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ABSTRACT
Light-activated non-volatile bipolar self-rectifying resistive switching was demonstrated in Ag/HfxTayOz/Si metal/oxide/semiconductor
(MOS) devices with HfxTayOz deposited via atomic layer deposition. Illumination with visible light enabled the Ag/HfxTayOz/Si device to
be set to the low resistance state (LRS) at a low positive field. The set operation did not occur without illumination. The light-activated set field
for HfxTayOz devices was much lower than that observed for devices with HfO2 as the oxide, while in devices with Ta2O5, the light-activated
switching occurred at low field but suffered from nearly coincident set and threshold fields. The requirement of exceeding a threshold field to
reveal the LRS has been referred to as threshold switching to distinguish from standard metal oxide resistive random-access memory devices
in which the LRS shows an immediate rise in current. A separation of ∼0.23 MV/cm between the set and threshold fields in the HfxTayOz
devices allowed operation as a light-activated non-volatile memory with an LRS/high resistance state ratio of 600:1. No photo-response was
seen for metal/insulator/metal devices with a TiN bottom gate, and no light-activated switching was observed in MOS devices with Al top
gates, pointing to Ag ion filament formation and dissolution as the primary mechanism for resistive switching.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0242511

Resistive switching (RS) is the basis for various non-
volatile metal/insulator/metal (MIM) memory technologies, includ-
ing phase change memory (PCM) and resistive random-access
memory (RRAM). The RS process typically involves a rapid,
reversible transition between a high-resistance state (HRS) and a
low-resistance state (LRS) when critical set (ξSET) and reset (ξRESET)
switching fields, respectively, are exceeded.1,2 Switching can be either
bipolar or unipolar, where the ξSET and ξRESET are of either oppo-
site or the same polarity, respectively.3 Threshold resistive switching
(TRS) is seen in a subset of RS devices characterized by the need to
exceed a threshold field (ξT) to reveal the LRS, as opposed to stan-
dard RS in metal oxide RRAM devices in which the LRS shows an
immediate rise in current under bias. TRS has been exploited in
selector devices used in memory arrays to prevent sneak currents
for applications such as neuromorphic computing.4–7

While RS typically relies solely on electrical stimuli, there
are reports of light activated/modulated RS in Al2O3, SiOx, GeO,
ZnO, ZrO2,8–13 GeSe1.5S0.5,14 Si nanocrystals,15 ZnO nanorods,16

ZnWO4 nanowires,17 and graphene oxide based quantum
dot-enhanced systems.18 In addition, light-activated/modulated

TRS has been reported in nitrogen-doped graphene oxide quantum
dots19 and VO2 planar junctions.

20 Light-activated (LA) TRS
combines electrical switching with optical illumination, offering
the potential to improve the speed, power consumption, and
functionality of conventional electrical RS.13

HfO2 and Ta2O5 are two of the most widely used mate-
rials for RRAM and neuromorphic computing due to excellent
switching characteristics and compatibility with CMOS fabrica-
tion processes.21,22 HfO2 has emerged as a leading candidate due
to its high dielectric constant, wide bandgap, and good thermal
stability,23–26 while Ta2O5 has shown exceptional endurance of up
to 1012 switching cycles.24,27 While there has been an effort to use
a nanolaminate of HfO2 and Ta2O5 for standard RS,28 a ternary
HfxTayOz oxide approach has yet to be explored for LA-TRS.

In this work, we investigate the LA-TRS properties of
HfxTayOz deposited via atomic layer deposition (ALD) using
metal/oxide/semiconductor (MOS) with Ag and Al top gates
and MIM device structures with TiN bottom gates. Switching
performance is compared to devices using HfO2 or Ta2O5 alone. The
potential mechanisms contributing to LA-TRS are investigated.
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FIG. 1. Plot of film thickness vs ALD cycles for HfxTayOz (blue circles), HfO2 (red
squares), and Ta2O5 (green diamonds) deposited on Si.

