge traps within the dielectric region
effectively alter the built-in electric field and induce charges at the interface
of the insulator/semiconductor region which in turn modulates the
refractive index. Recent demonstrations of waveguide integrated optical
memristive switches include ITO based latching switches27, ZnO based
reflectors16, and Ag/a-Si/Si plasmonic absorbers20. Recently, we have lever-
aged our heterogeneous III-V/Si optical interconnect platform28,29 to inte-
grate memristors based on semiconductor-insulator-semiconductor
capacitors (SISCAP). This platform is suitable for complete device inte-
gration of quantum dot (QD) comb lasers30–33, III-V/Si SISCAP ring
modulators34–36, Si-Ge avalanche photodetectors (APDs)37–40, QDAPDs28,41,
in-situ III-V/Si light monitors42,43, III-V/Si SISCAP optical filters44,45, and
non-volatile phase shifters17–19,22,46–50, which are necessary for a fully inte-
grated optical computing chip. These memristors are defined by the
semiconductor-oxide interfaceandact asnon-volatile phase shifters due to a
multitude of effects described previously. The benefits of co-integrating
silicon photonics and non-volatile memristors provides an attractive path
towards eliminating the von-Neumann bottleneck. In addition, the mem-
ristive optical non-volatility allows post-fabrication error correction for
phase sensitive silicon photonic devices while consuming zero power
(supplementary note 1). As a result, we believe photonic memristors can
contribute to energy efficient, non-volatile large scale integrated photonics

such as: neuromorphic/brain inspired optical networks51–60, optical
switching fabrics for tele/data-communications61,62, optical phase arrays63,64,
quantum networks, and future optical computing architectures.

Results
III-V/Si SISCAPMemristors
The III-V/Si SISCAP memristor (Fig. 1a-e) is comprised of 300 nm thick
p-type Si doped at 5 × 1017cm−3, alternating layers of HfO2/Al2O3, and
150 nm thick n-type GaAs doped at 3 × 1018cm−3. We chose a multi-layer
HfO2/Al2O3 stack because Mahata et al., Khera et al. and Park et al., have
shown improved resistive switching due to atomic inter-diffusion and
promotion of oxygen vacancies (VO2+) at the HfO2/Al2O3 (HfAlO)
interface65–67. Figure 1d shows the energy-dispersive X-ray spectroscopy
(EDS) compositional mapping and indicates confirmation of the HfO2/
Al2O3 stack as well as theHfAlO interface. Our previous attempts with pure
Al2O3 yielded unstable and chaotic switching, therefore the inclusion of
multi-layerHfO2/Al2O3hashelped.During the “set”process,VO

2+ forms in
both HfO2, Al2O3, and at the inter-diffused HfO2/Al2O3 (HfAlO) interface
as shown in Fig. 1b and initiates a conductive path for electrons to flow. This
turns the high impedance capacitor into a device exhibiting a low resistance
state. During the “reset” process only the interfacial filament is believed to
rupture first due toAl2O3 having lessVO

2+ thanHfO2
65,66, thus breaking the

conductive path via a combination of Joule heating and field effect. This
effectively restores the memristor in its high resistance state. We first eval-
uate the multi-layer memristor device electrically with a 125 μm wide
capacitive structure shown in e. The voltage is first swept from 0 to−10 V
with a compliance current = 0.5 μA which initiates the VO2+ electro-
forming process as shown in f. Next, 10 voltage cycles were performed to

Fig. 1 | Description and characteristics of III-V/Si semiconductor-insulator-
semiconductor capacitor (SISCAP). a HRTEM image of memristor stack, b “set”
process: oxygen vacancy (VO2+) formationwhich initiates conductive filamentation,

c “reset” process: break-up of filamentation, and (d) EDS line scan for atomic
composition, e 3-D schematic of test structure, and f I-V curves of electro-forming,
set, and reset processes.
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examine the cyclability of the device with each cycle defined as: 0 V→ −
10 V → 0 V → 10 V →0 V. This allows us to observe multiple set/reset
states.Given the large device surface area and randomelectro-formation26,68,
consecutive set cycles were observed to increase the “set” current, (Fig. 1f)
indicating increased filamentation sites.We did not further explore possible
bias conditions to minimize this effect given limited test structures.

