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ABSTRACT: Oxide-based memristors composed of Ag/porous SiO,/Si stacks
are fabricated using different etching time durations between 0 and 90 s, and the
memristive properties are analyzed in the relative humidity (RH) range of 30—
60%. The combination of humidity and porous structure provides binding sites to
control silver filament formation with a confined nanoscale channel. The
memristive properties of devices show high on/off ratios up to 10° and a
dispersion coefficient of 0.1% of the high resistance state (Cyps) when the RH
increases to 60%. Humidity-mediated silver ion migration in the porous SiO,
memristors is investigated, and the mechanism leading to the synergistic effects
between the porous structure and environmental humidity is elucidated. The
artificial neural network constructed theoretically shows that the recognition rate
increases from 60.9 to 85.29% in the RH range of 30—60%. The results and
theoretical understanding provide insights into the design and optimization of
oxide-based memristors in neuromorphic computing applications.
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Bl INTRODUCTION

Oxide-based memristors have large potential in future
neuromorphic devices due to their simple structure, fast
switching speed, and compatibility with complementary metal
oxide semiconductor processing."” Generally, the properties of
oxide-based memristors mainly depend on resistance switching
between the two conductors from the high-resistance state
(HRS) to the low-resistance state (LRS) under electrical
control.”* The switching effects in oxide-based memristors are
attributable to the nanoscale conductive filaments (CF), which
are formed/annihilated by controlling the thermal or external
electric field generation.s’6 The memristive switching mecha-
nism relies on electrochemical effects and nanoionic processes
involving dissolution of metal atoms from an electrochemically
active electrode. The resulting migration of metal ions in an
insulating matrix forms a metallic conductive bridge that is
responsible for the change of the device resistance.” Wu et al.
have revealed the formation of CF in HfO,-based memristors
by 3D reconstruction,” and Liu et al. have prepared a flexible
polymer memristor with polyethylenimine mixed with silver
salt. The device exhibits a high switching ratio and long
holding time.” However, the stochastic and unpredictable
formation of CF results in variability and significant
degradation of device performance and even failure under
electrical stimulation. Therefore, it is necessary to control the
formation and dynamic process of the switching filament in
resistive memory devices.
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The resistive properties of memristive devices are influenced
by extrinsic effects such as moisture that can diffuse and adsorb
to the insulating matrix.'””"* Yun et al. have reported that
devices based on perovskite materials with FAPbI; degrade
rapidly at a relative humidity (RH) of 50%, and the device
becomes unstable.'* Liu et al. have shown that humidity can
cause structural damage to electrodes giving rise to random
growth and breakage of filaments.'> Zhou et al. controlled the
formation of the H,MoO, conductive channel by modulating
the intensity of external stimuli to constrain the generation and
migration of protons. Protons (H*) are produced in the MoO,
film by the reaction between holes and absorbed water
molecules.'® In our previous work, a bionic double-layer
porous structure was constructed to control the ion transport
to improve the memristive performance.17

In this work, a regulation strategy combining a porous
structure and humidity is designed to fabricate Ag/Porous
SiO,/Si stacks. By changing the etching time and RH, a large
on—off ratio of 10° and stable resistance states are obtained.
The synergistic effects rendered by the porous structure and

Received: May 19, 2023
Accepted: September 12, 2023
Published: September 22, 2023

https://doi.org/10.1021/acsami.3c07179
ACS Appl. Mater. Interfaces 2023, 15, 46449—46459


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Haoze+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Qin+Gao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Juan+Gao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jiangshun+Huang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xueli+Geng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Guoxing+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bo+Liang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xinghe+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mei+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mei+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhisong+Xiao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Paul+K.+Chu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anping+Huang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsami.3c07179&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c07179?ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c07179?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c07179?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c07179?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c07179?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/aamick/15/39?ref=pdf
https://pubs.acs.org/toc/aamick/15/39?ref=pdf
https://pubs.acs.org/toc/aamick/15/39?ref=pdf
https://pubs.acs.org/toc/aamick/15/39?ref=pdf
www.acsami.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsami.3c07179?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsami.org?ref=pdf
https://www.acsami.org?ref=pdf

ACS Applied Materials & Interfaces

Research Article

www.acsami.org

Figure 1. (a) Fabrication process of the memristor with the Ag/Porous SiO,/Si structure. (b) Cross-sectional SEM image of the stacked resistive
switching device in which the porous SiO, thin film is sandwiched between the tope Ag electrode and bottom Si electrode. (c) Surface of porous
SiO,. (d) I-V curves of the samples etched for different time durations of 0, 10, 30, 60, and 90 s. (e) On/off ratios of the devices.

environmental humidity provide sites for stable migration of
Ag" and enable the controlled formation of CF. The feasibility
of the device in pattern recognition is studied according to
different humidity conditions, and the cognition rates increase
from 60.9 to 85.29%. Our findings provide insights into how to
optimize the stability of the oxide-based memristors and
provide guidance in the development and application to
neuromorphic computing (NC).

