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Giant laser-induced resistive switching effect in Ag/TiO, /p-Si structures
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Compared with traditional electric-field-controlled resistive random-access memory, optoelectronic
resistive random-access memory (ORRAM) can be modulated in more dimensions by applying a laser; this
is identified as a potential device to meet the demands of neuromorphic vision sensors. As a device with a
wide range of application prospects, ORRAM still faces many challenges, such as an unclear mechanism
and poor performance. Using the photosensitive properties of TiO, and the effects of the oxygen vacancy
in anatase TiO,, we successfully obtain the giant laser-induced resistance effect in the Ag/TiO,/p-Si
structure, and its electrical conductivity is enhanced by about 4000 times with a response time of less than
24 ps (the response time of most TiO, thin-film devices is in the order of milliseconds to seconds), which
greatly improves the performance of ORRAM. This work provides a scalable strategy for the development
of ORRAM devices and brings ORRAM closer to practical applications.
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I. INTRODUCTION

How to control the resistance state of a given mate-
rial or a given structure is one of the important problems
in physics research. Since Chua proposed the concept of
memristors in 1971 [1], they have been widely studied as
next-generation nonvolatile memories. Magnetoresistive
random-access memory based on the magnetoresistance
effect [2,3] has been fully developed. Resistive random-
access memory is also a typical memristor based on the
resistive switching (RS) effect [4,5]. Most current research
focuses on modulating the resistance characteristics with
an electric field [6-8], but there are a few studies on
the laser-induced RS effect. Compared to the electroresis-
tive switching effect, an optoelectronic resistive random-
access memory (ORRAM) device can be modulated in
more dimensions by applying a laser, making it possi-
ble to integrate the resistive switching device into neu-
romorphic vision sensors [9,10]. However, achieving the
laser-induced RS effect is still challenging. Most success-
ful examples are multicomponent compounds based on the
Mo element, in which processes comparable to phase tran-
sitions occur [9,10]. This phase-transition effect depends

*Contact author: huiwang@sjtu.edu.cn

2331-7019/24/22(1)/014031(10)

014031-1

on the humidity and temperature of the environment and
is limited to a few specific materials [11]. Such effects
are also different from conductive-filament- (CF) based RS
devices widely studied previously [5,12—14], which makes
it difficult to extend the direction of material selection for
laser-induced RS devices. Therefore, a high-quality laser-
induced RS effect based on alternative mechanisms has
been a bottleneck problem in this field.

Some highly researched materials with strong photosen-
sitive characteristics, such as TiO,, are very suitable for
use as storage layer materials for laser-induced RS devices,
to break through the previous limitations of the electrore-
sistive switching effect and providing a different idea for
the study of laser-induced RS devices. Based on these pho-
tosensitive materials, we hope to use the research results
for the electroresistive switching effect based on the CF-
like mechanism to obtain an alternative strategy, which is
different from phase-transition effects, to achieve a sim-
pler operation and stronger effect of the laser-induced RS
effect. In this work, the feasibility of this idea is verified
by the oxygen-vacancy migration mechanism based on
anatase TiO,, which provides a meaningful reference for
the conversion of the electroresistive switching effect into
the laser-induced RS effect. In addition, our work also pro-
vides a useful supplement to research on the photosensitive
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characteristics of TiO,. Thanks to the transformative appli-
cation of the mechanism of the electroresistive switching
effect, we greatly improve the response speed of TiO,-
based photosensitive devices while maintaining a high
switching ratio.

Here, we observed 405-nm light sensing and conductiv-
ity enhancement of over 103 times in a simple two-terminal
structure of Ag/TiO,/p-Si. A resistive switching mecha-
nism based on the action of oxygen vacancies is proposed
to support our work. The device has a response time of
24 us, and we show the application prospect of this fast
response speed in Morse code transmission. Besides, the
response of the device at multiple laser wavelengths has
been tested, and the cyclic characteristics of the device
are tested to demonstrate its reliability; this shows the
potential of the TiO,-based ORRAM for application in
visual neural sensors. According to the response charac-
teristics of the device to different laser wavelengths, we
use a 5 x 5 array to demonstrate its possible application
in image processing. Compared with previous studies on
TiO,-based electroresistive switching effects [15—17], this
work realized programming the device by laser stimula-
tion, thus providing an alternative modulation scheme for
TiO,-based resistive switching devices.