III-V/Si Photonic SISCAPMemristors: Mach-Zehnder
Interferometers (MZI)
The optical waveguide of the III–V/SiMZImemristor is defined by awidth,
height, and etch depth of 500, 300, and 170 nm respectively as indicated in
Fig. 2a. The Si is p-type doped at 5 × 1017cm−3 to ensure reasonable con-
ductivity without affecting the optical loss significantly. Similar to the test
capacitor in Fig. 1e, amulti-layer HfO2/Al2O3 stack sits on top of the silicon
waveguide followed by a 150 nm-thick n-GaAs doped at 3 × 1018cm−3.
Figure 2a shows the simulated transverse electric (TE) of the optical
memristor.The inset showsadielectric thicknesses of 1.7/3.8/2.0/3.9/0.8 nm
for the Al2O3/HfO2/Al2O3/HfO2/Al2O3 memristor stack respectively.
Assuming refractive indices of 1.75/1.90/1.75/1.90/1.75, the calculated
optical confinement factors are ΓSi = 64.49%, ΓHfO2 = 1.637%, and
ΓAl2O3 = 0.82%withanoverall effective indexofneff = 3.176andgroup index
of ng = 3.764. AnAl2O3 layer is inserted in between theHfO2, because it was
experimentally determined to be easier towafer-bondAl2O3 toAl2O3 rather
than HfO2. The choice of n-GaAs over p-GaAs was also two-fold: 1) lower
optical absorption loss fromdopants, and 2) easier III-V/Si laser integration.
Also, GaAs exhibits ~ 4 × smaller electron effective mass and ~ 6 × larger
electron mobility (me

* = 0.063m0, μe = 8500 cm2/V-s) than crystalline Si
(me

* = 0.28m0, μe = 1400 cm2/V-s)28,29,45. Therefore, the plasma dispersion
effect on index change in n-type GaAs is more efficient with lower free
carrier absorption (FCA) loss.

The electric field transmission function of the top/bottom arm of the
MZI (Eo1, Eo2) in Fig. 2c can bemodeled with the following transfermatrix:
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The throughand cross port transmission of the directional couplers are
defined by t and r respectively. The variablesβ1,si, β2,si, β1,iii-v/si, represent the
propagation constants of the top arm silicon, bottom arm silicon, and top
arm III-V/Si memristor waveguide respectively. α1,si, α2,si, α1,iii-v/si represent

the optical losses in the top arm, bottom arm, and top arm III-Vmemristor
waveguide respectively. L1,si, L2,si, L1,iii-v/si represent the corresponding
lengths. Based on the transfer-matrix model, the two directional couplers
have a power transfer coefficient of 49% assuming they are identical during
fabrication. Themeasured spectrum indicates a free spectral range (FSR) of
~ 20.13 nm with an extinction ratio (ER) of ~ 31.1 dB near 1310 nm. The
III–V/Simemristor region is located on the upper armwith a length of L1,III-
V/Si = 350μmas shown inFig. 2b. Thep-doping is defined2.0μmaway from
the edge of the silicon waveguide and test structures indicated little to no
effect onoptical losses.Then-GaAshas a200 nmoverhang to the edgeof the
silicon waveguide such that III-V/Si bonding remains intact while avoiding
contact with silicon pillars as shown in Fig. 2a. A fully etched deep trench is
defined in between the MZI arms such that the p-Si is electrically isolated
from the wafer-bonded n-GaAs region. The III-V/Si SISCAP structure
operates as the memristor. In order to investigate non-volatile optical
memory functionality, we first measure the current-voltage (I-V) relation-
ship as shown in Fig. 3a. By voltage cycling from0→− 21→ 0→ 15→0 V,
a hysteresis curve is observed, therefore, confirming electrical memristor
behavior. Figure 3b. illustrates the corresponding resistance indicating an
initial high-resistance-state (HRS) which becomes a low-resistance-state
(LRS) by applying a set voltage Vset =− 17.31 V.