B RESULTS AND DISCUSSION

Porous SiO, (PSiO,) memristors with different pore sizes and
depths are designed and fabricated by a process involving
electrochemical anodization and chemical vapor deposition
(CVD). The Ag electrode (~80 nm) is deposited on the
PSiO,/Si substrate by magnetron sputtering as shown in
Figure la. The cross-sectional scanning electron microscopy
(SEM) images of the Ag/SiO,/Si stacks and FE-SEM images
of PSiO,, of the samples etched for different time durations of
10, 30, 60, and 90 s are depicted in Figures 1b,c and SI,

respectively. To determine the properties of the devices, the I—
V characteristics are studied in the voltage sweeping range of 0
V—->5V—->0V—> -5V -0V fora current compliance of 1
mA and step of 0.05 V, as shown in Figure 1d. The devices
exhibit bipolar resistance switching characteristics when the
etching time durations are 0, 10, 30, and 60 s, and the
maximum current reaches 107 A in the set progress. When the
etching time is 90 s and the scanned voltage range is =5 to 5V,
the device still remains in the HRS. As the etching time
increases, the oxide layer thickness increases, as shown in
Figure Sla,c,e. A larger threshold voltage is required to form a
conductive channel in the set process when the etching time is
90 s, as shown in Figure S2. 8 As the etching time increases
from 0 to 60 s, the on/off ratio of the devices increases
gradually from 10° to 10% However, when the etching time is
90 s, the on—off ratio is only 10 at the scanned voltage range of
—5 to 5V, as shown in Figure le. By analyzing the I-V
characteristics, the difference in the on—off ratios mainly
depends on the change of HRS as shown in Figure 1d. With
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Figure 2. [-V curves: (a) “negative-set” phenomenon and (b) positive bias. (c) Schematic diagram demonstrating the two-component filament

model to explain the origin of the abnormal transition.

increasing etching time, the thickness of the oxide layer (1)
increases and Rypg increases'’

Rievice = RAg + RSiOX + R (1)
and
Rgio, = pl/s ()

where Ry, denotes the resistance of the Ag electrode, Ry is the
resistance of the Si electrode, p represents the resistivity of
SiO,, 1 is the thickness of SiO,, and s is the area of the device.
In the set process, the charge transport mechanism for different
etching time durations of 0, 10, and 30 s follows the Pool—
Frankel model shown in Figure S3a and expressed in the
following™*~**

y
IV exp T (2aVV - @) )
where I is the current, V denotes the applied voltage, g is the
electron charge, k is Boltzmann’s constant, T is the
temperature, ¢ symbolizes the trap depth, and
a = ,/q/4r €, d, where €; indicates the insulator permittivity
(€, = € X &). At the same applied voltage, the relatively large

electric field energy enables electrons in the dielectric layer to
jump out of defects, and the current changes significantly. For

the devices etched for 60 and 90 s, the currents remain almost
constant as the voltage is increased from 0 to 3.15 V (Figure
1d) and from 0 to 5.4 V (Figure S2). The corresponding HRS
of the device is ~10'" Q, which follows the Hopping
conduction mechanism. The In(I)—V curve derived from the
HRS region is displayed in Figure S3b, and the formula of
Hopping conduction is shown below™*™**

aE E}

J = qanv exp[q— - =

KT kT (4)

where q is the electronic charge, a is the hopping distance, # is
the electron concentration in the conduction band, v is the
frequency of thermal vibration of electrons in the trap states, E,
(activation energy) is the energy from the trap states to the
bottom of the conduction band, E is the applied field, k is
Boltzmanns constant, and T is the temperature. The linear
curves reflect that conduction at the HRS occurs by tunneling
of electrons between trap states.