All oxides were deposited via ALD in a PicoSun R150 reac-
tor at 250 ○C and ∼0.1 Torr. Tetrakis(ethylmethylamido)hafnium
(TEMAHf) and H2O were used for HfO2 and tantalum(V)ethoxide
(Ta2(OC2H5)10) and H2O for Ta2O5. Ternary HfxTayOz films were
deposited via super cycles consisting of a 1:1 ratio of single binary
ALD cycles, beginning with HfO2. Precursors were delivered using
N2 purge separated pulses.

A thickness of 20 nm was targeted for the insulator layer
in MOS and MIM devices. Film thickness was measured with
a Film Sense FS1000 multi-wavelength ellipsometer. Crystallinity
was examined via grazing incidence x-ray diffractometry (GIXRD)
measurements using a Rigaku Smart Lab diffractometer.

Oxide insulators were deposited onto either p-type Si sub-
strates (ρ = 0.016 Ω/cm) for MOS devices or TiN/Ti/Si substrates

(provided by Onsemi) for MIM devices. Top electrodes were defined
by thermally evaporating 50 nm thick, 250 μm diameter Ag or Al
circular dots through a shadow mask in a VEECO 7700 thermal
evaporator. Contact with the bottom p-Si or TiN electrode was
made by gently scratching through the insulator surface on each
2.5 × 2.5 cm2 coupon with a diamond scribe and soldering on an
indium contact (see Fig. S1 in the supplementary material).

Current density vs electric field (J–ξ) measurements were taken
using an Agilent 4156C semiconductor parameter analyzer in a
probe station at room temperature and in the dark. The applied ξ
was swept from −1 to 1 MV/cm and back three times to stabilize
device behavior, and the third sweep is shown unless otherwise spec-
ified. Illumination was performed using an Osram Halogen 150 W,
21 V lamp. Light was transmitted through an optical cable. The
distance between the source and the sample was ∼3.8 cm.

Figure 1 is a plot of film thickness vs ALD cycles for HfO2,
Ta2O5, and HfxTayOz. The growth per cycle (GPC) for binary HfO2
and Ta2O5 on Si was determined to be 0.060 nm/cycle and 0.051
nm/cycle, respectively, consistent with previous reports for these
precursors.29,30 HfxTayOz growth per 1:1 HfO2:Ta2O5 super-cycle
(GPSC), starting with HfO2, was determined to be 0.073 nm/super-
cycle with a nucleation enhancement of 66 cycles. Ta2O5 deposited
via ALD using these precursors has been recently reported to result
in long nucleation delays on HfO2.31 However, nucleation enhance-
ment of HfO2 on Ta2O5 in a 10 nm:10 nm ALD nanolaminate
was reported using HfCl4 and H2O.32 XRD revealed that all films
are amorphous or nanocrystalline as-deposited (see Fig. S2 in the
supplementary material).

Shown in Fig. 2(a) are plots of J vs ξ for Ag/HfxTayOz/Si MOS
devices in the dark and during subsequent illumination. In the

FIG. 2. (a) J–ξ measurements of
Ag/HfxTayOz/Si MOS devices in the
dark/prior to illumination (red) and dur-
ing subsequent illumination (blue). (b)
Positive polarity J–ξ for each device
operation regime, as described in text.
(c) Multiple subsequent positive polar-
ity sweeps under illumination exceeding
ξSET . (d) J–ξ of three sequential full cycle
SET and RESET operations while under
illumination.

AIP Advances 15, 075014 (2025); doi: 10.1063/5.0242511 15, 075014-2

© Author(s) 2025

 08 July 2025 19:00:28

https://pubs.aip.org/aip/adv
https://doi.org/10.60893/figshare.adv.c.7855058
https://doi.org/10.60893/figshare.adv.c.7855058


AIP Advances ARTICLE pubs.aip.org/aip/adv

dark, the device was in the HRS with a negative differential resis-
tance (NDR) response under positive bias. This behavior has been
previously reported in MOS devices and attributed to various mech-
anisms such as resonant tunneling and filling of interfacial traps.33,34

The behavior seen in Fig. 2(a) may be caused by filling of a high
density of interfacial traps at the oxide/Si interface as the Fermi
level rises through the gap under positive gate bias.35,36 Assuming an
amphoteric nature for the traps at the Si/SiO2 interface and a charge
neutral level energy near the middle of the Si bandgap, the current
peak corresponds to the position at which the Fermi level was near
the middle of the Si bandgap. Another possibility is trap assisted tun-
neling as the Si valence band aligns and then falls out of alignment
with possible oxygen vacancy (VO) defect levels in the HfxTayOz.37