By applying a reset voltage of Vreset > 5 V, a transition from the LRS to
HRS can occur, thus concluding a reset back to the original electrical state.
While taking I–V data, we simultaneously measured the optical spectral
response with an optical spectrum analyzer (OSA). The optical response is
shown in Fig. 3c–f and is color-coded according to the I–V curves in
Fig. 3a–b. Applying a bias from 0 to −21 V results in a non-volatile wave-
length shift of Δλnon-volatile = 12.53 nm with near negligible optical losses
(Fig. 3c). The wavelength shift is measured from the resonance dip
(~1294.45 nm) where the arrow begins at 0 V and to the resonance dip
(1306.98 nm) where the arrow ends with −21 V. Device insertion loss is
discussed in supplementary note 5 and observed to be <0.5 dB. Ramping
back down from−21 to 0 V does not shift the optical response back to the
original state (Fig. 3d) and has a non-volatile wavelength stability of ~+/−
0.2 nm (35 GHz). This indicates a non-volatile phase shift of Δφ = 1.245π
assuming a FSR = 20.13 nm, at essentially 0 power consumption (recorded
current = 34 pA at 0 V). The group index (ng

III-V/Si) of the III-V/Simemristor
can be calculated by the following: FSRMZI = λ2/(ng

lower Llower − ng
upper Lupper)

where ng
lower Llower - ng

upper Lupper = ng
Si LSi

lower – (ng
III-V/Si LIII-V/Si + ng

Si LSi
upper).

From this, the group index difference was calculated to beΔng
III-V/Si = 2.70 ×

10−3 which is quite significant. On separate devices, a full Δφ > 4π can be
achievedwithΔng

III-V/Si = 13.7× 10−3 (supplementary note 4).Aswe attempt
to reset the device from 0→+ 15→ 0 V, a high resistance state is achieved.
This shows we can electrically reset the device, albeit with the absence of an
optical reset as shown in Fig. 3g, h. The disassociated coupling of electrical/
optical reset may indicate the existence of residual defects from VO2+ for-
mation (c) that can attributed to long-lived charge traps69–72. This is most

Fig. 2 | III-V/Si Mach-Zehnder memristor images and design dimensions. a SEM cross section with simulated guided optical mode. b Top view of fabricated device, and
c device dimensions.
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Fig. 3 | Electro-optical measurements of III-V/Si Mach-Zehnder memristor.
aMeasured I-V hysteresis indicating non-volatile memristive set/reset states.
b Corresponding resistance indicating regions of high-resistance-states (HRS) and

low-resistance-states (LRS). Measured optical spectrum for (c) “set” (0 to −21 V),
d turning off “set” (−21 to 0 V), e “reset” (0 to 15 V), and f turning off “reset” (15 to
0 V). g Tracked resonance vs. voltage, h spectral evolution vs. voltage.
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likely the case since aΔng
III-V/Si = 2.70×10−3would require anuntenable 20%

change in the HfO2/Al2O3 multi-layer stack, assuming there are no thick-
ness changes. We have attempted to image filamentation formation in the
HfO2/Al2O3 multi-layer memristor, however, due to the reportedly small
size (<5 nm) over a relatively large area of 0.5 μm×350μm,wewere not able
to find such an image. Experimentally, the filaments do exist due to the
observation of I-V hysteresis shown in Fig. 3a. We believe the filament
formation is not a single event since it would not explain the large phase
shifts we observe. Instead, it is most likely a random collection of filaments
that are formed along the entire 0.5 μm× 350 μmhybrid III-V/Si area with
associated charge trap defects. The amount of charge trap defects is estimate
to be > 9 × 1019cm−3 in order to explain the large group index changes and is
simulated in supplementary note 1. To verify the absence of any significant
material degradation,weperformedHRTEMimaging for the initial, set, and
reset states as shown in supplementary note 2. The initial state refers to a
pristine, un-biased sample. Geometric phase analysis (GPA) was also per-
formed to fully quantify any strain deformation that may occur for initial,
set, and reset states. The results, shown in the supplementary note, indicates
the set process contributes to an increase of nano-scaled oxide/semi-
conductor interfacial strains ranging from −0.5 to 0.5 % for the in-plane
(Exx) and out-of-plane (Eyy) directions. To the degree these nano-scaled
strain points contribute to electron charge traps or VO2+ is quantitatively
unknown in our device, but are known to exist in other studies71,73–75. In
order to quantitatively assess the charge trap density needed to observe
experimental phase shifts (Δng