The I-V characteristics exhibit the “negative-set” phenom-
enon”® when the etching time is O s, as shown in Figure 2a.
Continuous voltage sweeps are applied, and the “positive-reset”
phenomenon appears in the second cycle. Subsequently, it can
“reset” to HRS and then turn to LRS immediately at a positive
voltage, as shown in Figure 2b. This phenomenon happens
randomly in different cycles, consequently creating instability
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Figure 3. (a) Schematic representation of the atmosphere-controlled electrical measurements (statistical analysis for etching time durations of 0,
10, 30, and 60 s at RH of ~30, ~45, and ~60%). (b) Forming voltages of the devices. (c) I-V curve of the devices at an RH of ~30% at different
sweeping voltage steps: (d) 0.01, (e) 0.02, and (f) 0.03 V. (g) I-V curve of the devices at the same sweeping rate of 0.02 V for different RHs: (h)
~30, (i) ~45, and (j) ~60%.

of the HRS, as shown in Figure S4 a—c. The phenomenon of the set process, the device remains in the LRS, and the CF
the nonporous oxide-based memristors may be attributed to composed of Ag atoms is shown in Figure 2c(®). When a
the coexistence of Ag and V2°,”” as shown in Figure 2c. After negative bias is applied to the top Ag electrode, the filament is
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Figure 4. SStatistical analysis of the devices for etching time durations of 0's, 10's, 30 s, and 60 s at RH of ~30%, ~45%, and ~60%; (a) log (R.g)
values of the devices in the endurance test for 128 cycles; (b) Coefficient of variation distribution of log (R.g); (c) Coefficient of variation
distribution of V,.; (d) Retention time of the devices for different etching time durations in the RH range of 30%—60%.

interrupted at a small reset voltage [Figure 2c(®@)]. Afterward,
when a negative bias is applied continuously, oxygen ions
migrate toward the bottom electrode in the broken gaps
between the Ag filaments, and the generated V3* gradually
reconnects the filaments [Figure 2c(®)] to switch the device
to the LRS. At a positive voltage, oxygen ions move from the
bottom electrode and recombine with V{°, breaking the
filament portion of Vg* [Figure 2c(®)] and switching the
device to the HRS. As positive bias is further applied, the
complete Ag filament forms again [Figure 2¢(®)] and
eventually, the device reverts back to the LRS [Figure
2¢(®)]. In our previous work, porous structures were observed
to provide channels for transportation of metal ions.”® This
may give Ag" an advantage in competition with V;° during
migration, thereby avoiding the formation of bipolar
filaments.”” As a result, no negative set phenomenon is
observed for the porous devices. To analyze the uniformity of
switching in the devices etched for different time durations, the
I-V curves of 10 devices acquired by scanning the voltage
from —$ to 5 V are analyzed, and Figure SS reveals similar
curves for the same etching time.

To investigate the effects of moisture on the resistive
switching behavior of the porous SiO, films, the memristive
behavior of the devices etched for different times and at
different humidities is investigated (Figure 3). Figure 3a
illustrates the electrical test in a controlled humidity environ-
ment. Figure 3b shows the formation voltages of the devices
etched for 0, 10, 30, and 60 s in the RH range of ~30 to ~60%,
and the I-V characteristics of the electroforming process are
presented in Figure S6. With increasing RH, the formation
voltages decrease significantly due to two rate-limiting

processes in the formation of CF, namely, ionization of Ag
at the anode interface and migration of Ag" in the oxide layer,
corresponding to ion production and transport during the
formation of conductive channels. In order to investigate the
effects of humidity on the former, it is necessary to treat the
two-terminal device as an electrochemical cell to study the
oxidation-reduction process at the interface.’”’' Figure 3c,g
shows the I-V curves of the device by applying the voltage
sweep in the following order 0 - 1.5 - 0 - —1.5 = 0V, and
the I-V curves exhibit analogical cyclic voltammetry behavior
of electrochemical reactions. Figure 3c shows the I-V
characteristics of the device etched for 60 s at an RH of 30%
using voltage sweeping steps of 0.01 0.02, and 0.03 V,
respectively. With increasing scanning rates, the peak currents
increase, indicative of an inhibited charge transfer controlled
reaction at the Ag/porous SiO, interface. The reduction peak
current density can be estimated by the Randles—Sevick
equation32

o 5 32

]P =2.69 X 10°-z"" "-c.._-~JaDv (5)