II. METHODS

A. Device fabrication

The TiO, films are grown on p-type Si substrates by
radio-frequency magnetron sputtering. The Ag films are
deposited by direct-current magnetron sputtering. Figure
I(a) is a cross-section scanning electron microscopy
(SEM) image of the sample, where the TiO, film is
deposited for 30 min and the Ag film is deposited for 60 s.
It shows the thicknesses of the TiO, film and Ag film are 16
and 45 nm, respectively. So, the deposition rate can be cal-
culated: 8.9 x 1072 A/s for TiO, and 7.5 A /s for Ag. See
the Supplemental Material [18] for more details on device
fabrication.

B. Characterization and measurements

The samples morphologies and microstructures were
studied by field-emission scanning electron microscopy
(ZEISS GeminiSEM 300), dispersive Raman microscopy
(Senterra R200-L), UV—Vis—near-IR spectrophotometry
(Shimadzu UV-3600i Plus), and x-ray photoelectron spec-
troscopy (XPS, Thermofisher ESCALAB 250Xi). Elec-
trical measurements were carried out using a Keithley
4200-SCS parameter analyzer, TTPX probe station, and
WaveRunner 606Zi oscilloscope. The lasers involved in
this work all have a power density of 2 mW/cm?.

III. RESULTS AND DISCUSSION

A. Structural analysis

Confirming the specific structures of TiO, will help to
understand the resistance switching mechanism. Raman
spectra are obtained with a 785-nm laser at room temper-
ature. The results are shown in Fig. 1(b). The red curve is
the Raman spectrum of the TiO, film, and it shows several
peaks caused by two different TiO, structures and some
impurities or defects. The green curve is a sketch of the
rutile TiO, Raman spectrum obtained from the red curve,
and three Raman-active modes of the multiproton pro-
cess (244 cm™'), E, (418 cm™'), and 44 (607 cm™") are
observed, while the published work shows that these val-
ues are 235, 445, and 610 cm™!, respectively [21,22]. The
blue curve is a sketch of the anatase TiO, Raman spectrum
obtained from the red curve. In theory, four Raman-active
modes of Eg (144 cm™!), By, (400 cm™'), 44 (507 cm™),
and E; (635 cm™") should be observed for anatase TiO;;
the peak at E, (144 cm™") is stronger than the other three
[21,22]. In this work, the spectrum of rutile TiO, covers up
the peaks of Bi, (400 cm™') and E, (635 cm™!) of anatase
TiO,, and only two peaks are left, £, (145 cm™!) and Aig
(503 cm™!). Additionally, the Raman spectrum of rutile
TiO; may also mask the Raman spectrum of brookite TiO,
[23], which makes it impossible to infer whether there is
brookite TiO, structure in the TiO, film. However, the
existence of the brookite structure makes no contribution
to the resistance switching effect mentioned later. In addi-
tion, it is noted that the presence of impurities and defects
results in an offset of the actual Raman spectrum [24].
Therefore, there are some differences between the experi-
mental data and the theoretical values, but the results show
that the TiO, film is composed of at least two kinds of
structures, anatase and rutile.

B. Laser-induced resistive switching effect

Optoelectronic memories can be programmed by
laser stimulations and read out by electrical operations.
Figure 1(c) shows a schematic illustration of the mea-
surement circuit. For testing, the lateral two neighboring
Ag electrodes are connected to the circuit. All electrical
responses are measured using a Keithley 4200-scs param-
eter analyzer. The step of the sweeping voltage is 0.1 V
and the sweeping process is 0 V-8 V-0 V. The positive
electrode is stimulated by the laser to complete the light-
response test. The transmittance of the Ag electrode is
tested, as shown in Fig. S1 within the Supplemental Mate-
rial [18]. It can be seen that the transmittance of the Ag
electrode to the 405-nm laser is 19%. Therefore, the laser
power density we use, which is 2 mW/cm?, actually pen-
etrates into the TiO, film with a power density of about
0.38 mW/cm?.