III-V/Si = 2.70 × 10−3), we employed SILVACO
ATLAS. This is a two-dimensional solver capable of performing energy-
band diagram and charge concentration calculations to theoretically predict
optical effective and group index changes as a function of trapped charge
density (QTC). Based on the electron and hole concentrations, a spatial
change in index can be calculated as76,77: Δn(x,y) (at 1310 nm) =− 6.2 ×
10−22 ΔN(x,y) −6 × 10−18 ΔP(x,y)0.8, where x and y are the 2D lateral and
vertical dimensions as detailed in supplementarynote1.Δn(x,y) is thenused
in an optical finite-difference-eigenmode (FDE) solver to calculate non-
volatile group index changes Δng,non-volatile vs. QTC as indicated in supple-
mentary note 1. A charge trap density of QTC = 9 × 1019cm−3, yields a group
index change of ~ 1.75 × 10−3 which is not too far off from our experi-
mentally determined value of Δng

III-V/Si = 2.70 × 10−3. An extreme case of a
phase shift Δφ > 4π is demonstrated in supplementary note 4 and exhibits
an index change of Δng

III-V/Si = 13.7 × 10−3 with essentially 0 static power
consumption. This large change indicates residual charge trap densities > 9
× 1019cm−3. Set switching speeds were demonstrated to be ~ 1 ns17. In
regards to device-to-device variability, we only had 2 devices to work with
and based on this, there is indeedvariability in terms of phase change.While
it is difficult to assess the statistical significance of variability, we are cur-
rently fabricating much more memristive MZI devices with a foundry to
determine so in the future.

In order to test the reliability of the non-volatile states, time duration
tests were performed by biasing the MZI memristor into multiple non-
volatile states and the optical response was recorded for 24 hours every
5minutes. In Fig. 4a, the red curve is the initial state at 0 V.Next, we bias the
device to “set state 1”, turn off the bias and record the optical output for
24 hours.Next,weperform the sameprocedure for “set state 2”. As observed
in Fig. 4a, the optical response in the non-volatile set states are stable up to
24 hours and most likely beyond. In order to quantify this stability, we
extracted the resonance dips over time (indicated by °). As a result, the
multiple set states are stable by ~+/− 0.05 nm (8.77 GHz) within a 24 hour
time frame indicating stable non-volatile behavior. The extracted non-
volatile power difference between the initial state and different set states are
indicated by ‘×’ in Fig. 4b and show the possibility of multi-bit non-volatile
weighting.

We were able to perform 3 cycles from set to reset before the device
failed. In each of these cycles, a non-volatile π phase shift was achieved. The
measured optical spectrum and corresponding I–V curves are shown in
supplementary note 6.

III-V/Si Photonic SISCAPMemristors: (De-) Interleavers
Ring assisted asymmetric MZIs (RAMZIs) find use as filters for flat-top
response with improved channel XT28,36,44,45. They also find use as linearized
transfer functions for improved bit resolution in optical neural networks
(ONNs)78 as well as RF photonics79. For the (de-)interleaver architecture, we
chose a single ring resonator assisted asymmetric Mach-Zehnder inter-
ferometer (1-RAMZI) where the transmission passbands can be expressed
as:

Φ1�ring RAMZI ¼
c1ðλÞ �js1ðλÞ
�js1ðλÞ c1ðλÞ

� �
ARðzÞ=AðzÞ 0

0 ej2πng ðλÞLring=λ

� �

c0ðλÞ �js0ðλÞ
�js0ðλÞ c0ðλÞ

� � ð4Þ

ARðzÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� κr

p
þ ej2πng ðλÞLring=λ

� ��2
; ð5Þ

AðzÞ ¼ 1þ
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� κr

p
ej2πng ðλÞLring=λ

� ��2 ð6Þ

The AMZI bar and cross port transmission are respectively defined
similarly for the MZI filter with the addition that the κr is the ring coupling
coefficient. The FSR is definedby the ring circumference such that the FSR=
c/ng/L.Therefore, a channel spacingof65 GHz for the1-ringAMZI requires
Lring = 1200 μm for a calculated group index of ng = 3.78. The ideal ring
resonator coupling for a 1-RAMZI occurs at κr = 0.89. Details of this device
under volatile SISCAP phase shift operation can be found in28,36,44,45.