on

where D is the diffusion coefficient, C,,, is the ion
concentration, z is the number of electrons transferred in the
redox reaction, « is the charge transfer coeflicient, and v is the
scanning rate. By monitoring the currents during anodic
oxidation, the charges involved in the reaction are estimated to
be 226 x 1079 154 x 107, and 1.64 x 107'° C,
respectively, as shown in Figure 3d—f. As the scan rates go
up, the time for oxidation reduction is short and therefore, the
amount of charges in the reaction decreases and the ion
concentration decreases due to the presence of two interfaces,
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Figure S. Model explaining the mechanism of the device in the RH range of 30%—60%; (a) Non-porous SiO, memristor at the indoor RH of
~30%; (b) Porous SiO, memristor at the indoor RH of ~30%; (c) Porous SiO, memristor at RH of ~45%. (d) Porous SiOx memristor at RH of

~60%.

the Ag and SiO, interface and SiO, and Si interface.”® The half-
cell reaction at the Ag/porous SiO, interface during anodic
oxidation is

Ag—>AgJr + e 6)

The device must be electrically neutral during operation.
During the electrochemical reaction, OH™ and water molecules
provide the important energy for the electrode reactions
through reduction. H,O molecules provided by the surround-
ing medium are incorporated into porous SiO, at room
temperature. The half-cell reaction at the cathode interface is

1 _ _ 1
2H20+e - OH + 2H2 @
The effects of humidity on the electrochemical reaction are
explored by controlling the voltage sweeping step at 0.02 V in
the RH range of ~30 to ~60%, as shown in Figure 3g. With
increasing humidity, the number of charges in the reaction
increase to 8.19 X 1071, 5.48 x 107'°, and 1.05 x 10~° C, and
the corresponding RH values are 30, 45, and 60%, respectively,
as shown in Figure 3h—j. The increase in RH promotes Ag"

formation at the anode and accelerates the formation of CF,
and the forming voltage of the device is reduced. On the other
hand, water molecules and hydroxyl species from moisture can
adsorb onto the oxide surface to reduce the diffusion barrier of
Ag" and promote the formation of CF. The reduced diffusion
barrier has been shown to be related to the Ag" diffusion
mechanism. In a humid environment, Ag* moves from one
water molecule to the other to form Ag—OH complexes that
prevent it from interacting with atoms on the SiO, surface. In
the study of Ag® diffusion as the rate-limiting step, the
formation time 7 of the CF is'’

Ea - %CAV 1
log 7= ———— —logA

Ky T (8)
where E, is the diffusion barrier for the transition of Ag" to
adjacent sites, e is the electron charge, AV is the effective
voltage bias applied between adjacent adsorption sites, Ky is
Boltzmann’s constant, T is the temperature, and A is a
constant. As the RH increases, E, decreases, log 7 decreases,
and the forming voltage decreases, as shown in Figure 3b. The
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Figure 6. (a) Pulse waveforms under positive and negative voltages; (b) Schematic diagram of the neural network based on image recognition; (c)
Schematic of the hardware implementation of the neural network with electrical pulse stimulation implemented in the Ag/porous SiO,/Si
memristors at each intersection; Potentiation and depression by consecutive pulses at (d) RH ~ 30%, (e) RH ~ 45%, (f) RH ~ 60%; Training
process of the neural network at (g) RH ~ 30%, (h) RH ~ 45%, (i) RH ~ 60% and demonstrating the confusion matrix of the neural network.

endurance test performed for 128 cycles is shown in Figures
S4, S7—S89. In addition, the on/off ratio of devices in the
endurance test was 10° cycles. The etching time was 60 s and
the RH range was 30—60%. The positive/negative pulse
amplitude was 5/—7 V and the pulse period was 20 ms,
respectively. The pulse width was 10 ms, and the pulse interval
was 10 ms, respectively, as shown in Figure S10. The set
voltage, reset voltage, HRS, and LRS are statistically analyzed
in Figures S11—S14. Figure 4a shows the statistics of the HRS
of the samples for different etching times and RHs. The device
with the nonporous SiO, etched for 0 s shows a significant
decrease in the HRS with increasing humidity, but no similar
trend is observed from the devices etched for 10, 30, and 60 s.
We have investigated the competitive mechanism of Ag* and
V?* in the formation of CF in the device.”” When the humidity
is low, the concentration and migration of Ag" in the device are
suppressed, creating a disadvantage in the competition with
V3* and resulting in insufficient Ag" to form the complete
conducting channel. As the forward bias voltage increases, the
partial Ag CF enhance the local electric field to promote the