Illumination produced little change in the negative bias
response but a stark shift in the positive bias behavior. At around
+0.55 MV/cm, the current density under illumination sharply rose
to a saturation level of 4 × 10−5 A/cm2 (well below the compliance
of 2 × 102 A/cm2), whereas the maximum current in the dark was
only 6.5 × 10−8 A/cm2. The increased current and saturation under
illumination are likely a result of the photogeneration of carriers
in the Si as compared to the lack of conduction band electrons in
the p-type Si substrate in the dark. Increased light intensity (using
other visible light sources) results in a higher saturation current,
which was previously demonstrated in Pd/Al2O3/SiO2/Si LA-TRS
devices.8 The return sweep from positive to negative ξ indicated that
the device had been set to the LRS. The set field, ξSET , is taken as
the field at which current abruptly increased. Although ξSET hap-
pened to correspond roughly to the peak of the current in the dark,
they are likely unrelated as the current increase under illumination
corresponds to the field at which photogenerated electrons in the
Si conduction band begin tunneling with high probability into the
conduction band of the HfxTayOz.

Shown in Fig. 2(b) are sequential positive polarity J–ξ sweeps:
(i) In the dark, prior to illumination, the device is initially in the

HRS.
(ii) Next, under illumination, positive sweeping caused the cur-

rent to increase abruptly and the device was set to the LRS
at ξSET = +0.55 MV/cm. The set occurred with the first pos-
itive bias sweep under illumination exceeding ξSET , without
the need for a separate higher field forming sweep as is typ-
ically necessary for standard RRAM. Without illumination,
the set operation did not occur. On another fresh device from
the same test coupon, it was seen that repeated sequential set
operations (positive bias sweeps under illumination exceeding
ξSET) resulted in a slight reduction of ξT [Fig. 2(c)]. This can
be interpreted as “burn-in,” indicating a strengthening of the
LRS during the initial three sequential set operations.

(iii) With the device now in the LRS, during subsequent positive
bias sweeps under illumination, the abrupt increase in current
did not take place until a minimum threshold field, ξT = 0.32
MV/cm, was exceeded. As ξT < ξSET , this indicated that the
device remained in the LRS.

(iv) A subsequent sweep in the dark also demonstrated a small
current rise at ξT with the same slope. Although much
smaller than under illumination, this indicated that the device
remained in the LRS without continuous illumination. The
LRS current is lower in the dark as conduction is limited

by lack of available electrons in the p+ substrate. The device
remained in the LRS until application of a negative reset field
of at least ξRESET = −0.6 MV/cm, whether the device was under
illumination or in the dark.

(v) Following reset, the device remained in the HRS until a sub-
sequent positive bias sweep under simultaneous illumination
again exceeded ξSET = +0.55 MV/cm. The reason that curve
(v) is shifted slightly from curve (i) is that curve (i) was
the first sweep on the device, normally part of the two-cycle
stabilization.

The separation between ξT and ξSET allows the device to be
operated as a non-volatile memory. At a read field of ξREAD = +0.5
MV/cm, the LRS/HRS current ratio was 6 × 102 [see Fig. 2(b)].
Shown in Fig. 2(d) are the first three full switching cycles (including
the stabilization sweeps) showing repeatability of switching.

Although the set and reset operations were completed under
illumination, continuous illumination is not required for device
operation or for maintenance of the HRS and LRS. A light pulse
at the correct voltages could be used to perform the set and read
operations.