Figure 1(d) shows the results for one cycle in the test.
The black curve is the initial state of the sample, which is
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(a) Cross-section SEM image of the Ag/TiO,/p-Si structure. (b) Red curve is the Raman spectrum of the TiO, film; blue

and green curves are sketches of the anatase and rutile TiO, spectra obtained from the peaks of the red curve. (c) Schematic illustration
of the measurement circuit. (d) /- curves of one cycle under a voltage-sweeping test. Inset shows a more detailed variation of the

dark current and initial state under the voltage-sweeping test.

the 7-V curve of the freshly prepared sample without any
laser modulation. In sharp contrast, the device is switched
to a low-resistance state (LRS) under light illumination.
The blue curve in Fig. 1(d) shows the result. Intrigu-
ingly, at positive voltage, there is a significant distinction
between currents in forward and backward scans, showing
a hysteresis property. It shows a higher resistance in the
forward scan and a lower resistance in the backward scan.
This hysteresis loop has a memory effect, which is con-
sistent with the characteristics of a memristor [1,25,26].
This resistive switching effect is caused by the migration
of oxygen vacancies in the TiO, film [15,16], which is dis-
cussed in detail later. After removing laser illumination,
the device is switched to a high-resistance state (HRS),
and the value of the resistance is even higher than the ini-
tial state, which is shown as the red curve in Fig. 1(d).
The current obtained after removing illumination is defined
as the dark current. It should be noted that the saturation
current exists in the /- curves of all three cases because
the carrier concentration transported between the two elec-
trodes in the transverse direction reaches the upper limit.
The saturation current of the laser-induced current and of
the dark current are defined as Isp and Isp, respectively.
It is found that the laser-to-dark ratio, Isp/Isp, is over
103, which shows that the conductivity of the device will

be enhanced by more than 103 times under laser stimula-
tion. This is a higher enhancement ratio than the previous
work (10°—10%) [9,27,28]. To better describe the resis-
tive switching characteristics, the parameter describing the
level of the switching characteristic in a single /-V test
is set as the switching ratio, A = Zlyack/ Elrorward; here,
[ is defined within the range of sweep voltage where
the RS effect occurs, i.e., X/orwarg 1S the sum of the cur-
rent under 0—8 V and X/y,k 1S the sum of the current
under 80 V.

C. Mechanistic analysis

There are three questions that need to be clarified: (1)
Why is the electrical conductivity of the device enhanced
by more than 10° times under laser stimulation? (2) Why
do new hysteretic characteristics appear under laser stimu-
lation? (3) Why is the resistance value of the dark current
higher than the initial state?

First, we try to understand how the laser-induced current
is enhanced. We rule out the possibility of a photoresponse
in the p-Si substrate. Figure S2 within the Supplemental
Material [18] shows that the resistance state of the p-Si
substrate does not change significantly under the action
of a laser. Therefore, the effects of TiO, films need to be
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(a) Structure of the anatase supercell of TijsO3;; blue atoms are removed to form oxygen vacancies. (b) Results of the

DFT calculations show the DOS of pure anatase TiO, and the DOS of anatase TiO, with oxygen vacancies. (c) Proposed switching

mechanism in the TiO,-based ORRAM.

analyzed intensively. The optical absorption gaps of
anatase and rutile TiO, films are found to be 3.2 and
3.0 eV, respectively, at room temperature [29], and the cor-
responding absorption wavelengths are 387 and 414 nm,
respectively. However, our device is capable of absorb-
ing 780-nm laser, indicating a change in the band gap
of TiO,. Using first-principles density-functional theory
(DFT) [30,31] to calculate how oxygen vacancies influ-
ence the density of states (DOS) of anatase TiO,, we can
show why the absorption band is enlarged. Figure 2(a)
shows the structure of the anatase supercell of Tij¢Os;
used in the calculations, and the blue atoms are removed
to form oxygen vacancies. Figure 2(b) shows the results
of the calculation. The red curve is the DOS of pure
anatase TiO,, and the band gap obtained from the curve
is 2.1 eV, which is much smaller than that found exper-
imentally, 3.2 eV, as mentioned above. Such band-gap
underestimation is inevitable in DFT calculations [32],
but it does not prevent the semiquantitative understand-
ing of how oxygen vacancies influence the band gap.
The blue curve is the DOS of anatase TiO, with oxy-
gen vacancies, and it forms new energy levels in the
band gap of pure anatase TiO,. Therefore, oxygen vacan-
cies in anatase TiO, will narrow its band gap and the
absorption band will be widened. A more detailed study

shows that, in the anatase TiO,-based disordered layer,
the band gap narrows to the range of 1.1-2.1 eV and
the absorption band widens to the range of 400-900 nm
[33].