generation and migration of V§°, leading to the formation of a
dual-component conducting channel.’* The formation of CF
provides a pathway for electron conduction, and the LRS is
almost unaffected by the composition of the CF. When a
negative voltage bias is applied, the accumulated V§* tends to
diffuse, causing the remaining conductive channels to have a
larger gap between the electrodes and creating a higher HRS.
As the humidity increases gradually, both the concentration
and migration ability of Ag" increase. It gives Ag" an advantage
in competition with V_°, consequently promoting the
formation of more complete Ag single-component conductive
channels, avoiding the generation and drift of V3* under the
electric field and reducing the magnitude of HRS. The porous
structure can provide a pathway for Ag" migration to avoid the
occurrence of this phenomenon. Table S1 is the summary of
memristive performances for various porous-based memristors
such as single porous and array porous. The Vi, Vi
endurance cycles, on—off ratio, and retention are summarized.
The symbol “X” means that the parameter has not been
mentioned in the references. Increasing the humidity may have
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a positive impact on the stability of the device. When the RH
increases to 75%, the devices etched for different time
durations become unstable (Figure S15). Figure 4b,c shows
the variations (6/u) of the HRS and set voltage, respectively.
With increasing RH (~30 to ~60%), the stability of the
different devices improves. The stability of devices for an
etching time of 0 s is worse than those etched for 10, 30, and
60 s. In a humid environment, water molecules and hydroxyl
groups adsorb onto the surface (Figure 5). With regard to the
nonporous devices, there is less internal H,O as shown in
Figure Sa, and the migration of Ag" in amorphous SiO, mainly
occurs by occupying crystal defects with large randomness.
Hence, the nonporous devices at RH of ~30 to ~60% have
higher set voltage and HRS dispersion. The porous structure of
SiO, has many hydrogen-bonding sites on the surface of the
pores as shown in Figure Sb, which provide binding sites for
H,0 molecules. As a result, Ag" tends to move on the
adsorbed H,O rather than directly interacting with the SiO,
surface. Ag* forms a bond with H,O, causing H,O to split into
OH™ and H' and forming the Ag—OH complex bound to the
surface.>> On the one hand, it reduces the migration energy
barrier. On the other hand, the coordination between the
porous structure and H,O forms a “bridge” to stabilize the
migration path of Ag" and stabilize the growth and fracture of
CF. As the RH increases, there are more binding sites to
regulate Ag* migration (Figure Sb—d), the set voltage and
HRS dispersion decrease gradually, and the device stability
improves.

To assess the storage characteristics of the devices, the HRS
and LRS of the devices etched for different time durations are
subjected to retention tests at different RH values (Figure
S16). The retention of the HRS can exceed 10* s, and it is
almost unaffected by the increase in RH. However, the
retention time of the LRS decreases significantly with
increasing RH, as shown in Figure 4d. When the RH goes
up to 60%, the retention time is only a few hundred seconds.
In order to investigate the physical mechanism behind the
decrease in the LRS retention time with increasing RH, a
model based on classical nucleation theory is adopted to
describe the dissolution process of CF from a continuous state
to dispersed small clusters after the voltage is turned off. When
an external electric field is applied, the nucleation barrier
energy decreases, making it easier for Ag" to aggregate and
form a CF. After turning off the voltage, the nucleation barrier
energy increases. Owing to the nonvolatile nature of the
device, a larger size is required to maintain the thermodynamic
stability of the CF. For better interpretation, it is assumed that
the easily broken part at the tip of the formed CF has an
approximate cylindrical shape with a length of L (Figure S17a).
In this case, AG represents the change in the Gibbs free energy
between the CF state at the tip and the dispersed Ag small
cluster state. AG is calculated as follows™

AG = — m’LIG,| + m’z(yT + 1) + 27rLy, 9)

where r and L are the radius and length of the cylindrical CF
tip, respectively, IG,| is the Gibbs free energy difference per
unit volume, and yr, ¥, and yp are the surface energy per unit
area of this part of CF in contact with the upper and lower
surfaces and the dielectric layer, respectively. Accordingly, the
critical size r* can be obtained by solving for AG/Ar = 0

Ly,

LlGVI - yT - }/B (10)

*

If the radius of the CF tip is smaller than the critical size r*,
then the CF tends to decompose into silver clusters. If the
radius of the CF tip is larger than the critical size r*, then the
CF is still thermodynamically stable even in the absence of
electrical stimulation (see Figure S17a). As the RH increases,
many H,0O molecules adsorb onto the porous silicon oxide
walls, and the Ag dangling bonds on the surface of the CF are
activated by H,O to cause yp to increase. As a result, the
critical size r* of the CF fracture increases (see Figure S17b).
Moreover, the outer Ag atoms of the CF are easily affected by
H,O and diffuse, resulting in a gradual decrease in the actual
size of the CF (see Figure S17c—e) and as RH increases, this
effect becomes more pronounced. When the actual radius of
the CF tip r < r¥, it will break and therefore, as humidity
increases, the retention time of the device tends to decrease.