The III–V/Si SISCAP structure on the ring or delay path can operate as
the optical memristor as shown in Fig. 5a–b. In order to investigate non-
volatile optical memory functionality, we once again measure the current-
voltage (I–V) relationship as shown inFig. 6a.Ahysteresis curve is observed,
therefore, confirming electrical memristor behavior along with non-volatile
conductance (Fig. 6b).While taking I–Vdata, we simultaneouslymeasured
the spectral response with an OSA. The optical response is shown in
Fig. 6c–f and is color-coded according to the I–V curves in Fig. 6a. Applying
a bias from0 to−10Vandbackdown to 0 V results in anon-volatile change
in the passbands. In an attempt to reset the optical response, we apply a bias
from 0 to 5 V and back down to 0 V. A passband shape similar to the initial
one (Fig. 6g) is obtained with minor differences possibly associated with
remaining VO2+ charge traps. Transfer matrix modeling from Eqs. (4)–(6)
indicate a ring resonator phase difference of ~ 0.89π (Δng

III-V/Si = 0.48 × 10-3)
from the initial to set state. It is observed that the “set” voltage (−6 V) is
much less than that of theMZI (−17 V) andmaybedue to the differences in
memristor area by a factor of 3.4. The 1-RAMZIdiffers from theMZI in that
a phase change on one of the tuning elements will significantly affect the
passband shape. Large wavelength shifts would require the tuning of both
the ring and delay arm shown in Fig. 5a. If these optical memristive filters
were to be used as non-volatile elements, reliability and retention times
would be of interest.

We performed these time duration tests on a separate (de-)interleaver
known as a 3rd order AMZI. Multiple non-volatile set states were achieved
with each one measured every 5minutes for a 24 hour period. The over-
lappedfilter shapes are shown inFig. 7a. Threeminima fromeach statewere
also tracked (Fig. 7b) and exhibited+/− 0.02 nm (3.51 GHz) change for the
worst case (blue curve) for this 24 hour period.

Discussion
There are many competing technologies that are capable of exhibiting
optical non-volatility. Youngblood, et al. and Fang, et al. have surveyed a
comprehensive list of performance metrics for the current state-of-the-art.
Here we compare our work with some of the selected metrics from those
papers80,81 as well as additional devices in Table 1.Magneto-optical switches
with non-volatility have been demonstrated on single-crystalline cerium-
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substituted yttrium iron garnet (Ce:YIG) in both MZI and ring configura-
tion with 1MHz switching speeds82. A π phase shift with 25 dB ER was
achieved for the Ce:YIG MZI albeit with 10 dB loss. Recently, there have
been significant work on ferro-electric BaTiO3 with impressive non-volatile
multi-states and cyclability83. However, the authors require a reset sequence
consisting of thousands of pulses. A CMOS compatible non-volatile MZI
was demonstratedwith<20 pJ switching energy and 25 dBER, although the
switching speed remains to be improved84. Phase-change materials are a
heavily researched topic85–88 and have recently been demonstrated to have
excellent retention time of 77 days, cyclability reaching in the 1000 s, and
5 bit resolution, and require the need to change from amorphous to crys-
talline states89. Recently, an electrically driven memristive ring resonator
with non-volatility was demonstrated on a III-V/Si hybrid platform with a
switching and energy of <1 ns and 0.15 pJ17. Cyclability was shown to be
1000 with an insertion loss of 4 dB. In this work, we demonstrate a III-V/Si
memristiveMZI capable of a π phase shift with <0.5 dB insertion loss, 33 dB
ER, 6 non-volatile states and non-volatile state retention lasting > 24 hours.
However, 3 cycles were only demonstrated because of limited samples and
device failure.

We evaluated non-volatile switching speed and energy by probing the
device with high speed and voltages generated by a Keysight B1500A
semiconductor parameter analyzer.A100kΩ resistor is placed in serieswith
the device under test such that accurate device current can be measured by
monitoring the voltage drop across the resistor. A non-volatile π phase shift
was achieved by applying twenty 50 μs pulses with a 50% duty cycle and an
amplitude of– 15 Vas shown inFig. 8. The total non-volatile switching time

is ~2 milliseconds. Switching energy is calculated by using the measured
device current (red curve), voltage (orange curve), thenumberof timepulses
and yielded ~ 1500 nJ for a single non-volatile event. The photodetector
signal (blue curve) shows a clear permanent shift in optical power after the
voltage pulses are turned off at the end of the 2 millisecond sequence, thus
indicating true zero static power consumption albeit with high 1500 nJ
switching energies.