In this work, the initial oxygen vacancies in the film
make anatase TiO, available to absorb light with a wave-
length of 405—780 nm, thus producing the photogenerated
carrier. Meanwhile, as the oxygen atoms are removed, the
long-range order of the crystal will be destroyed. One
removed lattice oxygen atom creates a point defect and
three undercoordinated (fivefold) Ti ions (Tigj) [34]. This
quantitative correspondence can also be confirmed from
Fig. 2(a). At the same time, three dangling bonds are cre-
ated, and the conductivity of the TiO, film increases due
to the higher concentrations of free electrons emerging
from dangling bonds [35]. A mechanistic explanation is
shown in Fig. 2(c). For the sake of simplicity, the annota-
tion of the oxygen vacancy is ignored in the figure, and the
corresponding Ti** is used for illustration. As mentioned
above, there are already several oxygen vacancies in TiO,
in the initial state; these improve light absorption, then
generate electrons and holes. The photogenerated elec-
trons will react with the oxygen atoms in the lattice to
produce oxygen ions (O>~) and oxygen vacancies (V5"),
and the oxygen vacancies will be accompanied by two
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FIG. 3.
silicon substrate and (c) n-type silicon substrate.

electrons to form the neutral oxygen vacancies (V?)) [17]:
O0+2e =1+ 0*.

The neutral oxygen vacancies (V) are always higher in
energy than the single-electron-occupied oxygen vacancies
(Vg’) and the doubly ionized V%;r center [36]; thus, elec-
trons are released during oxygen-vacancy formation. The
electrons donated by these oxygen vacancies may be cap-
tured by the neighboring Ti interstitials (Ti*") and form
Ti** [35]: Ti*" + e~ = Ti*T.

As mentioned above, reduction of the Ti ions increases
the concentration of free electrons in the TiO, film; thus,
the conductivity of the device is increased. Meanwhile,
02~ ions free two electrons, which are transferred to an
oxygen atom and released in the form of O, gas [15]. XPS
analysis of the TiO, film with and without laser stimulation
can be found in Fig. S3 within the Supplemental Material
[18], which confirms the decrease of oxygen ions and the
reduction of Ti ions.

The holes provided by the p-Si substrate also facilitate
the above process, and Fig. 3(a) confirms that no signifi-
cant increase in conductivity can be observed under laser
stimulation if the device is based on the n-Si substrate. The
rectification effect of the device (Fig. S4 within the Supple-
mental Material [18]) shows that, when a negative bias is
applied to the laser-irradiated electrode, the holes provided
by the p-Si substrate will be trapped near the negative elec-
trode, so it is difficult to change the resistance state of
the device. Therefore, the laser-induced resistive switching
effect mentioned in this work is also regulated by p-type
substrates. The above effect exhibits an insulator-to-metal
transition characteristic, which is consistent with the prop-
erties of Mott insulators [37—39], and TiO, is one of the
Mott insulators [40].

In addition, band alignment between the TiO, film and
the p-type (n-type) Si substrate can also affect the above

(a) I-V curves of the Ag/TiO,/n-Si structure before and after laser stimulation. Band-alignment analysis for (b) p-type

effect, as shown in Fig. 3(b) [Fig. 3(c)]. When p-Si is used
as the substrate, the conduction band and valence band of
TiO, are much lower than those of p-Si. Therefore, when
no laser is applied, the higher barrier makes it exhibit a
very-large-resistance state. After applying laser stimula-
tion, in addition to the resistance change effect caused by
oxygen vacancies mentioned above, photogenerated car-
riers can further participate in the transmission of current
and make a certain contribution to the increase in the cur-
rent. When 7-Si is used as the substrate, the conduction
band of TiO, is very close to the conduction band of #-Si,
and electrons can already conduct smoothly. As shown in
Fig. 3(a), its conductivity is more than 1 order of magni-
tude higher than that of p-Si as the substrate. Therefore,
the photogenerated carriers generated by laser stimulation
not only contribute little to it, but may also reduce the con-
ductivity of the device by filling the conduction band with
excess electrons.