To explore the application potential of the device in NC in
different humidity environments, a handwritten artificial neural
network (ANN) to learn digits from the modified National
Institute of Standards and Technology data set using the
backpropagation neural network’ simulator is developed
(Figure 6). The release and suppression of the internal ions
in the device are associated with enhancement and suppression
of the synaptic behavior. The conductance of the device
corresponds to the synaptic weight, and behavior similar to the
nonlinear transmission characteristics of biological synapses is
simulated. Figure 6a shows the positive applied voltage pulses
from 1.4 to 3 V in steps of 0.04 V with a 50% duty cycle as well
as negative pulses from —1.4 to —3 V in steps of —0.04 V with
a 50% duty cycle. The simulator is capable of recognizing
image versions utilizing 784 input neurons, 100 hidden
neurons, and 10 output neurons, as shown in Figure 6b. The
outputs of the first layer are the input signals of synaptic
circuits of the second layer, while the last layer makes decisions
based on the features extracted from the information. The
hardware of the ANN consists of a crossbar structure where
the Ag/porous SiO,/Si devices are located at each cross point,
as shown in Figure 6c¢. Figure 6d—f shows the testing pulses in
the RH range of 30—60%. The device conductivity increases or
decreases continuously, representing enhancement or suppres-
sion of the memristive synapses. This gradual change in
conductivity may be caused by the accumulation and diffusion
of atoms in the local filamentary conduction mechanism. The
conductivity fluctuation is significant at the RH of 30% and as
the RH increases, the enhanced/inhibitory behavior stabilizes.
Ions in the charged pores may play an important role in the
multi-ion Coulomb blockade. Conductance oscillations may
originate from multi-ion interactions at the pore entrance,
especially electrostatic repulsion between the external ions and
bound ions inside the pore. When Ag” is produced from the
electrode and moves to the pores, electrostatic potential
barriers are formed on both sides of the pore due to the
presence of multiple Ag* that have already entered the pore.
This interaction causes Coulombic repulsion toward Ag*
outside the pore. Due to the promotion of the half-cell
reaction at the interface of the two electrodes inside the device
and hydroxide ions in the humid environment, many
negatively charged OH™ absorb to the pore walls. These
OH™ ions reduce the electrostatic potential barrier produced
by the accumulation of positively charged Ag* both inside and
outside the pore. With increasing RH, the increase of OH™
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ions reduces the Coulombic repulsion, and the conductivity
oscillation and conductivity fluctuation decrease gradually.
Figure 6g—i shows the training process of the network after
6000 training rounds as the RH increases gradually from 30 to
60%. The accuracy of the ideal software for the training set
increases from 60.9 to 85.29%. The lower right corner in
Figure 6g—i shows the confusion matrix of the network, which
compares the calculated results with the labels of the test set
and comprehensively demonstrates the classification perform-
ance of the network. The values of the diagonal of the
confusion matrix are the numbers of correct classifications for
each digit, and as the humidity increases, the accuracy is
higher.

B CONCLUSIONS

Humidity is used to control the Ag" migration step-by-step in
the porous SiO, memristor. The resistive switching character-
istics vary according to the dissolution and migration of ions
(Ag"), and the device has stable memristive properties and
large on—off ratios. Moisture is found to regulate the
conductance fluctuations generated in the enhancement/
suppression of synaptic behavior simulation. Our findings
provide important insights for the development of high-
performance memristors under the influence of humidity.

B EXPERIMENTAL SECTION

Preparation of Porous SiO,. The highly doped Si wafer (p <
0.0015 'm and d = 375 + 25 um) underwent electrochemical anodic
oxidation in a solution containing 10 vol % HF (>40%, Sinopharm
Chemical Reagent Co., Ltd.) using the constant current mode of 60
mA/cm? for 60 s at room temperature. Porous SiO,, (~100 nm thick,
@ ~ 10 nm) was prepared on the porous p-type (100) Si substrate by
CVD at 900 °C for 1 h under an oxygen flow rate of 60 sccm as
shown in Figure la.