Shown in Fig. 3 are J–ξ plots for the binary oxide Ag/HfO2/Si
and Ag/Ta2O5/Si devices, both in the dark and under illumination,
using identical electrical and light exposure conditions as those used
for the HfxTayOz devices in Fig. 2. The HfO2 devices [Fig. 3(a)]
showed lower leakage than the ternary HfxTayOz devices in Fig. 2(b)
with a less pronounced NDR regime under positive bias and no
switching within the field range of the sweep. To induce switching
in HfO2, ξSET = +5.4 MV/cm was required, as shown in Fig. 3(b),
more than 3 times higher than ξSET for the HfxTayOz devices. The
Ta2O5 devices [Fig. 3(c)] had substantially higher leakage currents
than the HfO2 devices, comparable to the HfxTayOz devices. The
Ta2O5 devices, however, suffered from nearly coincident ξSET and
ξT (both being approximately +0.3 MV/cm), and thus, it was not
possible to read the device without a simultaneous set into the LRS.
The ternary HfxTayOz devices in Fig. 2 thus appeared to combine the
low ξT of the HfO2 devices with the low ξSET of the Ta2O5 devices,
maintaining the separation of ξSET and ξT and enabling non-volatile
memory (NVM) operation at lower power than for HfO2 devices.

The physical mechanism commonly reported for the bipolar
RS behavior of many metal–oxide RRAM devices is the formation
(set to LRS) and dissolution (reset to HRS) of conductive filaments
(CFs) within the oxide that serve as a conductive bridge between the
electrodes. CF formation and dissolution occur via the motion of
mobile charged species under bias. Assuming a CF mechanism, two
possibilities for the mobile charged species in these devices are (i)
Ag+ ions from the electrode and/or (ii) Vo+.38–40 Ag is commonly
used as an electrode in electrochemical dissolution based resistive
memories.41 A role for Ag+ ions is supported by the positive set and
negative reset fields, pointing to field-driven movement away from
the top electrode through the oxide toward the bottom Si electrode
and then back away from the Si, respectively.42 In this scenario, once
ξSET is reached, the Ag+ ions assemble to form a continuous CF
bridge to the Si electrode. The negative ξRESET would subsequently
dissolve the CF. The requirement of exceeding ξT to reestablish the
LRS, as opposed to an immediate rise in current, has been inter-
preted as instability of the CF, meaning that below ξ T, part of the
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FIG. 3. Plots of J–ξ for (a) HfO2, (b) HfO2 with an extended positive bias sweep under illumination, and (c) and Ta2O5 MOS devices taken in the dark and under illumination.

CF transforms into disordered ion clusters, breaking the CF without
resetting the device so that as the applied field rises above ξT (which
is below ξ SET), the LRS bridge easily reforms.4 In this scenario, the
decrease in ξT with additional sequential SET operations seen in
Fig. 2(d) would suggest formation of more robust CF(s). However,
the ξT requirement here is likely simply due to the Schottky barrier
expected between the Ag filament bridge and the p+ Si substrate.

VO filament formation has been established as the primary
mechanism in many reports of metal oxide RRAM devices.22,43

For RS devices based on HfO2 with Ag top electrodes and p-Si
bottom electrodes, a mixed Ag and VO filament has been sug-
gested.41 It has also been suggested that increased electron injection
from the Si under positive gate bias and illumination can assist in
Si–O bond breakage, generating additional VO’s at/near the Si/oxide
interface.12,19 VO’s are well known to act as intrinsic donors and/or
charge traps in many metal oxides, and thus, the movement of VO
toward and away from the electrode interfaces under bias could
modulate the width of the Schottky barrier in the oxide and thus its
transmission probability.17,44–47 Both VO roles, however, are incon-
sistent with the switching polarities seen here as filament formation
would require the VO

+ to move in the direction opposing the bias
field, and if VO

+ were neutralized by capturing injected electrons,
the LRS state would be impaired rather than enhanced.

Another proposed mechanism for LA-TRS is metal nanopar-
ticle photoemission (MNP), in which illumination is postulated to
cause internal photoemission from metallic Ag+ nanoparticles in the
oxide, increasing the electric field strength near the oxide/Si interface
thus lowering the switching threshold.13 MNP, however, is not likely
present in these devices as the ξRESET remains the same regardless of
whether the device is in the dark or under illumination indicating no
change to the negative field under illumination.