The next question to address is why the hysteretic
characteristics appear under laser stimulation. When the
positive electrode is stimulated by the 405-nm laser, the
formation of oxygen vacancies and the release of O, gas, as
described above, will occur, and the concentration of Ti**
in the TiO, film will increase, resulting in a region of low
resistance, as shown in Fig. 2(c). The current will pass lon-
gitudinally through the TiO, layer, then conduct to the area
below the negative electrode through p-Si, finally passing
through the TiO, layer to the Ag negative electrode. Figure
S5 within the Supplemental Material [18] shows that the
switching effect of the device hardly changes with the elec-
trode spacing, confirming the current-conduction mode
mentioned above. Meanwhile, the formation of oxygen
vacancies and Ti** also occurs in the TiO, film below the
negative electrode. Finally, the TiO, films below both elec-
trodes are switched to low-resistance states, which make
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for Ag/TiO,/p-Si structures. (c) Response speed and ON:OFF ratio compared with the reported TiO,-based photodetectors device A
[44], device B [45], device C [46], device D [47], device E [48], and device F [49], and non-TiO,-based photodetector device G
[50], device H [51], device I [52], device J [53], and device K [9]. (d) Morse code information transmission based on the fast optical

response speed of the device.

the device show the hysteretic characteristics. It should
be noted that, due to the instability of Ti*T [41,42], after
removing the laser, the photogenerated carriers in the film
will recombine, and Ti** will react with the O, retained in
the lattice back to the TiO; state, thus switching the device
to a HRS.

The last question is why the resistance state of the dark
current is even higher than the initial state. The explana-
tion given herein is based on a Mott insulator [37-39].
It is found that, as the donor concentrations in anatase
TiO, film approaches 10'° cm™3, a Mott (insulator-to-
metal) transition occurs, but none of these effects are
observed for the rutile film [29,43]. For the initial state,
the point defects (Ti’" interstitials or oxygen vacan-
cies) in the TiO, film are nearly uniformly distributed,
and the resistance state of the device is almost com-
pletely dependent on the uniform TiO, film. Under illu-
mination, the defects caused by oxygen vacancies accu-
mulate in larger quantities below the positive electrode
than that below the negative electrode, and the increase
in defect concentration makes the device switch to the
LRS. After removing the laser, the unstable Ti*t will

be oxidized on the basis of the nonuniform distribution.
Then the concentration of residual defects near the
positive electrode will exceed that near the negative
electrode, which in the circuit is equivalent to a region
of metal phase in series with a region of insulator phase.
Therefore, the resistance of the device after removing
illumination will be higher than the initial state.

D. Response-time analysis and Morse code
transmission

The speed of switching is a crucial factor for memory
applications. As the resistance state of the device varies
from 107 to 10* Q, when a 1-MS resistor is connected in
series in the circuit, the partial voltage on it will change
significantly as the resistance of the device changes. Using
an oscilloscope to detect voltage changes in the resis-
tor, Fig. 4(a) shows a schematic diagram of the testing
method. The test uses a 405-nm laser pulse of 800 ps.
As the laser stimulates the sample, it can be observed that
the resistance value of the device switches within 24 ps,
as shown in Fig. 4(b). With shorter laser pulses, faster
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FIG. 5.

Resistive switching characteristics of Ag/TiO,/p-Si structures. (a) Switching ratio, A, under different wavelengths of laser

stimulation. (b) Laser-to-dark ratio, /sy /Isp, under different wavelengths of laser stimulation. (c) Variation of the switching ratio, A,
of the laser-induced current and of the dark current during 210 cycles. (d) Variation of Iy /Isp during 210 cycles.

response times may be obtained. For general TiO,-based
photodetectors, the response time always varies from mil-
liseconds to seconds, which is far slower than that in
our work, as shown in Fig. 4(c) (devices A—F). And the
ON:OFF ratio of our device is also at a high level among
TiO,-based photodetectors, exceeding 10°. Even com-
pared to some of the current mainstream optoelectronic

tb'l
t)

"‘age
@ $

L

devices reported with the potential for application in neu-
romorphic vision sensors [devices G—J in Fig. 4(c)], the
performance of our devices is superior. The laser-induced
resistive switching effect proposed in this work uses a laser
to induce oxygen vacancies, and the generated oxygen
vacancies further improve light absorption, thus greatly
improving the response speed of the device to the laser and

Input Image Output Image

FIG. 6. Schematic diagram of an imaging system by using a device array to detect letter patterns with noise, and the image of the

letter “Y” obtained from the imaging system.
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presenting a resistive switching effect under stimulation by
the laser.