The switching dynamics of the optical and electrical signals shown in
Fig. 8a, b uncovers some of the physical mechanisms occurring within the
device. By observing the region of the first source voltage pulse (green), it is
observed that a large change in optical amplitude happens in conjunction
with increaseddevice current due to heat. After thefirst source voltage pulse
returns back to 0, no current is detected, however, there is a noticeable
residual change in the photodetector signal possibly due to a number of
effects discussed earlier in the manuscript. By sequentially initiating this
mechanism, a non-volatile change in the optical signal can occurwithnear 0
power drawn inside the device. This indicates a heat mechanism is required
to initiate the electrical and optical non-volatility.

Conclusion
Over the past few decades, processor performance has scaled accordingly to
Moore’s Law, however, there remains a fundamental limit in current
computer architectures: the von-Neumann bottleneck. This inherently
results in the need to transfer massive data between processor andmemory
with an intrinsic limit on bandwidth×distanceplus increasing interconnect
power consumption. As a major step towards breaking this bottleneck

Fig. 4 | Time duration tests for multi-state photonic memristor. a 24 hour measured optical response taken every 5 minutes for (a) set state 1 (gray), set state 2 (blue),
b tracking resonance wavelength and power difference of set state 1 and 2 over 24 hours.

Fig. 5 | Design schematic and fabricated device of III-V/Si (de-) interleaver memristor. a Schematic of 65 GHz 1-ring assisted Mach-Zehnder interferometer (RAMZI)
(de-)interleaver with memristive phase tuning elements (green), and b top view of fabricated device.
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Fig. 6 | Electro-optical measurements of III-V/Si III-V/Si (de-) interleaver.
aMeasured I-V hysteresis indicating non-volatilememristive set/reset states and (b)
corresponding resistance states. Measured optical spectrum for (c) “set state”

(0 to −10 V), d turning off “set state” (−10 to 0 V), e “reset state” (0 to 5 V), and
f turning off “reset state” (5 to 0 V). gOverlapped spectrum for final initial, set, and
reset states.
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(especially forphotonicneuromorphic computing), theworkdescribedhere
enables volatile operation for low-power, high-speed, on-chip training
(supplementary note 3) and non-volatile memristive optical memory for
inference (supplementarynote 8).This is all doneonaheterogeneous III–V/
Si platform capable of integrating all the necessary components needed for
next generation applications such as: neuromorphic/brain inspired optical
networks51–59,90, optical switching fabrics for tele/data-communications61,62,
optical phase arrays63,64, quantum networks, and future optical computing
architectures. In particular, this work demonstrates for the first time, co-
integration of III-V/Si memristors with optical MZI and (de-)interleaver

filters which are key components in both communication and computing
applications. The III-V/Si MZI memristor exhibits non-volatile optical
phase shifts ~ π (Δng

III-V/Si = 2.70 × 10−3) with ~ 33 dB extinction ratio while
under 0 electrical power consumption, albeitwith high switching energies of
~1500 nJ. We demonstrate 6 non-volatile states with each state capable of
4 Gbps modulation. The III-V/Si (de-)interleaver memristor were also
demonstrated to exhibit memristive non-volatile passband transformation
with full set/reset states for 1-RAMZI and 2nd order AMZI architectures.
Time duration tests were performed on all devices and indicated non-
volatility up to 24 hours andmost likely beyond. In addition, thememristive

Fig. 7 | Time duration tests formulti-state, asymmetricMach-Zehnder interferometer (AMZI)memristor. aMultiple set states for 3rd order (de-)interleaver, and b non-
volatile stability over a 24 hour period by tracking spectra minima.