To further elucidate the potential roles of Ag+ and VO
+ in

the LA-TRS devices, electrode dependence was investigated using
two additional device structures: (i) Ag/HfxTayOz/TiN MIM devices
to assess the influence of a metallic vs the p-Si bottom elec-
trode and (ii) Al/HfxTayOz/Si MOS devices to remove the possi-
bility of mobile Ag+ ions. J–ξ behavior is shown in Fig. 4. The
Al/HfxTayOz/Si MOS device showed response to illumination, while
the Ag/HfxTayOz/TiN MIM device did not. Shown in Fig. 4(a), the
positive polarity saturation current of the Al/HfxTayOz/Si device was
much higher under illumination, confirming that the light activation

effects seen in the Ag/HfxTayOz/Si devices (Fig. 2) were primarily
due to photogeneration in the p-Si, rather than visible spectrum
MNP from Ag+ ions.13 However, despite responding to illumina-
tion, the Al/HfxTayOz/Si device did not exhibit LA-RS at positive
bias, indicating that Ag+ ions must play a major role in RS.

The Ag/HfxTayOz/TiN MIM device [Fig. 4(b)] also did not
show positive bias switching behavior within the field range seen for
the Ag/HfxTayOz/Si devices, indicating that the combination of the
Ag electrode and the p-Si substrate was prerequisite for LA-TRS. The
Ag/HfxTayOz/TiN device did show the onset of gradual RS at pos-
itive bias, with or without light, pointing to a different mechanism
[Fig. 4(c)].

In summary, light-activated bipolar threshold-field resistance
switching was demonstrated in Ag/HfxTayOz/Si MOS devices using
a 20 nm-thick HfxTayOz deposited via ALD. Under illumination
with visible light, Ag/HfxTayOz/Si devices were set from the ini-
tial HRS to the LRS at ξSET = +0.55 MV/cm. The set operation did
not occur in the dark. Subsequent positive polarity sweeps required
exceeding a ξT = 0.32 MV/cm to access the LRS. RS devices requiring
a ξT are generally referred to threshold switching devices to distin-
guish them from typical RRAMs in which the current increase under
bias is immediate in the LRS. Devices were reset from the LRS to
the HRS at ξRESET = −0.6 MV/cm regardless of illumination. The
field separation of ∼0.2 MV/cm between ξSET and ξT allowed the
device to be operated as an NVM with an LRS/HRS current ratio of
600:1 at an ξREAD = +0.5 MV/cm. Similar positive polarity light acti-
vated switching behavior was observed in HfO2 devices but required
nearly 3× higher applied fields, while the LA switching in Ta2O5
devices occurred at low field but suffered from nearly coincident ξSET
and ξT , prohibiting use as a NVM. The ternary HfxTayOz devices
appeared to combine the low ξT of the HfO2 devices with the low
ξSET of the Ta2O5 devices, creating the separation of ξSET and ξT to
enable NVM operation at lower power than for HfO2 devices.

For Ag/HfxTayOz/TiN MIM devices with TiN bottom gates,
illumination had no impact on device operation, indicating
that photo-generation in the Si was required for LA switching.
Al/HfxTayOz/Si MOS devices, in which Ag was replaced with Al,
showed an illumination induced increase in current under posi-
tive bias due to photo-generation in the Si. However, these devices
showed no switching, pointing to Ag+ ion filament formation and
dissolution as the dominant mechanism for RS.
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FIG. 4. Plots of J–ξ for (a) Al/HfxTayOz/Si MOS and (b) Ag/HfxTayOz/TiN MIM devices taken in the dark and under illumination. (c) Ag/HfxTayOz/TiN MIM devices with an
extended positive bias sweep.

Light-activated self-rectifying HfxTayOz based MOS devices
show promise for reduced power CMOS compatible NVM. Further
enhancements to switching performance might be found in the use
of other diffusive top electrodes for improved CF formation, modifi-
cations to the ALD process to adjust oxide stoichiometry or engineer
interfacial defects and VO’s, use of an entropy stabilized oxide
(ESO) phase to potentially enhance ion mobility,48 and optimizing
doping in the Si to modulate the Schottky barrier and potentially
improve ξT . In-operando evaluation of the electron barrier height at
the electrode/HfxTayOz interfaces via internal photoemission (IPE)
spectroscopy would help determine the role of Schottky barriers in
TRS.49,50

See the supplementary material for plot of XRD scans taken on
as-deposited devices demonstrating their amorphous nature.
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