Preparation of the Ag/Porous SiO,/Si Device. The Ag layer
(~80 nm) was prepared on the SiO,/Si substrate by magnetron
sputtering. The size of the device was about 0.785 mm”.

Electrical Characterization. Electrical characterization of the
atmospheric control was carried out in a closed environment. The
humidification equipment and humidity controller were adopted, and
the humidification equipment was filled with deionized water. The
RH in the room was measured with a simulated humidity sensor. The
electrical measurements were performed under stable ambient
conditions using a Keithley SCS4200 and AFG31000 series arbitrary
function generator. During the tests, Si was the negative electrode,
and Ag was the positive electrode. A compliance current of 1 mA was
applied to prevent complete breakdown of the device, and all the
electrical measurements were carried out at room temperature.
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1. SEM images of devices with different etching times

Figure S1. SEM images of the cross-sections of Ag/Porous SiOx/Si devices etched for (a) 10

s, (b) 30 s, and (c) 90 s. Surface of Porous SiOx etched for (d) 10 s, (e) 30 s, and (f) 90 s.
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2. |-V curve of the device with the etching time of 90 s
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Figure S2. I-V curve of the device with the eching of 90 s and the RH is about 30% (indoor

humidity). The SET voltage of the device with the etching time is 90 s is higher than 5 V.

3. Conduction mechanism analysis of Ag/SiOy/Si of HRS with etching time

0of0s,10s,30s,60s and90 s
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Figure S3. Fittings curve for HRS of Ag/SiOx/Si devices with the etching time of (a) 0 s, 10s,

30s, (b) 60 s and 90 s.!
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4. Endurance test of the device with the etching time is 0 s at the range of

RH 30%-60%
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Figure S4. (a)-(c) I-V curves of Si0x memristors with different RH range; (d)-(f) Endurance of
Si0Ox memristors with different RH range; (g)-(i) cumulative probability of SET voltage and

RESET voltage of SiOx memristors with different RH range.
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5. Uniformity of devices at different etching times
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6. Formation voltage of devices with different etching times
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Figure S6. Electroforming curves of SiOx-based memristors with etching times of (a) 0 s, (b)

10 s, (¢) 30 s, and (d) 60 s at different RH.
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7. Endurance test of the device with the etching time is 10 s at the range of

RH 30%-60%
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Figure S7. (a)-(c) I-V curves of porous SiOx memristors with different RH range; (d)-(f)
Endurance of porous SiOx memristors with different RH range; (g)-(i) cumulative probability

of SET voltage and RESET voltage of porous SiOx memristors with different RH range.
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8. Endurance test of the device with the etching time is 30 s at the range of

RH 30%-60%
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Figure S8. (a)-(c) I-V curves of porous SiOx memristors with different RH range; (d)-(f)
Endurance of porous SiOx memristors with different RH range; (g)-(i) cumulative probability

of SET voltage and RESET voltage of porous SiOx memristors with different RH range.

S9



9. Endurance test of the device with the etching time is 60 s at the range of

RH 30%-60%
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Figure S9. (a)-(c) I-V curves of porous SiOx memristors with different RH range; (d)-(f)
Endurance of porous SiOx memristors with different RH range; (g)-(i) cumulative probability

of SET voltage and RESET voltage of porous SiOx memristors with different RH range.
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10. In addition, the on-off ratio of devices in the endurance test for 10° cycles.

The etching time is 60 s and the RH range of 30%-60%. The

positive/negative pulse amplitude is 5 V/-7 V and the pulse period is 20

ms, respectively. The pulse width is 10 ms and the pulse interval is 10

ms, respectively.
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Figure S10. Endurance test of the device with the etching time is 60 s at the range of RH 30%-

60%. (a) RH is ~30%, (b) RH is ~45%, (c) RH is ~60%
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11. The statistics of voltage and resistance state of devices with etching time

0 s at the RH range of 30%-60%

Figure S11. Probability distribution of (a)-(c) log (Rof), (d)-(f) log (Ron), (g)-(1) SET voltage,
(j)-(1) RESET voltage extracted from 128 /-V cycles of the device with etching time of 0 s at

the RH range of 30%-60%
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12. The statistics of voltage and resistance state of devices with etching time