Table 1 | Experimental demonstrations of non-volatile phase shifter elements

Metrics Magneto-
Optic (MZI)82

Ferro-electric BaTiO3

(ring)83
Charge-
Trap (MZI)84

Phase Change Mem-
ory (MZI)89

Mem-Resonator
(ring)17

Mem-MZI (this
work) (MZI)

Switching speed 1MHz 1.3 MHz 1.66 Hz ~ kHz <1 ns 2ms

Switching energy 100 nJ 4.6-26.7 pJ <20 pJ 232 nJ 0.15 – 0.36 pJ 1500 nJ

Retention time N/A 10 hours N/A 77 days 12 hours >24 hours

Bits/states 1 bit > 3 bit 1 bit 5 bit 3 states 6 states

Footprint (μm2) 216,000 22,853 50,000 10,000 2513 28,000

ER (dB) 25 12 25 25 15 33

Phase shift π 0.15π π π 0.18π π

Insertion loss (dB) 10.0 >0.07 N/A <1.0 4.0 <0.5

Cycles >7 300 N/A 1600 1000 3

CMOS compatible? × o ✓ o o o

For CMOS compatibility, ‘×’ means no, ‘o’means questionable, and ‘✓’ means yes.

Fig. 8 | Non-volatile switching dynamics of III-V/Si memristor. a Time measurement of non-volatile switching behavior in the memristive MZI, b up-close image of
electrical and optical dynamic quantities during switching process.
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Fig. 9 | Fabrication flow of heterogeneous III-V/Si
photonic memristor devices. 1) – 3) silicon pro-
cessing, 4) wafer-bonding, 5) – 6) III-V processing.

Fig. 10 | Microscope images of fabricated III-V/Si
photonic memristor devices. aMZI, b 1-RAMZI
filter. c Schematic of 2-D cross-section. d, e SEM
image of cross-section.
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optical non-volatility allows for post-fabrication error correction of phase
sensitive silicon photonic devices while consuming zero power as shown in
the supplementary note 1.

Methods
The entire fabrication flow is shown in Fig. 9. Device fabrication beginswith
a SOIwafer consisting of a 350 nm top silicon layer and a 2 μmburied oxide
(BOX) layer. Thermal oxidation is used to thin the top silicon down to
300 nm and buffered hydrofluoric (HF) acid etching is used to remove the
oxide resulting in a pristine silicon surface. Silicon waveguides, grating
couplers, and vertical out-gassing channels (VOCs) are all lithographically
defined by adeep-UV (248 nm)ASMLstepper. Silicon etching is performed
with Cl2-based gas chemistry. The p ++ silicon contacts are formed via
boron implantation. Next, the SOI wafer goes through a Piranha clean
followed by bufferedhydrofluoric (HF) acid etching to remove any organics
and residual oxides. Next, an oxygen plasma clean is performed followed by
a SC1 and SC2 clean. The III-V wafer is cleaned using acetone, methanol,
and IPA, followed by O2 plasma cleaning and a 1minute NH4OH:H2O
(1:10) dip. Next a dielectric of Al2O3 is deposited onto both GaAs and SOI
wafers via atomic layer deposition (ALD) by using 5 cycles of trimethyla-
luminum (TMA)+H2Oat 300 °Cwith a target thickness of 0.5 nmon each
side. Next, a thickness target of 3 nm HfO2 is deposited on each sample via
30 cycles of tetrakis (ethylmethylamino) hafnium (TEMAH)+H2O at
300 °C. Finally, a thickness target of 1 nmAl2O3 is depositedon each sample
via 10 cycles of TMA+H2O. The two samples are then wafer-bonded
under pressure for 250 °C (15 hours). Next, the backside of the III-V is
mechanically thinned down to 100 μm. An Al0.20Ga0.80As etch stop layer
allows selective removal of the remaining GaAs substrate via wet etching
(H2O2:NH4OH (30:1)) as shown in Fig. 9 (step 4). The Al0.20Ga0.80As is
finally removed in buffered hydrofluoric acid (HF), thus leaving a
clean 150 nm-thick n-GaAs on silicon. The n-contact on n-GaAs consists of
Ge/Au/Ni/Au/Pd/Ti (400/400/240/4000/200/200Å). Metal contact with
the p-Si consists of Ni/Ge/Au/Ni/Au/Ti (50/300/300/200/5000/200 Å).
A plasma enhanced chemical vapor deposition (PECVD) SiO2 cladding
is deposited and via holes are defined and etched. Ti/Au metal probe
pads are finally defined to make contact with n-GaAs and p-Si layers.
Figure 10a, b shows images of the devices measured in this manuscript.
Figure 10c–e shows a schematic of the cross section as well as the associated
SEM images.

The experimental setup for measuring non-volatile switching speeds
are detailed in supplementary note 7.

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