Using the fast optical response performance of our
device, we propose an idea to apply it to fast information
transmission. We use the length of the laser-pulse width to
represent a sequence of two communication states, where
the short duration stands for “0” or a dot and long dura-
tion represents “1” or a dash, thus using optical signals
to represent Morse code. After receiving encoded opti-
cal signals using our device, it quickly converts them into
the corresponding electrical signals, enabling fast optical
communication. Figure 4(d) shows the fast transmission of
Morse code for the digital information “7913,” completing
the transmission of four characters in 60 ms, much faster
than the previously reported transmission of one charac-
ter in approximately 20 s [51]. The above case shows that
our device has great potential for application in optical
wireless communication for a human-machine interface.

E. Device-reliability analysis and potential
applications in image processing

More resistive switching characteristics are also tested
to show the reliability of the effects. Figure 5(a) shows the
switching ratio, A, of the Ag/TiO,/p-Si structure under
different wavelengths of laser stimulation. All lasers used
here have a power of 2 mW/cm?. And the laser-to-dark
ratio, Isp /Isp, is shown in Fig. 5(b). The switching ratio,
A, of 405-nm laser stimulation is about 1.4, much higher
than the others. And it also has the largest /sy /Isp, which
is about 4 x 10%. For the 520- and 780-nm lasers, the opti-
cal absorption of the device decreases, thus Isy /Isp goes
down. The 980-nm laser stimulation has little effect on the
switching ratio, A, and its /g is very low, which means
that the device almost does not absorb the 980-nm laser.

The endurance of the device with the Ag/TiO,/p-Si
structure is tested. The variation of the switching ratio, A,
in 210 consecutive cycles is shown in Fig. 5(c). In 210
cycles, the dark current always fails to produce the resis-
tive switching effect, for its switching ratio, A, is always
around 1. However, under 405-nm laser stimulation, the
device exhibits good resistive switching characteristics.
With the progress of the cycle, the switching ratio of the
device increases slightly at first, and then falls back to 1.3
for fluctuations. The laser-to-dark ratio, /sy /Isp, can also
be calculated, and its fluctuation is shown in Fig. 5(d). It
can be seen that it starts at 4 x 103 and slowly decreases,
eventually settling at a level above 1 x 10°. Due to the con-
tinuous progress of the test, some oxygen-vacancy defects
will slowly accumulate in the TiO, layer, which can
still remain even after the laser is removed, thus slightly
increasing the value of the dark current, and finally reduc-
ing Is; /Isp to a level of around 1 x 103. The results shown
above can demonstrate the stability and repeatability of the
device.

By utilizing the reliable durability of the device and its
extremely sensitive response characteristics to the 405-nm
wavelength laser, we propose applying it to the image-
processing field of color-noise reduction. Lasers at three
wavelengths of 405, 520, and 780 nm are used as the
three basic colors of purple, green, and red for image
input, where the effective information of the image con-
sists of purple pixels, with green and red as random noise
inputs. The device was fixed on a probe station to receive
the image information, and the current of each pixel was
then recorded and the two-dimensional patterns of the
image were output by the MATLAB software. Because the
device’s response at 405 nm is much more sensitive than
its response at 520 and 780 nm, the green and red noise
information is effectively filtered, leaving clear purple pix-
els forming the image. Figure 6 shows the images before
and after processing with the device. It can be seen that the
noise in the input image is well filtered, and the letter “Y”
in the output image is clearly visible. The above case indi-
cates the promising application of the device in the field of
optoelectronic imaging.

IV. CONCLUSION

By using the photosensitive properties of TiO, and the
effects of the oxygen vacancy in anatase TiO,, we unam-
biguously obtain a laser-induced resistive switching device
with remarkable effects. The device with a structure of
Ag/TiO,/p-Si is simply fabricated, highly photosensitive,
and extremely durable, and it exhibits an enhancement in
electrical conductivity of 10° times with a response time of
less than 24 ps and a large resistive switching ratio under
laser stimulation. We take advantage of the excellent opti-
cal response performance of this device to demonstrate its
application prospects in the fields of fast optical commu-
nication and image processing. The excellent performance
and the clear laser-control mechanism of the device open
the way to promote the practical application of ORRAM.
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