10 s at the RH range of 30%-60%

Figure S12. Probability distribution of (a)-(c) log (Rof), (d)-(f) log (Ron), (g)-(1) SET voltage,
(j)-(1) RESET voltage extracted from 128 I-V cycles of the device with etching time of 10 s at

the RH range of 30%-60%.
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13. The statistics of voltage and resistance state of devices with etching time

30 s at the RH range of 30%-60%

Figure S13. Probability distribution of (a)-(c) log (Rof), (d)-(f) log (Ron), (g)-(1) SET voltage,
(j)-(1) RESET voltage extracted from 128 I-V cycles of the device with etching time of 30 s at

the RH range of 30%-60%.
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14. The statistics of voltage and resistance state of devices with etching time

60 s at the RH range of 30%-60%

Figure S14. Probability distribution of (a)-(c) log (Rof), (d)-(f) log (Ron), (g)-(1) SET voltage,
(j)-(1) RESET voltage extracted from 128 /- cycles of the device with etching time of 60 s at

the RH range of 30%-60%.
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15. 1-V curve of devices with the different etching times at the RH of 75%

Figure S15. I-V curves of devices with etching times of (a) 0 s, (b) 10 s, (¢) 30 s and (d) 60 s

at RH 75%.
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16. Retention characteristics of devices with different etching time at the

range of RH 30%-60%
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Figure S16. Retention time of devices (a)-(d) LRS and (e)-(h) HRS with different etching

times of 0 s, 10 s, 30 s, and 60 s at the range of RH 30%-60%.
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17. Compare the performance with other similar devices

Table S1. Summary of memristive performance for various porous-based memristors such as
single porous, array porous. The Viet, Vreset, endurance cycles, on-off ratio and retention are

summarized. The symbol “X” means the parameter has not been mentioned in the references.

Vset Vreset Cycles Retention
Structure on-off Refs.
(4% ) # (s)
Pt/MLG/single NPTa20s.x
8 -8 2000 7.4 X ?)
/Ta/Pt/Ti/Si02/Si
Pt/MLG/array NPTazOs.x
8 -8 x ~10 5x 103 3)
/Ta/Pt/Ti/Si02/Si
Au/NPSiO\/Pt 5 15 > 10° ~10% — 107 10* )
Pt/NPSiO/Pt x x >10° ~4 x 10* x )
Au/SteNPSiOyx/Pt/Ta 6 -16 > 103 103~107 104 (5)
Ag/porous SiO2/ITO ~0.47 -3 x > 10?2 2.5 x 103 6)
Cu/NP WO3./ITO 1 -1.1 > 103 105 5 x 105 )
Pt/Zr:SiOx/porous SiOx
~0.8 -1.5 100 ~102 X ®)
/TiN/Ti/Si02/Si
AVZnO/ZnO/PSi/Si 1.7 -0.9 100 5.02 x (&)
Pt/TaOy/NPTaOx/Ta 10 -10 5% 103 ~10 1.2 x 104 (10)
Au/LiCoO2/porous SiO2/Si 3.07 -3.09 300 ~106 ~10° a1
Pt/PLiC00O2/PSiO2/Si 8 -10 128 ~108 >>103 (12)
Ag/porous silk fibroin/ITO 0.3 -0.2 100 >10 10 13)
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Ag/Ag-LTA zeolite/Al ~1.2 -1 50 100 10* (14)

Pt/LiCo0O:2/P-MoS: NS/P-SiOy/Si 4 -5 128 ~10¢ 10° 15)
Ag/MAPDLCI: NWs (AAO)/Al 3 -2.5 ~10° ~107 ~107 (16)
Ag/MA:Bi2ls NWs (AAO)/Al 2.5 -2.1 107 107 104 a7)

ITO/ porous -ITO -0.02 0.4 100 10 103 (18)
Cu/TiO2/Ti nanopore array -1.59 1.33 100 70 x 19)
. . Our

Ag/porous SiOy/Si 2.66  -0.91 103 ~108 >>104
work

18. Physical mechanism analysis of the devices with decreasing retention

time with increasing RH

Figure S17. (a) Change process of CF after removing voltage. (b)Influence of different RH on
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the relation between Gibbs free energy (G) and the tip of the CF size r with different surface
energies (yp). Surface atomic diffusion of the conductive filament at (c) RH=30%, (d) RH=45%,

and (e) RH~ 60%.2°
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